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Abstract 

Stress is defined as any alteration in homeostasis. Although stress c m  

significantly impact on health and disease, the mechanisrns remain elusive. It is known 

that the efferent response to any stress is mediated primarily by the hypothalamus 

through the sympathetic nervous system (SNS) and the hypothalamic pituitary adrenal 

avis (HPAA), and that these systems primarily inhibit immune function. However few 

studies have addressed these complex interactions in vivo. The goals of this thesis are to 

determine the in vivo contribution of the HPAA and SNS in regulating splenic cytokine 

production in response to bacterial lipopolysaccharide (LPS); and to establish how this 

relationship is altered during psychological stress. Adult rats were lefi intact or given 

combinations of sham surgeries, splenic nerve cuts, and adrenalectomies (ADX) and 

allowed to recover for 7- 10 days. At various intervals following i.v. LPS injections. 

cytokines were measured by Northem blotting and ELISAs. HPAA activity was indexed 

by plasma corticosterone levels and SNS activity was indexed by splenic and plasma 

catecholamine levels. Dose response studies established that maximum levels of splenic 

cytokines were induced in response to 1 pg of LPS while maximal changes in plasma 

corticosterone, plasma epinephrine a d  splenic norepinephrine were observed in response 

to 1, 10 and 100 pg of LPS respectively . Significantly, the O. 1 pg dose of LPS-induced 

subçtantial cytokine levels without activating the above systems. !n the second 

experiment, minimal changes in LPS-induced splenic cytokine levels were observed in 



response to ADX, splenic nerve cut. or a combination of the two procedures. In the third 

expenments this paradigm was repeated in animais that were exposed to 15 minutes of 

1.6 mA intermittent footshock directly following the injection of 0.1 pg of LPS. Although 

footshock was irnmunosuppressive to most indices of cytokine production, neither 

splenic nerve cut nor !iDX individudly abrogated the effects of stress on splenic immune 

hc t ion .  However the combination of these hvo manipulations significantly abrogated 

the irnmunosuppressive effects of stress on cytokine production. These results indicate 

that the effects of stress on immune function are mediated by the HPAA and the SNS. 
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1. Review of the literature 

1.1. Introduction: organization of homeostatic processes 

Homeostasis, as described by Walter J. Cannon in the 1930s is the ability of an 

organism to ensure survival by maintainhg a consistent interna1 environment or steady 

state (reviewed in [1,2]). The response of an organism to aitentions of its extemal or 

intemal environments (or the perception thereof) is referred to as the stress response [3]. 

The stress response includes a coordination of metabolic. physiological and behavioral 

alterations designed to nulliQ the change@) imposed by the stressor. These responses are 

necessary for survival and are coordinated by the hypothalamus [ I  1. Some exarnples of 

these responses include shivering for heat genention. thirst when water is required. fever 

and malaise in response to illness and an enhanced state of alertness when a predator is 

observed. The reaction to stress is beneticial to an organism (coping) when it serves to 

preserve swiva l  of the organism. However when the reaction to stress far exceeds the 

initial insult. the stress response can be detrimental to the organism's survivai [j]. Cannon 

realized that if the organism could not deal with the stress. secondary irrelevant effects 

would occur [2]. This is evident even today as individuals under chronic stress have the 

potential to suffer physiological and psychologicd health problems more ofien than non- 

stressed individuals [4-81 . 

Cannon contended that the autonomie nervous systern (ANS) regulated the 



response to stress. The ANS is composed of sympathetic (SNS), parasympathetic (PNS) 

and enteric components (ENS) where the SNS and PNS were the primary systems 

responsible for maintainhg homeostasis [l]. The SNS is primarily responsible for 

initiating "tlight or fight responses" (such as fleeing from a predator) via the release of 

blood borne substances such as catecholarnines (norepinephrine (NE) or epinephrine (E)) 

from the adrenal rnedulla and sympathetic nerve endings. These mediators immediately 

increase hem rate, dilate pupils, constrict cutaneous vascular beds (shunting blood to the 

interna1 organs and muscles) and increase blood sugar levels to ensure the greatest 

potential of fight or tlight [9]. The antithesis of this system is the PNS which acts in "rest 

and digest'' situations [ I l .  The balanced opposition between these hvo systems ensures 

the most efficient energy expenditure possible depending on the situation. For exarnple 

digestion becomes a low survival prionty when being chased by a predator as the systems 

required for fight of flight take precedence. 

In 1936 Hans Selye described the General Adaptation Syndrome [ l  O]. This 

syndrome demonstrated that irrespective of the type of stressor, a common set of 

responses would be elicited by an organisrn in order to maintain homeostasis. Sustained 

activation of this response resulted in peptic ulcers. thymic involution and eosinopenia 

[LI]. The main effector of the General Adaptation syndrome was the release of 

glucocorticoids (corticosterone) from the adrenai cortex which was regdated by the 

hypothalamus via the pituitary gland (this system is referred to as the hypothalamic- 

pihiitary-adrenal axis or HPAA). Later, in 1976. Selye modified his description of the 



General Adaptation Syndrome by recognizing that the organism's response to stress was 

not identical in magnitude for ail stressors, but similar systems would be engaged for 

different stressors [Il].  Selye also observed that the sarne sùessor rnay elicit different 

responses in different individual organisms probably due to genetic and environmental 

Factors. 

This concept ofcoordinated response to stress was recently extrapolated on by 

1.J Kopin. and colleagues who looked at corticosterone and catecholamine release in 

response to various stressors [2.12]. They found that these same output systems were 

activated in response to al 1 stressors inc luding cardiovascular stress (hemorrhage). 

inflammatory stress (formalin). temperature stress (cold exposure). psychological stress 

(immobilization) and metabolic stress (insulin injection). However the magnitude and 

relative proportions of the final mediators differed between stresson. For esample cold 

stress-induced higher levels of NE relative to E, but the absolute leveis of both molecules 

were lower in cornparison with other stressors. Insulin injections. which produce 

hypoglycemia [13], induced more E relative to NE and more E relative to al1 other 

stressors. Therefore although there were cornmon consequences of stress irrespective of 

the stressor. differences occurred based on the nature of the stressor. 

Besides the physical nature of the stressor, intensity, controllabiiity and 

perception may impact on the organism's response and ability to cope with the stressor 

[14-17. For example a certain amount of exercise rnay be welcome by some individuals. 

while for others it is clearly a psychological stressor [18]. Although adaptation can occur 



in response to chronic stresses. this adaptation may produce altered responses to other 

stressors [ I W O ]  or cause dysregdation in other systems which may result in illness 

[5,2 1-77]. 

In support of Cannon, Selye, and Kopin, the literature suppons a coordinated 

response of the SNS and adrenal cortex (via the hypothalamus) to various other stressors 

in addition to the above mentioned challenges. These include, but are not limited to 

physical stress such as acoustic stimuli [28]. rxercise [18] and ether [29], environmental 

stress such as cage switching [JO] or handling [12], and intlarnmatory/immune stimuli 

such as bacterial endotoxin [3 1 '321, cytokines [33,34] , turpentine [35] and viruses 

[33.34,36.373. Whether these stresses are psychological, inflamrnatory, metabolic or 

physical, they al1 have the ability to signal the same output systems. However the 

pathways by which these challenges activate this systern may differ with respect to 

anatomy and physiology [EU 8-42] . 

Based on recent literature to be reviewed below. the host's response to 

inflamrnatory stress activates the sarne central systems and peripheral compensatory 

responses as other stressors. Subsequently these compensatory responses modiQ 

(usually inhibit) the inflammatory reaction. These pathways are present in many animal 

models and are Iocated in phylogenetically ancient brain systems suggesring these 

responses are an integral part of survival. The characterization of these pathways and 

relationships in response to an inflarnrnatory stress is in its infancy. 

The primary objective of this thesis is to charactente the role of the nervous 



system in the in vivo response of an organism to inflanmatory stress. Traditional 

irnrnunology strictly delineates between M a m a t i o n  and irnmunity where irnrnunity is 

antigen specific and requires B and T cells and inflammation does not. However given the 

holistic perspective of neuroimmunologists, that many of the same cells are involved in 

both types of responses. and that the brain's reaction to both types of challenges are 

similar, such strict semantic delineation will not be made in this document. Therefore the 

immune çystem or irnmunity refers to any ce11 of immune origin involved in either a 

specific or innate response. 

This thesis will surnmarize the current understanding of the neural and 

neuroendocrine interactions with the immune system and will descnbe exprriments aimed 

at expanding our understanding of the neural-immune regdatory system in response to an 

inflammatory agent. lipopolysaccharide (LPS). As well, these experiments will test the 

effects of psychologicai stress on the modulation of the inflammatory response as an 

insight to how non immune stresson impact on health and disease. The importance of 

studying the neural modulation of inflammation is based on the fact that inflammation is 

an integral component of the host's response to injury and disease and is intimately 

linked with the adaptive immune response [43.44]. The inIlammatory response is a 

critical fint line of defence against pathogens, yet when the intlammatory reaction is 

uncontrolled, it can cause as much or more damage to the host than the initial stimulus 

[45,46]. Therefore the rnechanisrns by which the host regulates the response to an 

inflammatory stress gives critical insight as kto  the central mechanisrns responsible for 



the maintenance of homeostasis. 

1.2. Evidence of brain-immune interactions; bidirectional communication between 

the newous, endocrine and immune systems. 

Empirically, it has been known for centuries that moods and stress c m  influence 

health. However it was not until the 20th century that morphological and physiological 

evidence for these observations were obtained. In the 1930s Cannon [ I l  and Selye [IO] 

described the stress response in ternis of efferent output frorn the SNS and adrenal cortex 

respeciively. In the late 1960s G.F. Solomon proved experimentally that stress altered 

aspects of immune function. infemng that the efferent systems which were activated 

during stress. may also alter immune function [26,27.47]. However it wasn't unril the 

1970s when Hugo Besedovsky demonstnted that the SNS and the adrenal gland were 

directly capable of immune regulation [48]. This unarnbiguously illustrated that the same 

systems responsible for adaptation to physical and perceived stressors also mediated the 

response to immune-related stresson. Significantly, Besedovsky also proved that 

peripheral immune responses could alter brain catecholarnine levels [49,50] in areas (the 

hypothalamus) that controlled the SNS and HPAA; showing that this relationship was 

bidirectional. 

The ability of the brain and central nervous system to influence immune function 

has since been based on many lines of evidence. In the early 1980s TL. Roszman's [ab 



[5 1-53] demonstrated that lesions in the central nervous system altered immune function. 

Secondly. many other investigators demonstrated that specific neuropeptides and 

neuroiransmitters when injected into the brain, activated the SNS and HPAA and altered 

immune function [54]. Thirdly it was demonstrated that like other neurally-mediated 

responses, the immune system could be classicaily conditioned (reviewed in [jj]). As 

previously mentioned, Solomon demonstrated that neurally mediated responses. such as 

the response to psychological stressors, could alter immune function [26,27]. 

Subsequently Keller and colleagues demonstrated that it was the HPAA avis and SNS that 

were directly responsible for this phenomenon [56-581. hatomical evidence linking the 

SNS and the immune system was first provided by D.L. Felten who discovered that al1 

immune organs are innervated [59-641 while Nance and Burns demonstrated that the 

nerve supply to most immune organs was entirely sympathetic [65]. Subsequently it was 

found that immune cells had receptors for catecholamines as well as for glucocorticoids 

[66-691. the latter of which are used clinically as immune suppressants. EarIy evidence for 

the role of sensory nerves in the regulation of immune function cornes from the 

determination that mediators present in srnail diarneter C-fibers (which are involved in 

pain transmission) are released antidrornically upon stimulation and are pro- 

inflarnmatory. J.D. Levine and his lab positively correlated the amount of substance P 

innervation with severity and susceptibility to adjuvant-induced arthritis in rats [70]. 

Based on the above-mentioned experimental data it is clear that through the nervous 

system and HPAA the brain can Muence parameters of immune function. 



Prirnary evidence that the immune system could signal the brain was that the SNS 

[71-771 and HPAA [78,79] were activated following immune challenges. Also, areas 

within the brain that were activated following immune challenge (as determined by multi- 

unit analysis [80,8 11, by nerve recordings [49], by measuring neurotransmitters 

[49,50,72] or by immunocytochernistry [32]) were the same areas implicated in the 

control the SNS and H P M .  It was also sho~m that cytokines could alter neurally- 

mediated events such as behavior [33,82] and fever [83-851 thus demonstratinç functiond 

effects of these observations. In 1987 Farrar et al. demonstrated that receptors for the 

cytokine IL-l were located throughout the brain [86]. Following this. a feedback loop was 

demonstrated when injections of cytokines into the brain were found to subsequently 

down regulate peripheral immune function [87-891. Sensory pathways of the nervous 

system were also show to affect the brain-immune communications as cutting the vagus 

nerve abrogated activation of the CNS in response to certain immune stimuli 1901. Also. 

Levine et al. showed in their arthritis model that arthritis cm be induced bilatenlly 

(simiiar to humans) even though the adjuvant was injected unilaterally. This effect of 

bilateral induction could be abrogated by eliminating the afEerent nerve fibers with 

capsaicin [7O,9 1,921. 

The basic principles of Besedovsky's model continue to be supported; however. 

our knowledge regarding the complexity and scope of this system has increased 

tremendously. The tùst section of this literature review will describe the brain's influence 

on the immune system (section 1.3.). Topics to be dealt with include the nature and 



anatomy of both the SNS and HPAA, their roles in regulating immune function, and their 

interrelation. This review will next describe the immune system' s influence on the brain 

(section 1 A.). Topics to be discussed include the nature of the inflanmatory response, 

measures of neural activation, how immune signals reach the brain and the central 

mediators and pathways that are activated in response to periphenl immune challenges. 

Following this, the effects of psychological stress on immunity will be discussed (section 

1.5.) as psychological stress activates the sarne central systems as inflamrnatory stress. 

The fmal section will descnbe our lab's contributions to this field, our working mode1 

(section 1.6.) and the objectives for this thesis (section 1.7.). 

1.3. Neural regulation of imrnunity 

1.3.1. Organization of rhe ANS 

This section will deal with the organization of the ANS and includes a bnef 

description of some of the areas in the bnin that are involved in receiving, processing and 

reacting to environmental signals. This includes a brief description of sympathetic. 

pansympathetic and neuroendocrine systems, with ernphasis on the areas involved in 

brain-immune interactions. 

1.3.1.1. The Hypothalamus 

They key structure in the ANS is the hypothalamus. It serves as the centrai 



integration point for bot .  afferent and efferent signals. Afferent signals can be acquired 

from the circulation, viscerai organs and f?om senses such as smell, sight and taste [93]. 

The hypothalamus then integrates al1 the available information and initiates a coordinated 

response fiom various output systems (if required), including the PNS. SNS and HPAA. 

Much of the information regarding the anatomical connections of the 

hypothalamus with other structures in the brain and nervous system has been described 

by A.D. Loewy, P.E. Sawchenko, L.W. Swanson and colleagues. Swanson authored one 

of the most comprehensive reviews on the hypothalamus to date [94]. In it he describes 

the role of the hypothalamus as the integrator of autonornic, endocrine and behavionl 

function resulting in the maintenance of homeostasis. survival and reproduction. This 

includes coordinating fùnctions such as feeding. defence, maintainhg body temperature 

and care for offspring. In a ventral-dorsal direction the hypothalamus extends fiom the 

bottom of the thalamus to the base of the brain. In the rostral to caudal direction it 

extends fiom the vascular organ of the lamina laterd terminalis (OVLT) in the third 

ventricle to the mamilliary body. Swanson described the hypothalamus as a 3 by 4 grid 

with three sections from medial to lateral (M-L) and four sections from antenor to 

posterior (A-P). Starting wirh the third ventricle as a rnidline, the sections from M-L are 

designated penventricular, rnedial and laterai. The four A-P sections starting at the OVLT 

are preoptic, anterior, tuberal and mamilliary. For the purposes of this review the 

hypothalamus will be described from medial to laterai. 

The perivenaicular zone of the hypothalamus contains such structures as the 



OVLT, penventricular nucleus, suprachiasmatic nucleus, arcuate nucleus and the 

paraventricular nucleus (PVN). The PVN is probably the most important nucleus in the 

hypothalamus in terms of autonornic regulation. The PVN is divided into three main areas 

from M-L starting at the third venaicle. The most medial portion is called the media1 

parvocellular region [94]. This region is compnsed predominantly of corticotrophin 

releasing factor (CRF or CRH) positive cells that synapse on the hypophyseal-portal 

vessels in the median eminence (ME) of the pituitary gland [95].  CRF is released into 

these vessels. transported to the anterior pituitary (adenohypophysis) and causes the 

release of andrenocorticotropin releasing hormone (ACTH). ACTH travels in the 

circulation and causes the release of glucocorticoids from the adrenai cortex (this circuit 

will be dealt with in greater detail in the section on the HPA aris). Other releasing 

hormones fiom the hypothalamus function on the anterior pituitary in a çimilar manner. 

This region of the hypothalamus receives extensive innervation from the limbic system. 

bninstem. subfomical organ (SFO) as well as From other areas of the hypothalamus. The 

next anatomical region of the PVN is the rnagnocellular division and it is analogous in 

composition to the magnocellular region of the supraoptic nucleus (SON). Both 

magnocelluiar regions contain large cells that predominantly contain oxytocin (OXY) or 

VP. These cells project directly to the postenor pituitary (neurohypophysis) where they 

are released into the general circulation. Nerve supply to the rnagnocellular division is also 

ikom the brainstem, SFO and h b i c  system. The rnost lateral portion of the PVN is the 

laterai parvocellular division. These cells are positive for CRF, OXY,  VP and other 



substances. and synapse on brainstem neurons (some of which are vagal preganglionics) 

and sympathetic preganglonic cells in the spinal cord. merents to this ce11 group also 

include projections fiom the brainstem, limbic system, other hypothalamic ce11 groups 

and the SFO. 

The medial zone of the hypothalamus is involved in the regulation of speci fically 

motivated behaviors. This region contains the media1 preoptic area (MPOA) which 

functions in body temperature regulation. the antenor hypothalamus (AH) which 

functions in visceral and gustatory sensation, the dorsomedial hypothalamus (DMH) and 

the ventromedial hypothalamus (VMH) which functions in feeding. rage and sexual 

behavior. This area also has reciprocal connections with other areas of the hypothalamus. 

the brainstem and the limbic system. 

The lateral zone of the hypothalamus also has many reciprocal connections. This 

zone is prirnarily concemed with behaviors relevant to hunger. thist and agression and 

sends projections to other areas of the hypothalamus. the cortex and the spinal cord. 

1.3.1.2. Connections ro the hppothalnmus 

There are many structures that have reciprocal connections with the 

hypothalamus and specificdly with the PVN [94]. The most relevant structures for the 

brain-immune avis include brainstem nuclei, the limbic structures and circurnventricular 

organs (CVOs) because they relay information to the hypothalamus on the viscerai 

environment, the extemal environment and emotionai state of the organism. and blood 



borne chernicals respectively. 

The brainstem is composed of (fiom rostral to caudal) the midbrain, pons and 

medulla. Visceral information is relayed to the sensory nucleus of the vagus cailed the 

nucleus of the s o l i t q  tract (NTS) where it is then transmitted to other brain areas 

including the PVN. There are many trammitter systems throughout the bnin that could 

potentially connect the brainstem to the hypothalamus. However it is the adrenergic and 

noradrenergic systems that have been definitively s h o w  to tnnsfer visceral information 

to the PVN from vagal afferents [94.96-981. These structures include adrenergic ceIl 

groups (C 1. C? and C3) located in the medulla and noradreneqic ce11 groups located in the 

medulla and pons. This includes the A l  group in the caudal ventrolateral medulla. the A2 

group located in the NTS (which is located in the dorsornedial medulla) and the A6 region 

in the pons which is also known as the locus ceruleus [94.99- 1041. These brain regions. 

dong with other areas. form an interconnected network that functions to process visceral 

information before transmining it to higher centers like the PVN for integration. The 

resulting signal integration c m  then activate a combination of systerns including die SNS. 

the HPAA or vagal preganglioinc motor neurons in the medulla. Functional and matornical 

testing of catecholamine circuits fiom the brainstem to the hypothalamus has been 

conducted in our lab [IO51 and in the labs of A.J. Dunn [39], D. Saphier [106- 1081, P.E. 

Sawchenko [41,95,109] and othes [ I l  O]. These aspects will be detailed in later sections 

as they are especially pertinent in the response to inflarnrnatory stimuli. 

The Lirnbic system consists of structures such as the hippocampus. Amygdala, 



bed nucleus of the stria terminalis (BNST) and lateral septal area. These structures 

h c t i o n  collectively to influence and regulate cognitive function and emotions. For 

example the hippocampus is involved in learning and memory while the arnygdala is 

involved in emotional responses [111]. It has been s h o w  that cells from the amygdala 

and hypothalamus are functionaily associated [112.113]. Cells frorn the arnygdala also 

synapse on midbrain cells which have bidirectional communication with the 

hypothalamus [112,114]. The hippocampus is ais0 functionally linked to the PVN. 

however the connection may be directed through other limbic structures such as the 

BNST and the Lateral septal area (LSA) [Ils.  1 161. These relationships have been 

tùnctionally demonstrated by Saphier and others who showed that electncal stimulation 

of' the arnygdala increased activity in the BNST [117] and induced a corticosterone 

response [JO]. The corticosterone response was blocked by lesions of the BNST. 

Circumventricular organs (CVOs) are structures in the brain where the blood brain 

barrier (BBB) is le* [1 181. These structures include the posterior pituitary, choroid 

plexus. OVLT, area postrema (AP-beside the NTS), SFO, median eminence (ME) and 

subcommissural organ (SCO). The OVLT. SFO and AP have the ability to monitor the 

blood levels of specific chernicals and ions and send this information directly to other 

brain areas. The AP for example is located near in fourth ventncle beside the NTS to 

which it is also connected [L 18,1191. Catecholamine ce11 groups nich as the M C 2  regions 

are located within the NTS and project to rnany brain areas including the PVN. The SFO 

and OVLT project to the PPVN as well[118]. 



Although afferent connections to the hypothalamus and in particular the PVN are 

complex and seem fairly ubiquitous, each region of the PVN has a unique afferent 

innervation fiom limbic regions, brainstem nuclei and CVOs [94]. For exarnple the 

magnocellular division of the PVN receives most of its viscerai afferent information via 

the Al ce11 group, where as the parvocellular region receives it innervation rnaidy via the 

A2 group with smaller contributions fiom Al. C 1 and A6 regions [94,120- 1221 . These 

differences demonstrate an matornical bais for the differential activation of different 

afferent pathways for different stressors. 

1 . J I .  3. Projections fiom rhe bruin îo the spinal cord 

The basic organization of the sympathetic nervous system is that neurons from 

the brain synapse on sympathetic preganglionic neurons in the spinal cord which synapse 

on sympathetic post ganglionic neurons outside the spinal cord which directly innervate 

the target organ. The sympathetic preganglionic neurons reside in the interrnediolaterd ce11 

column (IML) of the thoracolumabr spinal cord. Many of the axons fiom preganglionic 

cells will tnvel in white rami comniunicants and synapse with postganglionic ceïls in the 

paravertebral sympathetic chahs. The postganglionic axons will leave the ganglia in grey 

rami and will join mixed nerves that contain motor and sensory fibers. These nerves will 

directly innemate the target organs. Other preganglionic avons will travel through 

sympathetic chah and synapse with postganglionic cells in prevertebrai ganglia located 

throughout the body before contributing to the target organ's innervation. Some examples 



of these ganglia include the celiac ganglia and the superior mesentetic ganglia [l]. 

A.D. Loewy's studies fomed the foundation for determining the structures in the 

brain that directly innervate the preganglionic SNS cells. In these studies, Loewy made 

use of pseudorabies virus which is a powefil tract tracing tool. When injected into an 

organ, this virus is transported From the avons to the ce11 bodies (known as retrograde 

transport) and continues to move transynaptically until the animal is killed. Therefore the 

longer the survival period. the more synaptic connections are identified [123]. Loewy 

injected this virus in various locations throughout the body such as the adrenal gland and 

the tail with the goal of identifjhg the brain areas responsible for afferent projections to 

the SNS preganglionic cells [173]. He found that many similar brain areas were identified. 

irrespective of the target organ [124.125]. The typical pattern would be for example that 

on day 4 just the IML would be virus positive aRer a visceral injection. On day 5 the 

ventrolateral medulla ventromedial medulla , the A5 region in the medulla. the raphe 

nucleus in the medulla and the PVN would d l  be labelled. This was verified by Ding et al.. 

after injection of retrograde tracer into the rabbit rend nerve [126]. On day 6 other brain 

areas were labelled, probably representing areas synapsing on the areas identified in day 

5.  These areas included the BNST, MPOA, DMH and VMH [123]. However there were 

some minor differences in labelling based on the locations of the ganglia or target organs. 

For example injections in the superior cervical ganglion aiso caused virus to show up in 

the lateral hypothalamus (LHA), suggesting that portions of the efferent SNS may be 

activated in a specific or selective manner [125]. 



Topographical organization and innervation is common are the CNS. In the spinal 

cord Weaver and colleagues found that similar spinal levels innervated a variety of organs. 

They stimulated one spinal level at a time fiom T3-L4 and observed responses in each of 

the splenic, rend and mesentenc nerves. Although they detemined that spinal segments 

did not selectively innervate a specific set of post-ganglionic neurons, the intensity of 

response varied for each nerve depending on the segment activated [127]. In support of 

this, Pyner and Coote [128] and Appel and Elde [129] dernonstrated that there was 

specificity of target innervation tiom the pregang lionic cells to the postganglionic cells 

based on retrograde labelling of different target organs or ganglia. Appel and Elde [129] 

used retrograde transport of bvo ditrerent tracers in two different targets (the cervical 

sympathetic trunk or adrenal medulla) to determine the location of the preganglionic cells. 

They found that although there were areas of overlap, the same ce11 did not innervate both 

target.. As well, although both sets of pregangiionics were imervated by somatostatin 

afferents. only the preganglionics for the cervical sympathetic chain were innervated by 

oxytocin positive fibers. This suggested that central oxytocin may be able to excite 

periphenl SNS nerves without causing the release of E From the adrenal gland. Pyner and 

Coote used retrograde transport with three different tracen to determine the location of 

preganglionic cells for the superior cervical ganglion, stellate ganglion and the adrenal 

rnedulla. Although there were areas of overlap with respect to the general anatomical 

region, again the pregangiionc cells for each organ were located in anatomically distinct 

columns within the IML. Our lab has contributed to these anatomical observations by 



bctionally demonstrating that after an idammatory challenge, the latency for activation 

in the splenic nerve is reduced, compared to the rend nerve, even though the 

preganglionics arise from sirnilar spinal levels [76]. 

1.3.1.4. zirotransmitters 

There is the potential for many neurotransmitters to be involved in the reguiation 

of SNS preganglionic neurons based on the regions of the braîn that Loewy identified 

[ l  X I .  Some of these neurotransmitters include NE, E, OXY, VP, CRF, somatosiatin. 

serotonin, substance P. and enkephaiins [130-1321. It is not clear which of these 

transmitters are involved in the response to inflammatory stress. however Our lab has 

recently identified that central oqtocin is crucial For LPS-induced splenic nerve activity 

[133]. 

The neuro~ansrnitters involved in the regulation of target organs by the peripheral 

SNS are better characterized. In the SNS acetylcholine is the transmitter used between pre 

and postganglionic neurons (mainly via nicotinic receptors [134]) while NE is the major 

transmitter between the postganglionic cells and target organs. An exception is the adrenal 

medulla which releases NE and E into the bloodstream as opposed to releasing thern in a 

paracrine manner sirnilar to other postganglionic cells. Since the nature of catecholamine 

pharmacology has been known for decades, many tools exist for studying the interactions 

between the SNS and the immune system. These tools include surgicd and chemical 

lesions of specifc brain areas or peripheral nerves. For example there are adrenergic 



agonists and antagonists which are specific for receptor subtypes and have known 

abilities to either cross or not cross the blood brain barrier. Also, there are substances that 

cm inhibit catecholamine synthesis (alpha-methyl p-tyrosine), storage (reserpine), and 

release (guanethidine), substances that inhibit the preganglionic signals that cause 

catecholamine release (chlorisondamine- nicotinic receptor antagonist) [134] and 

substances that are neurotoxic to catecholamine synthesizing neurons such as 6- 

hydroxydopamine (6OHDA) [ I X ] .  Although there may be other substances in SNS 

postganglionic terminais such as neuropeptide Y (NPY) which rnay have the potential to 

regulate immune hct ion [136- 1 JO], the majority of the reports implicate catecholamines 

as the pnmary peripheral neurotransmitter for immune regulation. 

Catecholamine synthesis is initiated with the conversion of the arnino acid 

tyrosine to Dopa by tyrosine hydroxylase (this enzyme is the rate lirniting step in 

catecholamine synthesis). Dopa is then converted to dopamine by dopamine 

decarboxyalse. This compound is then converted to NE by dopamine beta hydroxylase. 

NE can then be converted to E by phenylethanolmine-N-methyItransferase [134]. 

Catecholamines are readily taken up by ail cells and degraded by monamine oxidase and 

catechol-O-methyltransferase. Catecholarnines exert their effects on ail oqans and body 

systems including the immune system [66] through alpha and beta adrenergic receptos 

[141]. It has been shown that catecholarnines are good markers for sympathetic activity 

[142,143]. The majority o f  NE is released fiom the nerve terminais while E is released 

from the adrend medulla [144,145]. The release of NE and E dso occurs during an 



inflammatory stress response [77,146-1.191 , and these mediators have the ability to 

regulate their own release via presynaptic adrenergic receptors [150]. 

1.3.2. The Effect of the SM on immzlnity 

Anatomically, the sympathetic nervous system has the potential to regulate 

immune function based on the fact that sympathetic nerves innervate immune organs and 

are in close contact with immune cells [59-65,15 11 which have adrenergic receptors 

[66-68,152.1531. As well, circulating catecholamines fiom the adrenal medulla can bind 

adrenergic receptors in circulating or tissue-bound immune cells. The ability of the 

peripheral SNS to functionally alter aspects of the immune system has been demonstrated 

both for innate and acquired immunity. Some such studies have investigated the change in 

the nature of the immune response in animais whose sympathetics have been modified 

chernically ancilor surgically. Other studies have documented the change in immunity &er 

activation of the SNS by chemical means or by psychological stimuli such as stress. 

The response to a particular pathogen may require aspects of both natural and 

adaptive immunity [LW]. Natural or imate immunity includes bamers such as skin, 

proteins of the complement system, phagocytic cells (macrophage, monocytes, PMN). 

and natural killer (NK) cells. This system is activated irnmediately upon the first 

exposure to the activating substance (immunogen). Although the innate response is rapid. 

there is little specificity and diversity. As well, some of the mediators responsible for 

host defence in this system can rapidly cause more damage than the original pathogen if 



left unchecked. Adaptive immunity relies on T-cells and B-cells and has humoral 

(antibodies) and cell-mediated (CDS+ T-lymphocytes) components. Immunogens that are 

recognized by antibodies or T-ce11 receptors are referred to as antigens. If the adaptive 

system is exposed to an antigen for the first time. it may take a few days to mount a 

response. However since this system has memory, subsequent responses to the same 

antigen may get larger, be more specific and have a more rapid onset time [Ml. The 

naturai and adaptive systems intenct heavily to combat pathogens. For example the 

inflammatory response initiates a series of signals to alert the adaptive immune system of 

a potential pathogen. These signals include soluble mediators such as cytokines and the 

expression of ce11 surface molecules for antigen presentation and ce11 to ce11 contact. The 

adaptive response can augment the innate response by stimulating its effecton (ir. the 

activation of macrophages in the delayed type hypersensitivity reaction (DTH)) or by 

making the innate system more efncient (ie. antibodies opsonizing targets for engulhent 

by phagocytic cells or for NK cell-mediated killing). Much of the communication between 

immune cells is controlled by cytokines. 

Cytokines are srnall proteins that 1) are produced in the effectod activation stage 

of immunity; 2) have bnef, self-limited secretion; 3) are pleotrophic and are produced by 

many ce11 types; 4) have redundant fùnctions: 5) regulate ce11 division: 6) influence the 

production of other cytokines; and that 7) convey their effects through receptors [45]. 

Certain cytokines may only be produced in certain situations or against certain pathogens. 

For example in the early stages of infection, the innate system produces tumor necrosis 



factor (TNF), interleukin-1 (IL-1) and IL-6 in response to bacteriai immunogens while 

type I interferons, IL- 12 and IL- 1 5 are produced in response to viral immunogens. 

Cytokines also have the ability to regulate the characteristics of the adaptive response. 

For exarnple IL-4 and IL4 O promote humoral immunity (known as the TH2 response) 

while interferon gamma (IFNy), IL- 1 8 and IL- 12 prornote a cell-mediated response (TH I 

response). The type of response required by the host depends on the nature of the 

antigen. therefore regulation of the TH I /TH2 balance is critical [45]. With respect to 

cytokine production. the preceding description is an over simplification as many 

cytokines will be produced to some or al1 of the above pathogens. For exarnple IFNy, IL- 

10 and IL-12 are expressed in ceratin innate responses as well as adaptive responses while 

M F  is expressed in adaptive responses as well as innate responses to viral and bacterial 

immunogens. 

Chemokines are a subset of smaller cytokines that function to stimulate cell 

motility and act as a chemoattractants [45]. These proteins c m  attract many ce11 types 

including macrophages. T-cells and PMN. 

1.3.2.1. sympathetic regulation of n a t d  immuniiy 

The influence of the SNS on natural imrnunity can be demonstrated by using 

irnmunological parameters such as the response to mitogens, NK ce11 function, the 

production of cytokines and inflammation. The basic premise is that SNS activation is 

inhibitory to the imate immune system [48,154]. 



Mitogens are molecules which non-specifically activate a large ce11 population 

such as macrophages or T-cells. Examples include endotoxin (dso known as 

lipopolysaccharide or LPS) from gram negative bacteria and superantigens frorn gram 

positive bacteria. Ln some of the onginal reports on this subject, Roszrnan's lab [5 1-53] 

found that lesions in the anterior hypothalamus (AH) decreased the response to mitogens. 

These changes were not mediated by glucocorticoids, ruling out the HP.U in this 

situation. Saito et al., found that stimulation of VMH increased peripheral NE and E. 

[1 551 which decreased mitogenesis [156]. This effect was abrogated by propanolol. a beta 

adrenergic blocker. nerve section and chlorisondamine suggesting it was NE release h m  

nerve terminais and not circulating E that was mediating this response. In vitro findings 

directly support the suppressive role of NE in the response to rnitogens [15J]. Similarly. 

when neuropeptides such as CRF [157] are exogenously administered into certain brain 

areas. they are able to activate the SNS and inhibit the response to mitogens [158]. The 

importance of the mitogen response is that these molecules are constituents of major 

pathogens that have been hamiful to higher organisms for so long that specific rrceptors 

have evolved for their detection (ic. a specific receptor for LPS will be described in later 

sections). Although meamring the response to mitogens is one of the older dependent 

measures of immune function used in bra in-hune  studies. the pitfall is that this assay is 

in vitro and removes the cells fiom their microenvironment. Thus, studies utilizing the in 

vitro rnitogen response may not directly prove that specific brain areas and neuropeptides 

are involved in the immune response to mitogens, but they do illustrate the potential for 



neural regulation of immunity . 

The neural regulation of NK ce11 function is similar to the regulation of the mitogen 

response. Like the mitogen assay, early studies of NK ce11 function utilized an in vitro 

assay system. Roszman's lab (Cross et al., [159]) found that lesions in the AH decreased 

splenic NK ce11 activity and Katduchi et al. [160], found that lesioning of the MPO 

increased splenic nerve activity and decreased NK cell function. The decrease in NK ce11 

function was blocked by splenic denervation. They also demonstrated that 

intercerebroventricular (i.c.v.) interferon alpha increased splenic nerve activity and 

decreased NK ce11 function. This effect was also blocked by cutting the splenic nerve or 

with naldolol (a beta blocker that does not cross the blood brain barrier)[16 1.1 671. Invin 

et al. [163] found that CRF in the laterd ventricle increased penphenl NE and decreased 

NK ce11 Function. The inhibition of NK ce11 function was blocked by 60HDA treatment. 

These studies again demonstrate that the central and periphenl pathways are able to 

reguiate the immune system. An alternative perspective is to consider that in vitro studies 

rnay indicate that the SNS's influence on immunity is so robust that it continues to be 

present when the immune cells are tnnsferred into a dish. The bea evidence for SNS 

regulation of in vivo NK cells is frorn Shamgar Ben Eliyahu's lab who used an NK- 

sensitive tumor mode1 to assess NK function [164]. They found that peripherally acting 

beta agonists increased himor metastasis, which was revened by beta blockers. Surgical 

stress. which activates the SNS did the same thing as the beta agonist. Thus 

catecholamines are inhibitory to NK function despite the fact that they promote the 



movement of NK cells fiom tissues into circulation [164-1661. I t  rnay be E fiom the 

adrenals that contributes to this effect as both ADX and naldolol (a peripheral beta 

blocker) reduced the immune suppression oFNK cells in response to i.c.v. IL-1, but 

6OHDA treatment did not. 

There are many reports of catecholarnines being able to regulate ce11 rnovement and 

circulation [167-17 11; however, the effects of catecholarnines on ce11 traf£ïcking are 

unclear. Sorne reports suggest that pre-treatment of catecholarnines influence immune cells 

to accumulate in immune organs [167]. where other repons suggest that catecholamines 

decrease lymphocyte binding to endothelium [170] and promote celi movement to the 

circulation [168,169]. Besedovsky's lab recently showed that ce11 rnovement was 

invenely proportional to flow resistance in an ex vivo spleen perfusion mode1 and that 

catecholarnines had the tendency to increase cellular flow despite being vasoconstncton 

[ i  721. 

Many papen have reported the effects of adrenergic agonists and antagonists on 

cytokine production in humans, mice and rats in response to LPS. The vast majority of 

these reports have utilized in vitro assay systems. In terms of in vitro TNF production. 

increases in the intracellular CAMP levels that occur with activation of the beta adrenergic 

receptor [14 11  cause a decrease in TNF mRNA and secreted protein [173-1881 . This is 

verified by the fact that phosphodiesterase inhibiton such as Rolipram. which block the 

degradation of intracelluiar CAMP, also decrease TNF production [189,190]. This is 

thought to occur primarily with activation of the 82 subtype receptor [184,187,188] . 



however some reports suggest a B 1- receptor mediated mechanism may be responsible 

[19 11. Hu et al., found that an alpha adrenergic agonist increased TNF production in nt 

peritoneai macrophages in response to LPS [192]. Spengler et al., confmed these results 

with an alpha-2 agonist by showing that both TNF mRNA and protein were increased 

[193] in response to LPS combined with alpha-2 adrenergic receptor stimulation. 

In tems of in vivo reports, the literature is less complete. It is known that 

exogenousiy administered E will decrease LPS-induced TNT in plasma and tissue 

[178,194] . Elenkov et al.. [195] and Hasko et al.. [196] demonstrated that TNF 

production in mice could be inhibited in vivo with an alpha-? adrenergic antagonist. The 

alpha2 antagonist was s h o w  to inhibit presynaptic postganglionic A2 receptors. thus 

blocking negative feedback inhibition that NE has on its own release [ljO. 1971. This 

effect was dependent on intact sympathetic transmission as chlorisondamine abrogated 

this initial inhibition. Propanolol, a beta adrenergic antagonist, reversed the effect of the 

iU antagonist and increased R I F  production in response to LPS. It is uncertain whether 

this reversai was due to modulation of immune cells directly or action at the newe 

terminais [195]. Interestingly. blockade of sympathetic transmission with 

chlorisondamine did not affect LPS-induced TNF production [195], raising concems 

regarding the physiological relevance of in vitro measures of immune fiction. However. 

recent reports out of this same Iab contradict these finding by demonstrating that mice 

treated with reserpine, an alkaloid that depletes NE, dopamine and serotonin. increased 

LPS-induced TNF production in the circulation [L98]. The reasons for this contradiction 



were not discussed. 

There is also evidence that catecholamines reduce IL- 1 beta production after LPS 

treatment [185,199]; however, the evidence is not as convincing as it is for TNF. Some 

studies describe a greater effect ~Pcatecholiunines on RSF production than on IL-1 

production [185]. Others reported that there was no effect of catecholarnines on IL-1 

production although TNF production was significantly altered in the same cells [179]. 

The effects of catecholamines on IL-6 production are also not clear. It seems to be 

paradigm specific as some studies report that catecholamines increase IL-6 production 

[173,178.196.200-2033 while other reports suggest that catecholamines are inhibitory to 

IL-6 production [174,176]. Evidence that supports SNS stimulation of IL-6 production 

includes the k t  that IL-6 is increased by stress in the absence of LPS [204-2071. As well. 

central inflamrnatory agents c m  increase peripheral IL-6. and these effects are dependent 

on an intact SNS [208,209]. A likely explanation of the discrepancy was put forth by 

Straub et al.. who demonstnted that in the presence of bacteria NE inhibited IL-6. but in 

the absence of bactena NE increased IL-6 production [2 1 O]. 

The effects of catecholamines on the expression of other cytokines are even less 

well docurnented. Sorne studies have shown that catecholarnines can increase IL- 1 O 

production [173,175,177] while othen describe an inhibitory effect on IL4 O levels 

[2 1 1,2121. Similar to TNF, the effect of catecholamines on the production of IL4 2 

appears to be inhibitory [2 13,2 141. Interestingly, it was found that cutting the splenic 

nerve decreases the chemokine production in the spleens of rats with bypanasorna brucei 



bnrcei [2 151, an effect opposite to what might be expected in view of a possible anti 

intlarnrnatocy role for the SNS. 

Besides catecholamines, their are other molecules in nerve fibers that c m  

potentially regulate cytokine production. For example CGRP, NPY and VIP have also 

been shown to alter cytokine production [216] and substance P has been shown to 

increase LPS-induced R I F  [2 1 71 and IL- 12 production [2 1 81. However the majority of 

reports concemed with the influence of the SNS on LPS-induced cytokine production 

have concentrated on the role of catecholarnines and not these other mediators. 

The peripheral and central pathways that activate the SNS in response to 

peripheral inflammation are not hlly characterized. However central cytokines can 

activate the SNS as demonstrated by the tact that cytokines administered i.c.v. increase 

splenic nerve activity as well as periphenl catecholamine release and tumover 

[74.219-22 11 . In this proposed tèedback loop. i.c.v. cytokines also downregulate immune 

huiction [89.16 1.227.2231 which is partially or completely due to NE release from nerve 

terminais [89.223]. it has been shown that alpha MSH (MSH) is induced centrally by 

intlammatory agents [224] and is an important central mediator for the inhibitory SNS 

pathways [225-2291. MSH given i.c.v. reduces peripheral inflammation, and this effect is 

dependent on an intact SNS [228,230]. It is possible that pathogens like the HIV virus are 

able to subvert this regulatory pathway for their own purposes [222,23 1-2331. Firstly, it 

has been shown that elevated MSH is proportional tu a reduction in HIV titer [234]. 

Secondly, the HIV coat protein, GP 120, reduces MSH-induced NE turnover in the spleen 



[23 11. As expected, GP 120 and HIV cause an increase in pro-inflammatory cytokines like 

TNF in rats [23 L ,2321 and humans [233] and decrease anti-infîamrnatory cytokines like 

IL-LO in humans [233]. Our lab has found a sirnilar dysreguiation with respect to 

increased TNF production in spinal cord injured rats [235]. 

J.D. Levine's lab showed that the SNS is involved in the pathogenesis ofjoint 

inflammation; a model for rheumatoid arthritis. They demonstrated that intact 

postganglionic sympathetic fibers and substance P afferents are critical in maintainhg 

infiammation [70,9 1.97.2363. In agreement with Levine. Lorton et ai.. recently found that 

systemic treatment with 6OHDA reduced the severity of ;irthritis. but selective treatment 

of the draining lymph nodes with 60HDA increased adjuvant induced arthritis as 

predicted by prior studies with the SNS and immune function [237]. The studies by 

Lorton and Levine suggest that dthough the SNS is primarily inhibitory to immune cells 

and immune function. the SNS has proinfiammatory properties at least where the joints 

are concerned. The mechanism by which the SNS potentiates inflammation in the joints is 

unknown; however, Levine's Iab proposed a model where presynaptic beta adrenergic 

recepton on sympathetic post ganglionic neurons caused the release of mediators like 

prostaglandins that worked in concert with mast cells and afferent nerve fibers to 

potentiate the severity of joint inflammation [91,238-2401 . 

1.3.2 7 sympathetic regulation of adaptive immunity 

Antigens can also activate the SNS as detexmined by an uicrease in splenic nerve 



activity after administration of a protein antigen [24 11 and the increase of both electncal 

activity [242] and transmitter release [50] in the brainstem and hypothalamus after 

inoculation with sheep red blood cells (SRBC). It is also known that lesions in certain 

brain areas will influence the humoral response to antigens [243,24]. Also, antigen 

administration can increase nerve fiber density in immune compartments [245]. In terms 

of cell-mediated immunity, the few papers that have investigated this response suggest 

that NE is inhibitory to this process [246.247]. Although the regulation of the humoral 

response by the SNS is well charactenzed. no consensus yet exists as to whether the SNS 

provides an inhibitory or facilitory influence on antibody production. I t  is known is that 

both the SNS and HPAA c m  inhibit cytokines involved in natural and cell-mediated 

immunity such as RIF and IL-12 [214]. Thus catecholamines and glucocorticoids tend to 

shifi adaptive immunity to a TH2 response since the relationship between TH2 and TH I 

is one of mutuai inhibition [248]. In general. nerve fiben have been s h o w  to be a more 

important mediator of humoral immune responses than either the adrenal medulla or 

adrenal cortex [48,249-25 1 1. 

Evidence in favour of catecholamines providing a Faciilitory influence to the 

humoral response includes the 1977 report by Kasahara et al., (later verified by Hall et ai., 

in 1982 [252]) which dernonstrated that mice treated with 6OHDA have an impaired 

response to SRBC as assessed in vitro by the Plaque Forming Ce11 assay (PFC)[253]. In 

our lab, Zalcman et al., [ZJ] dernonstrated that cutting the splenic nerve did not alter the 

PFC response to SRBC. However, the IL-2 induced increased in the splenic PFC 



response to SRBC was dependent on intact splenic innervation and was additionally 

shown tu be mediated through beta adrenergic receptors. In vitro results verified this by 

demonstrating that NE increased LPS-induced antibody production in B cells (this effect 

was independent of T cells and macrophages) [255] and enhanced LPS-induced B-ce11 

proliferation [256]. Recently it was s h o w  that dopamine beta hydroxylase (DBH) -'- 
mice (DBH synthesizes NE from dopamine) are more susceptible to bacterial infection 

and have impaired T-ce11 hc t ion  as compared to normal litter mates [257]. However it is 

unknown if these efects are due to the lack of NE or the substantial increase in dopamine 

which is inhibitory to B-ce11 function [253]. Perhaps the most compelling evidence that 

NE is facilitory to the humoral response comes fiom V.M. Sanders and colleagues. They 

demonstrated that NE can effect both T cells and 8-cells and that NE given at the time of 

in vitro immunization increased the PFC response to SRBC [258]. This effect was 

blocked by propanolol. a beta adrenergic receptor antagonist and mimicked by terbutaline. 

a beta 2 adrenergic receptor agonist [259], proving this effect was mediated by the beta-2 

adrenergic receptor. The next and perhaps most significant finding was that only TH 1 ce11 

lines (at rest and during stimulation) had B? adrenergic receptors [152,153]. This was 

determined by binding studies and verified by the fact that terbutaline decreased IL-2 and 

IFNy expression in TH 1 clones but did not affect cytokine expression in TH2 clones. The 

clones were exposed to NE prier to reconstitution with B-cells, proving the effects of 

terbutaline were on T-cells. To extend these studies in vivo, they reconstituted SCID 

(severe combined immunodeficiency) mice with antigen specific T and B cells. Since the 



T-cells were TH2 clones, only the B cells had adrenergic receptors [260]. h ima l s  that 

were depleted with 6OHDA pnor to reconstitution dernonstrated a decreased prirnary 

IgM response and decreased pnmary and secondary IgG responses. The decreased 

antibody response in 6OHDA-treated mice was mimicked by a beta adrenergic receptor 

blocker and partiaily restored with a B2 adrenergic receptor agonist. They also 

demonstrated an increase in 87-2 (a T-ceIl CO-stimulator molecule on B-cells) in NE- 

treated B cells. Therefore NE c m  eKect B-ce11 function as weIl as T-ce11 fbnction. 

Evidence that catecholamines are inhibitory to antibody production was tint 

proposed by Besedovsky in 1979 [48]. In this report he demonstrated that surgical 

denervation of the spleen or 6OHDA treatment increased the PFC response to sheep red 

blood cells in vitro. They also noticed that preceding the peak in the PFC response. 

splenic NE levels dropped. Interestingly, adrenalectomy (ADX) did not have an effect by 

itself. but it augmented the 6OHDA effect when both ADX and 6OHDA were combined. 

They also demonstrated that the levels of splenic NE inversely correlated with the 

magnitude of the antibody response [261]. Animais with a low splenic NE content had a 

higher antibody response to antigen and vice versa. Other groups found that the decrease 

in splenic NE in response to antigen was due to a comparable total arnount of NE which 

was diiuted by the larger spleen suggesting the increased response was due to the 

increased celluiarity [262]. Similar to the rnitogen response and NK ce11 function 

determinations, stimulation of the AH decreased IgG levels in normal animais [263]. The 

exact mechanism for the inhibitory action of catecholamines on the antibody response is 



unknown; however, NE does have the potential to decrease M C - 2  expression 

[264,265]. Our lab has also provided evidence for the inhibition of the humoral response 

by NE. Green-Johnson et al., [266] demonstrated that epilepsy prone mice. which have a 

higher splenic NE content than epilepsy resistant control mice. also show a relative 

decrease in vivo IgG response to PFC. Supporting this, they found that a beta 2 

adrenergic agonist, when given in the late stages of imrnunization, decreased the antibody 

response in normal animals. hterestingly, when the T cells were removed from the spleen 

they exhibited normal responses. demonstrating that the in vitro response do not always 

mimic the natunl microenvironment for these cells. Supporting this. Green-Johnson et al.. 

[267] demonstrated that mice with a greater cerebellar NE content (sarne splenic NE 

content) also had a lower PFC response. However, if B-cells were taken out of the body. 

they reacted normally to in vitro stimulation. Other reports have used 6OHDA treated 

animais and observed an increase in the antibody response as well [6 1.7681 . 

There are no obvious explanations as why some labs have found catecholamines to 

facilitate the humoral response and othen found hem to be inhibitory. Potential 

explanations include the timing of NE exposure. It is known that NE acting through B- 

adrenergic receptoa will increase inûacellular CAMP. However CAMP at the right time 

will increase antibody production and at the wrong time it may be inhibitory [269]. This 

may have to do with the ce11 cycle as NE has been shown to induce more B-ce11 

precurson to differentiate, but did not have the sarne effect on IgG producing cells. 

Another possible exphnation for these contradictory results is due to the use of 6OHDA. 



6OHDA is a SNS toxin but it can activate the HPAA [270,27 11 as well as the adrenal 

medulla and central catecholamine circuits [272]. Also, upon injection of 6OHDA. there is 

a bolus of NE released fiom the nerve terminais. Thus despite being able to inhibit SNS 

function and the infiuence of the SNS on immunity. 60HDA may activate altemate 

pathways that have a similar role to the SNS with respect to immune regulation. Another 

problem with the use of 6OHDA in neural immune studies is that is able to cross the 

blood brain barrier and eliminate centrai circuits in young animais but not older ones 

[6 1,2731 . Therefore depending on the age of the animal the results of chernical 

sympathectomy on aspects of immune function will differ. Thus the unpredictable and 

contradictory results on this topic may be due in part to the unpredictable nature of 

60HDA's effects on the host. 

1.3.3.1. Organization of the H P A  

The HPAA is the other major efferent path by which the brain can regulate the 

immune systern. The HPAA consists of peptides released from the medial parvocellular 

region of the hypothalamus into the hypophyseal portal vessels in the median eminence. 

These hormones cause the release of ACTH fiom the antenor pituitary which then cause 

the release of glucocorticoids from the adrenal cortex (primdy corticosterone in the rat 

and cortisol in humans). Glucocorticoids bind recepton on the target cells and mediate 



theu effects by trmslocating to the ce11 nucleus and afFecting transcriptional processes 

and mRNA levels [69]. 

The hypothalamic peptides, CRF and VP. are the main mediators of ACTH 

release from the anterior pituitary [274-2771. They are both located in the media1 

parvocelluIar PVN, and ofien in the same cells [278,279]. Although they work in concert. 

CRF is pnmarily responsible for the initial portion of acute HPAA activation [275.277] 

while VP is more critical in the later stages of acute and chronic HPAA activation 

[275,280]. CRF is a 41 arnino acid peptide found throughout the brain and is the principal 

transmitter of stress-related signals [275.277.28 1,2821. CRF receptor type 1 mediates 

most of the central effects of CW. The type 2 CRF receptor (A and B forms) is located 

in the brain and the periphery and binds the CRF-like peptide uroconin I O-IOX more 

strongly than CRF [28 1,2831. Chronic HPAA activation induced by chronic CRF causes 

weight loss and thymic involution [284]. This c m  be abrogated by adrenalectomy (ADX) 

[285]. Transgenic CW mice have overactive WAAs and reduced measures of immune 

Function. This is also eliminated by ADX [284,285]. Studies with CM" mice 

demonstrate that animals lacking CRF receptor type 1, lack the proper stress response 

and HPAA activation, the latter due to low levels of ACTH [286,287]. Besides CRF and 

CRF receptor synthesis, there is a CRF binding protein which can regdate the efTects of 

CRF by preventing CRF from binding iîs receptor [288]. This and other evidence firmly 

establishes CRF as the main rnediator of ACTH secretion. 

VP is a 9 amino acid peptide that Iike CRF is expressed throughout the PVN and 



causes the release of ACTH fiom the antenor pituitary [289]. There are at least three 

types of VP receptors; the Vla type in liver and smooth muscle, the Vl b type in the 

anterior pituitary and the V2 in the kidney [290,291]. VP may be more important than 

CRF in stimulating ACTH release in the later stages of acute activation of the HPAA 

[375] and during the course of chronic HPAA activation [280,292]. 

The main pathway of HPAA comter regulation is by feedback inhibition from 

circulating glucocorticoids via central recepton. This has been demonstrated by measuring 

central and periphenl HPAA activity in response to glucocorticoid synthesis inhibiton. 

glucocorticoid receptor antagonists, ADX animals or exogenous glucocorticoid 

administration. In 1972 it was demonstrated by Dallman et al., that ADX increases 

plasma ACTH; an effect reversed by exogenous corticosterone [293]. P.E. Sawchenko and 

others established that cennl  CRF and VP mRNA (not OXY) is increased in the media1 

parvocellular region of rats in response to ADX, chernical inhibition of glucocorticoid 

synthesis. specific antagonists or hypophysectomy (HYPOX) [294-2991 . Many of 

these effects were reversed upon exogenous administration of corticosterone [295]. In 

addition to this. responses of the HPAA to stress or LPS cm be exaggerated in AIX 

animais due to the lack of feedback inhibition [3OO.30 11. 

Glucocorticoids mediate their effects through the two types of glucocorticoid 

receptors. The type 1, hi& afinity receptors are called mineraiocorticoid receptors (MR) 

and they bind rnineralocorticoids as well as glucocorticoids. The type 2 receptors are 

cailed glucocorticoid receptors (GR) and bind only glucocorticoids [69,302.303]. 



Although both receptors are distributed throughout the brain, MRs are mainly located in 

the areas of the limbic system, particularly the lateral septal area and hippocampus 

[303,304] while GRs have a more uniform distribution throughout the limbic system. 

brainstem, pituitary and hypothalamus. Corticosterone is released in a pattern or diumal 

rhythm where the a.m. levels are lower than the p.m. levels. Findings by Bradbury et al., 

[305] which were extrapolated by Spencer et al. [304] suggest that both MR and GR are 

involved in glucocorticoid feedback. Essentially, the higher dfinity MR receptor. is 

sufCicient for monitoring and maintainhg glucocorticoid levels during the low period in the 

morning. However, in the evening or during times of activation such as stress. both MR 

and GR are required. The functional receptor levels are also regulated by circulating 

glucocorticoid levels. Miller et al., found that ADX increased the maximal arnount of MR 

and GR binding in the hippocampus and that stress (maximum physiologicd Ievel of 

glucocorticoids) decreased the hippocarnpal binding of glucocorticoids [3 061. S irnilar 

effects have been shown by others [307-3091. Lack of glucocorticoids have also been 

shown to increase GR on spleen cells, while high levels of glucocorticoids decrease splenic 

glucocorticoid binding [306,307]. The hippocampus was much more susceptible to 

regulation than other areas of the brain or periphery [306,307]. 

Glucocorticoid feedback on the KPAA has the potential to occur through many 

anatomical sites that express GR and/or MR. These include areas that are part of or 

connect to structures of the HPAA including the brainstem [303,3 1 O], hippocampus 

[303,306], lateral septal area [303], the pituitary [306] and the PVN [28,3 1 11. The most 



convincing evidence suggests that the hippocampus is the major site of glucocorticoid 

feedback. This region bas the largest binding capacity for glucocorticoids and the 

receptors are the most sensitive to feedback [306]. Also, the hippocampus has been 

shown to tonically inhibit the HPAA as severing the fomix (which connects the 

hippocampus to the hypothalamus) increases VP and C W  rnRNA in the parvocellular 

P V N  [3 12-3 1 JI. 

1.3.3.7 Glucocorticoids and imrmne firncrion 

Rationale for HPAA involvement in immune regdation is tintly suggested by the 

fact that the HPAA is activated in response to inflammatory agents [10.78.3 151. Other 

evidence cornes From the study o f  histocompatible nt strains [3 161 (Lewis and Fischer) 

which have different disease susceptibilities that are directly attributed to HPAA 

function. Fischer rats have a hyperactive HPAA while Lewis rats have hypoactive 

HPAA and are more susceptible to autoimmune diseases [3 171. When considering the 

effect of glucocorticoids on immunity it is critical to differentiate physiological effects 

fiom pharmacological effects. Just because exogenous glucocorticoids can d o m  regulate 

many aspects of immune function, it does not mean they do so in the course of a natural 

response. For example, corticosterone binds MR preferentially to GR. However the 

synthetic glucocorticoid, dexamethasone, binds GR more readily and GR is the primary 

glucocorticoid receptor type on immune cells [305,306]. Therefore exogenous 

glucocorticoids, specificdly dexamethasone, can alter aspects of immune fùnction that are 



not normally regulated by the HPAA [48,249-25 11. Glucocorticoids levels are tightiy 

regulated and are bound in plasma by alburnin and corticosterone binding protein and 

subsequently bind receptors that translocate to the nucleus in order to exert effects [3 181. 

Therefore rneasuring circulating levels from denatured sarnples is not always indicative of 

glucocorticoid action because the proportion of bound versus fiee hormone cm be altered 

as cm the glucocorticoid binding capacity [3 19,3201. 

Activation of the HPAA in response to inflamrnatory agents such as cytokines. 

LPS. turpentine and vinws can be Birly rapid (ie. glucocorticoid levels peak at around 

one hour post-L PS) [X 1-3241. Glucocorticoids. especially dexarnethasone, have been 

s h o w  to decrease TNF [325-33 I l ,  IL-l [325.328,33 11 and [L-6 [326.33 1-3 371 

production in response to LPS injection. Convenely, surgical adrenalectomy or blockade 

of glucocorticoid receptors with RU486 (antagonizes both MR and GR), c m  alter the 

response to LPS in terms of increased cytokine production. increased behavioral effects 

and increased mortality [336.338-3491. The increased lethality to LPS seen in ADX 

animals is due to the lack of catecholamines as well as the lack of glucocorticoids. Both 

have major roles in regulating the cardiovascular and metabolic adaptations required in the 

stress response [ 1 3,344,350-3521 . Some reports however have observed that the effects 

of chernicai ADX were similar to surgical ADX in terms of the host's increased TNF 

response to LPS [339,343]. This suggests that glucocorticoids, not catecholamines are the 

prirnary inhibitors of cytokines in response to LPS: a finding supported by Molina and 

Abumrad [353]. It is unknown exactiy how glucocorticoids mediate their effects, but since 



they bind DNA, they have the potential to effect the regulation of both pro- and anti- 

inflammatory molecules. The anti-inflammatory properties of glucocorticoids may be 

mediated through the induction of inhibitory molecules such as IKB [354,355]. IKB is an 

endogenous inhibitory protein bound to NFKB which is a transcription factor involved in 

the expression of cytokines in response to LPS. 

Although glucocorticoids are not significantly increased in a humoral response 

[J8.249-25 11, stress-induced levels of glucocorticoids have been shown to alter some 

components of adaptive immunity [3 561. Dhab har et al.. demonstrated that stress 

increased the delayed type hypersensitivity reaction (DTH). and this was probably due 

to a glucocorticoid mediated change in ce11 trat'fic out of the blood and into the tissues 

[357-3593. 

It has also been reported that components of the HPAA c m  alter immune 

function independent of the HPAA. For example CRF may be produced directly in 

immune tissues [360,36 11while glucocorticoids c m  be released independent of increases in 

ACTH [362,363] suggesting alternative pathways may exist for adrenal cortex activation 

[3 641. 

1.3.4 Communication Benveen the SR'S and the HPM 

Although the SNS and the HPAA have been described separately, there are many 

aspects of these systems that are interconnected [365-367. Central interactions cm be 

demonstrated by the fact that the same centrai mediators (ie. CRF) activate SNS 



postganglionic cells, the adrenai medulla and the adrenal cortex (as measured by circulating 

NE, E and glucocorticoids respectively) [157,163,368]. As well, feedback fkom one 

system may affect the others. For exarnple, glucocorticoids can decrease stress-induced 

levels of peripheral NE and sympathetic nerve activity [366,369,370]. In response to 

stressfil stimuli animais ~4th adrenalectomy, adrenal rnedulectomy or removal of the 

adrenal cortex have shown increased peripheral NE secretion. while 6OHDA treated 

animals showed increases in peripheral E release as compared to controls 

[135,142,145,271.366,37 1-3731 . It has also been s h o w  that corticosterone is released 

and c-fos (a marker for neuronal activation) is expressed in the PVN in response to 

6OHDA. However it is unknown if this represents a cornpensatory response to 

sympathectomy or is the normal response to nerve damage induced by 6OHDA 

[746.271,374-3761 . Stress has also been s h o w  to induce mRNA for catecholamine 

synthesizing enzymes in the adrenai medulla. Interestingly this effect is blocked by 

HYPOX and restored with ACTH [377]. while denervation has no effect. Our lab has 

contributed to this literanire by demonstrating that splenic nerve activity is increased in 

response to immune stimulation in acute ADX animais [378]. Aside fiom central feedback 

mechanisms, catecholamines and glucocorticoids may regulate each other locally within 

the adrenal gland. It is known that the adrenal cortex is innervated and that the innervation 

rnay be required for diurnal variation [367.3 79-38 11. As well, mediators fiom nerves cm 

effect glucocorticoid secretion [382-3861 . Therefore in determining the effect of the 

HPAA and SNS on immunity, cooperative responses must be considered as the system 



as a whole functions to preserve homeostasis. 

1.33. Other endocrine mediafors of immiinity 

There are other circulating factors which c m  regulate immune Function and these 

include prolactin, growth hormone, nerve growth factor, estrogen, pmgesterone, 

testosterone and opioids [387-3891. Nagy and Berczi observed that antibody production 

against sheep red blood cells, the skin response to dinitrochlorobenzene and the 

development of adjuvant induced arthntis were al1 markedly suppressed in HYPOX 

anirnals [387]. They later descnbed the role of lactogenic hormones in maintaining 

immunocompetence [388]. Interestingly, prolactin has been found to increase during the 

response to endotoxin. [390] and more recent reports have demonstrated prolactin's pro- 

intlammatory role with respect to cytokine production [39 1-3941. Therefore the effect of 

prolactin on imuni ty  may be antagonistic to both the SNS and HPAA. 

Sex steroids also play a role in immune regulation. In terms of cytokine production 

the consensus is that estrogen increases cytokine production [395-3981 while 

testosterone. growth hormone and progesterone decrease cytokine production [398400]. 

Ben Eliyahu's Iab (Page et al., [JO11 and Shakhar et al., [402]) f o n d  that nugery 

increased NK cell-sensitive lung metastasis in female rats and that this effect  vas 

moddated dunng the menstrual cycle. Interestingly, Wetmore et al.. found that kanic acid 

lesions in the lateral septai area deceased the antibody response to ovalbumin in fernale 

rats but not in male rats 14031. It is unknown if these observations are functiondly related 



to Ben Eliyahu's, however ir is clear that sex hormones c m  alter imrnunity. 

Opioid peptides have also been s h o m  to alter immunity. Opioids are a class of 

peptides that are produced throughout the CNS, are cleaved from precursor proteins and 

bind three known types of opioid receptors; mu. kappa and delta. Enkephalins are 

cleaved from the pro-enkephalin molecule, dynorphins are cleaved from the pro- 

dynorphin molecule and beta endorphin is cleaved from the pro-opiomelanocortin 

precursor (POMC). Opioid peptides are involved in pain modulation pathways and can 

exert effects in the brain. spinal cord and periphery [404]. Opioids are also released into 

the circulation h m  the pituitary during stress [J05,406] and c m  potentially bind opioid 

receptors located on pnmary afferents [407] and on immune cells [408]. 11 is known that 

opioids are irnmunosuppressive [JO94 121, but the mechanism(s) by which opioids alter 

immune fùnction are unclear. The majority of evidence suggests that the 

irnmunosuppressive effects of opioids are mediated cenûally. [t is known that i.c.v. 

injection of beta endorphin increases circulating levels of NE. E. and ACTH [4 13.41 41 and 

the immunosuppressive effects of opioids c m  be abrogated with ganglionic blockers or 

adrenergic antagonists [4 1 1,4 15,4 161. Also, opioid agonists such as morphine c m  activate 

centrai catecholarnine systems [J 17,J 181. Morphine injected into specific brain areas like 

the peri-aqueductal grey area reduced T ce11 proliferation, NK ce11 function and LPS- 

induced TNF production in macrophages [4 121. One report described that stress is only 

immunosup pressive if immunocyte endorphin concentration is increased [4 1 91.1 t is 

unknown if this relationship was causative or coincident. However MSH? another 



hypothaiamic peptide cleaved from POMC, has both central and peripheral anti- 

infiammatory properties [230,420], so the same may be hue for opioids. 

D. Befus, R. Mathison and colleagues described a critical role for the 

submandibular saiivary gland in regulating lung inflammation [Q 1,4221. They Found that 

removal or de-afferentiation of the superior cervical ganglion reduced lung inflammation in 

response to the nematode Nippostrongylus bmsiliensis [422]. This effect was revened 

upon removal of the subrnandibular gland suggesting that sympathetic innervation 

tonically inhibited molecules that down-regulated lung inHammation. The submandibular 

saliviuy gland is known to have high levels of nerve growth Factor and transforming 

growth Factor beta. both ofwhich can alter immune function [45,423-424] . In 

conclusion, although the SNS and HPAA are the major efferent paths by which the brain 

regulates immune function, other neuroendocrine molecules also contribute to this 

regdatory process. 

1.4. Effects of the immune system on the CNS 

It has been shown that LPS, antigens and other mitogens and inflammatory agents 

c m  ail activate the brain in a similar fashion. LPS has been the agent of choice for many 

neural immune studies due to its ability to reliably activate the host's response and 

because it models a clinicdly relevant condition. As well, the response to LPS can be 

modulated by the dose adrninistered. Lower doses of LPS will induce cytokines, fever. c- 



fos expression and nerve activity without correspondhg blood pressure changes, shock 

a d o r  death [425-4291. Therefore it is not necessary to administer doses that will induce 

shock andor death in order to study how the immune system signals the brain. 

The pathology of LPS is due to the cascade of events initiated by macrophage 

derived cytokines. Therefore the initial events induced by LPS are the most cntical in 

detennining the fmal outcome of the host's response. Thus the main goal of this section 

will be to describe the mechanisms by which LPS (via the immune system) signals the 

brain and elicits HPAA and SNS responses which subsequently function to negatively 

Feedback on cytokine production. Specific topics to be discussed include the nature of 

LPS response, pathways by which the immune system signls the brain, the central 

mediators involved in activation of the CNS in response to immune stimuli and the 

functional effects of immune activation on neurally-mediated processes. 

I .  4 1. The Bioiogy of LPS 

LPS. dso known as Iipopolysaccharîde or endotoxin. is a molecule on the outer 

portion of gram negative bacteria that is one of the most potent inflanmatory agents 

known. The defense against LPS-containing bacteria is so cntical to survival that rnany 

higher organisrns have evolved a specific receptor-mediated system to mobilize the naturd 

defences against these pathogens. LPS is comprised of an outer O-antigen (polymer of 

oligosaccharides), a sugar core and Lipid A embedded in the bacterid ceii membrane 

[430.43 11. The latter portion is responsible for most of the immunogenic activity of LPS 



[432]. 

Although traditionally thought of as a B-ce11 rnitogen, LPS can activate many ce11 

types, especially macrophage and endothelial cells [433]. LPS can be given in small 

enough doses to specifically activate the immune system or in large enough doses to 

induce widespread effects such as  systemic cytokine production, complement activation. 

hypoglycemia. fever. plasma extravasation, loss of blood pressure and eventually shock 

and death [[434,435]. LPS induces a self-perpetuating sequence of events where a decrease 

in blood pressure will sometimes cause decreased organ perfusion resulting in ischemia 

[435]. As well. hemorrhage or shock may cause bacterial release h m  gut, introducing a 

new supply of LPS into the bloodstrearn 14361. Also. LPS causes a decreased response of 

the endotheliurn to vasoconsrrictos like NE making clinical treatment more difficult 

[4374O]. Once in the bloodstream LPS ends up in many tissues including the kidneys. 

lungs, and spleen [430], however the liver is the main source of LPS clearance [44 1,4421. 

LPS is transported to the liver by plasma proteins and lipoproteins and is cleared by the 

gut via the biliary tract [332.443]. 

Similar to Selye's concept, systemic inflammatory response syndrome (SIRS) is 

the clinical term for the non-specific response to physiological insults [ U . J J S ] .  To be 

classified with this condition, two or more of the following symptoms must be present: 

increased heart rate, increased respiratory rate and increased white blood ce11 count. The 

non-specific nature of this condition is evident in that a marathon m e r  is likely to have 

at least two of these symptoms. Sepsis however, is defined as SIRS with an identifiable 



pathogen and pus in normally sterile locations. Sepsis can proceed to multisystem failure 

induced by the hypofusion of tissues, a condition also known as shock [434,444,45]. 

The mortality in sepsis is 33% but increases to 72% once the systemic effects are evident 

[443]. It was found that 50Y0 of the cases of shock are due to gram negative bacteria 

[446]. The curent treatment for shock consists of maintainhg ABC- airways, breathing, 

circulation. This is achieved through blood transfusions, pressors (dopamine. dobutamine. 

NE), Vitamin K (for clotting), and bicarbonate [447]. Antibiotics are dso administered 

despite the tàct that one of the side effects is a potential release of more LPS From dead 

bacteria [J3 O]. 

Gram negative sepsis is a persistent problem in health care in that there are up to 

500.000 cases per year [ M l  It is the 13th leading cause of death in the U.S. costing 5- 1 O 

billion dollars annually [J.W.448]. Incidents of septic shock are increasing due to the 

increased average life span. increased age of surgical patients. irnmunosuppressive 

therapies, drug resistant strains of bacteria and an increase in invasive procedures [435]. It 

is critical that the study of the LPS response is continued as the vast rnajority of clinicai 

trials have not produced significantly improved therapies [449.450]. it is unknown why 

there are ofien promising results in animai studies that fail in human trials. This may be 

due to the fact that in humans, sepsis is a complication of the disease process and not the 

disease itself [4jO]. As well, treatment is often given to anirnals at a much earlier point in 

the course of the disease than is ofien the case for humans. It is also important to 

remember that the reaction of the host to an LPS bolus is transient, while in human sepsis 



there are live bactena which cause chronic activation. Therefore blockade of components 

of the immune response such as cytokine production, at the wrong time rnay be 

detrimental to the elimination of a live infection. This is because cytokines are required to 

combat live bacteria but are an unnecessary side effect of LPS [450,45 11. Also, different 

species have dnstically different sensitivities to LPS which also may be a factor as to 

why a treatment works in some cases but not others. For example the LD 50 in rats is 

reported to be 2.5 mgkg , while nbbits are much more sensitive (at least 5 tirnes)[452]. 

Mice are similar to rats in their sensitivity to LPS [453.454] while humans are more like 

nbbits in that experimental studies only use between 0.4-0.8 ng/ml of LPS [455,456]. 

1.4.2. iCfolectifar Even fs of L PS Signafling 

There are many redundant and interconnected systems involved in the 

pathogenesis of the LPS response [434.45 1 1. This includes induction or activation of 

macrophage [4,4 1.4571, endotheliai cells [458], the arachidonic acid pathway 

[459-4631, reactive oxygen intermediates [434], nitric oxide production [464.465]. the 

acute phase response from the liver [466,467], histamine [468,469], bradykinin [470] and 

the complement system [434,471,472]. This cascade of events is initiated primarily by 

macrophage denved mediators such as TNF 1434,4711. W F  can induce many of the same 

symptoms as LPS including shock [473] and blockade of TNF can reduce the sequelae of 

LPS-induced idlammation [474]. Although TNF has a pivotal role in initiating the 

systemic response to LPS, it is not a good predictor of mortaiity suggesting that the 



downstream events are more critical in determinhg survival [475]. IL-6, a cytokine that 

can be induced by both LPS and TNF, is a good predictor of mortality in endotoxin 

induced shock, however its direct effect on the pathogenesis of shock is unknown [476]. 

Given the fact that there are redundant interconnected pathways, it is important to leam 

how LPS activates individual cells and initiates its pathogenic cascade. 

LPS activates cells through a receptor mediated processes where LPS binding 

protein (from the circulation) transfers LPS from the circulation to membrane bound 

CD 14 or to CD 1 1/18 (beta integrin) [430,477479]. LPS activation through either of these 

membrane bound proteins results in cellular activation as determined by the nuclear 

location and DNA binding of the transcription factor NFKB [480,48 11. However both of 

these receptors Iack the intemal machinery to effect the activation of NFKB [477]. The 

molecule(s) that rransduce the signal from the CD14 receptor to the interior of the ce11 

was unknown until recently and was discovered through the study of LPS resistant 

(C3WHE.T) and LPS-sensitive (C3WHEN) mouse strains [482,483]. A genetic locus was 

identified (designated Ips) that when mutated. conferred resistance to LPS but increased 

susceptibility to bacteria [482,483]. An important discovery that helped to identify the 

molecule responsible for transducing the LPS signal was made in drosophila with the 

characterization of an IL4 receptor homolog [484,485]. It was subsequently 

dernonstrated in mammais that LPS activates NFKB via the mammalian counterpart of 

this IL4 receptor homolog, t d 4 .  It was also found that a mis-sense mutation in t d 4  was 

able to confer resistance to LPS in normal mice, thus making it the likely candidate for the 



lps locus [482,483,486,487]. Another potential candidate for the 1's locus was the 10112 

receptor. This molecule was found by some labs to be essential for LPS-induced NFKB 

activation. it was also found to require CD14 in order to activate NFKB and similar to the 

drosophila homolog, had much of the same signalling machinery [488-4901. It is currently 

unknown whether fol24 and 10112 are redundant. separate, or interlinked pathways. 

Takeuchi et al., suggested that both receptors may be involved in pathogen-induced 

cellular activation, depending on the nature of the bacteria. They found that roll4 may be 

more cntical in signalling for gram negative bacteria while roll2 is more important for gmm 

positive bacteria [491]. The actual intracellular pathways that confer the signals From 

either roll4 or fol12 to NFKB are not fùlly elucidated. However like the cytokine signalling 

cascades. mmy mediators and pathways have been implicated and this includes tyrosine 

kinase pathways [48 1.4924941 , mitogen activated protein kinase (MAPK) pathways 

[493-496] and protein kinase C [495,497]. 

Aside from genetic resistance to LPS, resistance to LPS can be induced by 

repeated exposure to either LPS or pro-inflammatory cytokines [498-5001. This 

phenornenon is known as LPS tolerance and has important implications with respect to 

surviving chronic infections. Al1 aspects of the host response including HPAA activation 

and cytokine production are attenuated upon repeated exposure to LPS in many different 

species [50 1,5021. The mechanism behind LPS-induced tolerance is unknown; however. 

d o m  regdation of intracellular signalling pathways is likely involved [496,503]. Others 

have proposed that tolerance is actualIy a r e p r o b d g  of function as suggested by the 



reduction of LPS-induced IL4 and RIF simultaneous with a potentiation of LPS-induced 

NO production [504]. 

Z. 4.3. Cytokine induction by L PS 

LPS rapidly and transiently induces the production of cytokines which serve to 

stimulate natural immunity and protect the host from infection. However, overproduction 

of these molecules can darnage the host if not properly controlled. This section will 

describe the biology and fùnction of the main cytokines involved in the response to LPS. 

TNF. IL4 and IL-6 are produced in a cascade like fàshion and c m  initiate most of 

the hostos responses to LPS [45,79.505.506]. These cytokines are produced mainly in 

macrophage [507-5 131 but other cells such as endothelid cells and PMN can also produce 

these molecules [5 14-5 161. The production of TNF. IL4 and IL-6 are correlated [j 171 

and are ofien produced in the same ce11 (as determined by confocal rnicroscopy) [5 181. 

The temporal pattern of expression for these molecules is similar in al1 marnmals where 

TNF is induced first, then IL-1. and fmally IL-6 [453. TNF is usually present in the 

plasma by 30 minutes, peaks at an hour (hr) to 90 minutes and is down by 3 hr post-LPS 

injection [45,32 1.429,s 1 9-52 11 . IL- 1 is present by 1 hour, peaks at 2 hr and is gone by 4 

hr where as I L 6  is present at 2 hr, peaks by 3-4 hr and is gone by 5 hr post-LPS 

[45,32 1.5 191. In vitro studies show a similar sequence of cytokine activation. but the 

temporal pattern is more spread out. For example in vivo TNF mRNA can be elevated at 

15 minutes post-LPS and the protein elevated at one hour post-LPS. In vitro, the 



corresponding tirnes are L hr and 5 hr respectively [522]. These molecules also form a 

feedback loop where TNF induces both IL-1 and IL-6 [523-5261, IL4  induces IL-6 

[203,527-5291 but inhibits TNF [527,529] and IL-6 inhibits both TNF and IL- 1 

[j 17,530,53 11 . Al! three cytokines have s h o w  the potential to activate the HPAA 

[532]. However some reports suggest that IL-6 only has a role in sustaining the HPAA 

response to LPS [XZ,jX ,5343 while other reports suggest that IL-6 can't activate the 

HPAA [53]. The results of the latter report may be due to the fact that the use of human 

cytokines in rats does not induce as robust a response as using rat cytokines [536]. 

1.4.3. I .  TiVF 

TNF is perhaps the single most important mediator in the response to LPS. R I F  

is produced mainly by macrophages but cm also be produced by activated T cells. NK 

cells and mast cells [Jj]. TNF is produced as a membrane bound protein with an 

extracellular C-temiinal that is npidly cleaved by a zinc-dependent matnx 

metalloproteinase called TNF alpha converthg enzyme (TACE) [537]. TACE rnRNA is 

constitutively expressed in al1 tissues at a Iow level[538] and does not increase in 

response to LPS [539]. TNF is active as a trimer [540] and cm bind to one of two 

receptors that are ubiquitously expressed on a wide variety of cells. TNF receptor type 1 

(TNF RI or p55) mediates most of the effects of LPS. while the type 2 receptor (TNF 

R2 or p75) serves as a permissive activator of TTW RI and funftions to bind membrane 

bound TNF [541-5431. Circulating recepton also exist as putative inhibitors of TNF 



induced activation. 

TNF was originally described in two different contexts: as a soluble mediator that 

killed turnor cells [SM] and as a molecule that caused cachexia [545]. In 1985 Beutler et al. 

demonstrated that these two molecules were identical [545]. They dso demonstrated that 

blocking TNF could prevent endotoxic shock in mice [474]. The role of TNF in the host 

response is in part demonstrated by TNF deficient and transgenic animals. Over 

expression of TNF in the CNS causes inflammation. RIF-'- mice are more resistant to 

LPS but are more susceptible to living pathogens Iike Listeria monocytogenes [546]. 

Similarly, TNF RI-" mice are also more susceptible to bacterial infections [547]. TNF is 

also required for proper B-ce11 development as these RJF-" mice lack follicles in immune 

organs [SJ6]. The effects of TNF on the host response depend on the amount of TNF 

produced. Abbas et al. [45] suggest that lower amounts of TNF will activate endothelium. 

macrophages and PMN and induce the production of other cytokines. A moderate 

amount of R I F  will also induce the production of other cytokines. and may alter body 

temperature, activate the acute phase response. induce cachexia and cause blood 

coagulation. Hi& arnounts of RIF  will induce hypogiycemia, thrombosis, relaxation of 

vascular endotheliurn. decreased blood pressure and decreased organ perfusion; dso 

known as shock [45]. 

Since the regulation of TNF is so critical to survival, there are many points at 

which it can be regulated [548-5501. This is evident as LPS cm increase the baseline 

transcription rate of TNF by 3 X  the mRNA levels by 50-1 00X and the amount of 



protein by 1000- 10,000X [55 1,5521. Transcriptional regulation is evident due to the rapid 

and transient induction of TNF mRNA and locations in the promoter region for 

constitutively expressed transcription factors such as NFKB [553,554]. TNF rnRNA also 

is subject to post-transcriptional regdation. This includes differential splicing in certain 

ce11 types, a decreased mRNA stability induced by glucoconicoids and sequences within 

the 3 ' region of the mRNA that cause destabilization [327,552,555,556]. The potential 

for post-translational regulation includes inducible proteins such as heat shock protein 72 

which can bind RIF and protect the host tiom endotoxemia [548.550.557] . 

T N F  exens much of its effects on other cells through the activation of 

transcription factors like AP-1 and NFKB [558]. The activation of these transcription 

factors is mediated ptimarily through R I F  RI. however RIF R2 can also activate some 

of these pathways [542,559]. Activation of TNF RI can induce NFKB binding to DNA 

and subsequent cellular activation or induce programmed ce11 death (apoptosis) 

[JO 1,542,5433. TIW R1 does not have the ability to confer intracellular signals on its own 

and relies on a group of accessory proteins for this function. The cascade of proteins 

associated with TNF R 1 is initiated with the binding of the TRADD protein to TNF RI 

[560]. TRADD is then bound by W 2 which is a common intermediate for both TNF 

R1 and TNF R2 signalling. TRAF 2 activates a series of protein kinases which are 

responsible for the cellular effects of TNF including the activation of the transcription 

factors NFKB and AP-1 [543,561,562]. TRADD can also be bound by FADD, which 

induces the apoptosis pathway [543]. Other reports suggest that TNF-mediated events 



are also induced through membrane-phospholipid signalling pathways [563]. 

IL- l has been described as a mediator of inflammation and as a costimulator for T 

cells. IL4 has two forms: IL- 1 alpha which is p n m d y  membrane bound and IL- l beta 

which is prirnarily in the circulation. These molecules corne fiom separate genes but share 

a 30% hornology and bind to the sarne recepton. It is the beta form of IL4 that is most 

critical for the host response to LPS and thus is the only one described in the tollowing 

sections. IL4 cm be produced by many ce11 types including macrophages, keratinocytes. 

epithelial cells and endothelial cells. Like TNF. there are two receptors where the type 1 

receptor (IL4 RI) mediates the majority of effects [564]. The IL-1 farnily of molecules is 

unique in that it includes an endogenous antagonist. IL- l receptor antagonist (IL- 1 RA). 

Like RIF. IL-1 is produced in a precursor form which must be cleaved by an enzyme 

(interltukin- 1 beta converting enzyme or ICE) to become active [564]. 

IL- 1 and RIF have many overlapping functions [565] and like RIF,  the effects of 

IL4 are dependent on the levels in the circulation [45,566]. The rffects of IL-l include 

the induction of slow wave sleep. cachexia, fever and the acute phase response 

[45,564,567]. IL- l was also the first cytokine shown to activate the HPAA [79,506] . 

The difference between IL4 and TNF is that IL4  does not produce tissue injury and is 

not lethal when injected systemically [45]. The importance of I L 4  in the response to LPS 

is in part demonstrated by the fact that ICE -1- rnice are resistant to endotoxic shock 



where IL-1 EWi' mice are more susceptible to the effects of LPS than control mice [568]. 

However, redundancies in this system exist as molecules besides IL- 1 are able to signal 

the brain in response to peripheral intlammation as revealed by the fact that both ICE and 

IL-1" rnice have normal HPAA responses to LPS [569-5711. However IL-IRL-'- have a 

reduced response to turpentine, and are more susceptible to listena monocytogenes 

suggesting that IL- 1 is the primary mediator in response to these challenges [572]. The 

effects of IL- 1 are also demonstrated by exogenous administration of IL- I RA. IL- 1 RA 

has been s h o w  to block many IL-1 and LPS-induced effects [566,573-5751 , but to be 

effective, the IL- I RA concentration must be 100 fold higher than the IL- 1 concentration 

[576]. Others have shown that although IL-1 RA is effective at inhibiting IL4 induced 

responses. it is ineffective against the LPS-induced host response [577]. This 

corroborates the clinical situation where the use of IL-IRA did not f'are well in rnulticenter 

trials for treamient of endotoxic shock [578,579]. 

IL4 mediated activation is dependent on a protein kinase cascade comprised of 

many of the same molecules as the TNF and LPS-induced cascades [561.580]. However 

other systems may be involved depending on cell type [58 1,5821. These signals are 

activated primarily through IL- L RI in conjunction with IL4 R accessory protein. MyD88 

is then recruited to this complex which activates I L 4  R associated kinases 1 and 2. These 

proteins, dong with TRAF6 mediate the effects of IL-1 including NFKB activation and 

IL-6 production [56 1,5801. Also, like TNF, IL4 is subject to regdation at multiple 

points in its expression [525?583?584]. 



1.4.3.3. IL-6 

IL-6 is a cytokine produced mainly by macrophages but it can also be produced 

by other ce11 types such as fibroblasts. hepatocytes and endothelial cells [J5]. Although 

IL-6 is a growth factor for activated B-cells, its more characterized role is with the 

regulation of the acute phase response. The acute phase response is a npid adjustment of 

plasma proteins in response to trauma, stress. burns etc. [45.585]. Some of the proteins 

produced during the acute phase response include clotting factors. anti-proteinases and 

opsonins. Although IL-6 is not responsible for most of the deleterious effects of 

endotoxemia. it is a good predictor for outcome and severity [476,586-5881 . Another rote 

for IL-6 is in sustaining the final phase cytokine/LPS-induced HPAA cascade. For 

example, blockade of IL-6 reduces corticosterone production at later times such as 3 hr 

post LPS, but not at 1 hr post LPS [322.533]. In agreement with this,  IL-^-'- mice show 

c-fos expression after LPS. but the expression is shorter lived [534]. At least in mice. IL-6 

is the major factor in the local inflarnmatory response to Lm. turpentine. It was shown 

that  IL-^-'- mice dernonstrate a normal response to LPS. but are unable to mount an 

HPAA response to i.m. nirpentine [589]. It is possible that the reason IL- 1"- mice also 

do not mount an HPAA response to i.m. turpentine is due to the lack of IL-6 [53 11. 

1.4. -1. Measures of Central Activation 

There are many measures of neural activation utilized in brain-immune studies. 



These include measuring peripheral HPAA and SNS activity (via glucocorticoids and 

catecholamines respectively), indexing changes in central mRNA for hypothalamic 

mediators and catecholamine synthesizing enzymes, measuing central neurotransmitter 

levels a d o r  turnover, recording central and peripheral nerve activity and assessing central 

c-Fos expression. As well, more functional measures such as behaviorai changes and body 

temperature have also been used. The rationale for measuring catecholamines. 

glucocorticoids and nerve activity has been descnbed. This section describes the me& of 

using c-fos expression, behavioral changes and changes in body tempenture as indicaton 

of central activation. 

C-fos is a proto-oncogene that interacts with c-jun to Form the AP-1 transcription 

cornplex. C-fos has been extensively used as a marker for neuronal activation as its 

expression is transitory and independent of protein synthesis [590-5941 . Wan et al.. 

showed that LPS given i.c.v.. i.p., or i.v. mavimally induced c-fos expression in the PVN. 

SON, NTS and A2 regions of the brain 2-3 hours af3er injection [32.90]. Others have 

described c-fos expression in additional structures following LPS including the arcuate 

nucleus, ME, OVLT, MPOA. LC, Parabrachial nucleus, amygdala. AP, ventrolateral 

medulla and other central structures [3 1.5954991 , as well as in vagal afferents [600] and 

preganglionic sympathetic neurons [60 11. Cytokines [505,602-6051, CRF [606], 

psychological stress [90,606-6081 and central PGE2 [105?609] al1 induce sirnilar patterns 

of c-fos expression. Although c-fos is a good fùnctiond marker for neuronal activation. its 

biological function in response immune mediated ceneal activation is unknown. One 



possibility is that since it binds the promoter regions of catecholamine synthesizing 

enzymes [6 10-6 121, it may mediate the compensatory response to various stimuli. Hunt 

et al., f o n d  that d e r  peripherai infiammation, c-fos expression was localized in the 

dorsal hom of the spinal cord, not the dorsal root ganglion. This suggests that cells 

expressing c-fos may be postsynaptic to the ce11 that is initially activated by the stimulus 

[613]. 

The hypothalamus is the major integntion center for homeostasis [94]. therefore 

behaviors which Function to preserve homeostasis may be engaged by the hypothalamus. 

Sickness behavior in response to LPS or other challenges is a set of protective measures 

designed to preserve energy. These behaviors include hypomobility, hypophagia. 

increased sleep, decreased libido and decreased exploration [33.614]. The rationaie behind 

energy conservation is that the body increases its core temperature in order to inhibit the 

pathogen replication cycle [33]. For every degree increase, the body requires an extra 10% 

in energy [W]. This increase in the set point of the body temperature is known as fever. 

Fever is a phylogenetically old response to infection that represents a coordinated 

physiological response with autonomic, neuroendocnne and behavionl components 

[84,85]. Fever is maintained in part by a decreased blood flow to cutaneous vascular beds 

and a decrease in sweat production. Fever is often accompanied by shivering, an increase 

in blood pressure, anorexia and malaise [83.84] . Fever is regulated by the hypothalamus 

and mainly by the POA, OVLT and AH regions [85,6 15-61 91. Fever c m  be induced by 

central and peripherai LPS [620T62 11, turpentine [35,83], central and peripheral cytokines 



[83,6 15,620,6221, cenhal PGE2 [6 18,6 191 and stress [62 1.623-6261 in many species. 

1.45. How immzme signais reach rhe brain. 

It is clear that the immune system activates the brin as demonstrated by the 

effects of an immune challenge on the SNS and HPAA [10,18,76]. Concurrently there is 

increased c-fos expression in the PVN and brainstem [XI, there is increased 

catecholamine turnover in the hypothalamus [SOI, and there are changes in body 

temperature [85,627,628] and behavior [629]. The first reports of cytokines being able to 

activate the brain were in 1987 From Sapolsky et al., [506] and Berkenboçch et al.. [79] 

who demonstrated that IL-l could activate the HPAA. However, since increases in 

corticosterone and splenic nerve activity often precede detectable changes in plasma IL- 1 

[429,5 19.630.63 11, other mediators must play a role in brain activation, at least in the 

initial stages. This section will examine the potential pathways by which peripheral 

immune stimuli such as cytokines c m  activate the brain. The more contentious issue of 

central cytokine production and their roles as signalling intermediates in neural processes 

will be described in section 1.4.6.1. The exact pathways by which immune signals reach 

the brain remain unknown but candidate pathways include cytokines activating the brain 

through the CVOs, through disruption of the BBB, through direct activation of 

endothelid ceils as well as through afferent nerves [70,90,632]. 

1.4.5- 1. The role of circulating cyfo kines 



There is evidence to suggest that peripheral cytokines can activate the bnin via 

CVOs. CVOs are areas in the brain that have leaky blood brain baniers and are in contact 

with both the CSF and blood. CVOs monitor blood levels for specific peptides and 

electrolytes and send afferent projections to other brain areas such as the brainstem and 

hypothalamus [118,119]. Examples of CVOs include the OVLT, SFO and AP. It is 

currently unknown if CVOs function to actively signal the CNS regarding peripherai 

inHammatory agents, act as a barrier to prevent circulating cytokines from leaking into the 

brain and activating the CNS or produce cytokines and prostaglandins that are released on 

the brain side of the BBB and then diffiise to the central structures that are known to be 

activated during penpheral inflammation. 

Ascending catecholaminergic fibers fiom the NTS (A2 region) are essential in 

transmitting sipals  from periphenl (i.v.) immune challenges to the brain [ 1 Oj,6Oj.633] . 

The NTS is in direct communication with the AP [ I l &  1 19.6341 and the role for the AP 

and other CVOs in monitoring the blood for immune agents is suggested by the fact that 

CVOs express mRNA for TNF, IL4 and LPS receptors [635-6371. Interestingly some 

studies found that CVOs expressed c-fos at lower doses than other brain areas [595,596]. 

In support of this, Lee et al., found that removal of the AP significantly attenuated 

ACTH and corticosterone release and c-fos &A expression in the NTS and PVN in 

response to i.v. IL-1 [603]. However, the NTS is often damaged upon removal of the AP 

so non-specifïc effects on the NTS cannot be entirely mled out for this effect [118.603]. 

In contrast to this work, Ericsson et al., found that neither AP ablation nor 



subdiaphragmatic vagotomy altered c-fos in the PVN and NTS afier i.v. IL- 1 [109]. The 

reasons for the differences in results between these two groups are not known; however. 

dose may be a factor as Ericsson used a much higher dose than Lee ( 1.87 pgkg vs 0.5 

@kg). Ericsson did determine that CVOs express c-fos in response to IL-1. but it took a 

1 O-fold higher dose than \vas required to induce fos expression in the PVN [605]. Derijk 

et al., [638] also showed that alternative pathways of brain activation may exist 

depending on the dose of the stimulus. Therefore higher doses of cytokine rnay activate 

additional and redundant pathways. 

The expression of c-fos, CD 14 and IKB in CVOs and endothelid cells indicate 

that these cells may also produce cytokines and other intermediates in response to 

immune challenge [637.639,640]. These mediaton would then be released inside of the 

blood brain barriet and cause centnl activation. This is suggested by the fact that CVOs 

and endotheliai cells are the fiat areas in the brain that produce cytokines in response to 

LPS [636,641.642] and that cytokines can be found in the CSF and leptomeninges 

[641,642] despite not being able to cross the blood brain barrier [223.642-6441 . PGE? is 

a lipophilic mediator that cm cross the BBB and definitively plays a role in signalling the 

brain in response to peripheral inflammation. Both Wan et ai., [90] and Ericsson [109] 

found that blockade of PGE2 production attenuated c-fos expression in the PVN in 

response to an inflammatory stimulus (either i.p. or i-v.). Ericsson et al.. [109] found that 

injection of PGEî into the meddla mimicked i.v IL4 in terms of c-fos induction [IO91 

and MacNeil et al., found that central PGE2 injections mimicked the effect of systemic 



LPS on the activation of splenic nerve activity [645]. Scammell et al. [646] found that 

PGEZ injected into the POA was involved in the induction of fever. Therefore it is 

possible that cytokines cm activate penvascular cells in the brain to produce PGE? 

(which can cross the BBB) which then activates neurons that innervate the 

hypothalamus. In support of this, both LPS and cytokine receptors are localized on brain 

endothelid cells and CVOs, and LPS, turpentine and cytokines induce c-fos. COX-2. IKB 

and cytokines in these sarne cells [636,637,647-6541 . 

Cytokine receptors are distnbuted throughout the brain [86,635,655-6571 which 

suggests that cytokines can activate the brain directly; however as previously mentioned. 

cytokines cadt cross the blood brain barrier [223,642-6443 . Other proposed mechanisms 

of how peripheral cytokines cm gain access to centrd cytokine receptors include LPS 

disrupting the BBB [658,639], immune ce11 migration into the brain [660-6631. or 

cytokines being imported into the brain by active transport mechanisrns [663.664]. In 

support of this. Katsuura et al., demonstrated that i.v. I L 4  induced corticosterone more 

mpidly if the OVLT was lesioned. They also showed that it took a longer time for IL-1 to 

induce corticosterone release if the POA was lesioned (the OVLT and POA are in 

extremely close pro?rimity) [665]. This suggested that if the banier was removed (the 

OVLT) the reaction was more rapid, but if the structure that relayed the signai to the 

HPAA was ablated (the POA) then the reaction was slower. However the doses of LPS 

that are hi& enough to disnipt the BBB are ofien high enough to induce shock and 

potentially death. Therefore it is unlikely that this signalhg pathway mediates 'gnormal" 



inflammatory processes. As far as macrophage migration and the active transport process 

are concemed, it is likely that they are also not major signalling pathways as they work 

on limited scales. However cytokines like IL-1 are extremely potent biological signals, and 

as noted by Maier et al., it is unknown how much IL- 1 is required to enter the brain in 

order to activate it [632]. 

1.4.5.7. The role of afferent nerves 

Sorne of the fint evidence to suggest that afferent nerves transmit immune-related 

signals to the brain were made by and Basbaum and Levine. They found that joints with a 

greater aff'erent innervation had more severe adjuvant-induced arthritis [70]. They also 

found that capscaisin. which destroys small afferents nerve fiben. attenuated 

inflammation in both the injected joint and its bilateral counterpart (in this mode1 

unilateral injection causes bilateral inflammation of the joints via the CNS) [92]. Wan et 

al., were the fint to show that visceral innervation played an important role in the 

activation of the CNS in response to an inflarnmatory response [90]. They discovered 

that subdiaphragmatic vagotomy abrogated c-fos expression in the PVN in response to 

i.p. LPS. However c-fos expression in response to i.v. LPS was only mildly attenuated. 

Recently, Gaykema et al., extended these fmding to include c-fos expression in the nodose 

ganglion [666]. Others labs found that cytokine expression in the brain  vas abrogated in 

vagotomized anllnals in response to i.p. LPS or i.p. I L 4  [667,668]. The mechanism by 

which this occurs is still unknown. However the labs of S.F. Maier and L.N. Watkins 



have proposed that local cytokines can directly activate afferent nerve fibers. They 

showed that biotinylated IL- IRA binds glomus cells located in vagal paraganglia [669] and 

that I L 4  protein is found in the connective tissue of the vagus nerve [600]. This is 

supported by Ek et al., who showed I L 4  R1 rnRNA expression in the ce11 bodies of vagal 

sensory neurons, an increase in c-fos expression in these cells after i.v I L 4  and an 

increase in vagal nerve activity afler i.v. I L 4  [670]. However, Ek et al., also dernonstrated 

that prostaglandin receptor mRNA was present in the ce11 bodies of vagal afferents 

suggesting that visceral prostaglandins may also play a role. Some studies have observed 

the effect of vagotomy on response to i.v. immune challenges [632.67 11; however, the 

reasons for these effects are unknown. 

In summary, it is likely that many overlapping and redundant mechanisms and 

mediators exist to signal the bnin in response to peripheral immune challenges. For 

example although Wan et al., found that subdiaphragmatic vagotomy significantly reduced 

c-Fos expression in response to i.v. LPS, the magnitude of this change was nowhere near 

the effect observed for i.p. LPS and not given much emphasis. This effect was verified by 

Gaykema et al., looking at fos expression in the nodose ganglion [666]. The lack of a 

major vagotomy effect on c-fos expression in response to i.v. challenges rnay be due to 

the fact that LPS is able to activate vagal afferents above the diaphragm as well as 

activating brain endothelid cells and CVOs. This canot be proven directiy as anbals with 

cervical vagotomies do not survive long enough to cornplete the studies [632]. Vagotomy 

rnay also not work with al1 i.p. LPS challenges as serum cytokines are still increased [632] 



and LPS is detectable systemically within 15 minutes [672]. Further evidence suggesting 

alternative mechanisms were proposed by Turnbull and Rivier who showed that the early 

corticosterone and ACTH response to Lm. ~rpentine was rnediated by afferent nerves 

while the later peak was due to circulating cytokines, specifically IL6 [274]. In terms of 

mediaton. although I L 4  was the first cytokine shown to activate the brain. TNF and IL- 

6 c m  also activate the HPAA, and in some cases are more critical. For example increases 

in LPS-induced corticosterone (30 minutes [j 19,6301 ) and splenic nerve activity (17 

minutes [645]) ofien precede increases in s e m  IL-1. In some reports increases in plasma 

TNF coincide temponlly with increases in corticosterone levels and nerve activity [429]. 

There fore since TNF can induce IL- 1, it is likely that R IF  is the major mediator in the 

host's response to LPS. at least in the initial stages [673]. Also likely is the fact that both 

LPS (via CD14 on endothelial cells) and cytokines activate the same systems and do so in 

a cascade-like fashion. This is suggested by the fact that blockade of IL-6 is only able to 

attenuate corticosterone and c-fos production at Iater time points [322,534] and that 

blockade of both TNF and IL4 is not able to block the corticosterone response to LPS 

[577]. Also of consequence is that IL-1 or ICE*" mice continue to show HPAA responses 

to LPS [569-5 7 11. Therefore, like rnost critical regulatory processes. redundant systems 

eicist. 

1.4.6. rkfediators of centrd activuiion. 

It is known that viral infections, Lm. turpentine as well as i.v., i.p., and i.c.v. LPS 



and cytokines can al1 activate the brain as determined by one or more of the fo1lowing: 

increased HPAA activity [32,79,506,533,674-6771, induction of fever 

[35,620,622,627,678-6801, increased nerve activity ancilor penpheral catecholamine 

release [73 Jj,68 1.6821, increased central neurotransmitter turnover [3 6 , S  51, behavioral 

changes [3 3.42,629.683,684] and c- fos expression in the PVN and brainstem 

[3 1 ,go, 109,j05,596,597,602,605]. Irrespective of how these signals arrive, the central 

signalling pathways must have similarities as ultimately common anatomical structures 

are involved in the responses to diese diverse stimuli. Wan et ai., [90] and Ericsson et al.. 

[109] demonstrated that both LPS and IL- 1 (respectively) induced c-fos in the brainstem 

and PVN. Also, these increases in c-fos expression, following both i.v. and i.p injections 

could be attenuated or abrogated by indomethacin. Indomethacin was also s h o w  to 

abrogate the increase in splenic nerve activity observed aiter LPS [645] and abrogated 

some, but not d l ,  of the behavioral effects of influenza virus [42.684]. Related to this. c- 

fos and other indicaton of central activation were attenuated or abrogated upon 

elimination of the ascending catecholamine pathways that connect the brainstem to the 

hypotlialamus [105,605,633] . However, the effects of psychologicai stress on HPAA 

activity and c-fos expression were not eliminated by either indomethacin or the depletion 

of ascending catecholamine pathways. This suggests that there are central pathways that 

are specifically activated in response to immune-related stressors [39,4 1.1051. 

The likely (although relatively simplistic) cascade of immune activated central 

mediaton as proposed by Ericsson et al., [109], and verified by our lab [IO51 include: an 



immune challenge rvhich activates prostaglandins which activate ascending catecholamine 

pathways which activate CRF cells to cause HPAA and SNS activation. 

The rest of this section will describe the role of central cytokines, prostaglandins, 

ascending catecholamine fibers and other mediaton with respect to mediating the central 

signals involved with the peripheral immune response. Data presented on this cascade 

will amend. refute or clan9 this pathway with respect to the different dependent 

measures being described including SNS activity, HPAA activity, fever, c-fos expression 

and sickness behavior. 

1.4.6. I . Cytokines 

It is important to distinguish between the role of central and peripheral cytokines. 

From the previous sections it is known that peripheral cytokines c m  activate the b r i n .  

Also. although local inflammation is different in the CNS as opposed to the penphery 

[660.685], i.c.v. LPS wili induce cytokines and inflammation in the brain 

[661,663,675,686-6891 . The question remains as to the role, if any, of central cytokines 

in the biochemical signalhg pathways that activate the SNS, HPAA, fever and changes in 

behavior in response to peripheral immune challenges (reviewed in detail by Maier et al.. 

[632]). The confusion regarding this topic is best summarized by Turnbull et al., who 

showed that the ACTH response to Lm. turpentine could be blocked by inhibiting central 

RIF protein [675]. This was in spite of the fact that no increase in circulating TNF was 

observed, and both bioassay an in situ hybridization failed to detect central R\IF mRNA 



or protein. RT-PCR detected low Ievels oPTNF mRNA throughout the brain, however no 

difference \vas observed between experimental and control animais. Also, some of the 

areas in the brain that expressed cytokines, were areas like the cortex which are not likely 

to be involved in signalling the hypothalamus in response to peripherai immune 

challenges. 

The role for central cytokines as part of the signalling cascade in response to 

peripheral stimuli is suggested by the fact that there are cytokine receptors in the brain 

[86,6j 5-657.690,69 11, some groups have reported constitutive expression of cytokine 

mRNA and protein in the brain [642,643,692-6961 and that i.v LPS and cytokines do not 

cross the BBB. yet induce KPAA and SNS activation [84,642-64.668.692.6971 

(although this can be partially explained by cytokine receptors on endothelial cells and 

CVOs.). Further evidence includes that central cytokines are increased during non 

immunological stimuli such as psychologicai stress [207,698,699], and that the blockade 

of central cytokines aiten measures of central and peripheral activation 

[j 74,67j.7OO-7O4] . 

However, M e r  scrutiny of these data raises more questions. Fiat. there are 

many reports that show central cytokines are not expressed basally and must therefore be 

induced. Many of these reports aiso show that induction occurs in a cascade-like manner. 

This means that the CVOs and meninges are the first areas to express cytokines. and 

usually by 1-3 hr, white the brain parenchyma is not usually positive for cytokines until 

at least 5 hr post-LPS [641,642,648,650,65 1,6991. This could suggest that the integrity of 



the BBB is compromised and central cytokine induction is a function of diffusion of 

i f l ama to ry  mediators. Many of these latter studies rely on imrnunohistochemistry and 

in situ hybridization to localize cytokines while most of the studies that show basal 

expression utilize RT-PCR, bioassays and ELISAs; techniques which require 

homogenization of the tissue. Thus the anatomical specificity of the molecules in question 

is more dificult to determine as circulating cells and endothelid cells cm also produce 

cytokines. Another consideration is that even if there is central induction of these 

cytokines, their late appearance would preclude their mediating the irnmediate neural and 

behavioral responses. Therefore it is perplexing how blockade of undetectable levels of 

central cytokines in the early stages of a response can have inhibitory effects on behavior. 

HPAA activation and immune function [632,675]. It is also possible, as suggested by 

Maier at al., these molecules may be so potent that undetectable Ievels c m  mediate 

systemic effects [632]. 

The dose of LPS is also an important consideration in these studies as doses that 

are able to induce cytokines in the CSF and brain in the same time h e  as the spleen and 

plasma, can also disrupt the BBB [658,705]. It is also possible that macrophages cm 

migrate through the BBB [660], but this does not usually occur until later in the 

inflamrnatory reaction and approximately at the same time that cental cytokines appear 

[66 1,6621. Pitossi et al.. [697] disagreed with these contentions as they observed an 

increase in cytokines in the brain simultaneously with the spleen using a dose of LPS they 

claimed did not rupture the BBB (20pg i.p. per mouse) [697]. However the effects of 



this dose of LPS to on the BBB were not tested directly but rather referred the work of 

Lustig et al., [659]. Using a mode1 of neuroinvasion. Lustig et al., demonstrated that 100% 

of the animais (mice) sh~wed a disrupted BBB after 100pg of i.v. LPS. However, 50% 

showed a disrupted BBB in response to 10pg of i.v. LPS. Although Pitossi used an i.p. 

challenge of 2Opg, it is known that LPS is in the circulation within 15 minutes of an i.p. 

injection despite a first pass through the liver [672]. Thus the possibility of a disrupted 

BBB canot be ruled out. Another point against cytokines as central mediators of the 

periphenl immune response is that cytokines and cytokine receptors have been localized 

in brain areas that are not related to the signalling cascade in question. Unless there is local 

intlammation within the CNS. the relevance of cytokines and their receptors in areas like 

the cortex. striatum and cerebellum [86,643.655.697.706]is difficult to explain unless they 

are predominantiy endothelial in origin. in the latter case. their relevance bas been 

discussed in the previous sections. 

i -46.2. ProstagIundins 

Prostaglandins are synthesized from arachidonic acid by cyclooxygenase (COX) 

which has two isoforms: a constitutive form, COX-1, and an inducible h, COX-2. 

Although prostaglandins have many peripherai functions, including direct effects on the 

cardiovascular system and the immune system, this section is concemed with 

prostaglandins' role as centrai mediators during an uitlamrnatory response. 

Unlike cytokines, the role for prostaglandins as central mediators in the response 



to peripheral immune challenges is f d y  established. Central prostaglandins have been 

shown to be involved in LPS and cytokine induced fever [707-7 1 O], splenic and rend 

nerve activity [73-73,645,711,7 121, peripheral catecholamine release andhr turnover 

[72,7 13,7143, central catecholamine turnover [72], c-fos induction 

[go, 105,l O9,6O9,7 1 5-7 171, HPAA activity [665,7 18,7191, behavionl alterations [42,684] 

and the regdation of peripheral immunity [717,720]. Although central PGEZ is the most 

thoroughly studied cyclooxygenase dependent prostaglandin in the response to peripheral 

LPS, i.c.v. injections of PGFZ and PGD2 also have the ability to alter the LPS-induced 

peripheral cytokine production [Nance et al.. unpublished observations]. As well. i.c.v. 

PGF? can increase plasma NE [721] and induce Wver [722] while i.c.v. PGDZ can induce 

slow wave sleep [723] and increase hypothalamic NE turnover [72]. This sugpsts that 

more than one cyclooxygenase dependent prostaglandin may be involved in regulating the 

peripheral response to LPS. 

The means by which PGEZ can affect centraIly-mediated functions are unknown. 

This is because both peripheral (peripheral meaning outside the BBB) [652.670.724] and 

central prostaglandin 1646,725.7261 formation have the potential to regulate central 

processes. We will describe fever as an example as it has been known for many decades 

that central PGE2 can induce fever [85]. In 1983 Blatteis et al., showed that the anterior 

region of the third ventricle (which contains the POA and OVLQ was important in the 

febrile response to LPS [727]. This was later verified by other labs [646,707,710.728]. 

Aso, it is known that i.v. LPS induces PGE2 in the POA and that these rising levels 



correspond to the appeamnce of fever. Both fever and the levels of PGE3 in the POA 

were inhibited by indomethacin [707]. However there is a possibility that prostaglandins 

from many sites play a role in fever induction. In response to certain doses of LPS. a 

biphasic fever is produced in many species [729]. It was shown that the first phase is 

blocked by subcutaneous indomethacin while the second phase required i.c.v. 

indomethacin in order to be attenuated. The peripheral source of PGEZ is most likely 

from vascular endothelial and microglial cells as well as cells fiom the CVOs. These cells 

produce COX-2 in response to LPS and cytokines [639,652,724,730-7381 as well as 

expressing c-fos and IKB [3 1,596,597,604,648,649,7391 . LPS is known to induce NFKB 

which cm transcribe COX-2 mRNA [740,741], while IKE3 expression (the inhibitory 

protein to NFKB) is likely a compensatory response to this. COX-2 is the likely isoform 

responsible for PGE? production during fever as COX-1"' mice still have fever in 

response to LPS, but ~0x2"- mice do not [742]. Also, specific COX-2 inhibiton reduce 

or attenuate fever in response to LPS and cytokines [753.735.743]. Related to this. 

glucocorticoids can inhibit stimulated, but not basal levels of PGEZ in ex vivo brain slices 

[754]. Endothelid PGE:! is an effective mediator because endothelial cells are located 

throughout the brain and PGEZ can readily diffuse across the BBB to exert physiological 

effects [654]. Ek et al., demonstrated that prostaglandin receptor mRNA was present in 

the ce11 bodies of vagal afferents suggesting that viscerd prostaglandins may dso play a 

role in signalling the brain in response to peripheral infiammation [670]. In terms of 

central PGE2, COX-2 can be found in neurons [653] and inhibition of PGE2 formation 



directly in the POA has been shown to inhibit LPS-induced fever. However injections of 

PGEZ in the POA were more pyrogenic the closer the injections were to the OVLT. This 

contributes to the notion bat diffusion from endothelial or CVO cells is the most Iikely 

source of PGEZ in the brain [728]. It has also been show in vitro that IL-1 cm induce 

prostaglandins synthesis from hypothalamic and hippocampal explants [725,726]. 

Unfortunately it is unknown if the source of the PGE:! is from neurons or endothelial 

cells. 

In order to identiQ the locations in the brain where PGEî is exerting its effects, 

studies have explored the effects of microinjections of PGE? in various brain areas as well 

as looking at receptor distribution. It was first shown that i.c.v. PGE2 will induce many 

of the same effects as periphenl LPS or cytokines [105.639,645,7 1 5,7171. Injections of 

prostaglandins i .cx [645] and in both the medulla [109] and POA [728] mimic the eFfects 

olperiphent LPS or cytokines. The highea density of binding sites for PGEZ were found 

in the anterior wall of the third ventricle [745,746]. The NTS, PVN and LC also have 

PGE? binding sites [746]. In terms of receptors there are at least six types of receptors 

that bind prostaglandins: EP1, EP2. EP3a, EPjb, EP3c and EP4 [747l. Sugimoto et ai.. 

[748] found EP3 receptor mRNA was widely distributed throughout the brain including 

areas such as the POA and the hypothalamus [748]. Zhang and Rivest found basal EP2 

mRNA expression in the BNST, LSA, SFO, VMH, CeA, LC and AP. and basal EP4 

mRNA expression in the POA, PVN, SON, PB, NTS, and VLM [749]. Functiondly. an 

i.c.v. EPI agonist, but not an i.c.v. EP2 agonist, was shown to activate splenic nerve 



activity [711]. However much remains to be elucidated on the location and 

characterization of the functional EP receptors involved in mediating the central response 

to peripheral challenge. 

In the most simple interpretation of the sequence in the signalling cascade, PGE? 

is upstrearn from CW. This is suggested by the fact that CRF induced splenic nerve 

activity is  not blocked by indomethacin yet PGEî induced nerve activity is blocked by 

alpha helicai CRF (a CRF antagonist) [712]. In support o f  this Terao et al.. showed that 

i.p IL- 1, i.c.v. PGEZ and i.c.v. CRF al1 induced NE turnover in the spleen. Indomethacin 

blocked the IL4  but not the CRF inducrd turnover of splenic NE [72]. Also, it \vas 

s h o w  by Bemardini et al., that hypothalamic cells will secrete CRF in vitro if stimulated 

with ecosanoids [750]. MacNeil et al found that i.c.v. blockade of CRF slightly but 

significantly reduced splenic nerve activity in response to i.c.v. PGEî. Interestingly, this 

eflect was more pronounced for PGEZ induced renal nerve activity. They also found that 

the renal neme's increased activity was blocked by OXY and VP antagonists whereas the 

increase in activity of the splenic nerve was most potently inhibited by OXY antagonists 

[Ml. This reinforces the view that CRF is not the only hypothalamic peptide involved 

in activating the SNS and HPAA. However the pathways that mediate fever induction 

and the other aspects of central activation rnay differ due to ubiquitous nature of 

prostaglandins and their receptoe. For example, Rothwell found that alpha helical CRF 

blocked the fever in response to PGF2 but not PGE2 suggesting that although both CRF 

and PGE2 can induce fever, they may do so by dBerent mechanisms [722]. 



1.4.6.3. Catecholamines and other central mediators 

It has been shown that CRF and other hypothalamic peptides are important in 

activating the SNS and HPAA in response to immune challenges. However the question 

remains as to the upstream rnediators that regulate the release of these peptides fiom the 

hypothaiamus in response to these peripheral challenges. It  is known that PGEZ is 

upstream of the hypothalamic peptides in terms of mediating responses to penphenl 

immune challenges [133.712,75 11; however a role for central catecholamines has also been 

demonstrated. This is based on the tàct that noradrenergic ce11 groups that are activatrd in 

response to penpheral inflamrnatory challenges contain mRNA for PGEZ receptors and 

innervate CRF cells in the PVN [94,95.102.104.106,108,120,3 1 O,752-754] . Secondly. 

NE release and tumover are increased in the hypothalamus in response to various stresses 

and immune stimuli [755-7581 . Also. stimulation of the ascending catecholamine fiben 

increases CRF in the portal circulation [759] and CRF mRNA in the hypothalamus [760] 

(this effect c m  also be shown in vitro [76 11). In support of this, removal of the 

noradrenergic ascending pathways decreases C W in hypophyseal portal blood [762.763]. 

Functionally, ablation of the ascending catecholarnine fibes from the brainstem to the 

hypothalamus can abrogate or attenuate HPAA activation and c-fos expression in the 

PVN in response to LPS or IL- 1 [39,41,105,764]. Interestingly, destruction of these 

pathways aiso abrogates some of the effects of ether stress [765-7683, but not of 

footshock stress [39,41,105]. It is unknown which central adrenergic receptor is critical to 



activating the central systems in response to a peripheral immune challenge, however 

some reports have suggested that the alpha4 receptor is involved [769]. 

Although the evidence presented indicates that PGE2 activates NE positive cells 

which in turn activate hypothalamic peptides, this is a simplified explanation as other 

mediators may be involved depending on the nature of the initial challenge and the nature 

of the output measure studied. As well, these mediators cm be a part of the same or 

separate pathways depending on the paradigm. For example, CRF is a major mediator of 

psychological stress [277] and is distributed in many brain areas that are involved in the 

stress response. There is a reciprocal relationship between NE and CRF in that CRF c m  

induce NE release in certain paradigms. which is opposite in sequence as to what is 

described above. Nakamori et al., demonstrated that alpha helical CRF attenuated fever in 

response to cage switch but not in response to either i.c.v. PGEZ or i.p. I L 4  [623]. 

However alpha helical CRF did attenuate the fever in response to i.c.v. I L 4  [623]. 

Therefore there is not a single linear pathway that mediates al1 the centrally-controlled 

responses to immune challenge. 

To further illustrate the complexity of these pathways, many investigators have 

shown that mediators other than cytokines, PGE2, catecholarnines and CW are involved 

in mediating the central response to immune challenge. These include glutamate, GABA. 

histamine. NO, serotonin and MSH (reviewed by Turnbull et al., [677l). Wan et al., found 

that PGEZ, glutamate and histamine were involved in the LPS-induced expression of c-fos 

in the PVN and SON [go]. The role of histamine in the LPS-induced HPAA response to 



endotoxin was c o d m e d  by Givalois et al. [770], and Knigge et al [771]. Knigge et al., 

found that LPS-induced increases in ACTH and beta endorphin release were blocked by 

an i.p. or i.c.v. histamine receptor 1 antagonist. This is in agreement with Wan et al., who 

showed that c-fos expression was also abrogated by an histamine receptor 1 antagonist, 

but not a histamine receptor 2 antagonist. 

A.T.K. Jackson showed that LPS-induced c-fos could be attenuated with the NOS 

blocker, L-NAME [105]. L-NAME could also attenuate PGEXnduced c-fos suggesting 

NOS was downstream of PGE? and facilitatory to c-fos production. In support of this 

Lee et al., [772] and Harada et al.. [773] found that LPS increased NOS mRNA in the 

PVN. Also, McCann et al., stated that NO neurons crin stimulate the reiease of CRF and 

OXY [774]. Recent reports fiom Rivier and colleagues support Jackson's original 

observations [775] in that they fond  that i.c.v. injection of the NOS donor. SIN-1. 

increased plasma ACTH (via a CRF dependent mechanisrn), and increased the hnRNA for 

C RF and VP. However. they also found that NOS activation was not dependent on 

prostaglandin synthesis. 

Serotonin is another possible central mediator in the response to periphenl 

inflammation as there are serotonin positive fibers in the PVN and SON [776]. In support 

of this it has been found that serotonin metabolism increases in response to peripheral 

LPS and cytokines[535,777]. Also, blockade of serotonin reduced corticosterone release 

and c-fos expression in response to LPS [769,778]. However others have shown no effect 

on corticosterone release or c-fos expression in serotonin depleted animais (as cornpared 



to control) in response to LPS [779]. The reasons for the contradictory results between 

these groups are unknown. 

As previously mentioned, MSH is induced centraily by inflamrnatory agents 

[224] and is an important central mediator for the inhibitory SNS pathways [225-2291. 

MSH given i.c.v. reduces peripheral infiammation, and this effect is dependent on an 

intact SNS [228.230]. 

In surnrnary, M e r  study is warranted to determine if PGEî, NE. histamine. NO. 

glutamate. serotonin. MSH and other mediators represent distinct or interrelated 

pathways that activate the HPAA and SNS in response to peripheral immune challenge. 

1.5. The Effect Psychological Stressors on Brain-Immune Interactions 

The relationship between emotiodmood and imrnunity has been observed 

empirically for generations. More recent studies have used statisticaily-based methods to 

veriQ that stress c m  suppress immunity in humans [J-72225,780.78 11 . Conversely, 

depression has been associated with inflammation, demonstrating a potential reciprocal 

relationship [2 11. D e f ~ n g  the stressor-specific pathways that mediate these 

relationships are the next challenge to this field. As predicted by Selye, different stressors 

whether they be psychological or immunological, wili activate the same central systems 

[33 34,3 8,42,9O], although by different mechanisms [39,4 1.1051. As well, different 

psychological stressors, such as exposure to ether or restraint may also work though 



distinct pathways [782,783]. This section will briefly describe the activation of the SNS 

and HPAA in response to stress and summarize the possible central mediators involved 

in the activation of the stress response and the adaptation to stress. Following this, the 

effect of stress on irnmunity will be reviewed. 

1.5.1. Skess-indztced acfivation of the HPIU and SNS 

Psychological stress will be broadly defined as being a stress with a 

predominantly interpretive component. In animal models psychological stressors include 

forced exercise. ether. immobilization/restraint, tailshock and footshock stress. Ether and 

shock stress have noxious physical components as well as psychological components, so 

they are not pure psychological stresson. Pan et al., [784] demonstrated that the noxious 

components of a stressor (hot water or electro acupuncture) will induce c-fos the bnin in 

anesthetized animals. However. the increased heart rate observed with these stressors was 

elirninated with anesthetic, suggesting an interpretive cornponent. The noxious stressors 

however could not signai the brain in capsaicin-treated animals (no pain afferents). Other 

stresses such as cold stress and insulin stress are primarily physiological stresson, but no 

doubt have psychological components as well. 

The main indices of penpheral HPAA and SNS activation are elevated levels of 

peripheral catecholamines and corticosterone respectively. Although the cenaal pathways 

and mediators are not definitively elucidated, CRF, VP and OXY release fkom the 

hypothalamus are al1 potentially involved for both the SNS and H P M  responses to 



stress [1,157,275,785]. Al1 three of these molecules innervate brain stem and spinal cord 

neurons and cm cause the release of ACTH. The PVN is the main structure involved in 

relaying the central signals of stress to the SNS and HPAA as lesioning of the PVN will 

attenuate the ACTH response to stress [786] and abrogate the stress-induced immune 

suppression [787]. 

The response of the HPAA to stress is npid. Activation is initiated with the 

release of neuropeptides from the hypothalamus (CRF, OXY. VP [788.789]) which 

causes the release of ACTH From the anterior pituitary which causes the release of 

glucocorticoids from the adrenal cortex. Corticosterone may be increased as quickly as 2 

minutes after stress [790]. peaks by 15-20 minutes [786.791] and is back to baseline by 1 

hour. Glucocorticoids tèedback onto the brain and decrease CRF release as weIl as NE 

turnover in the PVN in vitro [792]. Both CRF and VP have been show to be essential in 

mediating the release of ACTH in response to stress and c m  be released from the sarne 

cells [793]. CRF has been considered the main central mediator of stress as CEW is widely 

expressed throughout the CNS. including areas that are involved in the stress response 

[18,788]. In support of this, within 5 minutes of i.c.v. CRF. rats show an increased heart 

rate, body temperature, and incidents of stress-related behaviors (groorning, digging and 

locomotion) (7941. Also. CRF type 1 receptorJ- rnice have a reduced anxiety and a low 

HPAA response to stress [286,287] and blockade of central CRF cm attenuate the 

ACTH response to ether stress by 75% [277]. VP may not be as critical in the initial 

response to acute stress, however VP plays an important role in the latent phase of the 



acute stress response and in response to chronic stress [19,292,795,796]. The role of 

OXY in the HPAA response to stress is not as clear. OXY has been shown to be released 

in greater amounts than vasopressin in response to LPS, but the opposite holds mie for 

stress [360]. However OXY is decreased in the hypothalamus and increased in spinal 

cord I minute after stress [797]. OXY magnoccIluiar cells are activated after stress 

[93,607] and like VP and CRF. OXY is increased in the circulation 2 minutes after stress 

[789]. As well blockade of central OXY has been shown to reduce the corticosterone 

response to stress [798]. 

Stress can cause compensatory responses in the neurons that are activated in 

response to stimuli. This includes an increased rate of transcription for stress-induced 

mediators such as CRF and VP as measured by heteronuclear RNA ( W A )  and mRNA. 

Protein and rnRNA levels for the transcription factor c-fos cm also be induced by stress 

and c m  be used as indices of activation. CRF hnRNA is increased within 5 minutes in the 

parvocellular PVN while CW mRNA is increased by 30 minutes [282.300.799]. VP 

hnRNA in the parvocellular P V N  is up by 30 minutes and down by 120 minutes after 

stress. VP mRNA is up by 90 minutes and d o m  at 120 [800]. C-fos mRNA can be 

induced as early as 5 minutes alter stress but does not peak until30 minutes post-stress 

[300]. C-fos protein usuaily peaks at 2 hr post-stress [93]. C-fos is a ubiquitous 

transcription factor that is induced rapidly in response to stimuli . Therefore it is an 

excellent activational marker but its functions are unknown. 1t is dso unknown which 

transcription factor(s) mediates the quick compensatory responses to stress, however it 



m u t  be constitutively present. CREB is a good candidate as it requues only 

phosphorylation to become activated and this occurs within the same time frame and 

same location within the PVN as the other markers of activation, and it can bind the c-fos 

promoter [799,80 11. Activation of the SNS in response to psychological stress is also 

rapid. Peripheral catecholamines are increased within 5 minutes of stress [802] and peak 

by 20 minutes [803]. CRF may be a common central rnediator between the HPAA and 

the SNS. It is known that i.c.v. CRF cm increase SNS activity [l57,804] and that this 

activity affects the immune system [805,806]. 

i.j.2. d ctivution of the Ertrahypothalamic regions in response to stress 

Although the hypothalamus is the main control center for the efferent response to 

stress. other areas mediate the afferent signalling of stress to the hypothalamus so that 

proper behavioral. physiological and locomotive responses can be initiated. The 

pathways and regions in the brain that have the potential to process stress-related signals 

are extensive. These includes cenaal nondrenergic [757,758.807-8 141 , doparninergic 

[38,807,809.8 13-8 161, histaminergic [8 171 and serotonergic [807.809,8 12.8 141 pathways 

comecting the brainstem, hypothalamus, cortex and limbic structures. 

In order to determine the regions involved in a particular response, several indices 

of activation can be üsed such as neurotransmitter levels, neurotransmitter turnover and c- 

fos expression. Trammitter levels usually drop in an area that has been activated by 

stress while the metabolite levels are increased. Using these indicators, psychological 



stress activates many of the same brain areas as immune challenge [90,8 1 8,8 191. These 

areas include the PVN (rnainly the parvocellular CRF cells but also magnocellular 

oxytocin cells and spinal cord projecting cells) as well as other areas of the hypothalamus, 

regions of the brainstem and limbic system [93,820]. For example the arnygdala is an 

important area in integrating behavioral and physiological responses to stress [821]. The 

amy gdala is involved in fieezing behavior. tac hycardia and the release o l adrenaline, 

noradrenaline, prolactin and the corticosterone in response to footshock [809,82 1.8221 . 

Stimulation of the amygdala induces many of the same responses as central CRF 

injections [823] suggesting that markers of activation are accurate in detemining areas of 

fùnctional sipnificance. 

As previously mentioned, each stressor will activate both unique and similar 

central systems. For example some reports suggest that ascending noradrenergic 

pathways (from the meddla to the PVN) are important mediators of stress. Evidence for 

this is îhat the KPAA and c-fos responses to LPS, I L 4  and ether were reduced upon 

destruction of these pathways [39,4 1,105,764,766-768,824,8251. However many of these 

same reports also showed that removal of these noradrenergic pathways did not alter 

H P M  activation or c-fos expression in response to footshock stress [39,41,105]. The 

difference may be that the response to footshock is mediated by higher integrative centee 

in the brain whiIe the response to IL4 and ether are mediated pnmarily by ascending 

brainstem pathways. 



1.5.3. Adaptation to stress 

The stress response is an adaptive process that is geared for survival. This is 

illustrated by the fact that exposure to acute stress can alter the levels of VP in the 

hypothalamus weeks afler the stress occurs [19,826,827]. According to Anisman and 

Zacharko it is important to also consider the impact of chronic stressors as many of the 

stressors encountered by humans are chronic in nature [8 131. Repeated exposure to the 

same stress rnay be able to dom-regulate the stress response over time (also known as 

habituation) and increase the response to new stressoe. This rnay serve to protect the 

organism from the secondary irrelevant effects as described by Cannon [l-3) . 

The adaptation to stress and the response to chronic stress are mediated centrally 

and peripherally. As previously rnentioned, the long term adaptations may be more 

dependent on hypothalamic VP than CRF. There are many reports of acute stressors 

(LPS. IL-1. surgery. footshock) selectively being able to increase the stores of AVP in the 

ME, but not of CRF [19.826,827]. This increase in VP augments the HPAA response to 

a second acute stressor 1 I days later [827]. VP is also selectively increased in chronic 

stress paradigms [280,292,791]. Although chronic stress tends to habituate the activation 

of the HPAA in response to stress, basal levels of HPAA hormones may be increased 

[828]. 

Although it is common for an animal to habituate to a stressor, it is not a 

universally-observed effect for al1 animals or for al1 stress-activated systerns [93]. For 

example it is known that gastnc lesions in response to stress can be attenuated with 



repeated exposures to that stress [829]. Also, many reports suggest that levels of 

hypothalamic NE cm be habituated [810,830] in response to chronic stress. Several other 

reports suggest that although NE levels may be the same between control and chronicaily 

stressed animals, there are higher levels olNE metabolites in those brain areas which argue 

against habituation as the increased NE turnover suggests increased activity [3,83 11. 

Reports also suggest that c-fos can be habituated to restraint stress [832] even in ADX 

rats suggesting that corticosterone feedback is not the only factor in habituation. 

Peripherd catecholarnines can also be habituated to stress, but this is dependent on the 

stressor intensity [6 1 1,833,8343. Habituation of the corticosterone response may also be 

dependent on the intensity of the stressor [835]. For example the response to mild 

stresses such as handling will habituate to some extent [835-8381 . Habituation is dso 

common. but not univenally observed for restraint stress [292.362.839] . which is less 

severe than footshock [840,841]. Another report showed habituation to a mild but not 

severe footshock pandigm [835]. Othen using similar paradigrns could not habituate the 

corticosterone response [842-8441. However footshocks administered over a 24 hr period 

(arguably the most intense paradigm) can lead to habituation of the corticosterone 

response [843] suggesting that the relationship between intensity and habituation is not 

linear andfor not the oniy factor predictive of a response. Also, different strains, species 

and individuai animals will habituate to stressors to different degrees [845]. Anirnals that 

respond vigorousiy to the first exposure tend to habituate more readily [846]. It is also 

known that habituation is stressor specific. For exampie, if an animal is habituated to 



restraint stress, it will either react norrnally or overreact to a novel stressor such as swim 

stress [847-85 11. When determining habituation of the HPAA it is vital to measure 

corticosterone and not just ACTH as some reports demonstrate habituation of ACTH but 

not the corticosterone response [852-8543. As well, the HPAA and SNS may not be 

coordinated in terms of habituation [855]. 

1.5.4. The Efleci of Psychological Sness on Nanrral Immrrnity. 

Like intlammatory stress, psychoIogica1 stress (also rderred to as just "stress" in 

this thesis) activates the HPAA and SNS. Therefore the effects of stress should 

accentuate or augment the typical reaction of the SNS and HPAA to that particular 

immune challenge. For many challenges, these systems inhibit immcne function. therefore 

it is expected that psychological stress is predominantly suppressive to immune function. 

This however depends on the Unmune outcome measured [856]. 

Some of the first studies describing the effects of stress on natural imrnunity were 

by Keller et al., who used the mitogen response as their main dependent mesure [56-581 . 

In 198 1. they first observed that stress was immunosuppressive to the mitogen response, 

and this was in proportion to the intensity of the stressor [56]. Secondly, they 

determined that the effects of stress were observed in ADX animals [57] suggesting that 

there are corticosteroid-independent pathways of stress-induced immune suppression. In 

1988 they demonstrated that HYPOX anirnals still showed stress-induced immune 

suppression suggesting that the SNS and not pituitary factors was responsible for the 



corticosteroid independent effects; but they never proved it directly [58]. In 1990 Rabin 

and colleagues venfied that stress was potentiaily imrnunosuppressive to the mitogen 

response, but stress could also enhance immunity based on the intensity of the stress, the 

tirne the cells were challenged relative to stress, and the strain of rat used [857-8591. They 

showed that the immunosuppressive effects of stress were dependent on either beta 

adrenergic receptors or an intact adrenal gland depending on the anatomical origin of cells 

[859]. Not surprisingly fiom an anatomical standpoint, the adrenal gland was responsible 

for suppressing the mitogen response in penpheral circulating cells while naldolol blocked 

the suppression of splenic cells (presurnably by blocking the release of NE from the 

splenic nerve). In 1993, our lab demonstrated that cutting the splenic nerve abrogated the 

imrnunosuppressive effects of stress on the splenic mitogen response [860]. This 

definitively showed that the SNS had the potential to mediate stress-induced immune 

suppression. 

Stress, whether surgical [86 11 or psychological[862.863] cm also decrease NK 

ce11 fùnction. Irwin et al., found that stress-induced suppression of NK ce11 function was 

dependent on the SNS and centrai CRF [54,163,864,865]. Shimizu et al.. verified that 

stress stimulated NE release which inhibited NK cell function, and that the original source 

of the NE was fiom the splenic nerve [144]. 

The effect of stress on LPS-induced TNF and IL4  production is inconsistent 

between labs. Some reports suggest that stress inhibits the production of LPS-induced 

TNF and IL4  [866,86q whiie in vitro studies with lung alveolar macrophages 



demonstrate that stress increases LPS-induced TNF and IL-1 [868-8701. These later 

studies also show that the stress-induced potentiation of cytokines cm be blocked by 

chlorisondamine [871]. It is unknown if these contradictory effects are the product of an 

in vitro environment or are due to the differences in the iûnctional properties of 

macrophages Crom different locations [872]. The effects of stress on IL-6 production are 

also debatable. Some reports have used RT-PCR and determined that stress reduces LPS- 

induced IL-6 mRNA levels [867]. Others have shown an increase in circulating IL-6 levels 

after psychological stress [204-207.8731 that was intensity- dependent [204]. This is in 

accordance with the idormation presented in section 1.3.2.1. which showed the ability of 

catecholamines to induce IL-6. 

Evidence suggests that I L 4  is increased during stress in areas of the brain that 

mediate the stress response [207,698.699], and that blocking IL-1 abrogates the functional 

effects of stress [698,874,875]. For example. IL- 1 RA was Found to decrease stress- 

induced increases in ACTH and hypothalamic catecholamines [698,874] . Given that IL4 

can induce the release of CRF [79,506], it is plausible that a central source of IL4 induced 

by stress may mediate central CRF release in response to stress. Of interest is that in 

some reports IL-IRA had to be given no later than 5 minutes pnor to stress, otherwise no 

effect was observed [698,874]. This suggests that the I L 4  was already synthesized and 

stored in preparation for rapid release. Nguyen et al., [699] demonstrated with ELISA 

assays that stress increased I L 4  in the hypothalamus by 2 hr, but only in ADX rats. 

However there were high basal levels present in dl regions tested. 



i.j.5. The Effect of Psychologicd Stress on Adoptive Immun@. 

Both glucocorticoids and catecholamines have been shown to regdate aspects of 

cell-rnediated and humoral irnmunity. In terms of ceIl-mediated immunity, J.F. Sheridan 

and colleagues have shown that restraint stress suppressed the cytotoxic T lymphocyte 

reaction to herpes simplex virus through adrenal dependent and independent mechanisms 

[863,876,877]. They also showed that stress reduced the cell-mediated immune response 

to intluenza virus in mice [878] and that this was beneficial for survival depending on the 

strain of mouse [879]. They and others found that glucocorticoids decreased blood 

lymphocyte levels and caused the movement of cells into the tissues despite being 

immunosuppressive [56. I68.880,88 1 1. Related to this phenornenon. stress can modulate 

the delayed type hypersensitivity reaction (DTH). Dhabhar et al.. demonstnted that 

acute stress increased DTH as well as lymphocyte redeployment [357]. As a survival 

mechanism the authon offered the explanation that in terms of fight or flight. the skin 

would be the most likely location for infection, and thus the redistribution of 

lymphocytes to this location serves a protective role. They also fond  that chronic stress 

reduced the DTH reaction, thus demonstrating a necessary adaptation to the hi& levels of 

glucocorticoids over a prolonged penod. Thus the stress-induced migration of immune 

cells to the skin may help explain why stress cm induce or exacerbate skin-rnediated 

autoimmune conditions despite the overwhelming evidence that suggests that stress is 

immunosuppressive. 



Although both glucocorticoids and catecholamines cm mediate adaptive immunity, 

nenre fibers may be more important regulators of humoral responses than either the 

adrenal medulla or adrenal cortex [48,249-25 1,8601. The effects of stress on humoral 

irnmunity were first demonstrated by G.F. Solomon who found that certain types of 

stress were irnmunosuppressive to antibody production [26,27]. The suppressive effects 

of stress on humoral irnmunity have been verified by some labs [356,860] and refuted by 

others [882]. Similar to the mitogen response. our lab demonstrated that cutting the 

spienic nerve abrogated the immunosuppressive effects of stress on the spleen ce11 

response to SRBC [860]. 

A more likely explanation is that stress c m  be irnmunosuppressive or 

immunoenhancing depending on the immune parameter measured [856]. It could be 

expected that psychologicai stress would au-ment the naniral course of brain-immune 

interactions as the same systems are activated. Stress cm vigorously activate both the 

HPAA and SNS. whereas during the course of some of the naturai iinrnune responses 

ody  one of these systems may be activated [48,249-25 11. Also, the type of stress is 

criticai, as not al1 paradigms are equally intense nor exert the same effects on immunity 

[26,808,862,883]. This includes the differential effects observed between chronic and 

acute stress [357J The effects of stress on immunity are also dependent on the strain of 

animal used. as different mains can have different or even opposite responses to the same 

challenge [879,884]. Another reason that the effects of stress are not uniform between 

paradigms or labs shidying similar models is the timing of stress relative to the immune 



challenge. Zalcman et al., found that there was a critical penod after inoculation of SRBC 

when stress (footshock) was immunosuppressive (72 hr after inoculation), otherwise 

stress had no effect on this immune response [885]. In a conditioning paradigm, they 

found that animais stressed 2 weeks prior to imrnuniziition and re-exposed to stressor 

related cues 72 hr after immunization were immune suppressed in terms of the response 

to SRBC [808,886]. In contrast, when the stressor was initially applied irnrnediately after 

immunization, re-exposure to the stressor-related cues was found to provoke an 

immunoenhancement [808.883]. Similarly, Zalcrnan et al.. found in both mice and rats that 

IL-2 increased the antibody response to SRBC only if it was given in close temporal 

proximity to inoculation [25 JI. 

It is unknown if stress-induced alteration of irnmunity is by design or is merely a 

byproduct from the activation of systems more relevant to short term survival. Dhabhar 

et al., showed that tvith the DTH reaction. stress caused a redistribution of cells to areas 

with a greater chance of being exposed to a pathogen in a life-threatening situation [317]. 

This is contrary to what might be expected since stress d l  increase the TH2 response at 

the expense of the TH1 response [248,887]; and the DTH reaction is a TH1 response. 

Experimentally, stress has been shown to be beneficial to an overactive immune system in 

that Kort et al., demonstrated that stress reduced kidney allograft rejection in rats [888]. 



1.6. The working model 

The working model of the brain-immune regulatory system is primarily based on 

the data diat our lab has contributed to the 1iteranü.e during the past 14 years. This 

includes data on how the h u n e  sy stem signals the brain, the central activation 

pathways within the brain and the mechanisms through which the H P M  and SNS 

regulate irnmunity . Our current working mode1 is surnmarized in figures 1 - 1 and 1-2. 

The tlrst contributions from our [ab were in the late 1980s when it was discovered 

that the innervation to the thymus and the spleen was exclusively sympathetic [65,889] . 

As well, lesions of extrahypothalarnic bnin structures such as the la ted septal area 

resulted in alterations of both natural and adaptive immunity [243.244.254]. One of the 

most pivotal studies in the field of bnin-immune interactions was by Brown et al.. in 

1991 [89]. In this report he found that i.c.v. IL- 1 activated the HPAA and suppressed IL- 

1 production in splenic macrophages stimulated in vitro with LPS. Subsequently, Vtiend 

et al.. demonstrated that i.c.v. injections of IL- 1 dso activated the SNS as indexed by 

increased turnover of NE in the spleen [219]. These results demonstrated the existence of 

a cytokine feedback loop that activates the CNS and which subsequently alters peripheral 

immune function. This regulatory feedback loop was also s h o w  to be cytokine-specific 

as production of IL-1, but not transforming growth factor was afYected. It was also 

demonstrated in this report that both ADX and splenic nerve cut individuaily abrogated 

the irnmunosuppressive effects of i.c.v. IL- 1 on splenic macrophage IL- 1 production. The 



combination of splenic nerve section and ADX were additive and potentiated in vitro IL-1 

production in macrophages fiom animais given i.c.v. IL-1 more than either ADX or nerve 

cut alone. This synergy between the SNS and ADX corroborated Besedovsky's original 

1979 model [48]. In further support of this model, MacNeil et al., found that acute ADX 

increased LPS-induced splenic and renal nerve activity and reduced the latency of 

activation for the renal nerve [378]. These studies illustrate how the SNS and HPAA are 

related Func tionally as well as anatomical ly . 

I L 4  is the most studied cytokine in tems of brain-immune interactions. We 

helped prove that IL4 isn't the only cytokine responsible for signalling the brain as 

Zalcman et al.. demonstrated that different cytokines (IL-1. IL-2 and IL-6) caused specific 

ai tentions in central neurouansmitters levels and be haviors [53 5,6291. In support of 

Zalcman, MacNeil et al., found that in response to LPS, mice unable to produce mature 

IL- 1, had a nomal corticosterone response and c-€os expression pattern [570]. 

In 1997 we collaborated with Dr. Catherine Rivier's group at the Salk Institute in 

determining a role for central cytokines in the inflarnmatory response to turpentine [675]. 

They found that i.m. turpentine increased ACTH as did i.c.v. TNF. They could inhibit 

the ACTH response to turpentine by an i.c.v. injection of TNF antagonist. However no 

TNF could be detected in the plasma and no TNF was detected by in situ hybridization 

or bioassay in the brain. Although RT-PCR detected low levels of TNF mRNA levels in 

the braint the levels were not changed by Lm. turpentine. This study shows a functiond 

role for cytokines in the brain despite the fact that they can't be localized. 



C.A.Y. Vriend et al., demonstrated that pathogns such as the HIV virus have the 

potential to subvert bidirectionai signalhg between the brain and the immune system 

[23 1,2321. GP 120, the KIV coat protein, did not by itself induce sympathetic nerve 

activity but inhibited MSH-induced sympathetic nerve activity. As previously descnbed, 

MSH is a central mediator of peripheral anti-inflarnmatory circuits and in AIDS patients 

the circulating levels are invenely proportional to HIV levels in the blood [23J]. Vriend 

found that central GP 120 increased splenic TNF and IL-1 mRNA levels in vivo, which 

agreed with her earlier in vitro studies and recent studies by other investigators with 

human subjects [233]. A similar dysregulation \vas observed by MacNeil et al.. who 

obsewed increases in splenic RJF  production in spinal cord lesioned rats (as cornpared to 

controls) given LPS [235]. These results are in agreement with observations by Li Zhou 

who demonstrated that splenic macrophages from splenic nerve cut aiiimals produced 

more cytokines d e r  exposure to LPS [890]. Therefore the SNS has the ability to regulate 

cytokine production in vitro as well as in vivo. Zaicman et al., found that the splenic 

nerve has the potential to regulate humoral immunity. Cutting the splenic nerve did not 

alter the response to SRBC in vivo. However the SRBC response was increased if IL-2 

was injected i.p. close to the time of inocdation [254]; and this potentiation was 

dependent on an intact splenic nerve. In extending Zalcman's findings to footshock stress. 

Wan et al.. showed that the immunosuppressive effects of footshock stress on the SRBC 

response and the response to mitogen were mediated by the splenic nerve [860]. Green- 

Johnson et al., dernonstrated that an increase in either peripheral or cental catecholamine 



levels could inhibit the humorai response to SRBC [266,267]. However when the T or B 

lymphocytes were removed and stimulated in vitro, they functioned normally. This 

suggested that the in vivo microenvironment is critical in establishing immune function 

and in vitro assays may not necessady reflect this physiological process. 

To index the activation of the brain following LPS, Wan et al.. used c-fos as a 

marker of activation. They found that LPS-induced c-fos expression whether it was 

injected i.v.. i.p or i.c.v. [32,90]. Areas positive for c-fos expression following i.c.v. LPS 

were the PVN and the A2 region in the rnedulla. Higher doses of i.p. LPS-induced c-fos in 

the A l  region, the SON and the arcuate nucleus [32]. Corticosterone levels were increased 

and peaked at lower doses of i.p. LPS than c-fos expression further demonstrating 

differential sensitivity of these responses. Footshock stress induced a similar pattern of 

central activation to LPS; however, c-fos was expressed in additional bnin areas such as 

the laterai septal area. amygdda. POA and the LH [90]. 

in an attempt to detemine the chernical specificities of these ai-erent systems. 

various inhibitors were given i.p. in an attempt to inhibit c-fos production in the 

hypothalamus in response to i.v. LPS and footshock stress [90]. First it was found that 

both indomethacin, a COX inhibitor and MK8O 1, a glutamate NMDA receptor 

antagonist. each inhibited c-fos expression following both i.p. and i.v. LPS. MK8O 1 also 

blocked c-fos expression in response to footshock stress, but indomethacin did not. This 

report was also the first to demonstrate that vagotomy completely blocked the response 

to i.p. LPS but not to i.v. LPS. Only a smdl but significant attenuation was observed for 



i.v. LPS. Vagotomy did not block the induction of c-fos in response to footshock. This 

shows that LPS can signal components of the same system as footshock albeit through 

different afTerent signalling pathways. As well, LPS administered by different routes can 

activate the sarne systems by different mechanisms. 

The next series of studies was initiated by A.T.K. Jackson. The purpose was to 

determine the chernical specificities of the cells in the PVN that were c-fos positive aftrr 

i.v. LPS [ I  051. Jackson found that LPS-induced c-fos was colocalized with OXY, VP and 

nitric oxide synthase (NOS) activity. She then found that central injections of L-NAME. 

an NOS inhibitor, blocked LPS-induced c-Fos in the hypothalamus. As an extension of the 

indomethacin studies. she found that PGEZ induced a similar pattern of c-fos in the brain 

as LPS, and that this response was blocked by central injections of L-NAME. This 

demonstrated that PGE3 activated NOS positive cells that were likely positive for VP or 

OXY. as well as c-fos. Interestingly. she also found that unilateral brainstem and 

hypothalarnic cuts, which reduced noradrenergic brainstem inputs to the PVN. inhibited 

LPS, but not stress-induced c-fos on the same side of the brain, This reinforced the 

concept that c-fos in one area of the brain areas can be induced through multiple 

pathways and that adrenergic innervation, PGE2 and NOS were al1 involved in c-Fos 

induction after i.v. LPS. 

B.J. MacNeil et al., then tested which centrai mediators were relevant to SNS 

activity. Using nerve recordings, they found that increases in splenic nerve activity were 

induced in response to lower doses of i.v. LPS than it took to increase rend nerve 



activity. Also, splenic nerve activity was increased with reduced latency in response to 

LPS as cornpared to the rend nerve [76]. This proved that the SNS could be activated in 

an anatomically and organ-specific rnanner [76]. Following up on previous studies, they 

dso  found that PGE2 activated the splenic nerve in a similar rnatter as LPS, but much 

more rapidly [645]. This suggested that central PGEZ is a likely mediator of LPS-induced 

splenic nerve activation. In support of this they blocked the effects LPS on sympathetic 

nerve activity with i.c.v. indomethacin. Indornethacin given i.v. also blocked this 

response, but a much higher dose was required than for i.c.v. administration indicating 

that cenûal, not penpheral prostaglandin synthesis was the mediator of these effects. 

Central injections of VP and OXY, but not CRF, were found to increase newe activity 

[[645] and unpublished observations]. However, the splenic nerve activity in response to 

PGEî was blocked fùlly by an OXY antagonist, minimdly by a CRF antagonist and was 

unaffected by a VP antagonist. These results suggest that endogenous VP may not be 

related to the sympathetic regulation of the spleen [ 1 331. To connect centra1 mediators 

with immune function. Pan et al., investigated the effect of centrai PGEZ on the penpheral 

response to a low dose of LPS [717]. It was found that PGE? injected i.c.v. reduced 

splenic TNF but not IL-1 beta mRNA and this effect was partially inhibited by splenic 

nerve cut. Therefore, given the appropriate central signal, it was established in vivo that 

the splenic nerve inhibited RIF mRNA in response to LPS. 

My contribution to the preceding data was the development of in vivo rneasures 

of immune b c t i o n  for the rat. At the initiation of my project (as well as for other 



projects in the lab) there were no reliable means to assay cytokine levels in the rat in vivo. 

This was important as cytokines play a pivota1 role in ail aspects of immunity. Also. the 

strength of our mode1 has been the ability to assay immune rneasures in vivo in the rat, 

which is the mode1 of choice for neuroscience. The manuscripts 1 have contributed to this 

field are not included as a part of this thesis. but are included in appendix 2. These are 

technical papers on immunohistochemistry [15 11, Northem blotting [89 11 and in situ 

hybridization [892]. These dependent rneasures have been used for the last few years in 

our lab to analyze M e r  the in vivo study of brain-immune interactions 

[232,235,570,675,717] . These techniques, dong with recently available. cornmercially 

produced ELISA kits will be used to answer the pnmary objectives of my thesis. 



m r e  1-1: Schematic diagram of brain-immune communications. 
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Fipure 1-2: Proposed schematic representation of the central activation pathways 

in response to LPS and footshock stress. 
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1.7. Specific Objectives 

1) To cievelop m e r  an in vivo mode1 system for analyzing brain-immune interactions. 

and to determine the dose response and time course for the in vivo production of 

cytokines and activation of the HPAA and SNS in response to i.v. LPS. 

2) To detemine if cutting the splenic nerve aiters in vivo splenic cytokine production 

afier i.v. LPS. 

3) To determine if the splenic nerve mediates the effects of stress on in vivo spienic 

cytokine production. 



2. Materials and Methods 



2. Materials and methods 

Some of the descriptions below are adapted from previously published 

manuscripts which are in appendix 2 of this thesis [l 5 1,89 1,8921. 

2. I .  I .  Backgrozinti 

Al1 studies utilized adult male Sprague-Dawley rats (225-250 g) that were 

obtained from Charles River, (Dorval Quebec). The rats were kept on a 12-12 Iightldark 

cycle and given food and water ad libitum (water for adrenalectornized (ADX) rats 

contained 0.9% saline). Al1 animals were handled for 2 days then triken through the 

erpenmental procedure (weighing. mock injection etc.) for 3 days pior to the actual 

experirnent. Al1 procedures were approved by the animal ethics cornmittee at the 

University of Manitoba and the CCAC. 

7 1.2. Szirgeries 

Rats undergoing surgery were anesthetized i.p. with 60 mg/kg sodium 

pentobarbitai or a 1.3 mUkg of a 2: 1 mixture of Ketamine (100 mg/&) and Rhompun 

(Xylazine-20 mgfml) containing 0.04 ml of atropine. The surgeries comprised 

combinations of: sham operations, splenic nerve cuts and bilateral adrenalectomies as 

previously described [65,89,860]. For both splenic nerve cuts and bilaterai 



adrenalectomies (ADX), incisions were made in the posterolateral abdominal wall and the 

procedures were carried out with the aid of a dissecting microscope. The splenic nerve 

was found by dissecting the splenic neurovascular bundle (via a postenor approach). 

distal to the bifurcation of splenic artery and vein into upper and lower splenic branches. 

Al1 branches of the nerve (usually hvo per artery) were identified and stripped away from 

their respective artery with forceps. Splenic norepinephrine levels were measured to 

ver@ the effectiveness of the nerve cut. The adrenai glands were located by gross 

inspection. the artery to the adrenal gland was clamped and the glands were removed. 

These surgeries were verified by measuring plasma catecholarnine and epinephnne Ievels. 

Sham surgeries were similar to both the splenic nerve cuts and ADX except that the 

respective structures were left intact. Following surgery, the incisions were sewn up. 

sutured and disinfected with iodine. Animals were then given im. injections of 0.1 ml 

Derapin and 2.5 mgkg of Banamine. Animais viere allowed to recover for 7- 10 days, 

during which time they were singly housed and handled. 

1 1.3. L PS injection and stress protocol 

Prior to injection. anirnals were weighed and then put under a heat larnp for 3 

minutes to dilate the tail veins. They were then put in a restrainer and injected i.v. via the 

tail vein with saline or various doses of lipopolysaccharide (LPS; E.Coli serotype 055:B5 

lot L-2637 obtained fiom Sigma Missussauga, ON) and were killed at nurnerous time 

intervais foilowing LPS administration. nie doses of LPS ranged fiom 0.000 1 pg per rat to 



1 mg per rat depending on the study. Following this, the animals were killed by 

decapitation or overdose with pentobarbitai and both trunk blood and spleens were 

collected for rzrious assays. Trunk blood was collected fiom anirnals in 15 ml 

polypropylene tubes containing 150pl of O.5M EDTA. The tubes were kept on ice until 

the completion of the experiment, spun for 70 minutes at 4OC at 3000 RPM, and the 

plasma was collected and stored at -70°C until analysis. [mmediately after decapitation. 

the spleen was removed frorn the animal, sectioned into 6 parts, fkozen in liquid nitrogen 

and stored at -70°C. Any animais showing signs of illness or infection were removed fiom 

the study. 

For the stress studies, animals were exposed for 15 minutes of 1.6 rnA 

intermittent footshock. Each shock lasted 5s and was preceded by a 15s warning tone. 

The average interval between shocks was 3.5 minutes with a range From 2-5 minutes. 

Apparatus controls were exposed to the intermittent waming tone but not the shock 

while homecage controls remained in their cage as opposed to being exposed to either the 

apparatus or the footshock. Animais were injected with LPS either prior to or following 

stress. Following the completion of the experiment, animds were either killed by 

decapitation or overdosed with pentobarbitol and samples were collected as described 

above. Additional details of each experiment are provided for each study. 

2.2 Northern blotting and RNA probe synthesis 



2.2.1. IsoIntion of RNA 

RNA was isolated from rat tissue with TrizolM reagent (Life Technologies 

Burlington, ON) according to the manufacturer's instructions. Bnefly, 1/6 of a rat spleen 

was homogenized in 2 ml of TrizolTM reagent and left to stand at room temperature for 5 

minutes. Following this, 400 pl chloroform was added. the sample was vigorously shaken. 

incubated at roorn temperature for 5 minutes and centrihiged for 15 minutes at 12,OOOG at 

P C .  Afier this, 1 ml of isopropanol was added to the aqueous phase to pellet the RNA. 

The pellet was washed in 2ml of 75% ethanol, air dried. and suspended in 200pl of 

diethylpyrocarbonate (DEPC)-treated water. Sarnples were either quantified right away 

or frozen at -70°C. To quantitate the amount of RNA in the sarnples. they were heated to 

W C  for 10 minutes and measured by U.V. spectrophotometry at 260 and 280nm. 

7.2.2. Firsr srrand cDNA synthesis and amplif cation 

First strand synthesis was performed with the Superscnpt-ZTM pre-amplification 

system (Life Technologies, Burlington, ON) or the Expand-RF/ ExpandTM Hi-Fidelity 

reverse transcription/ PCR systems (Roche Diagnostics, Lavai, PQ) according to the 

manufacturer's instructions. To ampli@ the fust strand according to Life Technologies. 

0.2-2pl of first strand synthesis product was added to 0.5pm dNTP mix, 1 .5mM MgCl,, - 

Taq DNA polymerase (2 units), and 20 pmol of each primer. PCR cycling parameters 

were as follows: 90°C (5 min.) then 35 cycles: 94OC (45s), 60 OC (4%), 72 O C  (2 min.) 

and 7 min extension at 72OC. However the annealing temperature was varied empincdy 



depending on the primer pairs. PCR products were visualized by ethidium bromide on 

2% agarose gels with a DNA mass ladder (Life Technologies) to estimate the yield. 

2-23.  Production of RNA probes and probe templates 

An aliquot of first strand synthesis or first strand amplification product (0.1-1 pl) 

was added to a PCR reaction tube containing a 3' (lower) primer with a T7 RNA 

polymerase prornoter sequence as previously described in appendix 2 [89 1,8971. Primers 

ivere designed using OligoTM 5.0 for the Macintosh (a list of primers used c m  be found in 

appendix 1). Cycling parameters were identical to those mentioned above. After the 

reaction, the PCR products were used as templates for both DNA and RNA probes. 

Probe templates for beta-Actin and TNF were sequenced by non-radioactive cycle 

sequencing (Silver Sequence DNA sequencing system (Promega, Madison. Wi), while the 

28s ribosomal RNA (rRNA), GAPDH and the IL- 1 cDNA fngments were blunt-end 

cloned into a plasmid and sequenced with s3' dATP as previously described [892] (and 

found in appendix 2). Further verifkation of these and other recently made templates 

were made by fluorescently-detected cycle sequencing as performed by the Manitoba 

Institute of Cell Biology (MICB)'s core sequencing service. Pnor to the reaction, PCR 

products were purified by phenoYchlorcform extraction [892] and sequenced with T7 

polymerase sequencing primer (see appendix 1). The reaction was carried out with 50 ng 

of PCR product and 3.2 pmol of primer as suggested by the MICB and Perkin Elmer. 

Digoxigenin @ig)-labelled RNA probes were produced and quantified using the 



Dig nucleic acid production and detection kits (Roche, Laval, PQ). Bnefly, 4-6pl of PCR 

product was in vitro transcribed using T7 RNA polymerase with Dig-UTP present. RNA 

probe yield was determined by comparing serial dilutions of probe to Dig-labelled control 

RNA standards, detection by sheep anti-Dig alkaline phosphatase-conjugated antibody 

(1/5000, Roche, Laval, PQ) and NBTIBCIP (0.46 rnM NBT, 0.43 rnM BCIP in 50 mM 

MgC12/100 mM Tris in 100 m M  NaCl, pH 9.3). 32~-labelled DNA probes were made 

with Life Technology's random priming kit. Al1 solutions were treated ~ 4 t h  

diethylpyrocarbonate (DEPC) where necessary. 

7 2.4. Northern bloiting. 

RNA was isolated From rat spleen with Tr izoP  reagent as described above. The 

RNA (1 0 pg per sample) was denatured for 1 O minutes at 6j°C and loaded on a 1.2% 

agarose/ formddehyde gel and nin for 3 hours at 50V. Samples were üansferred overnight 

to nylon membrane (Roche) by capillary action with SSC buffers. RNA was fixed on the 

membrane with a 2 h o u  incubation at 80°C and the integrity of the samples was verified 

by visualizing the ribosomal RNA subunits under UV light. The membranes were 

equilibnted in 2X SSC and placed in pre-hybridization solution (50% formamide, 5X 

SSC, 0.1 % sodium laurosarcosine, 0.2% SDSI and 2% Roche blocking agent) at 42'C for 1 

hour. Depending on the RNA sequence, membranes were then hybridized ovemight at 

60-68'C with 5-50 ng/ml of Dig-labelled RNA probe. Membranes were washed two tirnes 

in 2X SSC/O. 1% SDS for 15 min at room temperature and two times in 0.1X SSC/O. 1% 



SDS at 60-68'C for 25 minutes. Membranes were blocked for 1 hour in 1% Roche blocW 

maieic acid buffer. incubated with sheep anti-Dig peroxidase-conjugated antibody (115000, 

Roche) for one hour at room temperature, rinsed 3X in maieic acid buffer and visuaiized 

using the Roche cherniluminescence kit (Laval, PQ). The blots were exposed to film 

anywhere fiom 15 seconds to 30 minutes. The blots were then reprobed with a -"P- 

labelled cDNA loading control probe overnight at 42OC. The following day the 

membranes were washed two times in ZX SSC/O.l% SDS for 15 min at room temperature 

and two times in O. I X SSC/O. 1% SDS at 42°C for 25 minutes. The membranes were then 

exposed to film anywhere from 15 minutes to 16 hr. 

7.7 5. Quantitation and loading connols 

The images were scanned using a CCD Camera and analyzed with MCID software 

(Guelph Ontario) with greyscale analysis. The optical density of the bands were 

determined by taking the area of the largest band and comparing the density and area of 

the remaining bands to this standard. Areas directly above or below the bands that were 

devoid of signal, were used to subtract background variations caused by uneven lighting, 

developing etc. The levels of cytokine rnRNA were expressed as a ratio to loading control 

RNA. Statistics were andyzed on the Macintosh Version of Statsview 4.5. 

To ensure that neither overexposure nor underexposure of the blots to the film 

impacted on our experimental results. the blots (both cytokines and loading controls) 

were routinely exposed to film for various time intervals. Also, each blot had one sample 



(that was positive for the cytokine in question), loaded in amounts of 15. 10, 7.5 and 5pg 

of RNA per well to help determine if a film was over exposed or underexposed. Our 

preliminary studies found that only the most extreme overexposures and underexposures 

would significantly alter the experimental effects. This supports previous studies which 

show that the effective range of detection for differences in optical is quite broad 

[893,894] and belays the concems associated with the lack of a linear relationship 

between opticai density and pixel value [895]. 

Northem blotting is a powerful technique to determine the steady state level of 

specific mRNA species in vitro and in vivo. The limitations are that it does not give an 

index of either mRNA transcription or degredation. Upon caretùl review of the literature 

it was found that most manuscripts that utilized Northem blotting were only interested in 

"present or absent" scenarios. Also. many of the manuscripts that employed this 

technique for semi-quantitative measures overexposed the films for the loading controls 

and represented al1 the lanes as having equal amounts of RNA. The dilemma of a reliable 

loading control was best reviewed by Spanakis who suggested that al1 loading 

controühousekeeping genes are subject to regdation depending on the situation [896]. 

This was verified by others who demonstrated that actin [897] GAPDH [898-9001 , and 

38s rRNA [901,902] couid al1 be regulated in specific paradigrns. However, whether by 

probing [894,898.903] or staining the membrane with ethidium bromide [904.905], the 

78s subunit of ribosomal RNA (28s rRNA) emerged as the best option for the majority 

of experimental scenarios. We corroborated this in numerous experiments by comparing 



raw cytokine levels, raw loading control levels, ethidium brornide staining and ratios of 

cytokines to loading controls (data not show). We found that a reliable loading control 

should not drastically alter the experimental effects observed with the probe(s) of interest 

(ie. cytokine probes) and the levels of the loading control should not be statistically 

different arnong experimental groups. The 28s rRNA probe met these cntena for al1 

experiments. Although we found that both GAPDH and beta actin gave comparable 

results to 28s rRNA in most of the experiments in which they were directly compared 

(and thus could be used interchangeably), the 28s rRNA was selected as o u  primary 

loading control. 

2.3. ELISA assays 

Cytokine protein levels in rat spleens and plasma were detennined by ELISA 

according to the procedure of Molina et al.. [906] with a few modifications. Spleens were 

homogenized (1 00 mg/ml) at 4OC in PBS containhg 1 m M  PMSF. 1 p g h l  pepstatin. 

1 pg/ml aprotininT 1 pg/ml leupeptin, 0.5% Triton X-100 and 0.05% sodium azide. 

Samples were centrifuged at 20,000G and filtered through Nalgene 22pm syringe filters 

(Fisher, Nepean, ON). The sarnples were then diqouted and fiozen at -70°C until use. 

Tissue protein content was determined using the Bradford reagent fiom Bio-Rad 

(Mississauga, ON). The rest of the ELISA procedure was carried out according to the 

manufacturer's instructions (Biosource, Camarilla, CA). Preliminary assays were required 



in order to determine the optimal protein concentrations used for each kit. Al1 samples 

and standards were nin in duplicate. The plates were read at 450nm and the unknown 

samples were compared against the standard curve with various software packages such 

as Assay Zapm and Statsviewm 4.5 for Macintosh. 

2.3.1. TNF 

For al1 assays 5-20 (usually 10) pg of total splenic protein (in 50~1) was added to 

50p1 of assay buffer and 5OpI of biotinylated anti T M  antibody. This mixture \vas 

incubated for 90 minutes at room temperature, d e r  which the wells were aspirated and 

washed 4 times. Mer this. 1 00pl of streptavidin-HRP was added to each well and the 

plates sat at room temperature for 45 minutes. Again, the wells were aspinted. and the 

plates washed 4 tirnes. To this. 100p1 of stabilized chromogen was added and the reaction 

was stopped &er 30 minutes. For senirn RIF.  the plasma was diluted 1/100 in 50pI of 

assay buffer which was then added to another 5 0 ~ 1  of assay buffer. From this point, the 

procedure was carried out in exactly the sarne manner as described above. 

2.3.2. IL-1 

For al1 assays 5-20 (usually 20) pg of total splenic protein (in 50~1) was added to 

50p1 of assay buffer. The plate was then incubated for 3 hr at room temperature after 

which the wells were aspirated and rinsed 4 times. Afier this, 100pl of biotinylated anti 

IL4  beta was added to each well and the plates sat for one hour at room temperature. The 



wells were then aspirated and rinsed 4 times afler which 1 0 0 ~ 1  of streptavidin-HRP was 

added an the plates were incubated for 30 minutes at roorn temperature. Afier 4 rimes, 

the chromogen solution was added and the reaction incubated for 30 minutes at room 

temperature until addition of the stop solution. For senun IL-1, the 50p1 of plasma was 

added to 5 0 ~ 1  of assay buffer. Fmm this point, the procedure was carried out in exactly 

the same manner as described above. 

2.3.3. IL-6 

For al1 assays 5-20 (usually 10) pg of total splenic protein (in 50~1)  was added to 

5Opl of assay buffer. The plate was then incubated for 2 hr at 3 7 O C  after which the wells 

were aspirated and rinsed 4 times. AAer this, 100pl of biotinylated anti IL-6 was added to 

each well for one hour at room temperature. The wells were then aspirated and rinsed 4 

times after which 100 pl of streptavidin-HRP was added and the plate incubated for 30 

minutes at room temperature. AAer 1 rinses. the chromogen solution was added and the 

samples were incubated for 30 minutes at room temperature until addition of the stop 

solution. For serum IL-6, the 5 0 ~ 1  of plasma was added to 50p1 of assay buffer. From 

this point, the procedure was carried out in exactly the same manner as described above. 

2.4. lmmunohistoc hemistry 

This procedure was adapted fcom studies by Meltzer et al., [151] in appendix 2. 



Sections of fresh-fiozen rat spleen (approximately one-sixth) were post-fixed in Penodate 

Lysine Paraformaldehyde for 4 hr and then cryoprotected in 30% sucrose. Serial 50 pm 

sections of spleen were cut on a fieezing microtome and incubated with proteinase K (1 -2 

@ml only for ED-I and TNF staining) for 30 minutes at 37OC. Following 3 rinses in 

PBS, the sections were incubated overnight at room temperature in PBS with 1% normal 

goat serum. 7% BSA and 1% tr i ton4 100 containing one of rabbit anti-mouse TNF 

(neutralizing antibody l/5000, formerly Genzyme now R and D systems Minneapolis, 

Minnesota), mouse anti-nt EDI (112000, Cedalane, Homby, ON). mouse anti-rat Pan T 

(MRC clone OX-52, 1600, Cedariane) or mouse anti-rat pan B ce11 (MRC clone 0x43. 

Cedarime). Sections were then rinsed 3 times for 10 minutes each with PBS and incubated 

for 2 hours in alkaline phosphatase-conjugated goat anti-nbbit (1 / 1 000. formerly Cappel. 

now ICN) or alkaline phosphatase-conjugated goat anti-mouse (1/750. ICN) in PBS with 

1 % normal goat serum and 1% triton-X 100. The sections were rinsed three times in PBS, 

deveioped in NBT/BCIP and coverslipped in glycerol gel. The percentage area of positive 

staining was determined with a digital video microscope and the Macintosh version of 

NIH Image. Positive staining was expressed as a percentage of the total area of spleen in 

that optical field. Analyses for each animal was perfonned blinded on three separate 

tissue sections. Statistics were analyzed on the Macintosh Version of Statsview 4.5. 

2.5. Radioimmune assays for corticosterone 



Corticosterone standards were made by adding 29.55~1 of 1 OOOnM corticosterone 

standard to Jml of assay buffer (PBS with 0.1 % sodium azide and 0.1% BSA or gelatin) 

to generate a 2560 pg/ml standard. M e r  vortexing, halving dilutions were done for our 

standard curve until a concentration of 20 pglml was reached. Plasma samples were 

thawed and diluted either 1600 or 111 O00 in assay bufTer depending on the experirnent. 

Both samples and standards were heated for 45 minutes at 60°C in a water bath after 

which the tubes were gmduaily cooled to roorn temperature. The samples were then 

divided into three 500pl portions and processed as triplicates in glass test tubes. AAer 

this, 100pl of corticosterone tracer was added by repeater pipet ( 10.000 c p d  100p1- 

obtained from ICN 07-120026) f'ollowed by 100~1 of antibody (at a 111200 dilution to 

make the final working dilution 118400; this was obtained fiom ICN. catalog number 07- 

1200 16 or 0% 1200 1 7). These samples were incubated at 4°C ovemight. The next day. 

charcoai dextran was prepared by adding 0.075g of dextran (T-70 From Phârmacia) to 

lOOml of assay buffer until it dissolved. AAer this, 0.15g of charcoal was added (Norit A 

From Fisher) and the solution was kept stimng on ice for 30 minutes. O.Sm1 of this 

solution was then added to the each test tube. the samples were vortexed and incubated 

for 30 minutes at 4°C From the end of the dexWcharcoa1 addition. The samples were 

then centrifuged for 30 minutes at 2000 RPM (4OC) with no brake. 1 ml of each sample 

was then pipetted into a plastic scintillation vials to which was added 3ml of scintillation 

cocktail (Ecolume-ICN 88247002). The samples were then mixed at a high speed for 1 hr 

on a shaker. Following this, the samples were placed in the counter and sat there 



ovemight before counting was commenced. The unknown sarnples were compared against 

the standard curve with Assay ZapTM or Statsview 4.5 for Mackintosh. 

2.6. Catecholamine determinations 

Frozen Spleens: Catecholamine levels were determined as previously described 

[89,2 19,8601 . Frozen spleens were weighed and homogenized in 0.1 M perchloric acid 

containing O. 1 rnM EDTA and 0.1 mM sodiummetabisulfite. Homogenates were 

centnfuged at 2500 rpm for 10 min and 1 .O ml of the supernatant was taken for alumina 

extraction using the ESA (Chelmsford. MA) catecholamine methodolog wiîh an interna1 

standard. Samples were separated by HPLC using a Beckrnan Model 114M solvent 

delivery system with a 1 Ocm C- 18 (3 micron particle size) column (Higgins 

Analytical.Inc.). The assay was accomplished with an ESA Coulochem 5 100A 

electrochemical detector with a mode1 501 1 cell. Analysis was accomplished using a 

Beckman System Gold. Data were expressed as ng NWmg frozen tissue weight. Statistics 

were analyzed on the Macintosh Version of Statsview 4.5. 

Rat alasma: 0.5 ml of n t  plasma was extracted with alumina using the ESA (Chelmsford. 

MA) plasma catecholamine methodology with an intemal standard. Samples were 

separated by HPLC using a Beckman Model 1 14M solvent delivery system with a 10 cm 

C-18 (3 micron paiticle size) column (Higgins Analytical, Inc.). The assay was 



accomplished with an ESA Coulochern 5 100A electrochernical detector with a mode1 501 1 

cell. Analysis was accomplished using a Beckman System Gold. Data were expressed as 

pg NE or pg Efrnl of plasma. Statistics were anaiyzed on the Macintosh Version of 

Statsview 4.5. 

2.7. Statistics 

One and two tailed T-tests, and one and two way ANOVAs were performed on 

the Macintosh versions of Statsview 4.5 and Statistica 4.1. The ANOVAs were analyzed 

using the Fisher LSD post-hoc test. The lowest standard for significance between groups 

for al1 tests was set at ~ 4 . 0 5 .  AI1 error bars in the graphs represent standard error of the 

mean. Additional statistical details for each expenment are provided for each study. 



3. Experiment 1 

Characterization of the in vivo 

response to i.v. LPS in the rat. 



3. Experiment 1: Characterization of the in vivo response to i.v. LPS in the rat. 

3.1 Overview 

Pnor to testing the role of the splenic nerve and the adrenal glands in regulating 

splenic cytokine production. parametric data was collected with respect to our 

experimental model. Time course and dose response shidies were conducted to mess  

splenic cytokines mRNA and protein and measures of HPAA and SNS activation in 

response to LPS. Time course studies have been previously reported in the literature. 

however no comprehensive dose response study has been conducted with respect to al1 

the above parameters in the same anirnals. It was eapected that dl of these parameten 

would exhibit a dose-response relationship. We found that cytokine mRNA followed the 

pattern previously reported in the literature. The dose response for cytokines was steep 

in that there was only one dose (O. l pg) which induced cytokine mRNA and protein 

expression between baseline and maximal expression in a statistically significant manner. 

It was also found that the effect of LPS on plasma corticosterone, plasma epinephrine and 

splenic NE levels were maximal at Uicreasing doses of LPS; 1 Opg 1 OOpg and 1000 pg 

respectively . 



3.2. Objectives 

1. To characterize the time course for splenic RJF, IL- l and IL-6 rnRNA and protein 

expression in response to i.v. LPS in the rat. 

2. To complete a dose response study of splenic cytokine production in response to i.v. 

LPS* 

3. To measure plasma and brain cytokines levels in response to i.v. LPS. 

4. To perform a dose response study on HPAA and SNS activation by measuring plasma 

corticosterone, E. and NE and splenic NE foilowing i.v. LPS. 

3.3. Hypotheses 

1. That i.v. LPS will induce splenic cytokine expression in the rat in a simiiar time course 

as other species [45]. 

2. That splenic cytokine levels will be proportional to the dose of i.v. LPS. 

3. That plasma cytokines will mirror splenic cytokines but may peak at a later time point. 



4. Any changes in brain cytokine levels at the early stages of LPS activation will only be 

observed with doses of LPS that have the potential to disrupt the BBB. 

5. That the SNS and HPAA will be activated by LPS in a dose dependent manner. 

3.4. Rationale 

LPS was chosen as an inflamrnatory agent because it is a pro-inflammatory 

constituent of a clinically relevant pathogen (gram negative bacteria) and rnimics the 

host's response to bacteria except that the host's response to LPS is induced and resolved 

more npidly [640,907,908]. This fust set of experiments was designed to detemine the 

response of the host to i.v. LPS in terms of cytokine production, HPAA activation and 

SNS activation. In addition to venfying that the host response to LPS in terms of SNS 

and HPAA activation is dose dependent [32,45,595,866], it was necessary to establish 

the optimal dose(s) of LPS for dl subsequent experiments. First, a detailed time course 

study was conducted in order to establish optimal intervals for assessing cytokine 

production. Next, a dose response shidy was conducted at the t h e  interval of maximal 

RJF and IL-1 expression in order to determine the optimal test dose of LPS. Too low a 

dose of LPS may preclude the assessrnent of an altered immune response as cytokines 

may not be detectable (basement effect) while too high a dose of LPS may over stimulate 



the immune system such that any physiological manipulation codd not alter cytokine 

production (ceiling effect). 

The tirne course of cytokine production and HPAA and SNS activation in 

response to LPS have been previously documented, but typically not in the sarne 

experïments [43,146,429,5 19,566,630,866,9091. These reports suggest that all these 

mediators may be increased within the first hour after LPS administration consistent with 

their central roles in the initial response to inflammatory stimuli. However, the specific 

doses of LPS at which these systems are engaged are not well characterized and there are 

no studies in which the sarne animais have been used to measure al1 the pertinent 

panmeters. Givalois et al.. conducted the most comprehensive study to date on the time 

course of plasma cytokines and measures of HPAA activation in response to 3 doses of 

i.v. LPS (approximately 1.5pg, 75pg and 300pg per animal)[5 191. Although they used 

the same LPS strain and rat saain that our lab utilizes, their dose response curve was not 

complete enough for our purposes. They did not provide information on the time course 

of cytokine mRNA or protein within the spleen, (the organ utilized in our experimentai 

system) and no information on splenic or plasma catecholamines. Thus, the fint goal \vas 

io complete the time course for splenic cytokine mRNA and protein production with an 

i.v. dose of LPS that was known to induce cytokines (based on preliminary studies) in 

order to determine the optimal point at which to assess the LPS dose response. 

The spleen was chosen as the index of immune function in our experimental mode1 

for several reasons. Firstly, it is has a large macrophage population, the primary e ffector 



in the early response to LPS [9 101 and is a site where the body will be exposed early to 

blood borne antigens [9 1 1-9 141. Secondly, the size of the rat spleen allows multiple end 

measures to be made from the same animal. Thirdly, in order to test the effect of the SNS 

on cytokine production, we required an organ that codd easily and selectiveiy be 

denervated without af3ecting the innervation of other organs or the aerent  nervous 

system. The spleen is an ideal organ for this purpose as its innervation is exclusively 

sympathetic and the nerve is accessible for surgical denervation [65]. This is an important 

consideration as the alternative, chemical denervation with 60HDA precludes selective 

denervation of a particular organ. Also, there are many potential side effects of 6OHDA 

that may affect the host's immune fùnction. A final reason for using the spleen as a mode1 

system is that splenic macrophages are in close contact to splenic nerves (as 

demonstrated by confocal microscopy) [1 5 1] and functionally, the splenic nerve is known 

to be activated in response to LPS [76]. 

In view of the fact that cytokines are subject to post-transcriptional and post- 

translational regdation, it was decided that both cytokine mRNA and protein would be 

measured. For exiunple, if glucocorticoids affect in vivo cytokine mRNA stability, but not 

cytokine mEWA levels, the in vivo effect may only be detectable in the protein 

measurements. ALthough measures of al1 three cytokines were conducted. the emphasis 

was on TNF production as it is the first cytokine produced in the inflammatory cytokine 

cascade and mediates or initiates most of the physiological effects of LPS [45]. 

Cytokine levels were also measured in the plasma and brain to approach the issue 



of circulating and central cytokine involvement in the central response to LPS. Measuring 

brain levels of cytokines in areas that are involved in the central response to LPS (such as 

the hypothalamus) and areas that are not involved (such as the cortex) may indicate if 

central cytokines are part of a signalling cascade or a part of a non-specific inflammatory 

response similar to other organs. 

Plasma corticosterone was assayed as a measure of HPAA activation whiie 

plasma NE. E and splenic NE acted as indicies of the activity of the sympathetic nervous 

system. These results form the ba i s  of the experiments to test if whether the HPAA or 

SNS is directly involved in the in vivo regulation of splenic cytokine production. 

3.5. Erperimental Design 

A11 studies utilized adult male Sprague-Dawley rats (225-250 g) that were 

obtained from Charles River, (Dorval Quebec). The rats were kept on a 12-1 2 light/dark 

cycle and given food and water were given ad libitum. Al1 animals were singly housed. 

handled for 2 days then taken through the experirnental procedure (weighing, mock 

injection etc.) for 3 days before the acnial expenment. Prior to injection, animals were 

weighed and then put under a heat lamp for 3 minutes to dilate theû tail veins. They were 

then put in a resaainer and injected i.v. in the tail vein with saline or various doses of 

lipopolysaccharide (LPS; E.Coli serotype 0 5 5 3 5  lot L-2637) and were killed at various 

time intervals following LPS. The doses of LPS ranged &üm 0.0001 pg per rat to 1 mg per 





were not tested in these experiments. The expression of splenic RIF protein levels d s o  

displayed a significant overall effect with respect to time p(5,12)=13.19. p=0.0002] 

(figure 3-2). Splenic TNF protein was significantly increased (versus baseline) at 30 

minutes post-injection (p=0.0 lg), peaked at 1 hr (as compared to 30 minutes p=0.004), 

decreased by 2 hr (as compared to 1 hr p=0.0295) and returned to baseline by 4 hr 

(p=0.003 1 as cornpared to 2 hr). Unpublished observations with immunohistochemistry 

for splenic TNF protein corroborated these results. 

The time course for splenic IL- l mRNA (figure 3-3) was similar to ?'NF mRNA 

in that there was and overail signifcant effect [F(5,12)=72.82, p<0.000 11. In terms of 

individual groups there was a signifiant increase at 30 minutes (compared to baseline. 

pc0.000 1). IL- 1 mRNA levels were M e r  increased at 1 hr post-injection (p=0.0002). 

Levels w r e  still high at 3 hr post-injection but lower than 1 hr (p=0.000 1) and 

approaching baseline by 4 hr post-injection (p=0.000 1 3s compared to 2 hr). 

Interestingly, there was detectable baseline expression for splenic IL- 1 protein (figure 3 4 )  

and the overall effect of tirne remained significant [F(5,12)=45.67, p<0.000 11. In terms of 

individual groups, there was a trend for increased IL- 1 protein levels at 30 minutes post- 

LPS versus baseline (p=0.056) which was further increased by 1 hr (venus 30 minutes 

p=0.002) and peaked at 2 hr post-LPS (versus 1 hr p<0.0001). IL4 protein levels were 

still hi& at 4 hr, but lower than at 2 hr (p=O.OO 17) and were d l  elevated at 6 hr ppost- 

injection but were lower than the 4 hr post-injection levels @=0.0034). We found that 

plasma TNF but not plasma IL4 was detectable at 1 hr post-injection although both were 



detected at 2 hr post-injection (data not shown). 

Splenic IL-6 mRNA had a delayed time course in cornparison with I L 4  mRNA 

(figure 3-5) but a significant overail effect was observed [F(5,12)=4.45, p=0.016]. No IL- 

6 mEWA expression was observed until 1 hr after LPS (p=0.069 as compared to 

baseline), with a peak at 2 hours (p=0.071 as compared to 1 hr and p=0.0018 as 

compared to either O hr or 30 minutes) and a decreased level of expression at 4 hr as 

compared to the 2 hr tirne interval (p=0.02 14). The lack of significant effects among the 

various groups is due to the variability, which is more prominent for splenic IL-6 protein 

levels as there was no significant overall effect of time on splenic IL-6 protein levels 

[F(j, 12)= 1.88, p=0.17 ns] (figure 3-6). In terms of the individual time intervals, IL-6 

protein peaked at 2 hr post-injection with significant differences between 2 hr and 

baseline (p=0.02) and 2 hr and 30 minutes (p=0.03). 

3.6.7 Dose response for splenic cytokines 

Based upon the results tiom the time course analysis, one hour post-injection was 

chosen as the point to test the dose response for i.v. LPS as this interval was the peak for 

splenic TNF production and the other cytokines were also detectable. There was a 

significant overall effect for the dose of LPS on TNF mRNA production F(6,28)=88.7 1, 

p<0.0001] (figure 3-7). In t e m s  of the response to the individual doses of LPS, TNF 

mRNA was barely detectable above baseline in response to O.Olpg of i.v. LPS. The level 

of TNF mRNA induced after 0.1 pg of LPS was higher than the amount induced by the 



0.0 1 pg dose (p=0.0003) but lower than the levels induced by 1 pg of LPS (p<0.000 1). 

There were no differences between the effects of 1 pg, 1 Opg, 100pg and 1000pg of i.v. 

LPS on splenic TNF mRNA levels. Therefore the O. l pg dose emerged as the dose 

between baseline and maximum expression. A similar trend was observed for splenic TNF 

protein (figure 3-8) in tems of the 0.1 pg dose and overail effects F(6,28)=54.13, 

p<0.0001]. This was confirmed by immunohistochemistry (data not shown). The ELISA 

assay for splenic TNF protein detected a wider dose response from 1 pg- 1000pg than that 

observed for the mRNA. It was found that there was significantly more splenic TNF 

protein produced in response to 100pg of LPS as compared to the arnount produced in 

response to lpg of LPS (P=0.0009) (figure 3-8). 

Similar to TNF, there was an overall effect of the dose of LPS on splenic IL- 1 

mRNA [F(6,28)= 26.76, p<0.000 11 (figure 3-9). The levels of IL4 rnRNA expressed at 

the individual time intervals foIlowed the same trend as the TNF mRNA in that the 

0.0 1 pg dose induced minimal expression, while the IL4 mRNA levels peaked d e r  1 pg of 

LPS. The 0.1 pg dose induced significantly more IL- 1 mRNA than the 0.0 1 pg dose 

(p=0.00 13, and significantly less than the 1 pg dose @=0.0005). There was no difference 

in I L 4  mRNA levels in response to lpg, 10pg, 100pg or 1000pg of i.v. LPS. Splenic I L 4  

protein (figure 3- 10) showed a similar overall effect of dose [F(6,28)=45.70, p<0.0001] 

and similar effects between groups as the rnRNA for splenic IL-1. It was observed that 

the amount of I L 4  protein induced by the O. 1 pg dose was higher than the amount 

induced by the 0.01 pg dose e 0 . 0  12) but less than the amount induced by the 1 pg dose 



(p<0.0001). There was no difference in splenic IL-1 protein levels in response to 1 pg, 

IOpg, 100pg or lOOOpg of i.v. LPS. The difference between splenic rnRNA and protein 

was that IL- 1 protein production was not increased above baseline in response to 0.0 1 pg 

dose of LPS. 

There was also a significant overall effect of the dose of LPS on splenic IL-6 

mRNA [F(6,28)=5.07, p=0.00 121 (figure 3- 1 1). However the response was not 

proportional to the dose of LPS in that expression was either present or absent. Doses 

lower than I pg did not induce IL-6 mRNA. while doses of 1 pg or higher did induce IL-6 

mRNA. The response to lpg was the peak response and equal to the response induced 

by the 1 Opg, 1 OOpg, and 1000pg doses of LPS. The results for splenic IL-6 protein (figure 

3- 12) were similar to the mRNA in that there was a significant overall eflect of the dose 

of LPS on protein production [F(6,28)=3.42, p=O.O16] and the protein was either present 

or absent with no significant differences between groups. 

3.6.3. Dose response for plasma and brain cytokines 

TNF was the only plasma cytokine measured as plasma IL- I was not detectable. 

The assay for IL-6 was not performed as it was not detectable until later tirne intervals 

than IL-1. The results for plasma TNF (figure 3-13) were similar to splenic TNF protein 

and mRNA levels in that there was a signiftcant main effect of the dose of LPS on TNF 

protein expression F(6,28)=3 1.38, p<0.0001]. In terms of the individual groups it was 

found that the 0. Lpg dose induced higher levels of plasma ïNF than baseline (p=0.038) 



yet lower than the I pg dose (p=0.003). Also, the 0.0 1 pg dose did not induce TNF 

protein levels above baseline. The difference between the plasma levels and the splenic 

levels of TNF protein was that plasma levels showed more of a dose effect. This was 

determined by the fact that the IOpg dose of LPS-induced higher levels of plasma TNF 

than the I pg dose (p4.025) whereas in the spleen these doses induced equivaient levels 

of both R I F  protein and rnRNA. The IOpg dose however was no different from either 

the 1 OOpg or 1000pg doses. 

Based on the literature it was determined that if the levels of central cytokines 

could change in response to peripherd LPS at 1 hour post-injection, it would likely be in 

response to a dose of LPS that could disrupt the BBB. Therefore the prelirninary study 

only assayed brains from animals treated with either saline or 1000pg of i.v. LPS (figures 

3-14 and 3-1 5). The areas assayed included the hippocarnpus. hypothalamus and cortex. 

No difference between saline and LPS treatment was observed in any of the areas. nor 

were there differences in cytokine levels between the three anaiornicd locations. 

3.6.4. Dose response for H P A  and SM activation 

There was an overall significant effect of the dose of LPS on plasma 

corticosterone levels F(6,28)=32.50, pc0.000 11. The mean baseline plasma 

corticosterone level was 158 nglml and they were not different from levels induced in 

response to the 0.0 1 pg or O. 1 pg doses of i.v. LPS (figure 3-1 6). However, the 1 pg dose 

induced a rnean corticosterone level of 504 ng/ml, whicb was significantly different fiom 



the 0. l pg dose @<0.000 1). These elevated levels however were no different fiom those 

induced by the 1 Opg, 1 OOpg, or 1 OOOpg doses. Therefore the observed levels of plasma 

corticosterone were either high or low and did not show a graded dose response. 

The overall effect of the dose of LPS on plasma E (figure 3-17) was not significant 

@?(6,28)=2.37, p=0.056 ns]; however there was a trend for more E to be produced in 

response to doses of 1Opg or higher as compared to the lower doses. For example 10pg of 

LPS induced more E than 0.0 1 pg (p=0.04) while 1000pg of LPS induced more E than 1 pg 

(p=0.027). These results showed a similar pattern to the effect of the dose of LPS on 

plasma corticosterone, except the effect was shifted one dose to the right. There were no 

significant etTects of the dose of LPS on plasma NE @?(6.28)=0.80, p=0.57 ns] (figure 3- 

18), although a pattern for increased levels was indicated at the 1000pg dose. Similar to 

plasma E. there was no sigiificant overall effect of the dose of LPS on splenic NE levels 

[F(6.28)= 1.07, p=0.4 1 1 ns] (figure 3- 19); however, levels of splenic NE appeared to 

decrease in response to the 100 and 1000pg doses of LPS. 



3.7. Figures (* indicates that PS0.05) 

Fimire 3-1: Time course for splenic TNF mRNA following lOOpg of i.v. LPS. Rats 

were injected with IOOpg of i.v. LPS and killed at various points post-injection. Splenic 

RuF mRNA F(5,12)=2 1 2 7 ,  p<0.000 1, n= 1 81 levels were analyzed by Northem blotting 

and expressed as a ratio relative to the loading control. The groups were compared by 

ANOVA and the error bars represent +/- 1 standard error of the mean. 

O 30 min 
Hours Post-LPS injection 



Fimire 3-2: T h e  course for splenic TNF protein following lOOpg of i.v. LPS. Rats 

were injected with 100pg of i.v. LPS and killed at various points post-injection. Splenic 

TNF protein levels F(5,12)= 13.19, p<0.000 1, n= 1 81 were measured by ELISA and 

expressed as pg/mg of splenic protein. The groups were compared by ANOVA and the 

error bars represent +/- 1 standard error of the mean. 

Zero 
Hours post-LPS injection 



Fimire 3-3: T h e  course for splenic IL-1 mRNA followhg lOOpg of i.v. LPS. Rats 

were injected with 1OOpg of i.v. LPS and killed at various points post-injection. Splenic 

IL-l mRNA levels F(5,12)=72.82, p<0.0001, n=18] were analyzed by Northem blotting 

and expressed as a ratio relative to the loading control. The groups were compared by 

ANOVA and the error bars represent +/-1 standard error of the mean. 

O 30 min 

Hours Post-LPS Injection 
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Figure 34:  Time course for splenic IL-1 protein following lOOpg of i.v. LPS. Rats 

were injected with 100pg of i.v. LPS and killed at various points post-injection. Splenic 

IL-1 protein levels F(5,l ?)=Ci.67. p<0.000 1, n=18] were rneasured by ELISA and 

expressed as pg/mg of splenic protein. The groups were compared by ANOVA and the 

error bars represent +/-1 standard error of the mean. 

Zero 0.5 
Hours Post-LPS injection 
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Fimre 3-5: Time course for splenic iL-6 mRNA following lOOpg of i.v. LPS. Rats 

were injected with 100vg of i.v. LPS and killed at various points post-injection. Splenic 

IL-6 rnRNA levels F(5,12)=J.J5, p=0.016, n=18] were analyzed by Northem blotting 

and expressed as a ratio relative to the loading control. The groups were compared by 

ANOVA and the enor bars represent +/- 1 standard error of the mean. 

O 30 min 

Hours post-LPS injection 



Fimire 3-6: T h e  course for splenic IL-6 protein following lOOpg of iDv. LPS. Rats 

were injected with 100pg of i.v. LPS and killed at various points post-injection. Splenic 

IL-6 protein levels [F(5,12)=1.88, p=0.17ns, n=18] were measured by ELISA and 

expressed as pglmg of splenic protein. The groups were compared by ANOVA and the 

error bars represent +/-I standard error of the mean. 

Hours post-LPS injection 



F i y r e  3-7: Dose response for splenic TNF mRNA one hour following i.v. LPS. Rats 

were injected with various doses of i.v. LPS and killed at 1 hour post-injection. Splenic 

TNF mRNA levels F(6,28)=88.71, p<0.0001, n=35] were analyzed by Northern blotting 

and expressed as a ratio relative the loading control. The groups were compared by 

ANOVA and the error bars represent +/- 1 standard error of the mean. 

pg of i.v. LPS 
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Figure 3-8: Dose response for splenic TNF protein one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Splenic R I F  protein levels F(6,28)=34.13, p4I.000 1, n=35] were rneasured by ELISA 

and expressed as  pg/mg of splenic protein. The groups were compared by ANOVA and 

error bars represent +/- 1 standard error of the mean. 

Zero 0.01 0.1 
pg of i.v. LPS 



Fimire 3-9: Dose response for splenic IL-l mRNA one hour following i.v. LPS. Rats 

were injected with various doses of i.v. LPS and Wied at 1 hour post-injection. Splenic 

IL- 1 rnRNA levels F(6,28)=26.76, pc0 .O00 1, n=3 51 were analyzed by Northern blotting 

and expressed as a ratio relative the Ioading control. The groups were compared by 

ANOVA and the error bars represent +/-I standard error of the mean. 

pg of i.v. LPS 
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Figure 3-10: Dose response for splenic IL-1 protein one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Splenic I L 4  protein levels [F(6,28)=45.70, pK0.000 1, n=35]were measured by ELISA 

and espressed as pglmg of splenic protein. The groups were compared by N O V A  and 

the error bars represent +/-1 standard error of the mean. 

pg of i.v. LPS 
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F&ure 3-1 1: Dose response for splenic IL-6 mRNA one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Splenic IL-6 rnRNA levels F(6,28)=5.07, p=0.0012, n=35] were analyzed by Northem 

blotting and expressed as a ratio relative to the loading controi. The groups were 

cornpared by ANOVA and the error bars represent +/-1 standard error of the mean. 

pg of i.v. LPS 
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Fi-re 3-12: Dose response for splenic I L 4  protein one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Splenic IL-6 protein levels [F(6,28)=3.42, p=0.016, n=3S] were rneasured by ELISA and 

expressed as pg/mg of splenic protein. The groups were compared by ANOVA and the 

error bars represent +/- 1 standard error of the mean. 

pg of i.v. LPS 



Fimire 3-13: Dose response for plasma TNF protein one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Plasma TNF protein levels F(6,28)=3 1.38, p<0.000 1, n=35] were measured by ELISA 

and expressed as ng/ml. The groups were compared by -4NOVA and the error bars 

represent +/- 1 standard error of the mean. 

Zero 0.01 0.1 
pg of i.v. LPS 



Figure 3-14: Measurement of TNF protein in several brain areas 1 hr after lOOOpg 

of i x  LPS. Rats were injected i.v. with either saline (SAL) or 1000pg of LPS and killed 

at 1 hour post-injection. Br& TNF protein levels were measured by ELISA and 

expressed as pglrng of brain protein. HIP-hippocarnpus [T(8)=0.085, p=0.93ns, n= I O], 

HYP-hypothalamus [T(8)=0.174. p=0.87ns, n= 1 O] and COR-cortex [T(8)=0.82. 

p=O.Qns, n=10]. The groups were compared by ANOVA and the error bars represent 

+/- 1 standard error of the mean. 

SAL-HIP LPS-HlP SAL-HYP LPS-HYP SAL-COR LPS-COR 
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U u r e  3-15: Measurement of IL-1 protein in several brain areas 1 hr after lOOOpg 

of i.v. LPS. Rats were injected i.v. with either d i n e  (SAL) or lOOOpg of LPS and killed 

at 1 hour post-injection. Brain IL4 protein levels were measured by ELISA and 

expressed as pg/mg of brain protein. HP-hippocampus [T(8)=0.172, p=0.87ns, n= 1 O]. 

HYP-hypothalamus [T(8)=0.543, p=0.60ns, n=10] and COR-cortex [T(8)=0.40, 

p=0.70ns, n=1 O]. The groups were compared by ANOVA and the error bars represent 

+/-1 standard error of the mean. 

SAL-HIP LPS-HIP SAL-HYP LPS-HYP SAL-COR LPS-COR 
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Fimre 3-16: Dose response for plasma corticosterone one hour following i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 h o u  post-injection. 

Plasma corticosterone levels [F(6,28)=32.50, p<0.0001, ~ 3 5 1  were rneasured by RIA 

and expressed as ng/rnl. The groups were compared by ANOVA and the error bars 

represent +/- 1 standard enor of the mean. 

pg of i.v. LPS 
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Figure 3-17: Dose response for plasma epinephrine one hour follomng i.v. LPS. 

Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Plasma epinephrine levels [F(6,28)=2.37, p=0.056. n=35] were measured by HPLC and 

expressed as pg/ml. The groups were compared by ANOVA and the error bars represent 

+/-1 standard error of the rnean. 

Zero 0.01 
pg of i.v. LPS 
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Fimire 3-18: Dose response for plasma norepinephrine one hour following i.v. 

LPS. Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Plasma norepinephrine [F(6,28)=0.80, p=0.57ns, n=35] levels were measured by HPLC 

and expressed as pg/rnl. The groups were compared by ANOVA and the error bars 

represent +/- I standard error of the mean. 

Zero 0.01 

pg of i.v. LPS 
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Figure 3-19: Dose response for splenic norepinephrine one hour following i.v. 

LPS. Rats were injected with various doses of i.v. LPS and killed at 1 hour post-injection. 

Plasma norepinephrine levels F(6,28)=1.07, p=0.4lns, s35] were measured by HPLC 

and expressed as @mg of splenic protein. The groups were compared by ANOVA and 

the e m r  bars represent +/- 1 standard error of the mean. 

pg of i.v. LPS 



3.8. Discussion 

At the initiation of our experiments it was decided that since cytokines mediate 

many of the host's response to LPS, they were the best in vivo indicators of immune 

Function in response to an inflammatory stimulus. Therefore we required reliable in vivo 

means to measure cytokine expression as brain-immune interactions involve the interplay 

between many physiological systems and removing immune cells from their 

microenvironment can elirninate this relationship [266,267]. We thus decided that 

Northern blotting would be an ideal technique for this purpose in that it was sensitive, it 

could be used for semi-quantitative comparisons, and that we could generate the 

necessary probes ourselves in the absence of commercial reagents [89 1.8921. However 

cytokines are susceptible to regdation nt various points in their production and increases 

in mRNA levels may not always be indicative of increased protein levels 

[55 1 .jj2,583.584,9 151 . Therefore measuring the protein levels for these cytokines dong 

with the mRNA was important as mediatxs like glucocorticoids can effect TNF mRNA 

by 50% but alrnost completely eliminate protein production [327]. Our early pilot 

experiments with bioassays suggested they were unsuitable for our purposes. Although 

we had an established irnmunohistochernistry protocol [15 11, this technique was too 

dependent on the quality of the primary antibody. This is evidenced by the fact that we 

had prominent and specific staining for TNF (which mirmred the results obtained with 



our Northern blots) but we could not detect IL-1 despite trying upwnrds of 10 different 

commercial and pnvately produced anti IL-1 antibodies. Other reports suggested that 

although immunohistochernistry can index changes in the presence and location of a 

molecule, ELISAs and bioassays are better for quantification purposes [18 8,9 161. 

Western bloning for cytokines was also considered as a possible end mesure as it wouid 

give evidence of both translational levels of the protein (precursor fom) and post- 

translational modification (secreted form). However in our hands, this technique lacked 

the required detection sensitivity. Thus recently developed commercial ELISA kits have 

been employed in our experimental mode1 to assess cytokine protein levels. 

3.5.2. The tirne cowse for splenic cyrokines in response tu i. v. LPS 

The time course for splenic cytokines in the rat followed a similar pattern as 

described by Givalois et ai [5 191, Penetti et ai., [321] and Turnbull et al.. [677] for 

plasma cytokines. The only difference was that our time course peaked and ended at 

earlier intervals probably due to the fact that increases in tissue cytokine levels precede 

increases in plasma cytokine levels. Consistent with the above reports, TNF peaked first. 

IL4 second and IL-6 third. Splenic TNF mRNA peaked at 30-60 minutes and renimed to 

baseline by 4 hr while splenic TNF protein was present at 30 minutes, peaked at 1 hr, 

and was gone by 4 hr. IL4 mRNA levels were elevated by 30 minutes post-injection but 

IL- 1 protein was not significantly increased until 1 hr post-injection and peaked at 2 hr 

post-injection. IL-6 mRNA was not present until 1 hr, peaked at 2 hr and was maintained 



at an increased level from 4 to 6 hr post-injection. In our pilot studies, only TNF was 

detected in the plasma at 1 hour post-injection, however both TNF and IL4 were 

detected at 2 hr post-injection. This indicates that although IL-1 has been described as the 

primary mediator of LPS-induced central activation, it is probably only responsible for a 

part of the response as it iç produced and reaches the circulation too late to initiate 

centraily mediated host responses. This is corroborated by other time course studies 

[j 191 as well as by studies in  IL-^-'-, IL- 1 R-/- or [CE-'- rnice which show a normal HPAA 

response to LPS [57O,j7 1.9 1 71. 

The host's response to LPS ancilor cytokines includes the release of 

catecholamines and corticosterone, and at higher doses can include induction of fever. 

behavioral changes and blood pressure changes. The time course for changes in plasma 

catecholamines and corticosterone in rats in response to i.v. LPS has been extensively 

described. Essentially, elevated levels of ACTH and corticosterone can be detected as 

early as 15 minutes after i.v. LPS and usually peak at 1-2 hr post-injection 

[32 l,427,5 19,630,63 1,677,9 181 . Therefore it is likely that ACTH is secreted 

immediately in response to LPS [630]. Similar to HPAA activation, c-fos expression can 

be increased in the PVN as early as 15 minutes in response to an intraarterial (i.a.) 

injection of LPS [919], but generally peaks at 2-3 hr post-injection [3 1.5974991. The 

onset of SNS activation in response to i.v. LPS is also rapid within 20-30 minutes 

[76,645]. This effect was rneasured in the spienic nerve and determbed to be an immune- 

specific effect [76,645]. This is probably the best indicator of SNS activation as splenic 



levels of NE may not reflect activity as well as turnover studies [2 191. However higher 

doses of LPS (arguably doses that induce cardiovascular changes) can cause increases in 

plasma NE and E that can be detected as early as 20-30 minutes post-injection 

[77,147,920] . 

It is not immediately clear which mediators represent the direct response to the 

LPS and which mediaton represent the counter response. Functionally however it is 

known that glucocorticoids and catecholamines inhibit cytokine production, fever 

induction (through both central feedback and reduction in cytokine production [62 1.9211 ) 

and the behavior changes associated with the inflarnmatory response. However in a 

temporai context. corticosterone and catecholamines can appear at the same tirne interval 

as plasma cytokines or cm even precede hem [j 191. So although cytokines c m  activate 

the HPAA , SNS [74], and mediate the other downstream effects of LPS such as fever. 

LPS itself must send the fust signal to the b r in  to activate the HPAA and SNS. ProoC of 

this includes the fact that blocking individual cytokines does not block the response to 

LPS [577l. LPS receptors (CD14) are located in the brain and thus may mediate the early 

central effects of LPS similar to the activation of immune cells [637]. Also, although 

peripheral cytokines can induce SNS and HPAA activity, they would have to be 

transcribed. translated and in the circulation as early as 5 minutes post-LPS to mediate the 

initial response to inflammation. 

The only way cytokines could mediate the initiai effects of LPS activation is if 

they were present centrally, in a basal state, and could activate the HPAA and SNS 



immediately in response to LPS. Functional evidence for this exists as blockade of central 

cytokines c m  abrogate some of the physiological effects of peripherai inflammation 

[675,702,704] and central cytokines have been proposed as signalling intermediates for 

the stress response [207,698,874]. The problem (as described in the litenture review) is 

that the anatomical evidence does not Suppon the functional evidence. The basal 

expression of cytokines is not evident [675], and when cytokines are detected. it is often 

many houn d e r  the initial activation of the HPAA and SNS [699]. Althou& ELISAs c m  

detect basal levels of cytokines in the brain as determined by our results and the results of 

others [699], we found there are minimal differences between brain areas and no treatment 

effects. Therefore the relevance and speci ficity of the results are questionable. 

3.8.3. The efect of dose on the host S response to LPS 

The host's response to LPS is not an a11 or nothing event, therefore the dose 

administered will dictate which systems that will be activated in order to preserve 

homeostasis. Smaller doses may only cause local activation while higher doses cm cause 

systemic responses such as shock. Although the time course can be moderately altered by 

the dose of LPS [5  191, this response pattern is quite consistent between species. 

Although the LPS dose response data for catecholamines, corticosterone and cytokine 

levels have been reported, these dependent measures have not been assessed in the same 

animals. This is important because not only do species have different sensitivities to LPS. 

but different strains of rats will react diEerently to the same stimulus 



[205,3 17,630,845,9221 . Taking these factors into account, our results are discussed in 

reference to other studies using i.v. doses of LPS in Sprague-Dawley rats whenever 

possible, to ensure the most meaningful comparisons. 

3.8.3.1. Peripherol cytokines 

Similar to our time course experiments, the dose response experiment was 

primat-ily designed to rneasure splenic levels of cytokines. It was first found that the dose 

response for splenic cytokines was relatively steep. Minimal induction (usually not 

statistically different from baseline) for TNF and IL4 mRNA was sern in response to 

0.0 1 pg of LPS while maximal induction was present in response to 1 pg of i.v. LPS. The 

levels of R I F  and IL- 1 mRNA induced by the O. 1 pg dose were each significantly 

different fiom and intermediate to the levels induced by the 0.0 1 pg and 1 pg doses. Splenic 

IL-1 protein rnimicked this pattern exactly. The response of splenic TNF protein was 

similar except that the levels were M e r  increased in response to the 100pg and 1000pg 

doses of LPS in cornparison to the 1 pg and IOpg doses. It is unlikely that this small 

increase in RIF protein is responsible for the more severe host response at these higher 

LPS doses as this effect was not evident for plasma TNF. IL-6 mRNA was only 

detectable in response to the 1 pg and higher doses of LPS. We did not determine whether 

lower doses of LPS would induce detectable IL-6 levels as peak IL-6 expression is 2 hr 

post-injection. Like the mRNA, splenic IL-6 protein was only detectable in response to a 

1 pg or higher dose of LPS at 1 h .  post-injection. 



RIF was the only cytokine detectable in the plasma at 1 hr post-injection. Similar 

to splenic mRNA and protein studies, it was f o n d  that the 0.1 pg of LPS-induced 

circulating TNF protein levels between baseline and maximum. However, the dose 

response for circulating TNF protein levels was less steep than observed for the spleen. 

Specifically, the 1 pg dose of LPS-induced piasma TNF levels that were higher than 

baseline yet lower than the maximum levels observed in response to 10 pg of LPS. In 

contrast, there was no difference in splenic TNF levels in response to the l pg and 1 Opg 

doses of LPS. One explmation for the wider dose response seen for circulating cytokine 

lrvels versus splenic cytokine levels in response to LPS is that increased TNF protein 

turnover occurs in response to the higher doses of LPS. Therefore although it may appear 

that splenic TNF levels are the sarne in response to two doses of LPS. it is possible that 

the higher dose of LPS induces more TNF production while simultaneously causing more 

M F  to be released into the plasma. Another possibility is that since the spleen is not the 

major contributor to circulating TNF levels, that the dose response for plasma TNF more 

closely mirrors the dose response fiom other organs such as the liver [923,924]. It has not 

been determined if the dose response for TNF production is different in the liver as 

compared to the spleen in response to i.v. LPS. Ovenll however, there was a strong 

relationship between the changes in cytokine mRNA and protein afler i.v. LPS. 

Givalois et al., [5 191 found that circulating TNF peaked after their lowest dose of 

LPS tested using the same rat strain and same strain of LPS (approximately 1 Spg of i.v. 

LPS/rat). They observed that the circulating IL4  levels was less responsive to LPS than 



TNF in that IL-1 was not detected in the plasma until the medium dose of LPS 

(approximately ï.Spg/rat), and not until2 hours post-injection. These levels peaked in 

response to the high dose (approximately 90pg of i.v. LPS/rat). IL-6 appeared in response 

to the iowest dose, but not until2 hr post-injection. Like IL-1, circulating IL-6 also 

peaked in response to the high dose of LPS. Therefore our results agree with those of 

Givolais et al.. in that there is a differentiai sensitivity between M F  and IL-6. However 

we did not observe a differential sensitivity in response to LPS between IL-1 and TNF in 

terms of splenic mRNA and protein levels. Other reports have also confmed that plasma 

cytokine levels peak at relatively low doses of LPS that do not engage the maximal host 

response [569]. 

3.8.3.2. Central cytokines 

It is k n o ~ n  that peripheral cytokines can activate the brain through a number of 

potential routes. However there is still no consensus as to the role of centrai cytokines in 

response to peripheral infl,unmation. Cytokines can be detected centrally afier LPS but 

most studies have detected these molecules only at time intervals [650,65 1,9751 and 

doses [639] that suggest a dimpted BBB. However, the fact that the blockade of central 

cytokines c m  disnipt the response to peripheral inflammation even in circumstances 

where central and circulating cytokines are not detectable [675] provides functionai 

evidence for a regulatory role for cytokines within the brain. Interestingly, centrai 

cytokines have been implicated in the central signalhg pathways in response to non- 



immune stressors as well [207,698,699,874]. 

In our dose response study, we determined if changes in central cytokine levels 

could be detected in response to a dose of LPS that is known to disrupt the BBB, at a 

time penod (1 hr post LPS) during which multiple regulatory systems are fùlly engaged. 

We conceded that any observed effect with this simple assay would not indicate the 

mechanism by which centnl cytokine levels were increased. This is due to the fact that 

increased levels of central cytokines could be due to the induction of cytokines directly 

by the brain parenchyma, through leakage fiom the periphery (via endothelial cells. CVOs 

or physical disruption of the BBB), or as an artifact from elevated plasma cytokine levels. 

Basal levels of expression for both TNF and IL-1 protein were detected in al1 three 

tested areas of the brain (hippocarnpus, hypothalamus and cortex). These levels were 

equivalent to the unstimulated splenic levels of RIF and IL- 1. This was somewhat 

unexpected. Although we anticipated some level of basal splenic cytokine levels in non- 

pathogen-fiee rats, we did not expect these same basal levels in the brain which is 

regarded as an immune-privileged site. Also unexpected was that al1 three brain areas had 

similar levels of cytokines. Therefore the hypothalamus which is involved in brain- 

immune signalhg had the sarne basal levels as the cortex, whic h is presumably no t 

involved in these pathways. Importantly we found no LPS effect on the levels of brain 

cytokines in any area I hr d e r  1000pg of i.v. LPS. 

In order to block central cytokine production, anhals rnust be cannulated. It is 

also possible that the regdatory role of centrai cytokines on peripherai immune function 



is an artifact due to the trauma of the cannulation surgery. We know fiom our own 

unpublished observations that cytokine mRNA will be expressed at the site of the 

cannula. This is predicted by other studies which suggest that any trauma or inflammation 

has the potentid to induce cytokine production [906]. Woiciechowsky et al., found that 

brain injury c m  cause sympathetic storm which activates inhibitory molecules like IL- l O 

[926,927]. Therefore it is possible that the central cytokines induced by the surgery are 

somehow contributing to the regdation of peripheral immune function and are not an 

inherent part of the central signalling pathway. 

In summary our results did not clarifj the contentious issue of the role or 

presence of central cytokines in response to peripheral inflammation. As well. we were 

not able to determine if high levels of cytokines tmly exist in the non-infected brain or are 

artifacts of our detection method. We did however dernonstrate, in contrat to Sacoccio et 

al. [705], that the dose response and time course between the brain and the spleen are 

different. Sacoccio et al. obsewed increased TNF levels in the hypothalamus 30 minutes 

following 7.5pg of i.v. LPS/rat with the s m e  strain of LPS that we used. We did not 

corroborate these finding despite giving the rats a dose of LPS that could potentially 

disrupt the BBB [658,659]. We did not look at later time points (4-24 hrs post-injection) 

as it is well established that LPS at these intervals will induce central cytokines, and the 

question of cytokine production in response to central inflammation is not in dispute. 

Therefore the role of central cytokines as signalling intermediates in the regdatory 

response to inflarnmatory stress and other types of stress rernains an important and 



unresolved issue in this field. 

3.8.3.3. Corticosterone 

Similar to G m e r  et al., [928] our baseline levels of corticosterone in Sprague- 

Dawley rats were approximately 150 ngfml. These levels did not increase in response to 

either 0.0 I pg or O. 1 pg of i.v. LPS. Plasma corticosterone levels peaked in response to I pg 

of i.v. LPS (500 ng/rnl) and saturated at this level being unchanged in response to IOpg, 

100pg and 1000pg of i.v. LPS. These data concur with other reports that described 

macimal corticosterone responses following low doses of i.v. LPS [929]. Thus in Our 

model, maximal corticosterone levels were achieved at the same dose of LPS that induced 

maximal splenic cytokine production, a 10 fold lower dose than required to produce 

detectable increases in plasma E, and a 100 fold lower dose than is required to produce 

detectable changes in splenic NE. As well, pior studies in our lab found that increases in 

corticosterone occurred at lower doses of LPS than c-fos expression [32]. Therefore the 

HPAA appears to be the most sensitive central counterregulatory mechanism in response 

to peripherai inflammation. 

Other studies that investigated corticosterone levels in response to i.v. LPS 

reported lower baseline levels than we observed in our snidies. For example, Feuerstein et 

al., [429], reported a baseline level of corticosterone at 40 ng/ml ,and peak levels of oniy 

200 ng/ml. Other reports show baselines in the same range as Feuerstein (or as low as 5 

ng/rnl) but obtained peaks similar to ours [H 9,866,9 181. These lower baselines 



potentidly allow for more sensitive assays. For example Feuestein et al. [429] and Ebisui 

et al. [929], saw a corticosterone response in the range of O.O3pg of i.v. LPShat. 

Feuerstein even reported that corticosterone was increased in response to lower doses of 

LPS than that required to induce cytokines [429]. Therefore it is important to consider 

iliat our higher baseline Ievels of corticosterone may have precluded detecting increases in 

corticosterone in response to even lower doses of LPS. 

Our higher baseline c m  be explained either by biological variability [930] or by 

differences in our injection procedure. In our protocol animals were extensively handled 

which functioned to habituate them to the mild stressors that they would be exposed to 

during the course of the experiment [837,838,842,93 1,9321. However the handling and tail 

vein injection procedure rnay cause some corticosterone release despite this habituation 

[842]. Habituation still rnay not explain the difference in our baseline as compared to the 

other groups as the corticosterone response to a mild stress usually returns to baseline by 

1 hr, the interval at which we meanired corticosterone [15,835,928.933-9361 . The likely 

difference is that the reports which demonstrated Iow baseline levels of corticosterone 

administered the LPS and vehicle via a catheter, whereas we injected our animals manually 

via the tail vein. This is indirectly suggested by Beno and Kunura [866] who saw their 

corticosterone levels increase fiom 57 ng /d  to 150 ng/ml afler tail vein injection. Yet 

Gartner et al.. [928] had a baseline of 150 ng/ml with no treatments, so biologicd 

variability cannot be d e d  out. 



3.8.3.4. Catecholamines 

Catecholamines are important in maintainhg homeostasis. It is known that plasma 

epinephrine originates fiom the adrenai medulla while the majority of NE (90-95%) 

originates from nerve terminais (however, an increased percentage of NE rnay be released 

from the adrenals in response to the appropriate stimulation [142,143,145]). We found 

that plasma E was increased in the 1 Opg-1 000pg groups as compared to the 0-1 pg groups. 

Circulating NE. did not differ between any pair of groups, although there \vas a trend to 

increase at the 1000pg dose. 

Plasma catecholarnines are important in many aspects of homeostatic regulation. 

and c m  be released in response to many challenges. Therefore the effect of increased 

levels of plasma E on immune function may be a byproduct of another regulatory 

process. This is especially plausible for the response to LPS as higher doses. besides 

being an idlammatory challenge, can also affect blood pressure. body temperature and 

energy regulation. Lang et al. [426], found that metabolic changes and increases in body 

temperature were induced in Spngue-Dawley rats in response to LPS doses as low as 0.3 

pg (i.v.) per rat, although these changes did not usually occur until2 hours post-injection. 

However higher doses of LPS, such as 30pg/raf could induce metabolic changes at 1 hr 

post-injection. Changes in cardiac output and blood pressure were aiso apparent at doses 

of 30pg/rat (and above), but not at doses of 3pg/rat. In support of this, S.B. Jones and 

colleagues aiso found that in Holtzman rats, doses of 30pg/rat and above, but not 3pg/rat. 

induced changes in blood pressure at 1 hr post-injection. They dso f o n d  that both NE 



and E were increased in the plasma at 1 hr post-injection in response to the doses that 

dected blood pressure [77,146,148]. Therefore it is unclear if plasma catecholamines can 

increase in response to doses of LPS that do not alter the host's blood pressure. The 

patterns of body temperature change are also subject to the dose of LPS [425,595] as 

lower doses may increase body temperature but doses that induce some rneasure of 

lethality may also decrease body temperature [425]. 

It is unknown if the IOpg dose of LPS used in our experiment dtered blood 

pressure, body temperature or metabolism at 1 hr. However, it is possible that 

catecholarnines are released in response to LPS in an immune-specific manner 

(inde pendent of the above mentioned Bctors) as MacNeil et al., demonstrated that 

increases in splenic nerve activity occurred prior to increases in rend nerve activity in 

response to LPS [76]. Besides 1Opg being the lowest dose at which we observed an 

increase in plasma E, it is the lowest dose at which we have obtained consistent c-fos 

protein induction in the P M  (unpublished observations). Interestingly, although maximal 

cytokine expression was observed in the spleen at doses well below IOpg, plasma TNF 

peaked at IOpg/rat. Therefore it is plausible that levels of E may be increased to keep a 

ceiling on circulating cytokine production. In summary, in response to lower doses of 

LPS, corticosterone and basal E and NE would appear suficient to maintain homeostasis, 

however at higher doses, additional systems and regulatory processes are likely activated. 

The results also showed that the 100pg and 1000pg doses of i.v. LPS caused NE 

levels in the spleen to be depieted as compared to al1 the other doses. It is known that 



splenic NE originates fiom splenic nerves and thus NE levels are a potential marker for 

SNS activity in the spleen [144,937]. The difficulty with this measure of activity (as 

determined by Vnend et al. [2 191) is that NE hunover in the spleen in response to an 

inflammatory stimulus can increase despite there being no change in splenic NE levels (E 

is not detectable in the spleen). Another way to measure SNS activity in the spleen is 

through nerve recordings [76]. The limitation of this technique is that the anirnals are 

anesthetized. this can potentially complicate interpretation due to decreased nerve 

activity [76]. MacNeil et al., [76] demonstrated that splenic nerve activity increases in 

response to LPS and that this increase precedes increases in renal nerve activity [76]. 

Therefore early activation of the splenic nerve in response to LPS may represent an 

immune-specific signal. In support of Vnend's observation, MacNeil [76] found that 

splenic nerve activity increases in 66% of the rats in response to LPS 0.4pg of LPS per 

rat, but doses of 1Opg or higher were required for a response in 100% of the animals. 

Although anesthetized anirnals were used, MacNeil fond that the dose of LPS required 

to increase splenic nerve activity in 66% of the animals was many fold less that the dose 

of LPS we required to deplete splenic NE levels. Therefore it is possible that in conscious 

animals this low dose of LPS, or even lower doses such as O. 1 pg, could increase splenic 

nerve activity in 100% of the animals tested. So although our results can't definitively 

determine if the splenic nerve is activated in response to doses of LPS below 100pg, it is 

likely that the role of the nerve in response to LPS is most prominent Ui response to this 

dose as indicated by the depleted NE levels. 



3.8.3.5 Perspectives 

The purpose of these studies was to determine the time course and dose response 

of splenic mRNA and protein in response to LPS. The main findings are that splenic 

cytokine mRNA expression corresponded to cytokine protein levels. Also, peak 

corticosterone levels corresponded with peak levels of splenic cytokines. Increases in 

plasma E occurred at a 10 fold higher dose of LPS than was required to induce maximal 

splenic cytokines levels whereas detectable changes in splenic NE levels occurred at a 100 

fold dose higher than required to produce maximal splenic cytokine levels. Therefore we 

have characterized doses of LPS that can potentially initiate the different components of 

the host's response to LPS, including doses capable of activating splenic cytokine 

production without activating the brain (the O. 1 pg dose). it is not known from these 

results if the splenic cytokine levels peak from I pg- 1000pg because they have reached a 

biological ceiling or if the SNS and HPAA are functioning at these higher doses of LPS to 

restrain M e r  production. 



4. Experiment 2 

Effect of the SNS and HPAA on 

splenic cytokines in response to 

LPS. 



4. Experiment 2: Effect of the SNS and HPAA on splenic cytokines in response to 

LPS. 

4.1. Overview 

The main objective of this experiment was to test Besedovsky's mode1 of neural- 

immune feedback. Besedovsky demonstrated that both the adrenal glands and the 

sympathetic nervous system can independently inhibit immune fùnction, and the 

combination of these two systems had an additive influence on immune regulation. Our 

lab previously supported this model using an in vitro system of LPS induced cytokine 

production and predicted sirnilar findings with respect to the in vivo model tested in this 

thesis. Experiments were designed to test the individual and combined effects of surgicaily 

denervating the splenic nerve and removing the adrenal glands on in vivo splenic cytokine 

production in response to i.v. LPS. [t was found that neither manipulation. individually or 

combined. significantly alter either splenic TNF, IL- 1 or IL-6. mRNA or protein. in 

response to the many dosehime points tested. In surnmary these experiments suggest that 

Besedovsky's mode1 is not applicable to LPS induced splenic cytokine production in vivo 

in the rat in response to i.v. LPS. 



1.2. Objectives 

1. To determine if the splenic nerve regulates in vivo splenic cytokine production in 

response to i.v. LPS. 

2. To m e s s  the effects of ADX on in vivo splenic cytokine production in response to 

i.v. LPS. 

5. To examine the interaction between the adrend glands and the splenic neme on in vivo 

splenic cytokine production. 

4.3. Hypotheses 

That cutting the splenic nerve will increase splenic cytokine production in 

response to i.v. LPS and this effect will be potentiated in ADX rats. 

4.4. Rationale 

Besedovsky found that both the SNS and HPAA are activated in response to 

immune stirnuii and both can suppress immune function [48]. Therefore the overall 

objective of this experiment is to detemiine if Besedovsky's feedback mode1 is relevant 



with respect to LPS-induced cytokine production. The spleen is a mode1 organ for testing 

the effects of the SNS on irnmunity as the innervation to the spleen is entirely 

sympathetic [65,938] and nerve fiben are in close proximity to immune cells 

[64,15 1,939-9433 . The fint evidence suggesting the invoIvement of the splenic nerve in 

splenic immune fùnction was by Besedovsky et ai., who dernonstrated that cutting the 

splenic nerve increased the plaque forming ce11 (PFC) response to sheep red blood ce!ls 

[48]. Our lab extended these tindings in a report by Brown et ai., who demonstrated that 

splenic macrophage from animals treated with i.c.v. IL- 1 produced less IL- 1 in vitro in 

response to LPS than macrophages fiom vehicle-injected controls; significantly. this effect 

was abrogated by cutting the splenic nerve [89]. Our lab also demonstrated that 

macrophages fiom untreated splenic nerve cut animals produced more cytokines thm cells 

from sham animals when stimulated in vitro with LPS [890]. Consistent with this, we 

also showed that the splenic nerve can be selectively activated in response to LPS and 

that central PGEZ is an important mediator of this activation [76,105.645] . It is also 

known that i.c.v. PGEZ downregulates cytokine production in response to a low dose of 

peripheral LPS and that this effect cm be partially abrogated by cutting the splenic nerve 

[717]. In vitro studies by other labs strongly support an inhibitory role for 

catecholamines with respect to LPS-induced TNF production [l73-193] , a moderate role 

with respect to IL-1 production [179,185,199] and a moderate role with respect to IL-6 

production [ 1 73,174,176,178,196,200-2031 . Therefore the majority of the literature 

supports our hypothesis that cutting the splenic nerve will disinhibit in vivo cytokine 



production in response to i.v. LPS. 

Additional rationale for objective 1: The dose response and time course studies 

descnbed in the last chapter were used to detemine the optimal conditions in which to 

test the effects of the SNS on LPS-induced cytokine production. Exarnining every 

time/dose combination in this paradigm is logistically impossible, therefore we focused on 

the optimal tirne point for TNF expression as it is the first cytokine in the cascade of 

events that mediate the host response to LPS, and the literature suggests that TNF c m  be 

regulated by the SNS. We tested whether cutting the splenic nerve dtered the baseline 

expression of splenic cytokines or increased the ceiling levels of RIF production. For this 

study we chose the IOpg dose of LPS as it induced maximal cytokine expression. was the 

lowest dose tested which induced 100% of the animais to show increased splenic nerve 

activity in response to LPS [76] and consistently induced central c-fos expression in the 

PVN. These factors suggested that 10pg of LPS was able to consistently activate the 

centrai systems which control the splenic nerve. In order to determine if cutting the 

splenic nerve prolonged the cytokine response to LPS, we examined cytokine production 

at 2 hr-post-injection with IOpg of i.v. LPS. In order to determine if cutthg the splenic 

nerve would potentiate a submavimal immune response to LPS, we examined cytokine 

production at I hr post-injection in response to the 0.1 pg dose of i.v. LPS. The cytokine 

response to this dose of LPS was consistently between baseline and maximal responses in 

previous studies and thus gave us the potentiai to detect both inhibitory and facilitory 



responses. Although our parametric results indicated a close correspondence between 

cytokine rnRNA and protein expression in response to LPS, it is possible that the SNS 

could affect cytokine production at the level of protein expression. Thus we assessed 

whether cutting the splenic nerve modified both cytokine mRNA and protein. 

Additional rationale for objectives 2-3: The effects of the splenic nerve on splenic 

immune function as described by both Brown et al. [89], and Besedovsky et al. [48], were 

accentuated in ADX animals. Therefore it is predicted that in response to i.v. LPS the 

combination of cutting the splenic nerve and ADX will show a greater disinhibition of 

cytokine production than nerve cut or ADX alone. For this set of experiments. the 

optimal dose of LPS was reassessed as it has been shown that ADX animals are 100- 

1000X more sensitive to the effects of LPS ttian adrenal-intact animals 

[339,342-344,944,9451 . Besides the effects of ADX on indices of cardiovascular function 

and mortality, Ramachancira et al. [339], demonstrated increased cytokine production (40- 

60X) in ADX mice in response to LPS. Therefore another dose response study was 

conducted in ADX rats in order to establish an optimal dose of LPS with which to 

determine the effects of nerve cuts. This was done on the premise that the response c w e  

may be shified 1-3 doses to the lefi in ADX rats as compared to the response in intact 

mimals. Similar to objective 1, the doses of LPS we selected in the newe cut/ADX studies 

represented a dose at which an increase or decrease in the response could be observed as 

well as a higher dose that is known to dnve sympathetic activation. These experiments 



were also designed to determine if ADX aione increased splenic cytokine production in 

response to i.v. LPS in our model. 

4.5. Experimental Design 

All studies utilized adult male Sprague-Dawley rats (225-250 g) that were 

obtained from Charles River, (Dorval Quebec). The rats were kept on a 12-1 2 lightldark 

cycle and given food and water ad libitum (water for ADX rats contained 0.9% saline). 

Animals undenvent combinations of sham surgeries, ADX and splenic nerve cuts and 

were allowed to recover for 7-10 days. Al1 animais were singly housed. handled For 2 days 

then taken through the experimental procedure (weighing, mock injection etc.) for 3 days 

before the actual experirnent. Pior to injection, animals were weighed and then put under 

a heat larnp for 3 minutes to dilate the tail veins. They were then placed in a plastic 

restrainer and injected i.v. via the tail vein with saline or various doses of 

lipopolysaccharide (LPS; E.Coli serotype 055:BS lot L-2637) and were killed at 1 or 2 hr 

foliowhg LPS injection. The doses of LPS ranged from 0.000 1 pg per rat to lmg per rat 

depending on the study. The animals were killed by decapitation and blood and spleens 

were collected for various assays. Northem blots, ELISAs, immunhistochemistry, RIA 

for corticosterone and catecholarnine determinations were perfomed as described in the 

materials and methods section (section 2). Plasma E, corticosterone and splenic NE were 

rneasured to veriQ the surgeries. Experiments were analyzed by ANOVA, one and two 



tailed T-tests as described in section 2. The nerve cut/ADX studies were analyzed by 

ANOVA in a 2 x 2  design looking at the effects of ADX, splenic nerve cut and the 

combination of the two procedures on splenic cytokine production (the groups tested 

were sham/sham, shdnerve  cut, ADXkharn and ADXherve cut). A11 procedures were 

approved by the animal ethics cornmittee at the University of Manitoba and the CCAC. 

Al1 ADX surgeries were verified by measuring plasma corticosterone and epinephrine 

levels while splenic nerve cut surgeries were verified by measuring splenic NE. 

4.6. Results 

4.6.1. Objective I :  The effect ofthe sp1enic nerve a i t  on splenic cytokine produdon 

For this series of experirnents two-tailed T-tests were used because in the 

literature catecholamines have been shown to both potentiate and inhibit LPS-induced 

cytokine production [178,192,946]. The first experiment tested if there was a difference 

in cytokine production between intact and splenic nerve cut animals in response to saline 

injection. It was found that without LPS, cytokine levels were not detectable in either 

group (data not shown). The next experiment determined if peak cytokine levels could be 

increased in splenic nerve cut animais 1 hr after 1Opg of i.v. LPS (figure 44). It was found 

that cutting the splenic nerve had no significant effect on TNF [T(8)=0.524, p0.6 1 ns], 

IL4 [T(10)=2.0 1, p=0.07] or IL-6 [T( l4)=O. 122, p=0.905 ns] mRNA levels in response 

to this challenge, however there was a trend for decreased IL-1 mRNA levels in splenic 



nerve cut animals (p-0.07). The results for the splenic TNF and IL-6 protein levels were 

similar to the mRNA levels and the trend observed for decreased IL-1 rnRNA production 

in the splenic nerve cut groups was not observed for IL4 protein (data not shown). The 

same paradigm was repeated 2 hr after 10pg of i.v LPS in order to determine if the tirne 

course for splenic cytokines wodd be prolonged in splenic nerve cut animals. There was 

no difference in the splenic TNF [T(7)=0.95, pz0.375 ns], IL- 1 [T(7)=1.09, p=0.3 1 ns] 

and IL-6 [T(8)=0.52, p=0.621 ns] mRNA levels between nerve cut and sham operated 

animals (figure 4-2). Not shown is that the results for the protein are similar to the 

mRNA. The fourth experiment investigated if the submaximal response to LPS-induced 

with O. 1 pg dose could be increased in splenic nerve cut animals. Like the other two 

experiments. there was no effect on TNF [T(8)=0.808. p4.44 ns] or IL4 [T(8)=0.402. 

p=0.7 ns] mRNA (figure 4-31 or protein levels (data not shown). IL-6 was not detectable 

in response to 0.1 pg of LPS at 1 hr post-injection in this experiment. Like Vnend et al.. 

we found that cutting the splenic nerve eliminated >90% (usually 100%) ofsplenic NE 

[937] (not shown). Also, we did not observe any differences in plasma corticosterone or 

E levels in nerve cut rats as compared to the sham operated controls (data not shown). 

16.2. Objective 2: The effect of the ADX and splenic nerve LW on splenic cytokine 

prodziction 

-l. 6.2.1. ADX dose response to i. v. LPS 



A signifcant overail effect of the dose of LPS was observed with respect to TNF 

mRNA production in ADX rats F(6,21)=2 1.62, p<0.000 11 (figure 44). It was found 

that submaxirnal responses were elicited by 0.0 lpg and 0.1 pg of LPS whereas maximal 

responses were induced by I pg of LPS. The 0.0 1 pg dose was significantly different from 

the 0.1 pg dose (p=0.0029) which was different fiom the I pg dose (p<0.000 1). In a 

separate experiment, RIF  mRNA levels in response to the 10pg dose of LPS were not 

significantly different from the response to the 100pg and 1000pg doses in ADX rats 

F(2,11)=1 .O), p=0.4 ns] (data not shown). Overall, the dose response for splenic TNF 

protein F(6.20)=127.3, P<0.0001] (figure 4-5) was similar to the results of the mRNA 

dose response. Splenic TNF protein levels in response to the O. 1 pg dose of LPS in ADX 

rats were higher than the levels induced in response to the 0.01 pg dose of LPS 

(p=0.0002). yet below the Ievels induced by the 1 pg dose (p<0.000 1). One difTerence 

however was the fact that the 1 Opg dose induced more R I F  protein than the I pg dose 

(p=0.0025). This pattern was not observed in reference to splenic R I F  mRNA. Splenic 

TNF protein production in response to the 10pg dose of LPS was not significantly 

different fiom the response to the 100pg and 1000pg doses in ADX rats @7(2,11)=0.267. 

p=0.77 ns] (data not shown). 

There was also a significant overall effect of the dose of LPS on L- 1 rnRNA 

production in ADX rats F(6,2 l)=28.22, p<0.000 11. interestingly, this dose response 

was shified one dose to the left as compared to the response of TNF mRNA and protein 

(figure 4-6). The 0.0 1 pg dose hduced significantly more IL- 1 mRNA than the 0.00 1 pg 



dose @=0.0028), and significantly less that the O. l pg dose (p=0.0006), which was the 

peak. No differences were found between the responses to 1 Opg, 100pg and 1 OOOyg of 

i.v. LPS in ADX rats [F(2,11)=2.83, p=0.13 ns] (data not shown). Similar to the mRNA 

there was an overall effect of the dose of LPS on splenic IL4 protein [F(6,20)=60.18, 

p<0.000 11 (figure 4-7). Unlike the effect observed with IL- 1 mRNA. it was found that 

the 0.01 pg dose of LPS only showed a tendency to increase IL-I protein above baseline. 

However consistent with other experiments, the 0.1 pg dose induced more IL-1 protein 

than the 0.0 1 pg dose (p=0.0077) and less than the 1 pg dose (p<0.000 1). Sirnilar to the 

TNF protein. the 1 Opg dose of LPS-induced more splenic IL- 1 protein than the 1 pg dose 

in ADX rats (p=0.0062). However the response to the IOpg dose of LPS was not 

significantly different from the response to the 100pg and 1 OOOpg doses in ADX rats 

[F(2.11)=0.62, p=0.94 ns] (data not shown). 

Similar to what was observed in intact animals. there was an overall effect of the 

dose of LPS on splenic IL-6 mRNA tF(6.2 l)=5.77, p=O.OO 11 and IL-6 was not induced 

by doses lower than 1 pg of i.v. LPS (figure 4-8). However, in this experiment there was a 

significant difference in IL-6 rnRNA levels between the 1 pg dose and the 1 Opg dose in 

ADX rats (p=O.O 18). Similar to the other cytokines, no differences were found between 

the response to 10pg, 100pg and 1000pg of i.v. LPS in ADX rats F(2,11)= 0.41, p= 0.67 

ns] (data not shown). Determination of splenic IL-6 levels was not done for the lower 

doses, however it was found that IL-6 levels in response to the 10pg dose of LPS were 

not significantly different fkom the response to the 100pg and 1000pg doses in ADX rats 



F(2,11)= 1.4, p=0.29 ns] (data not shown). 

Also not shown was that ADX eliminated plasma E by >95% and reduced the 

detectable plasma corticosterone levels to <20 ng/ml. ADX did not affect splenic or 

plasma NE levels (data not shown). 

4.6.2.2. Direct cornparison of cytokine levels in sham and A DX rats foilowing i. v. LPS 

We next determined if ADX rats produced more cytokines in response to i.v. LPS 

than sham operated rats. In response to 0.0 1 pg of i.v. LPS, ADX rats produced more 

splenic R I F  mRNA than sham operated rats. however this effect was not statistically 

significant [T(6)=1.2. p=0.14, one-tailed, ns] (figure 4-9). This pattem was not presrnt 

for splenic IL- 1 mRNA levels [T(6)=0.5. p=0.52. one-tailed. ns] (figure 4-9). The same 

pattern was also observed for splenic R I F  protein levels [T(6)= 1.2, p=0.14. one-tailed. 

ns] (figure 4- 1 O), however the differences were also not significant. Like the rnRNA. no 

differences in splenic I L 4  protein levels were obsewed between ADX and control rats 

(figure 4- 1 0) [T(6)=-0.2 1, p=0.57. one-tailed. ns]. IL-6 mRNA and protein were not 

detected in response to this dose of LPS. Similar to the 0.0 1 pg dose. ADX rats produced 

more TNF mRNA in response lOpg of i.v. LPS than sham operated animais. but this 

difference was also not significant [T(9)=l.O8, p=0.15, one-taileà, ns] (figure 4-1 1). A 

similar trend was observed for IL4 mRNA [T(9)=1.46, p=0.089, one-tailed, ns] but not 

for IL-6 mRNA [T(9)=0.37, p=0.36, one-tailed, ns] (figure 4-1 1). There were no 

differences between ADX and control rats in terms of TNF [T(9)=0.08, p=0.53, one- 



tailed, ns], IL- 1 [T(9)=- 1 .O27, p0.83, one-tailed, ns] and IL-6 [T(9)=0.83, p=0.2 1, one- 

tailed, ns] protein levels (data not shown). Al1 analyses in this section were done with a 

one-tailed T-test as it was expected that ADX would increase cytokine production. 

4.6.2.3. Effect of splenic nerve cui in ADX ruts in respome to i v .  LPS 

The combination of splenic nerve cut and ADX on the cytokine response to i.v. 

LPS was analyzed with an ANOVA using a 2x2 design where the groups tested were 

shadsham, shamlnerve cut, ADX/sham and ADXhewe cut. In response to 0.0 1 pg of i.v. 

LPS (figure 4-1 2) there were no significant ovenll differences in R I F  rnRNA expression 

[F(3,22)= 1.14, p-0.36 ns]. In tems of main effects, there was no nerve cut effect. but 

there was a trend for an ADX effect [F(1)=2.95, p=0.10]. In terms of differences between 

individual groups. there was a pattern for LPS to induce higher levels of RIF mRNA in 

ADX/sham rats as compared to s h d s h a m  rats, however this was not statistically 

significant (p=O. 1 1). Splenic protein for TNF showed similar results to the mRNA in that 

there kvas no overall effect or main efiect of splenic nerve cut, however there was a trend 

for a significant main effect of ADX [F(1)=3.61, p=0.08] (data not shown). The results 

for IL- 1 mRNA and protein in response to 0.0 1 pg of i.v. LPS were even less h a t i c  

than for TNT in that there were no significant overall effects, no significant main effects 

and no differences between groups (data not shown). IL-6 was not detected in response 

to this dose of LPS. 

This same paradigm was tested in response to 100pg of i.v. LPS. It was found 



that the pattern of TNF mRNA expression was similar to the response observed to 

0.0 1 pg in that there was no significant overall effect, no main efFects of ADX or nerve cut 

and no differences between groups (figure 4- 13). However there was a tendency for ADX 

to increase RIF mRNA expression as compared to sham animals, but this was not 

statistically significant. The results were similar for splenic TNF protein and IL4 and IL- 

6 mRNA and protein in response to 100pg of i.v. LPS. except no patterns were evident 

(data not shown). 

4.6.2.4. O fher observations 

The effects of splenic nerve cut and ADX on splenic cytokine mRNA production 

was aiso determined For ICE. TACE. IL-18. MCP-1, MIP-1 beta, IFN gamma. IL-12 pJO. 

and RANTES. For the vast majority of these molecules there were no overall effects, no 

main effects of either ADX or nerve cut and no differences between groups. The 

exceptions were that although there was no overall rffect of treatment on IFN gamma 

mRNA [F(3.32)=1.93. p=0.15 ns], there was a significant main effect of ADX on IFN 

gamma mRNA levels which wcre decreased in ADX rats F(1)=4.29, p=0.047] (data not 

shown). Although there was also no overall treatment effect on IL- 12 p40 expression 

F(3.32)=1.62. p=0.20 ns], there was a main effect of ADX on I L 4 2  p40 expression. 

where IL42 p4O expression was increased in ADX rats [F(1)=4.8, p=0.0364]. No nerve 

cut effect or interactions between ADX and nerve cut were observed for either IFN 

gamma or IL- 12 p40. 



In these same experiments splenic weight was indexed as a ratio to body weight 

and analyzed by 2x2 ANOVA (figure 4-14). An overail treatment effect was observed 

[F(3,3 1)=4.85, p=0.007] as were main effects for both nerve cut F(l)=8.3, p=0.007) and 

for ADX [F(1)=6.54, p 4 . O  161, but there was no interaction between these effects. In 

terms of the differences between individual groups, the ADXherve cut group had a higher 

index of spleen weight to body weight than ADXISham (p=0.023), shamherve cut 

(p=0.037) and shamfsham (p=0.0007). To tùrther investigate the potential reasons for the 

increase in splenic weight in response to splenic nerve cut. irnmunohistochemical analysis 

of pan B-ce11 (OX 33 positive), pan T-celI(0X-52 positive) and macrophage (ED-1 

positive) cell markers was conducted on 50 pm spleen sections (figure 4-1 5). It was found 

that splenic nerve cut did not significantly affect the percent area of staining for either 

ED- I [T(22)=0.487, p=0.63 ns] or 0x43 [T(22)=1.38. p=0.18 ns] positive cells. but the 

percent imrnunostaining for OX-52 [T(Z)=3 -7 1, p=0.00 121 was ~i~pificantly decreased 

in the spleens From nerve cut animals. 



4.7. Figures (* indicates that Pb 0.05) 

Fimre 4-1: Effect of splenic nerve cut on splenic cytokine mRNA 1 hr after 10pg of 

i.v. LPS. Control rats and rats with splenic nerve cuts were injected with lOpg of i.v. 

LPS and killed at I hr post-injection. Splenic TNF [T(8)=0.524, p=0.53ns, n=lO], IL-1 

[T(10)=0.2.0 1, p=0.07ns, n=12], and IL-6 [T(14)=0.122, p=0.9 lns, n=16] mRNA Ievels 

were rneasured by Northem bloning and are expressed as a ratio relative to the Loading 

control. Groups were compared by a two-tailed T-test and error bars represent +/-1 

standard error of the mean. 

Sham Nerve cut 



Fimre 4-2: Effect of splenic nerve eut on splenic cytokine mRNA 2 hr after lOpg of 

i.v. LPS. Control rats and rats with splenic nerve cuts were injected with 10pg of i.v. 

LPS and killed at 2 hr post-injection. Splenic RIF [T(7)=0.95, p=0.38ns, n=9], IL-1 

['(7)=1.09, p 4 . 3  1 ns, s 9 ] ,  and IL-6 [T(8)=0.52, p=0.62ns, n=1 O] mRNA Ievels were 

measured by Northern blotting and are expressed as a ratio relative to the loading control. 

Groups were compared by a two-tailed T-test and error ban represent +/-1 standard error 

of the mean, 

TNF 
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Figure 4-3: Effect of splenic nerve eut on splenic cytokine mRNA 1 hr after O.1pg 

o f  i.v. LPS. Control rats and rats with splenic nerve cuts were injected with O. 1 pg of i.v. 

LPS and killed at 1 hr post-injection. R I F  [T(8)=0.8 1,  p=0.44ns, n=l O] and IL- 1 

[T(8)=0.4, p=0.7ns, n=10] mRNA Ievels were measured by Northern blotting and are 

expressed as a ratio relative to the loading control. Groups were compared by a two-tailed 

T-test and error bars represent +/- 1 standard error of the mean. 

Sham 



F i g r e  4-4: Dose response for splenic TNF mRNA one hour following i.v. LPS in 

ADX rats. ADX rats were injected with various doses of i.v. LPS and killed at 1 hour 

post-injection. Splenic TNF mRNA levels [F(6,2 1)=2 1.62, p4.000 1, n=28] were 

analyzed by Northern blotting and expressed as a ratio relative the loading control. 

Groups were compared by ANOVA and error bars represent +/-1 standard error of the 

mean. 

pg of i.v. LPS 



Fimire 4 5 :  Dose response for splenic TNF protein one hour following i.v. LPS in 

ADX rats. ADX rats were injected with various doses of i.v. LPS and kilied at L hour 

post-injection. Splenic TNF protein levels [F(6,2O)=l2%3, p<0.000 1, n=27] were 

measured by ELISA and expressed as pghg of splenic protein. Groups were compared 

by ANOVA and error bars represent +/-1 standard error of the mean. 

pg of i x  LPS 
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Figure 4-6: Dose response for splenic I L 4  mRNA one hour foilowing i.v. LPS in 

ADX rats. ADX rats were injected with various doses of i.v. LPS and killed at 1 hour 

post-injection. Splenic I L 4  mRNA levels F(6,2 l)=î8.22, p<0.000 1, n=28] were 

analyzed by Northem blotting and expressed as a ratio relative the loading control. 

Groups were compared by ANOVA and error bars represent +/-1 standard error of the 

mean. 
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Fimire 4-7: Dose response for splenic I L 4  protein one hour following i.v. LPS in 

ADX rats. ADX rats were injected with various doses of i.v. LPS and killed at 1 h o u  

post-injection. Splenic IL- l protein levels F(6.20)=60.18, p4.0001, n=27] were 

measured by ELISA and expressed as pg/mg of splenic protein. Groups were compared 

by ANOVA and error bars represent +/-1 standard error of the mean. 

pg of i.v. LPS 
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Fimire 4-8: Dose response for splenic IL4  mRNA one hour following i.v. LPS in 

ADX rats. ADX rats were injected with various doses of i.v. LPS and killed at 1 hour 

post-injection. Splenic I L 4  mRNA levels [F(6,21)=5.77, p=0.001, n=28] were anaiyzed 

by Northem blotting and expressed as a ratio relative the loading control. Groups were 

compared by ANOVA and error bars represent +/-1 standard error of the mean. 

pg of i.v. LPS 



Fimire 4-9: Effect of ADX on splenic cytokine mRNA one hour following 0.01pg of 

i.v. LPS. ADX and s h m  rats were injected with 0.01pg of i.v. LPS and killed at 1 hour 

post-injection. Splenic TNF [T(6)= 1.2, p=0.14ns, n=8] and IL- 1 [T(6)=0.5. p=O.jns. 

n=8] mRNA levels were measured by Northem blotting and are expressed as a ratio 

relative to the loading control. The groups were cornpared with a one-tailed T-test and 

error bars represent +/-1 standard error of the mean. 
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Fimire 4-10: Effect of ADX on splenic cytokine protein one hour following O.Olpg 

of i.v. LPS. ADX and sham rats were injected with 0.0 1 pg of i.v. LPS and killed at 1 hour 

post-injection. Splenic TNF [T(6)=1.2, p=0. lrlns, n=8] and IL-1 [T(6)=-0.2 1, p=0.57ns, 

n=8] protein levels were measured by ELISA and expressed as pg/mg of splenic protein. 

The groups were compared with a one-tailed T-test and error bars represent +/-1 standard 

error of the mean. 

[7 TNF 
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Fimire 4-1 1: Effect of ADX on splenic cytokine mRNA one hour following lOpg of 

i.v. LPS. ADX and sham rats were injected with 10pg of i.v. LPS and killed at 1 hour 

post-injection. Splenic RIF [T(9)=1.08, p=O. 1 Sm, n= 1 11, IL- 1 [T(9)= 1.46, p=0.09ns, 

n=l 11 and IL-6 [T(9)=0.37, p=0.36ns, n=l 1] mRNA levels were measured by Northern 

blotting and are expressed as a ratio relative to the loading control. The groups were 

compared with a one-tailed T-test and error bars represent +/-1 standard error of the 

mean. 

Sham ADX 



m r e  1-12: Combined effect of splenic nerve cut and adrenalectomy on splenic 

TNF mRNA one hour following 0.01pg of i.v. LPS. Rats with combinations of sham 

surgenes, ADX and splenic nerve cuts (NC) were injected with 0.0 1 pg of i.v. LPS and 

killed at 1 hour post-injection. Splenic RIF rnRNA levels F(3,32)=1.14, p=O.Xns, 

n=26] were measured by Northem blotting and are erpressed as a ratio relative to the 

loading control. The groups were compared by ANOVA and error bars represent +/-1 

standard error of the mean. 



Fimire 4-13: Combined effect of splenic nerve cut and adrenalectomy on splenic 

TNF mRNA one hour following 100pg of i.v. LPS. Rats with combinations of sham 

surgeries, ADX and splenic nerve cuts (NC) were injected with 100pg of i-v. LPS and 

killed at 1 hou. post-injection. Splenic TNF mRNA levels F(3,32)=0.947, p=O. 43 ns, 

n=36] were measured by Northem blotting and are expressed as a ratio relative to the 

Ioading control. The groups were compared by ANOVA and error bars represent +/-1 

standard error of the mean. 

ShamISham ShamINC ADWSham ADWNC 



Fimre 4-1 4: Combined effect of splenic nerve eut and adrenalectorny on splenic 

weight one hour following 100pg of i.v. LPS. Rats with combinations of sham 

surgeries, ADX and splenic nerve cuts (NC) were injected with IOOpg of i.v. LPS and 

killed at 1 hour post-injection. Splenic weight [F(3,3 1)=4.85, p=0.007, n=35] was 

expressed as a ratio to body weight. The groups were compared by ANOVA and error 

bars represent +/- 1 standard error of the mean. 

ShamISham ShamlNC ADWSham ADWNC 
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Fimire 4-15: Effect of splenic nerve cut on the percentage of macrophage, T-celi 

and B-ce11 positive staining in the rat spleen 1 hr after O.lpg of i.v. LPS. Control 

rats and rats with splenic nerve cuts were injected with O.lpg of i.v. LPS and killed at 1 hr 

post-injection. Portions of the spleens were fixed and processed for 

immunohistochemistry with the rat macrophage ce11 marker, ED-1 [T(22)=0.487, 

p=0.63ns. n=24], the rat T-ce11 marker, 0x42 [T(22)=3.71, p=0.0012, n=ZJ] and the rat 

B-ce11 marker, 0x43 [T(22)=1.38. p=0.18ns. n=24]. The percentage of positive staining 

per field of view was deterrnined using NIH image in conjunction with a digital video 

microscope. The groups were compared by T-test and error bars represent +/-1 standard 

error of the mean. 
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4.8. Discussion 

4.8.1. The efect of splenic nerve cut on splenic cytokine production in response to i.v. LPS. 

Sirnilar to in situ hybridization and immunohistochernistry [15 l,892]. cytokine 

expression was not detectable by Northem blotting pnor to LPS injection [89 1,8921. Ln 

contlast, other labs have s h o w  with more sensitive techniques like RT-PCR that mRNA 

levels are detectable in saline treated animals [867]. In our experiments, the ELISA kits 

did detect Iow baseline expression for RIF,  IL-1 and IL-6 protein. Unfortunately it is 

unknown if this basal expression represents normal endogenous levels of cytokine 

expression in non-pathogen fiee rats or is non-specific background. 

The major objective for this set of experiments was to determine if the splenic 

nerve regulated in vivo cytokine production in response to i.v. LPS. Contrary to our 

hypothesis, we found that cutting the splenic nerve did not influence cytokine expression 

in response to i.v. LPS. This was unexpected since the majority of the in vitro literature 

and our in vivo mode1 suggested a prominent role for NE in regulating splenic cytokine 

production. 

Our mode1 was initially based on the fact that Brown et al., demonstrated that the 

splenic nerve was inhibitory to splenic cytokines in vitro [89]. In agreement with Brown, 

Zhou et al., showed that macrophages fiom splenic nerve cut animals produced more 

cytokines in vitro than sham animals [890]. As reviewed in the rationale and in the 

literature review, the vast majority of in vitro reports also suggested that catecholamines 



are inhibitory to cytokine production. In vivo, it is known that the splenic nerve, as 

cornparcd to the rend nerve, can be selectively activated in response to LPS [76,645]. It is 

also known that immune stimuli can cause increased NE tumover in the spleen [2 191. The 

activation of the nerve is dependent on the induction of central PGE2 [76], and when 

administered i.c.v., PGEZ suppresses splenic cytokine production [717]. Cutting the 

splenic nerve partially abrogated the immune suppression induced by i.c.v. PGE:! [7 171. 

In other words LPS activates the splenic nerve which causes an increased release and/or 

turnover of splenic NE which is inhibitory to cytokine production. In spite of looking at 

both mRNA and protein levels to account for differences in post- transcriptional 

processing, no effect of the splenic nerve on cytokine production for any of the 

experiments was observed. The question thus remains as to why these results did not 

support Our in vivo mode1 and the majority of the in vitro studies. 

One explmation as to why we did not observe a nerve cut effect could be due to 

the dose of i.v. LPS used in Our studies. We first chose to investigate if cutting the splenic 

nerve would increase the peak of splenic cytokine production in response to LPS at I hr 

post-injection (the peak for TNF mRNA and protein). Related to this, we also wanted to 

determine if the time course in response to i.v. LPS would be altered in nerve cut animals 

as detennined by cytokine levels at 2 hr post-injection. Based on the dose response data 

in the previous experiment it was postillated that larger doses of LPS incrementally 

activated dflerent feedback systems which presumably served to keep cytokine levels in 

check. For example it was determined that splenic cytokine levels peaked in response to 



1 pg of i.v. LPS. The corticosterone response was aiso mêuimal in response to 1 pg, while 

the epinephrine response was maximal after 10pg of LPS and splenic NE levels were 

reduced in response to 100pg of LPS. Therefore we wanted to test the peak cytokine 

response with a dose of LPS that aiso engaged the centrai systems controlling splenic 

nerve activity. This was important as it is possible that lower doses which do not affect 

homeostasis may not activate these central pathways. We also did not want to choose a 

dose of LPS too potent as o u  lab has shown [90,717] (which has been verified by Lacroix 

and Rivest [596]), that high doses of LPS may ovemde any attempted blockade by 

central pathways on peripheral inflammation. Therefore we chose 10pg of LPS to induce 

the peak response because it was the lowest dose that induced maximal cytokine 

expression, consistently induced c-fos expression in the brain [105,860]. increased plasma 

epinephrine (figure 3-1 7) and increased splenic nerve activity in 100% of the cases in 

anesthetized animais [76]. The results indicate that neither the peak levels of cytokines at 

l hr post-injection nor the levels measured at 2 hr were different in nerve cut animals in 

comparison to controls. Therefore it must be considered that either the 10pg dose was too 

potent and activated the immune response beyond what the central systems could 

downregulate, or that this dose was insufficient to engage the appropriate central 

pathways that control the splenic nerve. 

Arguments that suggest the 10pg dose was too high a dose to observe the nerve 

cut effect include the fact that the cytokine expression is at its maximum and thus any 

negative signal transduced by the splenic nerve may be ineffective. If this is the case then 



the drop in splenic NE levels observed in response to 100pg of LPS represents 

cardiovascular adaptations to LPS and the immune specific responses occur at lower 

doses of LPS. In the lowest dose measured, they reported that 416 animais responded to 

0.4pg of i.v. LPS. However these snidies were done in anesthetized animals, so arguably 

an even lower dose may activate the splenic nerve in conscious rats. Therefore if the nerve 

was activated in response to lower doses of LPS, and maximal doses could not be altered 

by nerve activation, then cutting the nerve should increase the cytokine response to a 

submavimal dose of LPS. However the results did not indicate any nerve cut effect in this 

paradigm either. Therefore it is likely that this dose of LPS (O. l pg). although capable of 

cytokine induction, did not activate the central counter-regulatory systems responsible 

For inhibiting periphenl cytokine production via the splenic nerve. 

Another possibility is that the IOpg dose was also not potent enough to 

sufficiently activate the splenic nerve in our model. This is suggested by the fact although 

c-fos c m  be induced in the PVN. it rnay not be linked to the specific efferent pathways 

that control the splenic nerve. Also, since the 100pg dose of LPS caused a signifiant 

reduction in splenic NE levels relative to the IOpg dose (figure 3-19). this suggests that 

the splenic nerve is mavimally activated in response to that dose of LPS. Therefore it is 

possible ffom a homeostatic perspective that the splenic nerve only serves to inhibit 

cytokine production in situations that overwhelm the other feedback pathways such as 

the HPAA and the adrenal meduila. However, cutting the splenic nerve had no effect on 

the response to 100pg of i.v. LPS in terms of cytokine production (figure 4-1 3). 



Therefore our results indicate that cutting the splenic nerve does not regulate splenic 

cytokine production for the wide range of doses tested. 

A second explanation as to why the there is an observed lack of regulation of 

splenic cytokines by the splenic nerve may have to do with a compensatory response. It 

is known that the HPAA and SNS are related in terms of central anatomical structures 

[W], central mediators [157,368] and cm regulate each other in the periphery 

[365,366,379,3 8O,3 82.383,3 8S,3 861 and potentidly through central feedback systems 

[366,3 69,3 701. Therefore when one of these primary system are inhibited. the other 

systems may compensate. Evidence for this is suggested by Besedovsky et al., and [J8] 

Brown et ai., [89] who demonstrated more pronounced nerve cut effects in ADX rats. 

Similar to t h ,  MacNeil et al.. showed that acute ADX increased the sensitivity of the 

splenic nerve in response to LPS [378]. Also, ADX will increase peripheral NE turnover 

in response to stimdi [372] and some reports have suggested that the lack of 

corticosterone causes this increase in peripheral NE turnover [37 11. Conversely, 

sympathectomy with 6OHDA will increase penpherai E [271], and increases peripheral 

and central HPAA activity [246,270-2721. It is known that ADX will cause changes in 

central mediators such as CRF and AVP [294295,297,947,948] , however it is unknown 

if the c-fos and catecholamines induced centrally in response to 6OHDA represent 

compensation or are a non specific reaction to nerve damage. Therefore it is possible that 

the splenic nerve does regulate endogenous splenic cytokine production in response to 

LPS, but that the adrenal glands can compensate for the loss of neural input. Since 



MacNeil's results were in acute ADX rats, the potentid compensation mechanisms 

behveen systems mut be irnrnediate. This could also help explain the results of Elenkov 

et al., [195], who also investigated the effects of the SNS on cytokine production in vivo. 

They looked at TNF production h the plasma of mice given ~Morisondamine and 30 

minutes later challenged with 2 mglkg of i.p. LPS. They found no effect of the ganglionic 

blocker on circulating levels of LPS-induced TNF. Interestingly, evidence to potentially 

refùte the compensation theory was first presented by Brown [89] et al., (and verified in 

this experiment) in that plasma corticosterone and E levels were the same in both nerve 

cut and control rats. Therefore unless the increased levels of these mediators occurred 

before the time of sampie collection, or there was a difference in fiee vs. bound 

corticosterone and/or E turnover. then compensation is not a viable expianation. 

It is known that glucocorticoids are potent irnmunosuppressants and that 

corticosterone is induced in response to very low doses of LPS, sometimes even before 

cytokines can be induced [429]. Therefore it is possible that the splenic nerve does not 

normally regulate LPS-induced splenic cytokine production in an adrend intact rat as 

corticosterone is suffrcient for this purpose. However the in vitro studies suggest that the 

potential is there and may only be engaged in situations where the adrenal glands, and 

specifically the HPAA are not hctioning to properly inhibit inflammation. Then any 

preferential activation of the splenic nerve in response to LPS in the intact animais may 

mediate cardiovascular signals that regulate blood flow and lymphocyte recirculation 

which are known to be regulated in vivo by catecholamines [ 167,170- 1 721. 



4.8.2. The effect of the ADX on splenic cytokine production in response to iv. LPS. 

It is aiso possible that the effect of the splenic nerve on splenic cytokine 

production is either masked by the adrenal gland or is not engaged unless the adrenal gland 

is unable to maintain homeostasis on its own. Therefore in our model. the effect of the 

nerve on splenic immune function should be more pronounced in an ADX n t  as observed 

by both Brown et ai. [89], and Besedovsky et al. [48] in their experiments. However the 

optimal doses of LPS to use in ADX rats was first detemined. 

It is known that both ADX rats [344.345,679.94&.949] and ADX mice 

[339,34l -M3,346,945,950] are more sensitive to the efiects of LPS as compared to their 

sham counterparts. For exarnple. Cadi et al., demonstrated that ADX rats were 2OOX 

more sensitive to the lethal effect of LPS than sham operated rats [3rW]. This was 

confmed in mice by Silveatein et al, [343]. In 1992. Ramachandra et al.. [339] 

demonstrated that both surgical and chemical ADX mice were 500X more sensitive to the 

lethal effects of LPS than control rats. in agreement with previous reports [950] this also 

suggested that corticosteroids and not catecholamines were responsible for this effect. 

Ramachancira et al., also found that ADX mice produced JO-60X more TNF than control 

rats in response to the same dose of LPS. Other groups also found an increased cytokine 

production in ADX rnice, but that the time course was similar, although slightly extended 

as compared to controls [341]. Increased I L 4  mRNA production was observed in ADX 

rats in response to i.p. LPS [944] as determined by Northem blotting, and macrophages 



From ADX mice produced more IL- 1 in vitro then their sham counterparts [95 11. This is 

consistent with in vitro studies detailing the ability of glucocorticoids to inhibit cytokine 

production [328,329]. Therefore there was the possibility that the lethal effects of LPS in 

ADX mice were also due to increased cytokine production as well as lack of a pressor 

response and the dysregulation of energy metabolism [344]. Thus the dose response to 

LPS was repeated in ADX animals to verib the ADX effect on cytokine production and 

to determine the optimal dose to use in ADX/nerve cut studies. 

In the ADX dose response we found that the 0.0 I pg dose of LPS-induced more 

prominent mRNA levels for TNF and I L 4  in ADX rats as compared to the dose 

response in sham operated controls. However, doses lower than 0.0 1 pg did not induce 

cytokine levels higher than baseline. The O. 1 pg dose was still submaximal in terms of 

inducing a TNF response, but induced the peak amount of IL4 rnRNA. This suggested 

that the ADX rats had an increased sensitivity to LPS as compared to the sham operated 

controls (up to IOX), but not near the magnitude suggested by Ramachandm et al. [3391. 

However later verification of the protein levels indicated that host response to these low 

doses of LPS-induced a similar pattern of TNF and I L 4  expression as compared to 

adrenal intact rats. It was found that the O. 1 pg dose induced a submaximal response while 

the 0.0 1 pg dose did not induce levels above basehe. The only differences were at the 

higher doses where 1 0pg of LPS-induced more cytokine protein than 1 pg of LPS. This 

\vas in contrast to the protein data obtained in the intact rats and the mRNA data in ADX 

rats wherr the 1 pg and 10pg doses induced equivaient responses. Therefore it is possible 



that although mRNA levels have peaked, removd of the adrenal glands increased protein 

levels, most likely due to increased RNA stability. However this trend did not continue 

for doses above IOpg in that the 100pg and 1000pg doses did not increase cytokine 

expression above the 10pg dose. Therefore there is either a biological limit to the amount 

cytokines the spleen is able to produce or this is the point at which the nerve is actively 

inhibiting cytokine production. 

The dose response of IL-6 mRNA in ADX rats was similar to intact animals in 

that peak levels were induced in response to the 10pg dose as compared to the 1 pg dose 

(no induction was seen below 1 pg). However the difference was that in the ADX dose 

response, the difference between the 1 pg dose and the IOpg dose was statistically 

significant. [t is unknown if this represents a differential sensitivity of ADX rats to LPS 

in terms of IL-6 production or is just biological variation as compared io the last 

experiment. Thus out results show that ADX rats are not many times more sensitive than 

control rats in terms of LPS-induced cytokine production. However the dose response 

experiments were perfonned on different sets of animais and thus direct cornparisons 

were needed. 

Three doses of i.v. LPS were then compared in sham and ADX rats: 0.01 pg, 10pg 

and 100pg. In contrast to previous reports we found only a minor increase in cytokine 

production in ADX rats, as compared to sham operated controls. Interestingly. the trends 

were more prevdent with respect to TNF production than either I L 4  or IL-6. Thus the 

striking differences found by Ramachancira et al., in terms of TNF production in ADX 



mice versus control mice were not repeated in our rat model. The reasons for the 

discrepancy between our results and the results reported by Ramachancira et al., are 

unknown. However possible explmations include the fact that both their end meas1se and 

animal rnodel were different from ours. Because they assayed circulating levels of 

bioactive cytokines and not immunoreactive cytokines, the possibility exists that there is 

a difference between the two measures as TNF is susceptible to post-translational 

modification [548-5501. It also possible that since they measured circulating levels of 

cytokines. increased TNF tumover may be evident in the plasma but not in any individual 

organ. However we measured plasma TNF in response to 1Opg and 100 pg of LPS in 

ADX rats and did not observe a difference as compared to controls (data not show).  

Typical of many studies with glucocorticoids and cytokines. Grewe et al.. found that 

demethasone decreased LPS-induced R I F  mRNA by 50% in rat liver macrophage. yet 

totally abrogated the protein levels [327]. However the adminstration of synthetic 

glucocorticoids in vitro is different From the endogenous response as the 

microenvironment is lost. Also. dexamethasone binds GR more strongly than MR. where 

as corticosterone binds MR more strongly and GR is the predominant receptor type on 

immune cells. 

In surnmary it is unknown if the nerve function has compensated for the missing 

adrenal glands or if cytokine production proceeds autonomously kom centrai pathways 

as both the splenic nerve and the adrenal gland individuaily did not significantly impact on 

splenic cytokine production. Therefore if central systems function to modulate splenic 



cytokine production in response to LPS, that modulation may only be observable upon 

removai of both the adrenai glands and the splenic nerve as this may be the only situation 

where homeostasis is in jeopardy. 

48.3. The e ffect of the corn bina tion of 'splenic nerve ad? and A DX on splenic cytokine 

production in response to i. v. L PS. 

Although there were no observable effects of cutting the splenic nerve on splenic 

cytokine production in adrenal intact animals, it is still possible that the splenic nerve had 

a role in this capacity. This is because the adrenai glands may have masked any effect of 

the nerve or possibly compensated for its absence. Although trends were observed. ADX 

by itself also did not drastically alter splenic cytokine production in response to LPS. 

Therefore we employed the 2 x 2  experimental design (sham/sham, sharnherve cut, 

ADXkharn and ADWnerve cut) used by Brown et ai., [89] and Besedovsky et al.. [48] to 

determine if the splenic nerve regulated splenic cytokine production in ADX rats. The 

hypothesis was that the combination of ADXherve cut would eliminate the main 

regulatory systems that inhibit cytokine production, and, as a result cause elevated levels 

of splenic cytokine mRNA and protein in response to i.v. LPS as compared to the other 

three groups. 

Similar to the rationale in the previous nerve cut experiments, we chose bvo doses 

of LPS that represented the two extremes of our dose response. n i e  high dose, 1 OOpg, 

was chosen because in intact animais the nerve was maximally activated in response to 



this dose as determined by decreased NE levels. Therefore whatever the regulatory 

capability of the splenic nerve is, this capability is presumably maximum in response to 

1OOpg of LPS. In intact and ADX rats cytokine production hits a ceiling in response to 

low doses of LPS as compared to the other physiologicd responses (changes in fever, 

blood pressure changes, body temperature etc.). Therefore if the adrenal gland, and the 

splenic nerve in the absence of the adrenal gland. fhction to maintain this ceiling, then 

presumably the higher the dose of LPS administered, the more obvious the nerve cut 

effect would become. 

It is also possible that 1 OOpg of LPS may ovenvhelm the immune system such 

that any manipulation would not alter cytokine production. If this was the case, this 

implies that any dose capable of inducing mavimal cytokine production would be beyond 

the regulation of central inhibitory pathways. For this reason the 0.0 1 pg dose of LPS was 

also chosen. The reasoning was if the nerve was activated in response to lower doses of 

LPS than indicated by splenic NE levels. then the submauimal response to 0.01 pg of LPS 

could be potentiated in ADXherve cut animals as compared to controls. Both the 0.0 1 

and O. 1 pg doses induced submaxirnal responses but the O. 1 pg dose induced maximal levels 

of I L 4  mRNA and thus was we selected the 0.01 pg dose in these studies. 

Sirnilar to the other nerve cut expenments, there was no effect of splenic nerve cut 

on splenic cytokine production in response to either dose of LPS. This was in spite of 

removing the other potentially inhibitory mediators, the adrenai glands. Consistent with 

this, the effect of ADX on splenic cytokine production was not enhanced in nerve cut 



animds suggesting that the compensatory mechanisms between the adrend gland and the 

splenic nerve are not present for the conditions tested. Thus, for the doses tested, 

cytokine production was independent of central regulation Save for the few modest 

changes observed in response to ADX. Therefore Besedovsky's feedback mode1 involving 

the SNS and HPAA was not evident in response to LPS-induced cytokine production. 

There are a few potential explanations as to why we were unable to observe a 

nerve cut effect on splenic cytokine production. Firstly. it is possible that the doses we 

used were too extrerne. It is possible that the 100pg dose was too potent and caused 

maximal cytokine production irrespective of cena l  activation. It was originally thought 

that since the IOOpg dose caused splenic NE levels to &op, this was the point in which 

the splenic nerve was activated to restrain M e r  cytokine production. However the lack 

of nerve cut effect in response to this dose of LPS suggests that the ceiling of cytokine 

production was reached independent of the splenic nerve. Therefore. if this dose was too 

potent. then the response to a lower dose of LPS (0.01 pg), which did not cause maximal 

cytokine production, may be potentiated in ADWnerve cut animals. The lack of an effect 

with this dose suggests that it was not potent enough to engage the central systems and 

the immune system dealt with it autonomously. Therefore it seems that the doses potent 

enough to engage the centrai systems have already activated the immune system beyond 

regulation and doses that induce submavimai responses do not activate the splenic nerve. 

An alternate strategy would have been to utilize doses of LPS that induced 

discrepancies between cytokine mRNA and protein. For example, although IL-1 mRNA 



levels in ADX rats peaked in response to O. 1 pg of LPS, protein levels did not Therefore 

a nerve cut effect in response to O. lpg of i.v. LPS rnay have been observed for splenic IL- 

I protein but not for splenic IL-1 mRNA. Likewise, in response to 1 pg of LPS, mRNA 

for both TNF and IL4 were at their peak levels while the protein levels were significantly 

less than those induced by 10pg of LPS. Therefore cutting the nerve may have increased 

cytokine protein but not mRNA in response to this dose as well. These studies would 

indicate if the splenic nerve, like glucocorticoids, codd affect mRNA stability. Althoogh 

these possibilities rernain, there are a few points to be considered. First although 

cytokines are susceptible to post-transcriptional regulation. there is no direct evidence 

that supports a for role NE or other neuropeptides in this capacity. As a matter of fact, 

Spengler's in vitro studies showed that NE affected TNF mRNA levels in a similar 

marner to the protein [l87,l93]. Also, although 10pg of LPS-induced more cytokine 

protein than 1 pg of LPS. the magnitude of this difference was small (approximately 15- 

20%). It is unknown what the biological significance of this rnoderate a change would be. 

Similarly, it is possible that NE regulates cytokine expression at the post- 

translation level as the majority of in vitro studies have measured secreted cytokines. If 

this were the case then measurements in any single organ may be uninformative with 

respect to potential increases in systemic spill-over into the plasma. However. since the 

spleen does not significantly contribute to the circdating pool of cytokines [923,924], 

measuring plasma levels in our experiments would not shed light on this possibility. 

Therefore systernic chemical sympathectomy wodd have to be done with either a 



ganglionic blocker such as chlorisondamine or 6OHDA which destroys sympathetic post- 

ganglionic fiben. The former may be preferable as it could be adrninistered more acutely 

to prevent long terms compensation and 6OHDA can cause undesirable secondary effects 

like an initial NE bolus and corticosterone release. Elenkov et al., performed this 

experiment with a ganglionic blocker  nori ris on da mine) and did not observe a nerve 

blockade effect on plasma R I F  production effect in adrenal intact mice [195]. However. 

they did not test the effects of chlorisondamine on LPS-induced TNF levels in ADX 

mice, a similar paradigm to Besedovsky's model. If we were to predict the result of this 

proposed experiment it is likely that the ablation of the SNS would not affect circulating 

cytokine production as in Our model there was a close relationship between splenic 

mRNA, splenic protein and when rneasured, circulating protein. Surprisingly. this same 

eroup, Szelenyi et al.. [198], recently found that LPS-induced plasma TNF levels could be 
C 

increased in rnice treated 24-48 hr pnor to LPS with i.p. reserpine. Reserpine depletes 

catecholamines as opposed to ganglionic blockers which prevent communication between 

pre-ganglionic and post-ganglionic cells via blockade of the post-synaptic nicotinic 

recepton [134,14 11. It is unknown why the results would differ between these studies as 

the fùnction of these drugs should be similar in this paradigm in that they prevent 

catecholamine release in response to LPS. Interestingly, Besedovsky's group was able to 

abrogate LPS-induced increases in splenic blood flow with reserpine or splenic 

denervation but not hexmethoniurn (a gangliooic blocker) [952]. This suggests that LPS 

and cytokines may dkectly cause the release of NE fbrn post-ganglionic nerve terminah. 



However Szelenyi et al., gave no explmation of this phenornenon or of the apparent 

contradiction between their results and previously published reports From their lab. It is 

unclear why they observed an effect of the sympathetics on LPS-induced TNF in their 

model system and we did not. However it could be due to the pharmacological 

manipulation of their system with reserpine as it affects peripheral neurons, central 

neurons and the adrenai medulia, or the fact that their model system was mice and we 

used rats. We also found no noticeable difference in the mRNA levels for either TACE 

(which was undetectable) or [CE in response to 100pg of i.v. LPS among the four groups. 

However, since these molecules can themselves undergo post-translational regulation, 

rneasuring the levels of the mRNA does not provide definitive information on cytokine 

protein turnover. 

Since it has been proven that compensation c m  occur between the efferent m s  of 

the central regdatory system. another (aibeit remote) possibility is that other systems 

may have compensated for the lack of inhibition From the adrenal glands and splenic nerve 

in response to splenic cytokine production. These mediators could be hormones from the 

pituitary, salivary glands or other endocrine glands. However there is no direct evidence 

to support this hypothesis. 

The final possibility is that the nerve does not function to regulate cytokine 

production in response to LPS. Although there is a well documented role of 

catecholamines in regulating blood pressure and energy rnetabolism, our results contradict 

the many in vitro studies suggesting a role for NE in regdating LPS-induced cytokine 



production. However other panmeters of immune function nich as ce11 movement 

[167,I 70,1721 and phagocytosis may be mediated by NE [66,953]. For example, we 

found that cutting the splenic nerve increased splenic weight and significantly decreased 

the percentage of splenic T-cells per field of view. These observations seem to 

complunent each other as a fixed T-ceU number in an increasing volume will result in a 

decreased Tsell percentage. Although the same pattern was evident for B-cells, it was of 

a significantly lesser magnitude; and, this relationship did not exist for macrophages. The 

reasons for these di fferential effects are unknown. However one possible explanatio n is 

that since NE can promote lymphocyte homing to the spleen [167], lack of NE may 

preclude the maintenance of the relative proportions of specific immune cell populations 

in the growing spleen. Alternatively it is possible that once certain ce11 types are in the 

spleen, it is more difficult for hem to leave. Besedovskyos group (Rogausch et al., [172]) 

found in their splenic perfusion mode1 that the lower the vascular resistance, the greater 

the movement of cells out of the spleen. However catecholamine agonists and antagonists 

had the ability to alter this relationship. For example although propanaIo1 (a beta 

adrenergic antagonist) decreased vascular resistance, it did not cause an increased 

movement of cells out of the spleen as expected by its effect on the vasculature. 

Therefore the nerve may be mediating aspects of ceii traficking which are altered in 

response to LPS as indicated by the reduced latency of the increase in splenic nerve 

activity as compared to rend nerve activity [76]. Saline animals were not included in our 

experiments so it is unknown if the nerve cut effect on splenic weight we observed was 



LPS independent. However it is unlikely that LPS could produce these changes in splenic 

morphology in oniy I hr. 

This putative role in regulating splenic weight and the proportions of the different 

cell types suggest the SNS rnay be more involved in regulating antigen surveillance aç 

opposed to the acute infiammatory response. This is consistent with the notion that 

immune challenges which elicit a strong corticosterone response do not require additional 

regulation from the SNS. Therefore in antibody-antigen interactions. where physiological 

conicosterone is not a major factor [48,249-25 11, the nerve may be the primary mediator. 

This is suggested by Besedovsky's original report [48] which used sheep red blood cells 

as an immune measure and our lab has results that show that the splenic nerve c m  

mediate IL-Xnduced increases in the sheep red blood ce11 response. As well, Viqinia 

Sanders and colleagues have published nurnerous critical studies on the effects of NE on 

antigen-antibody interactions [152,153.258-260,269,954,9551. Therefore it is possible 

that if the splenic nerve transduces an immune specific signai in response to LPS [76], it 

rnay not be meant for the innate response, but to prime the adaptive immune system for 

exposure to a potential pathogen. Thus it is possible that although LPS and live bacteria 

induce the sarne pattern of cytokine production, it is only during the chronicity of a 

bacterial intèction that the role of the splenic nerve may be apparent. These studies have 

yet to be conducted. 

We observed that dl of the additional molecules we tested showed a similar 

pattern to the LPS-induced responses of TNF, IL-1 and IL-6 except for IFN-gamma and 



IL- 12 p40. Shce these cytokines are involved in cell-mediated immunity it would be 

expected that they would follow a similar course to the others. For exarnple, IL-12 p40 

mRNA followed the trend of TNF in that it was increased by ADX. This is not 

surprishg since IL- 12 is a key mediator in the TH1 response which is Uihibited by 

glucocorticoids. Along this line of reasoning it was predicted that cutting the splenic nerve 

cut would also increase IL-12 p 4 O  mRNA levels as the environment would be more 

conducive to a TH1 response, however this was not observed. The expression pattern for 

IFN-gamma \vas exactly opposite to what we would have predicted in that the 

combination of nerve cut/ADX decreased mRNA expression relative to controls. It could 

be that this was a technical artifact as IFN-gamma levels were barely detectable at 1 hr 

post-LPS (their peak is at 2-4 hr post LPS). Further experirnents would be required to 

validate these observations. 

4. S. 4. Perspectives 

In summary we were unable to demonstrate in vivo that the splenic nerve 

regulates splenic cytokine production in response to LPS in either intact or ADX animals. 

We were also unable to demonstrate a significant effect of the adrenals on splenic 

cytokine production. Therefore it seems that once the inflammatory cascade is initiated. 

the brain cannot significantly impact on splenic cytokine production, at least with respect 

to the dosehime points tested. However, if the neural regdation of inflammation and 

natural imrnunity is merely a byproduct fiom the regulation of other systems such as 



energy metabolism and cardiovascdar function, why do macrophages have adrenergic and 

giucocorticoid receptors? 

The answer may lie in the experimentai paradigms that could demonstrate that the 

splenic nerve does regulate splenic immune function. For example our lab has shown that 

i.c.v. PGEZ reduced peripheral cytokine production in response to 0.1 pg of i.v. LPS and 

that this effect was partially abrogated by splenic nerve cut [717]. This was similar to 

Brown's original paradigm of looking at cytokine production in macrophages fiom intact 

and splenic nerve cut animais that received i.c.v. I L 4  [89]. Others have shown simiiar 

effects with different measures of natural immunity. For example Lipton et al., found that 

i.c.v. MSH reduced skin inflammation and this eftect was blocked by spinal cord 

transection [230]. Hori's lab found that central stimulation of certain brain areas either 

with lesions or substances administered i.c.v, caused increased splenic nerve activity and 

decreased NK ceil fwiction [160- 1621; these effects were also abrogated by splenic 

denervation. Irwin et al.. found a sirnilar effect with i.c.v CRF and NK ce11 function [163]. 

Therefore a strong central stimulus that cm effect immune function can potentially be 

abrogated by cutting the splenic nerve. These studies suggest that the potential for splenic 

nerve regulation of splenic cytokines exists, but can not be demonstrated in our paradigm. 

This is likely due to the fact that a dose of LPS required to activate the central systems, 

may also activate the immune system beyond normal physiological regulation. Thus once 

the LPS has activated the macrophages any inhibitory signals are too late to affect 

cytokine production as the cascade is both rapid and ûansitory. By separating the centrai 



stimulus fiom the peripheral stimulus (huictionally and/or and temporally), maximal 

centrai activation c m  be tested in response to a peripheral challenge that will not 

ovenvhelm the system. Psychological stress is an ideai central stimulus because it \vil1 

activate the same central systems as LPS, but not activate peripheral immune fùnction. 

By irnposing maximal central activation on a low dose of LPS it rnay be possible to 

determine if the splenic nerve can regulate splenic cytokine production. 



5. Experiment 3 

The role of the SNS and HPAA 

in regulating the effects of stress 

on LPS-induced splenic cytokine 

production. 



5. Experiment 3: The role of the SNS and HPAA in regulating the effects of stress 

on LPS-induced splenic cytokine production. 

5.1. Overview 

The objectives of this experiment were to determine 1) if psychological stress 

(footshock) affects LPS-induced splenic cytokine production; and 2) if these affects are 

mediated by the splenic nerve, the adrenal glands or both of these structures. We modified 

a mode1 used by Goujon et al.. [867] where animais were injected with LPS prior to being 

exposed to stress.The exposure to stress and LPS injection were timed so that cytokines 

were rneasured at 1 hr post-injection (the peak for TNF rnRNA. I L 4  mRNA and R I F  

protein) to remain consistent with our previous experiments. it is known that the HPAA 

and SNS are engaged more rapidly in response to stress than LPS. the mediators released 

tiom these systems are known to suppress immune fùnction and that the dose of LPS 

used in our studies (0.1 pg) does not itself activate the SNS or HPAA. Therefore we 

predicted that stress will suppress LPS induced splenic cytokine production and that the 

splenic nerve and adrenal glands will mediate this effect. It was found that stress was 

immunosuppressive, but that neither the splenic nerve nor the adrenal gland were 

individually responsible for mediating the immunosuppressive effects of stress in our 

system. However removai of both the adrenal glands and the splenic nerve significantly 

abrogated the immunosuppressive effects of stress on splenic TNF and I L 4  mRNA and 

protein in response to i.v. LPS. 



5.2. Objectives 

1. To detemine the effects of stress on LPS-induced splenic cytokine production. 

2. To ascertain if the splenic nerve mediates the eKects of stress on splenic cytokine 

production. 

3. To assess the role of the adrenal glands in mediating the effects of stress on splenic 

cytokine prcduction. 

4. To examine the interaction between the adrenal glands and the splenic nerve in 

mediating the effects of stress on splenic cytokine production. 

5.3. Hypo theses 

It is predicted that stress will suppress LPS-induced splenic cytokine production 

and this will be paaially mediated by the splenic nerve. Consistent with previous 

rationale, both the adrenal gland and the splenic nenie will have a role in mediating the 

effects of stress on splenic cytokine production in that the nerve cut effect will be more 

prominent in ADX rats. 



5.4. Rationale 

It is unknown why the previous set of experiments (experiment 2) failed to 

demonstrate that the splenic nerve had a role in regulating splenic cytokine production. 

However it is possible that once the idammatory cascade is initiated, the SNS cannot 

significantly impact on LPS-induced splenic cytokine production. It is also possible that 

the doses required to engage the SNS in that study had activated the immune system 

beyond the influence of centrai regdation. Studies that effectively demonstrated a role for 

the splenic nerve on splenic immune function have al1 separated the immune stimulus 

from central activation. For example Pan et al., demonstrated that i.c.v. PGEZ. inhibited 

peripheral cytokine production in response to 0.1 pg of i.v. LPS (this dose does not 

activate the central feedback systems) and this effect was partially abrogated by splenic 

nerve cut [717]. This was similar to Brown's paradigm which looked at cytokine 

production in macrophages from intact and splenic nerve cut animals that received i.c.v. 

IL4 [89]. Similar effects were demonstrated by Macaluso et a1..[230], Hori et 

al.,[l60- 1621 and Irwin et al., [163] in their respective paradigms. 

For this set of expenments, we will employ psychological stress (sometimes 

referred to as just "stress") as our central stimulus and 0.1 pg of i.v. LPS as our peripheral 

stimulus. Psychological stress activates many of the same central and peripheral 

pathways as higher doses of LPS [32,90,757,758,807,8 1 5,83 1,9561, without maximally 

activating the immune system. Thus this paradigm should effectively separate immune 



activation Eom the centrai response as the 0.1 pg dose of LPS-induced moderate cytokine 

production in our system without concurrent increases in plasma corticosterone or 

splenic and plasma NE and E. 

Additional rationale for objective 1: The first goal is to determine the effects of stress 

on LPS-induced splenic TNF, IL-1 and IL-6. In order to make a prediction as to whether 

stress will increase or decrease LPS-induced cytokine production. it is important to 

consider that the effects of stress on immune function may depend on the severity of the 

stress 1862.957-9591, the type of stress [884,959,960], the nature of the immune function 

that is being measured [884], the timing of the stress in relation to the immune challenge 

[8O8,837,883,957.958,961,962] and the strain and species of animals used 

[27 1,845,884,962.9631- Also, in vitro immune measures may not be accurate as Green- 

Johnson et al., demonstrated that cells removed h m  their microenvironment behave 

differently than they do in vivo [266,267]. 

We predict that stress will decrease LPS-induced levels of splenic TNF and IL- 1, 

as  catecholamines and glucocorticoids are known to inhibit LPS-induced cytokine 

production in vitro and in vivo, and these mediators are released in high amounts after 

stress. In fact the time course for stress-induced activation of the HPAA and SNS is 

reported to be more rapid than the LPS-induced response in that plasma catecholamines 

are increased almost immediately d e r  the initiation of stress and c m  decrease to basehe 

by 1 hr [802,803,839,964]. Sirnilarly, the plasma corticosterone Ievel can be elevated as 



rapidly as 2-5 minutes d e r  the initiation of stress and drops to baseline by 1 hr, which is 

when LPS-induced corticosterone levels start to peak [15,790]. Therefore if the animds 

are exposed to stress in close proximity to LPS, catecholamines and corticosterone will be 

present in extremely high levels pnor to cytokine induction. This is in contrast to the 

previous mode1 where catecholamines and corticosterone are induced by high doses of 

LPS but may be too late to exert their effects at the initiai stages of the infiammatory 

reaction. 

Direct evidence to support stress-induced Urimunosuppression of LPS-induced 

cytokine production was reported by Goujon et al [867]. They found that 15 minutes of 

restraint stress (which is arguably less severe than our stress paradigm [835,840.84 1 ] ) 

irnrnediately following 10 pg of i.p. LPS, reduced cytokine levels in mice as measured by 

RT-PCR. Similarly. Beno and Kimura found that surgical stress also reduced LPS-induced 

plasma TNF levels [866]. However other reports suggest that stress c m  increase LPS- 

induced TNF and IL-1. For example, Kraal's group found that various types and 

intensities of stress increased LPS-induced levels of TNF and TL-1 in rat alveolar 

macrophages in culture [868,870]. interestingly, they also found that these effects were 

abrogated by pre-treating the rats with chlorisondamine suggesting a role for the SNS in 

this effect [871]. Increases in LPS-induced cytokine levels by stress were also reported 

by Zhu et al.. who looked at LPS-induced cytokine production in peritoneal macrophage 

The contrasting results demonstrated for 

literature. Aithough many explanations 

fiom animais exposed to swimming stress [869]. 

this abject are indicative of the stresdirnrnunity 



exist for this discrepancy, it is important to note that stress-induced increases in 

cytokines were only observed with in vitro assays. 

Based on the literature. the prediction for the stress-induced alteration of IL-6 

production is even less obvious. It would be expected that since IL-6 is produced in series 

with R I F  and IL-1, and these cytokines positively influence the production of IL-6 

[j 17,523,525-5283, that the expression pattern of LPS-induced IL4 in response to stress 

would be similar to TNF and IL-1. In support of this, glucocorticoids 

[326,328,332.333.336,m and catecholamines [ 1 741 76 1 have been shown to decrease 

IL-6 production in response to LPS. In contrast. other reports suggest that although 

glucocorticoids inhibit IL-6 production, catecholamines c m  actually potentiate IL-6 

production [965]. This latter effect has also been observed by others [173.200,965] and 

Straub et al., proposed that these divergent reports may be explained by the presence or 

absence of bacterial products. They found that if bacterial products are present then NE 

inhibits IL-6 secretion. If they are absent, then NE was found to potentiate IL-6 secretion 

[2 1 O]. In agreement with this latter observation, the majority of in vivo studies suggest 

that stress (in the absence of LPS) potentiates IL-6 production [204-207,8731. This 

phenomenon aiso occurs in models using non- psychological stress such as hemorrhage 

[966,967]. It is unknown how stress will affect IL-6 production in out paradigm as LPS is 

present. Therefore two-tailed tests were chosen for the initial experiments with respect to 

IL-6 production. 

Goujon et al. [867], convincingly dernonstrated a stress-induced suppression of 



splenic cytokine production in vivo. Therefore we adapted their protocol by replacing the 

I 5 minutes of restraint stress with 1 5 minutes of intermittent footshock. Goujon's 1 0 pg 

of i.p. LPS in the mouse was replaced with 0.1 pg of i.v. LPS in the rat. The qualitative 

differences are therefore that we used a milder immune challenge with a potentially more 

potent central stimulus [835,840,841] in order to better define the role of the SNS and 

HPAA in regulating splenic cytokine production. 

Additional rationale for objectives 2 4 :  It is known that stress will activate the H P M  

and SNS and cause the release of catecholamines and glucocorticoids [l]. It is also known 

that the splenic nerve is the only nerve to the spleen and it is entirely sympathetic 

[65,938]. In addition to this, splenic NE originates almost entirely (>95%) from the 

splenic nerve [144.937], splenic immune cells are in close proximity to splenic nerve 

fi bers [ 1 5 1 ] and contain adrenergic recepton [66]. Combined with the fact that 

catecholamines c m  regdate immune function, and speci fically cytokine production 

[18O, 1 87.188,192,968], it is likely that the effects of mess on splenic cytokine 

production are mediated at least in part by the splenic nerve. 

In support of this Keller et al., found that stress was irnrnunosuppressive to the in 

vitro mitogen response [57] and that this effect was present in ADX [56] and HYPOX 

[58] animais. Cunnick et ai., also found that both corticosteroids and catecholamines were 

involved in stress-induced immune suppression of in vitro Tsell mitogenesis [859]. 

Although suggestive, these studies did not definitively determine if the 



immunosuppressive effects of stress were mediated by the SNS. More direct studies from 

Irwin et al., showed that stress-induced immune suppression of NK function could be 

blocked by 6OHDA [163]. Sheridan's group used a mode1 of restm.int stress and exposure 

to influenza virus they also found that there were adrenal-dependent and independent 

mechanisms of immune suppression [863] as some of their stress-induced effects were 

blocked with 6OHDA [969]. Our lab was the first to show that surgically cutting the 

splenic nerve abrogated the immunosuppressive effects of stress on the response of 

splenocytes to mitogen and sheep red blood cells [860]. Based on these results it was 

predicted that the effects of stress on LPS-induced splenic cytokine production in vivo 

would be partially abrogated by cutting the splenic nerve. 

It was also predicted that the nerve would have a more pronounced eEect in ADX 

rats. This was because the SNS may compensate for the lack of an adrenal gland and have 

a more prominent role in mediating the stress-induced effects of splenic cytokine 

production as suggested by NE turnover studies in ADX rats [366,371,372]. In support 

of this, both Besedovsky 1481 and Brown [89] saw increased effects of the splenic nerve 

cuts on splenic immunity in ADX rats in their respective paradigms. 

5.5. Experimental Design 

Al1 studies utilized addt male Sprague-Dawley rats (225-250 g) that were 

obtained nom Charles River, (Dorval Quebec). The rats were kept on a 12-12 lightldark 



cycle and given food and water were given ad libitum (water for ADX rats contained 0.9% 

saline). Some animals undement combinations of sham surgeries, ADX and splenic nerve 

cuts and were allowed to recover for 7-1 0 days. Ail animals were singly housed, handled 

for 2 days then taken through the experimental procedure (weighing, mock injection etc.) 

for 3 days before the actuai experirnent. On the day of the experirnent, anirnals were 

weighed and then put under a heat lamp for 3 minutes to dilate the tail veins. They were 

then put in a restrainer and injected i.v. with O. 1 pg of LPS (E.Coli serotype 055:BS lot L- 

2637). Following this they were exposed to psychological stress for 15 minutes and killed 

45 minutes following the completion of this procedure. Our mode1 of psychological stress 

is 15 minutes of 1.6 mA intermittent footshock as described by Wan et al.. [860]. Each 

shock lasted 5s and was preceded by a 15s warning tone. The average interval between 

shocks was 3.5 minutes with a range between 2-5 minutes. Homecage controls were left in 

their cage until LPS injection. The animals were killed by decapitation and blood and 

spleens were collected for various assays. Northern blots. ELISAS, immunhistochemistry. 

N A  for corticosterone and catecholamine determinations were performed as descnbed in 

the materiais and methods section. Experiments were analyzed by ANOVA, and one- and 

two-tailed T-tests as described in the materials and methods. The stress/ADX studies 

were analyzed by ANOVA in a 2x2 design Iooking at the effects of ADX, stress and the 

combination thereof on splenic cytokine production in response to 0.1 pg of i.v. LPS. In 

order to compare groups in different experiments, the individuai values of the groups of 

interest were expressed as a difference from the mean of a group common to both 



experiments. Although the principal was similar to Z scores were calculations, the units 

were not standardized in ternis of standard deviations. Thus the data for experirnental 

groups are expressed in the original units as increases or decreases from the mean of the 

group common to both experiments. Ail procedures were approved by the animal ethics 

cornmittee at the University of Manitoba and the CCAC. The effectiveness of ADX 

surgeries were venfied by measuring plasma corticosterone and epinephrine levels while 

splenic nerve cut surgeries were venfied by measuring splenic NE. 

5.6. Results 

5.6.1. Objective 1 The e ffect of stress on L PS-induced splenic cytokine production ivhen 

O. 1 pg 0 f i .  v LPS precedes the exposure to stress. 

To veri& that plasma corticosterone and catecholarnine levels became elevated 

following exposure to stress, an abbreviated time course was perfomed in aninals that 

received footshock alone. It was found that plasma corticosterone [F(4,15)= 1.14, 

p=0.157 1 ns,], NE [T(6)=2.394, p=0.027] and E [T(6)= 1 S99, p=0.08 ns] were at their 

highest levels immediately d e r  stress ( t h e  0) and retumed to baseline 1 hr later. 

Corticosterone levels (figure 5-1) were approximately 2X higher immediately after stress 

than in homecage control animals (p=0.02) or rats L hr d e r  stress @=O.OS). These later 

two groups were not different from each other. A similar trend was demonstrated for 

plasma NE (p=0.027) and E Q ~ 0 . 0 8 )  in that levels Unmediately after stress were higher 



than homecage controls (figure 5-2). Levels of both NE and E retumed to baseline at 1 hr 

post-stress (not shown). 

In accordance with the above hdings, animals that received stress imrnediately 

after LPS injection (figure 5-3), had lower levels of splenic TNF [T(18)=4.3, p=0.0002, 

one-tailed], IL- 1 [T(18)= 1.78, p=0.046, one-tailed] and IL-6 [T(11)=4.157, p=O.OO 16, 

two-tailed] mRNA than their non-stressed counterparts. Splenic TNF [T(13)=3.45. 

p=0.002 1, one-tailed] and I L 6  protein [T(1 l)=3.564. p=0.0022, one-tailed] levels were 

also suppressed in response to stress. However, the splenic IL4 concentration 

[T(lj)=O.jg, p=0.28 ns. one-tailed] was not different fiom that in controi animais (figure 

54).  Irnrnunostaining (figure 5-5) verified that stress reduced splenic TNF levels 

[T(18)=3.422. p=O.O03. one-tailed], and determined that stress did not reduce the amount 

of ED-1 staining (macrophage ceil marker) [T(18)=0.066, p=0.47 ns. one-tailed] in the 

spleen (figure 5-6). This suggests that stress affects the individual cells in the spleen and 

not the ceIl nurnber. Interestingly, it was found that at the time of death that stressed 

animals in the LPS-injected group had a higher level of plasma corticosterone 

[T(18)=2.66, p=0.016] than LPS-injected non stressed rats (figure 5-7). 

5.6.2. Objectives 2-1: The effect of splenic nerve cut and ADX on ZeveZs of splenic cytokine 

production in animals injected with 0.1 pg of i.v. LPS and subsequently exposed to stress. 

To determine if the splenic nerve has a role in the immunosuppressive effects of 

stress on splenic cytokine production, sham operated and nerve cut animals were injected 



with O. 1 pg of i.v. LPS and then exposed to 15 minutes of footshock. There were no 

sigmfïcant differences between these groups for splenic TNF [T(18)=0.17, p=0.43 ns, 

one-tailed] and IL4 mRNA [T(18)=0.30, p=0.76 ns, one-tailed] (figure 5-8). IL-6 mRNA 

levels were below our detection capabilities. There were also no differences between sham 

and nerve cut groups for splenic protein levels of TNF [T(13)=O.S 1, p=0.3 1 ns, one 

taiied], I L 4  [T(13)= 1.17, ~ 4 . 1 3  ns, one tailed], and IL-6 [T(13)=0.121, p=O.45 ns, one- 

tailed] protein levels (figure 5-9). 

Since we were unable to observe a nerve cut effect, the next goai was to determine 

if the adrenal glands were responsible for the stress-induced immune suppression. This 

experirnent was designed as a 2x2 ANOVA looking at the effects of ADX and stress and 

the combination thereof on LPS-induced splenic cytokine levels (the groups were sham. 

ADX, s ham/stress and ADX/stress). 

Results for splenic TNF mRNA (figure 5-10) indicate a significant overall effect 

@?(3,24)=74.87, p<0.0001] and significant main effects for ADX [F(l)=lO.i 85, 

p=0.0039] and stress F(1)=126.3, p<0.000 11 with no interactions. In terms of individual 

comparisons, the sham group had a trend for lower mRNA levels than the ADX group 

(p=0.065) and higher mRNA levels than shdst ress  group (p<0.000 1). The ADXIstress 

group had lower mRNA levels than the ADX group (P<0.000 1) yet higher levels than the 

shadstress group @<0.000 1) indicating that stress-induced irnmune suppression of 

splenic TNF mRNA was evident in ADX rats. Similar results were obtained for splenic 

TNF protein (figure 5-1 1) and plasma TNF protein (figure 5-12). There was a significant 



overall effect for splenic TNF protein [F(3,24)=28.20, p<0.000 11 and significant main 

effects for ADX F(1)=2 1 24, p=0.000 11 and stress F(1)=6 1.67 p<0.000 11 with no 

interaction. The differences between individual groups folîowed the same pattern as the 

mRNA where the sham group had lower çplenic R I F  levels than the ADX group 

(p=0.0013) and higher mRNA levels than sham/stress group (p<0.000 1). The 

ADX/stress group had lower mRNA levels than the ADX group (P<0.0001) yet higher 

levels than the shadstress group (p<0.0089) veriS>ing that stress-induced immune 

suppression of splenic R I F  mRNA was evident in ADX rats. Plasma TNF (figure 5- 12) 

also showed a main overall effect [F(3,24)=9.X, p=0.0003] and significant main effects 

for ADX [F( 1)=10.8 1 p=0.003 11 and stress [F(l)=l6.522 p=0.0004] with no interaction. 

The differences between individual groups followed the same pattern as splenic mRNA 

and protein where the sham group had lower plasma RIF  levels than the ADX group 

(p=0.03) and higher rnRNA levels than shadstress group (p=O.O 1). Similarly, the 

ADXfstress group had lower mRNA levels than the ADX group (P=O.O058) yet higher 

levels than the shamlstress group (p=0.026). 

This experiment also showed a significant overall effect for splenic IL- 1 mRNA 

(figure 5- 13) F(3,24)+.19, p=0.0 1 61, but there was o d y  a significant main effect for 

stress F(1)=12.06 p=0.002], not ADX [F(1)=0.03 j~0 .55  ns], and there were no 

interactions. The differences between individual groups also showed a stress effect where 

the sham group had higher IL4 mRNA levels than the shadstress group e0.014)  and 

the ADX group had higher IeveIs that the ADWstress group e0 .03) .  Splenic IL4 



protein (figure 5- 14) also showed a significant overall effect [F(3,24)=5.89, p=0.0036] 

and surprisingly significant main effects for both ADX [F(1)=1.72 p=0.04] and stress 

F(1)=12.8 p=0.0015] with no interactions. The differences behveen individual groups 

only showed a stress effect where the sham group had higher splenic IL-1 protein levels 

than the sham/stress group (p=O.O 18) and the ADX group had higher levels that the 

ADX/sharn group (p=O.O 18). There were no overail effects for plasma IL- l 

F(3,15)= 1 349, p=O. 19 ns] (figure 5- 1 5); however. there was a significant main effect for 

ADX [F(1)=5.43, p=0.034] but not for stress [F(1)=0.005, p=0.94 ns] and no 

interactions. This was especially surpnsing since ADX rats had less plasma IL4 than 

their sham operated counterparts. 

The overall levels for splenic IL-6 mRNA were low, however (figure 5-1 6) there 

was an overall main effect ~(3.24)=11.495. p<0.0001] and a significant main effect for 

stress [F(1)=3 1.123, p<0.000 11 but not for ADX [F(1)=0.654, p=O.42 ns] with no 

interactions. Comparisons between the individual groups also illusttated the stress effect 

in that the sham group had significantly higher levels of IL-6 rnRNA than the sharn/stress 

group (p=0.007 1) and the ADX group had higher levels than the ADXktress group 

(p<0.000 1). Splenic IL-6 protein levels (figure 5-1 7) showed a sirnilar pattern in that 

there was a significant overall effect F(3,24)=13 -798, p<0.000 11 and a significant main 

effect for stress [F(1)=41.33, p<0.0001] but not for ADX F(1)=0.087, p=0.77] and 

there were no interactions. Comparisons between individuai groups illustrated a stress 

effect where the sham group had significantiy higher levels of IL-6 mRNA than the 



sham/stress group (p<0.0001) and the ADX group had higher levels than the ADX/stress 

group (p=0.0002). Unlike splenic rnRNA and protein, there was no significant overall 

effect F(3,%)=0.20 1, p=0.89 ns] or significant main effects of stress [F(1)=0.560, 

p-0.46 ns] or ADX F( 1)=0.034, p=0.85 ns] on plasma IL-6 levels (figure 5- 1 8). 

Since ADX rats were immunosuppressed in response to stress, it was then 

determined if cutting the splenic nerve would abrogate the immunosuppressive effects of 

stress on splenic cytokines in ADX rats. The ADXhente cut rats had significantly higher 

ievels of R I F  mRNA (figure 5- 19) levels than the ADX/sham nerve cut group 

[T(17)=3.74, p=0.0008. one-tailed]. Splenic R I F  protein (figure 5-20) showed a similar 

effect [T(l7)=J.26, p=0.0003. one-tailed] as did splenic IL4 mRNA [T(l7)=2.j8, 

p=0.0098, one-tailed] (figure 5-2 1) and protein [T( 17)= 1.94, p=0.035, one-tailed] (figure 

5-22). IL-6 mRNA (figure 5-23) [T(17)=O. 148, p=O.44 ns, one-tailed] and protein levels 

(figure 5-24) [T(17)=0.305. p=O.38 ns, one-tailed] were not different between the two 

groups. As an index of whether or not the splenic nerve cuts completely revened the 

irnrnunosuppressive of stress in ADX rats, ADX (non stress) and ADXMClstress 

groups were compared in terms of standard deviations away From the mean of the 

ADX/stress group in their respective experiments. The ADX and ADXMClstress groups 

were then compared by a two-tailed T-test. There was not a significant diEerence 

between the change in the ADXMClsttess From the ADX/stress group in its respective 

experiment as compared to the change in the ADX (non stress) group fiom its respective 

ADX/stress group for splenic TNF mRNA [T(14)=1.18, p=0.26ns], IL-I mRNA 



[T(14)=0.22, p=0.83ns], TNF protein [T(14)=0.55, p=0.60ns] and I L 4  protein 

[T(14)=0.50, p=0.62ns] (figure 5-25). 



5.7. Figures (* indicates that PS0.05) 

Fimre 5-1: Time course for plasma corticosterone following 15 minutes of 

intermittent footshock Rats were either left in their homecage or exposed to 

intermittent footshock for 15 minutes at 1.6 mA and killed at the indicated time points 

following the procedure (tirne O is imrnediately after footshock). Plasma corticosterone 

[F(J, l5)= 1 .14, p=0.16ns, n=20] levels were measured by RIA and expressed as ng/ml. 

Error bars represent +/-1 standard error of the mean. 

Home cage O 



Fimire 5-2: Effect of 15 minutes of intermittent footshock on plasma 

catecholamine levels. Rats were exposed to 1.6 mA of intermittent footshock for 15 

minutes and kiiled immediateiy aftenvards. Plasma catecholamine levels were measured 

by HPLC and compared to control rats with a one-tailed T-test. Both NE [T(6)=2.4, 

p=0.027, n=8] and E [T(6)=1.6, p=0.08, n=8] levels are expressed as pg/ml and error bars 

represent +/- 1 standard error of the mean. 

[7 Epinephrine a Norepinephrine 
P=0.08 

Cantrol After stress 



Fimre 53:  The effect of 15 minutes of intermittent footshock stress immediately 

foiiowing O.1pg of i.v. LPS on splenic cytokine mRNA levels. Rats were injected with 

0.1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA intermittent footshock 

stress and killed 15 minutes after the completion of stress. Cytokine mRNA levels were 

analyzed by Northem bloning and expressed as a ratio relative to the loading control. 

TNF [T(18)=4.3, p=0.0002, n=20] and I L 4  [T(18)=1.78, ~ 4 . 0 4 6 ,  n=20] rnRNA levels 

were compared by one-tailed T-test and IL-6 [T(11)=4.15, p=0.00 16, 11431 mRNA 

levels were compared by a two-tailed T-test. Error ban represent +/-1 standard error of 

the mean. 

Control Stress 



Fimire 5 4 :  The effect of 15 minutes of intermittent footshock stress immediately 

following O.lpg of i.v. LPS on splenic cytokine protein levels. Rats were injected 

with 0.1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA internittent footshock 

stress and killed 45 minutes after the completion of stress. Cytokine protein levels were 

measured by ELISA and expressed as pg/mg of splenic protein. TNF [T(13)=3.45, 

p=0.0021, n=15], IL-1 [T(13)=0.58, p=0.28nsT n= 151 and IL-6 [T( l1)=3.56, p=0.0022, 

n=13] protein levels were compared by one-tailed T-test and the error bars represent +/- 1 

standard error of the mean. 

n TNF 

Control Stress 



Pieure 5-5: The effect of 15 minutes of intermittent footshock stress immediately 

following OJpg of i.v. LPS on TNF' immunostaining. Rats were injected with O. 1 pg of 

LPS, immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and 

killed 45 minutes after the completion of stress. Splenic RIF levels [T(18)=3.422. 

p=0.003, n=20] were anaiyzed by immunohistochemistry and expressed as a percent of 

positive staining per spleen section. The groups were compared by one-tailed T-test and 

the error bars represent +/- 1 standard error of the mean. 

Control Stress 



Figure 5-6: The effect of 15 minutes of intermittent footshock stress immediately 

following O.1pg of i.v. LPS on ED-1 immunostaining. Rats were injected with O. 1 pg 

of LPS, immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and 

killed 45 minutes after the completion of stress. Splenic ED- 1 levels [T(18)=0.066, 

p=0.47ns, n=20] were analyzed by immunohistochemistry and expressed as percent of 

positive staining per spleen section. The groups were compared by one-tailed T-test and 

the error bars represent +/-1 standard error of the mem. 

Control Stress 



Fimre 5-7: The effect of 15 minutes of intermittent footshock stress immediately 

following O.lpg of i.v. LPS on plasma corticosterone levels. Rats were injected with 

O. l pg of LPS, immediately exposed to 15 minutes of 1.6 mA intermittent footshock 

stress and killed 45 minutes after the completion of stress. Plasma corticosterone levels 

[T(18)=2.66, p-0.0 16, n=20] were anaiyzed by RIA and expressed as nglml. The groups 

were compared by two-tailed T-test and the error bars represent +/-1 standard error of 

the mean. 

Control Stress 



Fimire 5-8: The effect of splenic nerve eut on splenic cytokine mRNA in animals 

injected with OJpg of i.v. LPS and subsequently exposed to stress. Sham operated 

and splenic nerve cut rats were injected with O. 1 pg of LPS, irnmediately exposed to 15 

minutes of 1.6 mA intermittent footshock stress and killed 45 minutes after the 

completion of stress. Cytokine rnRNA levels were analyzed by Northem blorting and 

expressed as a ratio relative to the loading control. TNF [T(18)=0.17, p=043ns. n=201 

and IL- l [T( l8)=0.3, p=0.76ns, ~ 2 0 1  mRNA levels were compared by two-tailed T-test 

and the error bars represent +/- 1 standard enor of' the mean. 

Sham Nerve cut 



Fipure - 5-9: The effect of splenic nerve eut on splenic cytokine protein in animals 

injeeted with O.1pg of i x  LPS and subsequently exposed to stress. Sham operated 

and splenic nerve cut rats were injected with O. lpg of LPS, immediately exposed to 15 

minutes of 1.6 mA intermittent footshock stress and killed 45 minutes after the 

completion of stress. Cytokine protein levels were analyzed by ELISA and expressed as 

pglmg of splenic protein. TNF [T(l3)=O.j 1, p=0.3 lns. n=15], IL-1 [T(13)= 1.17, p=O. 13. 

s l j ]  and IL-6 [T(13)=0.121, p=O.45ns, 11451 rnRNA levels were compared by a two- 

tailed T-test and the error bars represent +/-1 standard error of the rnean. 

TNF IL-1 [7 11-6 
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Fimire 5-10: The effect of ADX on splenic TNF mRNA in animals injected with 

O.lpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with O. 1 pg of LPS, immediately exposed to 15 minutes of 1.6 rnA 

intermittent footshock stress (or leA in their homecages for 15 minutes) and killed 45 

minutes later. TNF mRNA levels F(3.24)=74.87, p<0.0001, n=28] were analyzed by 

Northern blonuig and expressed as a ratio relative to the loading control. The groups were 

cornpared by ANOVA and the error bars represent +/-1 standard error of the mean. 

L 

Sham ADX ShamIStress ADXIStress 

5 This group is significant (Pc0.0001) from every other group. 
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Fimire 5-1 1: The effect of ADX on splenic TNF protein in animals injected with 

O.lpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with 0.1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or left in their homecages for 15 minutes) and killed 45 

minutes later. RIF protein levels F(3,24)=28.20, p<0.0001. n=3] were analyzed by 

ELISA and expressed as pg/mg of splenic protein. The groups were compared by 

ANOVA and the error bars represent +/-1 standard error of the mean. 
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Fimire 5-12: The effect of ADX on plasma TNF protein in animals injected with 

OJpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with O. 1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or lefi in their homecages for 15 minutes) and killed 45 

minutes later. R I F  plasma levels F(3.24)=9.X, p=0.0003, n=X] were analyzed by 

ELISA and expressed as ng/ml. The groups were cornpared by ANOVA and the error bars 

represent +/- 1 standard error of the mean. 

L 

Sham 
I 

ADX 



Pimre 5-13: The effect of ADX on splenic IL-1 mRNA in animals injected with 

OJpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with O. l pg of LPS, immediately exposed to 1 5 minutes of 1.6 mA 

intermittent footshock stress (or lefi in their homecages for 15 minutes) and killed 45 

minutes later. IL- 1 mRNA levels F(3,24)=4.19, p=0.0 16, n=28] were analyzed by 

Northem blotting and expressed as a ratio relative to the loading control. The groups were 

compared by ANOVA and the enor b a n  represent +/- 1 standard error of the mean. 
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Figure 5-14: The effect of ADX on splenic I L 4  protein in animals injected with 

O.lpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with O. 1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or lefi in their homecages for 15 minutes) and killed 45 

minutes later. IL- 1 protein levels @?(3,24)=5.89, p=0.0036, n=28] were analyzed by 

ELISA and expressed as p g h g  of splenic protein. The groups were compared by 

ANOVA and the error bars represent +/- 1 standard error of the mean. 
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Figure 5-15: The effect of ADX on plasma E-1 protein in anirnals injected with 

O.lpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX rats 

were injected with O. 1 pg of LPS, immediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or left in their homecages for 15 minutes) and killed 45 

minutes later. Plasma IL- 1 levels F(3,15)= 1.85, p=0.19ns, n=19] were analyzed by 

ELISA and expressed as ng/rnl. The groups were compared by ANOVA and the error bars 

represent +/-1 standard error of the mean. 
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Figure 5-16: The effect of ADX on splenic IL-6 mRNA levels in animals injected 

with O.lpg of i.v. LPS and subsequently exposed to stress. Sham operated and ADX 

rats were injected with O. 1 pg of LPS, ùnmediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or left in their homecages for 15 minutes) and killed 45 

minutes later. Splenic IL-6 mRNA levels [F(3,24)=11.50, p<0.0001, n=28] were analyzed 

by Northern blotting and expressed as ratio relative to the loading control. The groups 

were compared by ANOVA and the error bars represent +Li standard error of the mean, 

Sham ADX 



Fimire 5-17: The effect of ADX on splenic IL-6 protein in animals injected with 

O.lpg of i x  LPS and subsequenty exposeù to stress. Sharn operated and ADX rats 

were injected with 0.1 pp of LPS, immediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or le fi in their homecages for 15 minutes) and killed 45 

minutes later. IL-6 protein levels F(3,24)=13.8, p<0.000 1, n=28] were analyzed by 

ELISA and expressed as pg/mg of splenic protein. The groups were compared by 

ANOVA and the error bars represent +/-1 standard error of the mean. 

Sham ADX 



Fimire 5-18: The effect of ADX on plasma I L 4  protein in animals injected with 

O.lpg of i.v. LPS and subsequently exposed to stress. Sharn operated and ADX rats 

were injected with 0.1 pg of LPS, irnmediately exposed to 15 minutes of 1.6 mA 

intermittent footshock stress (or lefl in their homecages for 15 minutes) and killed 45 

minutes later. IL-6 plasma levels [F(3.24)=0.2, p=0.89ns. n=28] were anaiyzed by ELISA 

and expressed as pg/ml. The groups were compared by ANOVA and the error bars 

represent +/-1 standard error of the mean. 

Sham ADX 



Fimire 5-19: The effect of ADX and splenic nerve cut on splenic TNF mRNA in 

animals injected with O.tpg of i.v. LPS and subsequently exposed to stress. ADX 

rats with sham surgenes or splenic nerve cuts were injected with 0.1 pg of LPS, 

immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and killed 45 

minutes after the completion of stress. R I F  mRNA levels [T(17)=3.74, p=0.0008, n=19] 

were analyzed by Northem blotting and expressed as a ratio relative to the loading 

control. The groups were compared by one-tailed T-test and the error bars represent +/- L 

standard error of the rnean. 

ADWSham ADWNC 



Figure 5-20: The effect of ADX and splenic nerve eut on splenic TNF protein in 

animals injected with O.1pg of i.v. LPS and subsequently erposed to stress. ADX 

rats with sharn surgeries or splenic nerve cuts were injected with O. l pg of LPS, 

immediately exposed to 15 minutes of 1 -6 rnA intermittent footshock stress and killed 45 

minutes after the completion of stress. RIF protein levels [T( 17)=4.26, p=0.0003, n=L 91 

were analyzed by ELISA and expressed as pglmg of splenic protein. The groups were 

compared by one-tailed T-test and the error bars represent +/- 1 standard error of the 

mean. 



Fimire 5-21: The effect of ADX and splenic nerve cut on splenic I L 4  mRNA in 

animals injected with OJpg of i.v. LPS and subsequently exposed to stress. ADX 

rats with sham surgeries or splenic nerve cuts were injected with O. l pg of LPS, 

immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and killed 45 

minutes after the completion of stress. I L 4  mRNA [T(17)=2.58, p=0.0098,n=19] levels 

were analyzed by Northem blotting and expressed as a ratio relative to the Loading 

control. The groups were compared by one-tailed T-test and the error bars represent +/- 1 

standard error of the mem. 



Fimire 5-22: The effect of ADX and splenic nerve eut on splenic I L 4  protein in 

animals injected with O.lpg of i.v. LPS and subsequently exposed to stress. ADX 

rats with sham surgenes or splenic nerve cuts were injected with 0.1 pg of LPS, 

immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and killed 45 

minutes after the completion of stress. IL- 1 protein levels [T( 17)=1.94, p=0.035. n= 191 

were analyzed by ELISA and expressed as pg/mg of splenic protein. The groups were 

compared by one-tailed T-test and the error bars represent +/-1 standard error of the 

mean, 

ADXtSham ADWNC 



Fimire 5-23: The effect of ADX and splenic nerve cut on splenic IL-6 mRNA in 

anirnals injected with 0-lpg of i.v. LPS and subsequeotly erposed to stress. ADX 

rats with sham surgeries or splenic nerve cuts were injected with O. 1 pg of LPS, 

irnmediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and killed 45 

minutes f i e r  the completion of stress. I L 6  mRNA levels [T(17)=0.15. p=0.44ns, n= 191 

were analyzed by Northern blotting and expressed as a ratio relative to the Ioading 

control. The groups were compared by one-tailrd T-test and the enor b a n  represent +/-1 

standard error of the mean. 



Fimire 5-24 The effect of ADX and splenic nerve eut on splenic IL-6 protein in 

animals injected with O.lpg of i.v. LPS and subsequently exposed to stress. ADX 

rats with sham surgeries or splenic nerve cuts were injected with O. 1 pg of LPS, 

immediately exposed to 15 minutes of 1.6 mA intermittent footshock stress and killed 45 

minutes after the completion of stress. IL-6 protein Ievels [T(17)=0.3 1, p=038ns, n=l9] 

were anaiyzed by ELISA and expressed as p g h g  of splenic protein. The groups were 

compared by one-tailed T-test and the error bars represent +/-1 standard error of the 

mean. 



Fimire 5-25: Comparison of splenic TNF and IL-1 mRNA and protein levels from 

the ADX/stress and ADXherve cutlstress erperiments. The ratio of mRNA/Loading 

control and the level of protein for TNF and IL-1 for each animal fiom both the ADX 

(non stress) group and the ADXherve cut (NC)/stress group were nomdized according 

to the ADWstress goup fiom their respective experiment. The data fkom individual 

animals were expressed as a difference from the corresponding ADWstress group mean in 

tems of standard deviations (similar to a Z score). The groups were compared by a hvo- 

tailed T-test and the error bars represent +/- l standard error of the mean [n=16]. 

0 Splenic TNF mRNA 

Splenic IL4 mRNA 

O Splenic TNF protein 

Q Splenic IL4 protein 



5.8. Discussion 

5.8.2. nie effecis of stress on LPS-indiiced splenic cytokine production ivhen O. lpg of i.v 

LPSprecedes the exposicre io stress. 

We found that LPS-induced levels of splenic RIF, IL-1 and IL-6 mRNA were 

decreased in animals that received footshock stress. Our results were consistent with 

other reports which suggested that the most likely reason for this suppression was the 

rapid elevation of both plasma corticosterone [15,790] and catecholamines 

[802,803,839.964] immediately following stress. Although LPS c m  also induce high 

levels OF both catecholamines and corticosterone, the release of these molecules in 

response to LPS appears concurrently or subsequent to cytokine production. In contrast. 

these molecules were released prior to cytokine induction in our stress paradigm. and thus 

may be more effective at inhibiting splenic cytokine synthesis than they were in response 

to LPS done. 

In general, our results agreed with Goujon et al., in that stress reduced LPS- 

induced splenic cytokine production [867]. Although RIF and IL- 1 mRNA were 

reduced, the magnitude for TNF reduction was more pronounced than IL- 1. This is 

consistent with observations in experiment 2 of this thesis (with respect to the ADX 

effect) and studies by Pan et ai.. [717] (demonstrathg the suppressive effect of i.c.v. 

PGE2 on splenic cytokines) where the experimental effect on IL-1 was reduced or non- 

existent as compared to the effect on TNF. These observations have dso been made in 



vitro [179,18 11 suggesting that although RIF, IL-1 and IL-6 are produced in series, 

regdatory influences affect these cytokims differentially. This is supported by the 

observations that splenic cytokine mRNA and protein for the sarne cytokine c m  be 

differentially regulated. A prominent example in the present study is that splenic IL-1 

protein levels were not affected by stress as consistently as splenic IL4 mRNA levels. 

Interestingly, this was also observed by Goujon et ai., [867]. The reasons for this effect 

are unknown; however, it could be due io post-transcriptional processing of IL-1. Since 

we did not observe an increase in plasma levels of I L 4  in response to stress. it is unlikely 

that stress is differentially altering cytokine production in different organs as suggested 

by Takaki et al., for IL-6 [970]. It is known that cytokines like TNF and I L 4  have many 

points at which regulation cm occur (post-transcriptional, post-translation etc. 

[55 1,5831). The biological significance of having difierent mRNA levels but not protein 

levels is unknown. However it is also possible that earlier in the time coune. mRNA 

levels were the same and the protein levels measured at 1 hr are a reflection to an earlier 

time point. Thus in this paradigm where LPS precedes stress, it is possible that LPS 

activates the intracellular machinery pior to stress, and that when the stress activated 

signals reach the cell, cytokine production is rapidly tumed off. This however does not 

explain sirnilar resuits in the following sections where the paradigm is reversed and the 

stress-induced signals reach the cells prior to LPS. 

It was interesthg that despite the many reports to the contrary [204-2071 , IL-6 

was decreased in response to stress. The reasons for the difference between our resuits 



and the other reports could be due to the presence of LPS as suggested by Straub et al., 

[210]. However further in vivo verification of this is warranted. 

In order to explain how stress reduced splenic TNF and I L 4  mRNA and TNF and 

IL-6 protein it was important to determine if stress altered the splenic ce11 population or 

affectcd the cells' cytokine production mechanisms. It is known that stress [357] (via 

HPAA [853] and SNS [l67-lïO,l72]) and LPS [971] can cause changes in cell 

populations and migration rates. Although imrnunohistochemical studies suggested there 

was less staining for TNF in stressed rats as opposed to control rats. the ED-1 staining 

between stressed and non-stressed groups was comparable. Therefore the effects of stress 

are exerted at the cellular level and not due to a stress-induced ce11 redistribution at 1 hr 

post 0.1 pg of LPS. The image analysis pro- (NIH image) was set rnanually to 

recognize al1 stainhg above background. Therefore there were significantly fewer cells 

positive for R I F  as no lightly stained cells were detected upon visual or densitometric 

inspection. ?%us ?NF staining as detemined by irnrnunohistochemistry and image 

analysis seemed to be an al1 or none phenornenon at the cellular level. It is unknown if the 

increased heart rate and blood pressure in stressed animals could be partly responsible for 

the stress-induced immune suppression as it could potentially increase the clearance rate 

of LPS. However it is important to remember that the stress-activated mediators such as 

glucocorticoids [3 271 and catecholamllies [192] will reduce LPS-induced cytokine 

production in vitro. Not shown was that T-ce11 and B-ce11 populations were also 

unaffected by stress. However these results are preliminary in that pan-ce11 marken were 



used and did not address the migration of any particular subsets of cells. As well, these 

data were not verified by flow cytometry. 

5 - 8 2  The role of the adrenal gland and splenic nerve in regulating the sîress-indtrced 

immunostippression ofsplenic cytokine prodirction. 

In experiment 2 it was found that neither the adrenal gland nor splenic nerve had a 

major role in regdating LPS-induced splenic cytokine levels (although trends were 

observed with respect to ADX). However it was unknown whether the SNS and H P M .  

alone or together. could potentially be responsible for stress-induced suppression of 

splenic cytokine production. The hypothesis that the splenic nerve is p n m d y  

responsible for this effect is suggested by the fact thst both adrenal-independent 

[56,58,859] and 6OHDA-sensitive [863,969] mechanisms are known to mediate immune 

suppression. Most importantly, Wan et al., demonstrated that surgically cutting the 

splenic nerve abrogated the irnmunosuppressive effects of stress on the response of 

splenocytes to mitogens and sheep red blood cells 18601. 

Similar to the LPS studies, it was found that cutting the splenic nerve in an 

adrenal-intact animal did not abrogate the immunosuppressive effects of stress on LPS- 

induced cytokine production. This was consistent for both mRNA and protein for al1 

cytokines tested. This was unexpected since with this paradigm, like the studies of 

Brown et al. [89], Pan et al., [717] and Wan et al. [860] (and unlike the paradigm in 

experiment 2), we activated the central systems without inducing maximal penpheral 



cytokine production. Interestingly, the main difference between the experiments in this 

thesis and the earlier expenments by Brown et al. [89], and Wan et al. [860] was that their 

immune parameters were assayed in vitro. Although the studies by Pan et al. [7 171 were in 

vivo, they codd only demonstrate a partial dis-inhibition of LPS-induced splenic 

cytokine production (in animals that received i.c.v. PGEZ) upon cutting the splenic nerve. 

This was despite the robust effect of i.c.v. PGE? on splenic cytokine production and the 

fact that PGE2 will increase splenic nerve activity [76,645]. The current studies are 

directly supported by other in vitro studies that suggest an inhibitory role for 

catecholamines on cytokine production [ 1 921. Interestingly, preliminary results fiom our 

Iab indicate that similar to in vitro pharmacologicai studies, cultured macrophages from 

splenic nerve cut animds produce more TNF and IL-1 than macrophagse from sham 

operated anirnals [890]. Therefore cutting the splenic nerve must have a very robust effect 

on the macrophage in order for the effect to be rnaintained in vitro. Even more impressive 

is the fact that the in vivo microenvironment seems to negate these seemingly robust 

alterations. Similar differences between in vivo and in vitro assays in neurai immune 

studies were observed by Green-Johnson et ai.[266,267], and Zhou et al., [204] in their 

respective paradigms. It is therefore still unclear as to when the in vitro potential of the 

SNS and HPAA to regulate LPS-induced cytokine production occurs in vivo. 

Using similar rationale to experiment 2, it was posnilated that the potential for 

splenic catecholamines to regulate cytokine production may not be evident in adrenal 

intact animals. This may be due to the fact that during stress there is such an 



overwhelming amount of NE and E produced Eorn the adrenal glands [143] that 

elimination of the splenic nerve alone may not be a major factor in the tems of the stress- 

induced regulation of splenic immunity. Similarly, it is also possible that since the SNS 

and HPAA are functionally intercomected [366,367], compensation may occur whereby 

a reduction of NE due to partial syrnpathectomy codd cause an increase in catecholamine 

release from the adrenal glands. In support of this idea is the report that the adrenal gland 

c m  increase catecholarnine production in response to sympathectomy [372]. However it 

is unknown if the adrenal glands would cornpensate if just one single organ (ie. the spleen) 

was denervated. Interestingly, the opposite may also be true as both Besedovsky [48] 

and Brown [89] saw increased effects of splenic nerve on splenic immunity in ADX rats 

in their respective paradigrns. This is consistent with the observed increase in NE 

turnover in ADX rats upon exposure to various foms of stress [366.371,372] . Therefore 

in the absence of adrenals, the SNS rnay have a more prominent role in regulating the 

adaptive response to stress. Therefore the nerve cut effect should be more prominent in 

ADX anirnals. Pnor to directly testing the effect of the nerve in ADX rats, we first tested 

the effect of ADX on stress levels of splenic cytokines to determine if the adrenal glands 

were either partially or totally responsible for dl the immunosuppressive effects of stress 

in our system. 

We used a 2X2 ANOVA design to investigate the effects of stress and ADX and 

the combination thereof on splenic cytokine production. Firstly, main effects for both 

stress and ADX were observed for RIF mRNA and protein production. The TNF 



mRNA levels for the sham (non-stress) and ADX (non-stress) groups were comparable, 

while the ADX/stress group was si gni ficantly higher than the sham/stress group and 

significantiy Iower than ADX group. Thus it seemed that although stress-induced immune 

suppression was evident in ADX rats, the magnitude of suppression was significantiy 

less than that observed for stressed sham rats. In tems of splenic TNF protein levels. the 

ADX eRect was more prominent than it was for the mRNA and the magnitude of the 

stress-induced suppression of splenic cytokine levels was the same for sharn and ADX 

rats. These effects were also evident for plasma M F  suggesting this phenomenon was 

consistent systemically. Thus. in agreement with Keller et ai.[56,58], we found that 

immune function in ADX rats can still be suppressed by stress to the same magnitude as 

in adrenai-intact animals. 

The results for IL-1 were similar to TNF, but Iess ciramatic. For IL- 1 mRNA there 

was a significant main effect of stress but not ADX. suggesting that ADX did not alter 

splenic I L 4  levels. but splenic I L 4  mRNA in ADX rats were still reduced in response to 

stress. However there was significant main effects for both stress and ADX with respect 

to splenic I L 4  protein. This is consistent with reports that glucocorticoids are able to 

regulate cytokines at a post-transcriptional level, via an increased stability of the rnRNA 

that would result in more protein being produced [327,329,330]. It is unknown why the 

effects of stress on splenic IL4 protein were observed in this experiment but not in the 

others. However the relatively small magnitude of this effect suggests that these changes 

may not have been detected in the previous experirnents due to the fact that the 



suppression of IL4 protein in response to stress is not robust enough to be consistently 

demonstrated. Interestingly, plasma IL-1 was not affected by stress despite the fact that 

splenic IL4 protein production was suppressed by stress. It is possible that the 

discrepancy Takaki et al. observed for IL-6 is true for I L 4  [970] in that other anatomical 

locations increased or maintained IL4 production in response to stress despite the fact 

that splenic I L 4  was decreased. This would confimi studies by MacNeil et al. [76], 

Pettipher et al. [972] and Cunnick et al., [859] that demonstrate the functional specificity 

of neuroimmune regulation based on the anatomical location of the immune cells. It is also 

unknown why plasma I L 4  levels were detected in this experiment but not in any of the 

other experiments. However it is possible thar since the levels of plasma I L 4  approached 

the lower detection lirnit of our assay (with many animals below this threshold), that 

rninor variability in the experirnental groups or with the ELISA kit could have precluded 

the detection of plasma IL4 in the other experiments. Interestingly. it was also found that 

ADX rats in this experiment had reduced plasma IL-1 levels as compared to sham 

controls. This was surprishg as both glucocorticoids and catecholamines have been 

s h o w  to inhibit IL4  production. The reasons for this ADX effect are unknown; 

however, this effect could be due to baseline levels of IL4 being dependent on 

catecholamines. This is suggested by the fact that catecholarnines can increase cytokines 

like IL-1 in response to certain stressors such as hemorrhage [906,973]. 

Although splenic IL-6 levels were low, it was clear that there was a stress effect 

for the rnRNA, but no ADX efTect in contrat to other reports [336]. Opposite to the 



pattern displayed by TNF, the effects of stress were less prominent in the protein 

measures as opposed to the mRNA measures and non-existent in the plasma measures. 

The reasons for this are unknown but could be due to the fact IL-6 production from other 

parts of the body can be increased in spite of a decrease in splenic IL-6 as suggested by 

the resuits of Takaki et al [970]. This possibility is also supported by the fact that Straub 

et al., found that NE will increase IL-6 production if the cells are not concurrently 

exposed to bacterial products [2 101. Therefore although NE transmission is systemic (11. 

the spleen is likely to be exposed to i.v. LPS faster and in larger quantities than most 

other parts of the body [9 131. Therefore it is possible that the NE/LPS combination in the 

spleen does not occur in the sarne temporal pattern in d l  parts of the body allowing for 

other organs to increase IL-6 production despite decreased levels of splenic IL-6. 

It is unclear why an ADX effect was present in this experiment as the effects of 

ADX on LPS-induced splenic cytokine production in previous expeciments were only 

suggestive and not statistically significant. It is possible that the present dose of LPS (0.1 

pg) induced an increased turnover rate in corticosterone andlor catecholamines in the 

adrend gland that was not engaged in response to the 0.0 1 pg dose of LPS fiom the last 

experiment. Thus, the trends observed for increased cytokines in ADX rats in response to 

the 0.0 1 pg dose of LPS in the last expenment, may have been due to the absence of 

baseline levels of corticosterone and/or E, whereas the effects observed in this experirnent 

were due to the absence of activated Ievels of corticosterone andior E. With respect to the 

10pg dose used in the 1st experiment, since this dose activated maximai levels of 



cytokines. any effect of the adrenais may have been partially masked. Another 

explmation is that experimental variability was lower in the present experirnent and the 

effects more obvious. 

Since immune suppression occurs in ADX animals at a sirnilar magnitude to 

adrenal intact animals, it is evident that another system outside of the HPAA is involved 

in mediahg the immunosuppressive effects of stress on splenic cytokine production. It 

was unknown however if this other system was entirely responsible for the 

immunosuppressive effects of stress on cytokine production or just compensates for the 

loss of adrenal f ic t ion in ADX animals. The former possibility would suggest that an 

endocrine factor such as opioids or prolactin is responsible for the observed stress- 

induced immune suppression as cutting the splenic nerve in adrenal intact animais had no 

effect. It is known that opioids are released in response to stress and are immune 

suppressive [4 1 9,8 821. Therefore their removal may abrogate the imrnunosuppressive 

effects of stress. However this is inconsistent with Keller et al., [58] who found that 

HYPOX animals are still immune suppressed. Also, it has been shown that opioids are 

increased in response to LPS and do not aKect TNF alpha production [974]. Therefore it 

is unlikely that these represent the prîmary mediators in our system. in contrast to 

opioids, prolactin is an immunocompetence factor [388,39 11 and can promote LPS- 

induced cytokine production [392,394]. Therefore prolactin could be the primary 

mediator if it was found that stress decreased prolactin levels. However many reports 

have observed an increase in prolactin levels in response to stress [843,932,975], thus this 



explmation is also unlikely. Given this information it seemed al1 the more plausible that 

the immunosuppressive effects of stress on splenic cytokine production were engaging a 

dynamic rnultisystern process in which another system like the SNS could compensate 

for the removal of the adrenals, and potentially vice versa. If this was tme, then cutting 

the splenic nerve in ADX rats would abrogate the immunosuppressive effects of stress on 

splenic cytokine production. Consistent with this, MacNeil et al., [378] demonstrated an 

increase in splenic nerve activity in response to LPS in animais with acute ADX. 

Results revealed that cutting the splenic nerve in ADX rats abrogated the 

immunosuppressive effects of stress for TNF and IL4  protein but not for IL-6 mRNA or 

protein. Thus the splenic nerve and SNS c m  compensate for the loss of adrenal function 

in ADX rats in terms of mediating the effects of stress on splenic cytokine production. 

The magnitude of the abrogation suggested the nerve was çornpletely responsible for this 

effect. It is interesting to consider that if compensatory interactions exist between the 

HPAA and SNS, then other endocrine factors like opioids and prolactin may also be 

involved in this system. For example would HYPOX superimposed on ADX and splenic 

nerve cut increase cytokine production significantly above the ADX maximum, or have 

the opposite effect? The fact that IL-6 did not follow the pattern of the other two pro- 

inflamrnatory cytokines m e r  suggests that the regdation of these cytokines is complex 

and is unique to each molecde. It is generally believed that LPS sequentially induces R\IF 

which induces I L 4  which induces IL-6 production. Although this may be partidly 

accurate, it is too simplistic considering the impact of stress on this regulatory system. 



The actual mechanism of how immune suppression occurs in our system also merits 

M e r  study. It is possible that catecholamines and glucocorticoids act on TNF and IL- l 

mRNA and protein directly, as indicated by in vitro reports [192]. Another possibility is 

that the suppression results fiom an increase in anti-inflarnmatory molecules such as IKB 

and IL- 10 [173,177,212,946]. As well, it may be possible that other mediators in the 

nerve such as substance P, VIP and NPY and not NE, are responsible for stress-induced 

immune suppression as these factors c m  alter immune h c t i o n  as well 

[136-139,216-2181 . 

5.8.3. Perspectives 

A main question genented by these experirnents is that if the SNS and HPAA are 

generally in a dynamic equilibrium, is there is a physiologicai situation during which the 

SNS would hinction as the prirnary immunomodulato~ system? For example. it is 

known that antigen-mediated immune responses can be regulated by NE [l 53,2691976] 

without large elevations in corticosterone [48,249]. As well, it has been found by Molina 

and Abumrad that the magnitude of the catecholamine increase was more prominent than 

the increase in glucocorticoids in response to hemorrhage. However, in terms of the LPS 

response, the reverse was true [353]. It is unknown if these effects were consistent 

throughout the response to the respective challenges as catechoiamines and 

glucocorticoids were oaly measured at 90 minutes foilowing the initiation of the stressor 

in that study. Importantly, they found that in response to hemorrhage, sympathectorny 



increased hemorrhage-induced splenic cytokine levels [973]. Therefore, if immune 

suppression cm be demonstrated without major changes in glucocorticoid levels, it is 

likely that the splenic nerve may be the main effector in that situation. 



6. Experiment 4: 

Characterization of the stress 

response when the exposure to 

stress precedes i.v. LPS. 



6. Experiment 4: Characterization of the stress response when the exposure to 

stress precedes i.v. LPS. 

6.1. Ovewiew 

The main objective of this experiment was to define a scenario where the nerve 

had the potential to mediate the effects of stress in adrenai intact animals. It is known that 

the expression of corticosterone in response to stress is highly transitory. By sepanting 

the exposure to stress and LPS such that glucocorticoid expression has retumed to 

baseline hours pnor to LPS injection, it was predicted that an observed suppression of 

LPS-induced splenic cytokine may be mediated by the splenic nerve. In order to 

accomplish this, the order of stress exposure and LPS injection was reversed where stress 

preceded the intlamrnatory challenge. The time intervals behveen stress and LPS ihat 

were tested included O hrs, 4 hrs. and 24 hrs. It was predicted that stress would be 

irnmunosuppressive at al1 the time points tested, with the effect dissipating as the interval 

between stress and LPS increased. It was found that TNF and IL-1 mRNA were only 

suppressed when LPS immediately followed stress. In contrast, IL-6 expression was 

potentiated when stress preceded LPS injection. These effects were observed in response 

to a low (0.1 pg) and high (10pg) of LPS. This suggests a unique role for IL-6 (as 

compared to TNF and IL-l) in maintaining homeostasis in response to psychological and 

immunological stressors. Future studies should hclude determining the effect of the nerve 

in potentiating IL-6 production in this paradip. 



6.2. Objectives 

1. To establish if the effects of stress on LPS-induced splenic cytokine production are the 

same when stress exposure precedes LPS administration. 

2. To determine if the effects of stress on LPS-induced splenic cytokine production are 

evident in animals exposed to stress 4 or 24 hr pnor to LPS injection. 

3. To assess if the effects of stress on LPS-induced splenic cytokine production are 

evident in response to a dose of i.v. LPS that can induce maximal levels of splenic 

cytokines and plasma corticosterone. 

6.3. Hypotheses 

It is expected that immune suppression will be evident in animals irrespective of 

the dose of LPS and the sequence of LPS injection and stress exposure. Also, the effects 

of stress on splenic cytokine production will be less apparent the greater the time interval 

between the exposure to stress and LPS injection. 

6.4. Rationale 



To test the effects of stress on LPS-induced cytokine production, Goujon et al., 

Fust injected the mice with LPS then exposed them to stress [867]. However since 

cytokine production is rapid and transitory, this paradigm is only useful for testing the 

irnmediate effects of acute stress on cytokine production as cytokine levels will decrease 

after 1-2 hr post-injection. In order to test the temporal effectiveness of stress on LPS- 

induced splenic cytokine production, we reversed Goujon's paradigm so that the stress 

preceded the immune challenge. This allowed us to determine if stress 4 or 24 hr before 

LPS injection could impact on splenic cytokine production. We reasoned that the 

importance of testing these time intervals is that the %&er the immune challenge is 

separated fiom the initial corticosterone response, the more likely the nerve will play a 

major regulatory role on cytokine production. 

Goujon et al.. saw the effects of stress on LPS-induced cytokine production 

despite using a high dose of LPS (10 pg of i.p. LPS per mouse) [867]. Therefore we 

anticipated that the effects of stress on the cytokine production in response to 10pg of 

i.v. LPS in rats would be similar to the effects observed in response to 0.1 pg of LPS. 

This rationale was based on the fact that high levels of catecholarnines and glucocorticoids 

are present prior to LPS administration and thus will be able to reduce the maximal levels 

of cytokines induced by 10vg of i.v. LPS. 

6.5. Experimental Design 



Al1 studies utilized adult male Sprague-Dawley rats (225-250 g) that were 

obtained From Charles River, (Dorval Quebec). The rats were kept on a 12- 12 lightldark 

cycle and given food and water were given ad libitum. Ali animais were singly housed, 

handled for 2 days then taken through the experimental procedure (weighmg, mock 

injection etc.) for 3 days before the acnial experiment Animals were then exposed to 15 

minutes of 1.6 mA intermittent footshock. Each shock lasted 5s and was preceded by a 

15s warning tone. The average interval between shocks was 3.5 minutes with a range 

behveen 2-5 minutes. Apparatus controls are exposed to the shock apparatus and the 

intermittent waming tom for 15 minutes but not the electrical shock. Homecage controls 

were left in their cage until LPS injection (E.Coli serotype 055:BS lot L-2637) and then 

treated like the other two groups. At various intervals following the stress exposure (O. 4. 

or 24 hr). anirnals were weighed and then put under a heat Iamp for 3 minutes to dilate the 

tail veins. They were then put in a restrainer and injected i.v. with 0.1 or 10 pg of LPS 

and killed at 1 post-injection. The animals were killed by decapitation and blood and the 

spleens were collected for various assays. Northem blots, ELISAs. RIA for 

corticosterone and catecholamine determinations were performed as descnbed in the 

materials and methods (section 2). Experiments were analyzed by ANOVA. and one- and 

two-tailed T-tests as described in the materials and methods. Al1 procedures were 

approved by the animal ethics cornmittee at the University of Manitoba and the CCAC. 

6.6. Results 



6.6. I .  The efect of stress prior to O. I pg of i. v. L PS on LPS-incizrced splenic cytokine 

production. 

The f ~ s t  two objectives were to determine if the effects of stress on splenic 

cytokine production are maintaincd if the sequence of stress exposure and LPS 

administration are reversed, and if so, how long this effect would persist. For cytokine 

mRNA (figure 6-1) the results of separate experiments are depicted together, with values 

expressed as a percentage of the cytokine values in homecage controls (HC). Although 

this presentation format suggests that ANOVA is the appropriate statistical test, T-tests 

were used as the only important cornparisons were between the homecage controls and 

the experimentd groups. Similar to our original paradip. it was found that stress 

immediately before LPS suppressed splenic TNF [T(10)=7.69. p=0.0 1 1 one-tailed] and 

IL- 1 [T(10)=1.85, p=0.047. one-tailed] mRNA levels while IL-6 mRNA levels were not 

detectable. No suppression was seen if the stress was given 4 and 24 hr before hand and 

thus splenic protein levels were not measured at these intervals. The splenic TNF protein 

(figure 6-2) levels at the O time interval was consistent with the rnRNA levels in that a 

stress-induced suppression was observed [T(1 O)=3.89, p=0.00 15 one-tailed]. However 

IL- 1 protein levels were not different between groups p(10)=0.6 17, p=0.27 ns one- 

tailed], similar to the effects observed in the previous experiment. Surpnsingly, the level 

of IL-6 protein was increased in stressed anirnds as compared to controls [T(9)=4.85, 

~ 0 . 0 0  11. Also, plasma corticosterone (figure 6-3) was elevated at the thne of 



decapitation in stressed rats as compared to homecage controls [T(10)=2.627, p=0.0 13 

one-tailed] . 

To verifi that the effects of stress were due to the footshock and not due to the 

new environrnent of the shock apparatus, we measured plasma corticosterone (figure 6-4) 

and splenic mRNA levels (figure 6-5) in rats injected with 0.1 pg LPS at various intervals 

after exposure to the shock apparatus. There was not an overall effect of the apparatus 

exposure on plasma corticosterone p(5,21)= L .373. p=0.27 ns] however there were a few 

important observations. First of ail animals, that were killed without being exposed to the 

injection procedure had the same levels of plasma corticosterone as homecage control 

(HC) rats killed one hour aiter 0.1 pg of LPS or saline injection. Also. it was found that 

animals exposed to the apparatus and irnrnediately injected with LPS showed increased 

plasma corticosterone Levels as compared to hornecage controls (p=0.026). In terms of 

mRNA levels. no overall effects of exposure to the apparatus were observed for TNF 

[F(3,17)=2.148. p=O.l4 ns] or IL4 mRNA F(3,17)=0.158. p=0.92 ns] and IL-6 was not 

detected. However the group that received LPS 24 hr after stress had higher levels of TNF 

mRNA that the group the received LPS immediately after stress (p=0.04 12) This can be 

explained by the increased corticosterone levels b e d i a t e l y  after stress and the 

experimental variability in the 24 hr group. 

6.6.2. The eflect of stress prior to I O pg of i. v. LPS on LPS-induced splenic cytokine 

production. 



The next question was to determine if the immunosuppressive effects of stress 

would be evident in response to a dose of LPS that maximally activated cytokines and 

both the HPAA and SNS (figure 6-6). Consistent with the results in response to 0.1 pg of 

LPS (figure 6- l), the only significant effects were observed in animals that received 10 pg 

of i.v. LPS immediately after stress (figure 6-6). It was found that TNF [T(10)=11.17, 

p<0.000 1 one-tailed] and IL- 1 [T(10)=2.83. p=0.009 one-tailed] levels were decreased as 

compared to controls while IL-6 levels were increased in stressed anirnals as compared to 

controls [T(1 O)=J. 17, p=O.OO 19 one-tailed]. The effects of stress on splenic TNF and IL- 

6 protein levels (figure 6-7) were consistent with the effects on the mRNA levels in that 

TNF protein levels were decreased in stressed anirnals [T(1 O)=4.O 1. p=0.00 12 one-tailed] 

while IL-6 levels were increased in stressed animals [T(9)=2.5 1. p=0.0 171. Consistent 

with the other experiments. splenic IL4 levels were not significantly between control and 

stressed anirnals [T(10)=0.3 15. p 0 . 3 8  ns one-tailed] despite the fact that the I L 4  

mRNA level was decreased. In order to determine if splenic protein levels were consistent 

with systemic phenornenon, plasma TNF, IL- 1 and IL-6 were measured. It was found 

that plasma TNF (figure 6-8) and IL-6 (figure 6-9) were consistent with splenic protein 

levels in that stress decreased plasma TNF [T( 1 O)=3.29, p-0.004 1 one-tailed] and 

increased plasma IL-6 Ievels [T(9)=2.6 17, p=0.0 14 one-tailed]. Plasma IL- I was not 

detectable in this experîment. There was no ciifference in plasma corticosterone (figure 6- 

10) levels between stressed and controi animals at the time of decapitation [T(1 O)=O.233. 

p=0.82 ns one-tailed]. In contrat to the 0.1 pg dose, there were no significant dmerences 



between any of the apparatus control groups with respect to plasma corticosterone levels 

[F(3,17)= 0.9 14, p=0.46 ns] (figure 6- 1 1 ), and splenic TNF F(3,17)= 1 .O3, p=O.JO ns], 

I L 4  F(3,17)=0.525, p=0.67 ns] and IL-6 mRNA @33,17)=0.343, p=0.79 ns] (figure 6- 

12). However compared to homecage controls, splenic TNF mRNA levels were slightly 

decreased. 



6.7. Figures (* indicates that PS0.05) 

Fipure 6-1: The effect of 15 minute of intermittent footshock stress at various 

intervals prior to 0 . 1 ~  of i.v. LPS on LPS-induced splenic cytokine mRNA levels. 

Rats were exposed to 15 minutes of 1.6 rnA of intermittent footshock stress, injected 

with 0.1 pg of LPS at various intervals following this procedure and killed 1 hr following 

injection of LPS. Homecage controls (HC) were not exposed to the shock apparatus. The 

results from separate experiments are compiled and are presented together where each 

group is represented as a percentage of the HC group and oniy compared to this group by 

a one-tailed T-test. MF and I L 4  mRNA levels were analyzed by Northem blotting and 

expressed as a ratio relative to the loading control. The error bars represent +/-1 standard 

error of the mean. n=6-9 per group. 

HC Ohr 
Time intewal between the end of stress 
and the injection of 0.1 pg of i.v. LPS 



w r e  6-2: The effect of 15 minute of intermittent footshock stress immediately 

pnor to O.lpg of i.v. LPS on LPS-induced splenic cytokine protein levels. Rats were 

exposed to 15 minutes of 1.6 mA of intermittent footshock stress, immediately injected 

with O. 1 pg of LPS and killed I hr following injection of LPS. Homecage controls (HC) 

were not exposed to the shock apparatus. Splenic TNF, I L 4  and IL-6 protein levels were 

measured by ELISA and expressed as pg/mg of splenic protein. TNF [T(10)=3.89, 

p=O.OO 15, n= 121 and I L 4  levels [T( 1 O)=O.62, p=0.27ns9 n= 121 were compared by one- 

tailed T-test while the IL-6 levels [T(9)=4.85. p-0.001, n=l l] were compared with a 

two-tailed T-test. The error bars represent +/-1 standard error of the mean. 

Control Stress 



Fimire 63: The effect of 15 minute of intermittent footshock stress immediately 

@or to OJpg of i.v. LPS on plasma corticosterone levels. Rats were exposed to 15 

minutes of 1.6 mA of intermittent footshock stress, immediately injected with O. 1 pg of 

LPS and killed 1 hr following injection of LPS. Homecage controls (control) were not 

exposed to the shock apparatus. Plasma corticosterone [T(10=2.63, p=0.00 13. n= 121 was 

measured by RIA and expressed as ng/ml. Error bars represent +/- 1 standard error of the 

mean. Groups were compared with a one-tailed T-test. 

Control Stress 



F i y r e  64: The effect of 15 minute apparatus control at various intervals prior to 

O.lpg of i.v. LPS on plasma corticosterone levels. Rats were exposed to the shock 

apparatus for 15 minutes, injected with O. 1 pg of LPS at various intervals following this 

procedure and killed 1 hr following injection of LPS. Hornecage controls (HC) and saline 

injected rats were not exposed to the shock apparatus while other rats were taken directly 

from their cage and killed to control for the injection procedure (No inj.). Plasma 

corticosterone levels [F(5,2 1 )= I .37.p=0.27ns, n=27] were measured by RIA and 

compared by ANOVA. Enor bars represent +/-1 standard enor of the mean. 

No inj. saline HC Ohr 

Time interval between the end of the apparatus 
control and the injection of O.1pg of i.v. LPS 



Fimire 6-5: The effect of 15 minute apparatus control at various intervals ptior to 

O.1pg of i.v. LPS on LPS-induced splenic cytokine mRNA levels. Rats were exposed 

to the shock apparatus for 15 minutes, injected with O. l pg of LPS at various intervals 

foHowing this procedure and killed 1 hr following injection of LPS. Homecage controis 

(HC) were not exposed to the shock apparatus. Splenic TNF [F(3,17)=2.15, p=O. 14ns. 

n=21] and IL4 mRNA levels [F(3,17)=0.158, p=0.92ns, n=2 11 were analyzed by 

Northern bloning and expressed as a ratio relative to the Ioading control. Results were 

cornpared by ANOVA and enor bars represent +LI standard error of the mean. 

HC Ohr 
Time interval between the end of the apparatus 
control and the injection of 0.1 pg of i.v. LPS 



Fimre 6-6: The effect of 15 minute of intermittent footshock stress at various 

intervais prior to lOpg of i.v. LPS on LPS-induced spienic cytokine mRNA levels. 

Rats were exposed to 15 minutes of 1.6 mA of intermittent footshock stress, injected 

with 1Opg of LPS at various intervals following this procedure and killed 1 hr following 

injection of LPS. Hornecage controls (HC) were not exposed to the shock apparatus. The 

results from separate experiments were compiled and are presented together where each 

group is represented as a percentage of the HC group and only compared to this group. 

Cytokine mRNA levels were analyzed by Northem blotting and expressed as a ratio 

relative to the loading control. Cytokine levels were compared by a one-tailed T-test and 

error bars represent +/-1 standard error of the mean, n=6-9 per group. 

HC Ohr 4hr 24hr 
Time interval between the end of stress and the injection of 10 pg of i.v. LPS 
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Fimire 6-7 The effect of 15 minute of intermittent footshock stress immediately 

prior to lOpg of i.v. LPS on LPS-indueed splenic cytokine protein levels. Rats were 

exposed to 15 minutes of 1.6 mA of intermittent footshock stress, immediately injected 

with IOpg of LPS and killed 1 hr following injection of LPS. Homecage controls (control) 

were not exposed to the shock apparatus. Splenic TNF [T(lO)=4.Ol, p=O.OO 1 2, n=12], 

I L 4  [T(1 O)=O.3 15, p=0.38ns, n=12] and IL-6 [T(9)=2.5 1, p=O.O 17. n=l 1] protein levels 

were measured by ELISA and expressed as pg/mg of splenic protein. Al1 protein levels 

were compared by one-tailed T-tests. The error bars represent +/-1 standard error of the 

mean, 

TNF IL4 IL-6 

Control Stress 
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Fimire 6-8: The effect of 15 minute of intermittent footshock stress immediately 

@or to lOpg of i.v. LPS on LPS-induced plasma TNF levels. Rats were exposed to 

15 minutes of 1.6 mA intermittent footshock stress, immediately injected with 1Opg of 

LPS and killed 1 hr following injection of LPS. Homecage controls (control) were not 

exposed to the shock apparatus. Plasma TNF [T(1 0)=3.2g1 p=O.OO4 1, n=12] was 

measured by ELISA and expressed as @mi. Error bars represent +/-1 standard error OC 

the mean. Groups were compared with a one-tailed T-test. 

Control Stress 



Fi-re 6-9: The effect of 15 minute of intermittent footshock stress immediately 

prior to lOpg of i.v. LPS on LPS-induced plasma CL-6 levels. Rats were exposed to 15 

minutes of 1.6 mA intermittent footshock stress, immediately injected with 10pg of LPS 

and killed 1 hr following injection of LPS. Homecage controls (control) were not exposcd 

to the shock apparatus. Plasma IL-6 [T(LO)=L61 7, p=0.0 14, n=12] was measwed by 

ELISA and expressed as pg/ml. Error bars represent +/-1 standard error of the mean. The 

groups were compared with a one-tailed T-test. 

Control Stress 



Fipure 6-10: The effect of 15 minute of intermittent footshock stress immediately 

pnor to lOpg of i.v. LPS on plasma corticosterone levels. Rats were exposed to 15 

minutes of 1.6 mA of intermittent footshock stress, immediately injected with 10pg of 

LPS and killed 1 hr following injection of LPS. Homecage controls (control) were not 

exposed io the shock apparatus. Plasma corticosterone [T( 1 O)=O.X ,  ~ 4 . 8 2 ,  n= 121 was 

measured by RIA and expressed as @ml. Error bars represent +/- 1 standard error of the 

rnean. Groups were compared with a one-tailed T-test. 

Control Stress 



Fimire 6-11: The effect of 15 minute apparatus control at various intervals @or to 

lOpg of i.v. LPS on plasma corticosterone levels. Rats were exposed to the shock 

apparatus for 15 minutes, injected with lOpg of LPS at various intervais following this 

procedure and killed 1 hr foiiowing injection of LPS. Homecage controls (HC) were not 

exposed to the shock apparatus. Plasma corticosterone F(3,17)=0.9 14, p=O.J6ns, n=2 1 ] 

was measured by RIA and expressed as nglml. Error bars represent +/-1 standard error of 

the mean. 
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Fimire 6-12: The effect of 15 minute apparatus control at various intervals pnor to 

10pg of i.v. LPS on LPS-indueed splenic cytokine mRNA levels. Rats were exposed 

to the shock apparatus for 15 minutes, injected with 10pg of LPS at various intervals 

following this procedure and killed 1 hr following injection of LPS. Homecage controls 

(HC) were not exposed to the shock apparatus. Splenic TNF, IL- 1 and IL-6 mRNA levels 

were analyzed by Northem blotting and expressed as a ratio relative to the loading 

control. Error ban represent +/-1 standard error of the mean. 
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6.8. Discussion 

6.8.1. The effects of stress on LPS-induced plasma corticosterone levels when expomre to 

stress precedes 0.1 or 1 O pg of i. v L PS. 

Interestingly, it was found that two stressors that are subthreshold c m  interact to 

induce a corticosterone response. For exarnple anirnals receiving footshock and 0.1 pg of 

i.v. LPS had higher levels of plasma corticosterone at I hr post LPS than animals just 

receiving LPS. This was in spite of the fact that the O. 1 pg dose of LPS was unable to 

induce an increase in plasma corticosterone on its own at 1 hr post-injection. and that at 1 

hr post-footshock, stress-induced corticosterone levels returned to baseline. This supgests 

that the magnitude of the HPAA response to stress represents an integrated response to 

diverse stresshl stimuli. Therefore the hypothalamus and extra-hypothalamic regions can 

simultaneously process information from distinct stimuli and initiate a combined efferent 

response. This is plausible as  Van Dijken et al., found animals exposed to 15 minutes of 1 

mA footshocks had increased corticosterone responses to new stimuli despite the fact 

that baseline levels were not altered [19]. This was due to the increase in VP stores in the 

median eminence in response to the first stressor. Although the novelty-induced stress in 

this report was psychologicai in nature and not idammatory like LPS, the central 

alterations were located in the median eminence, which is integral to al1 HPAA responses 

[19?827,977]. Increased corticosterone levels were not observed in animais exposed to 

stress and injected with 10 pg of LPS as compared to animais just injected with 10pg of 



i.v. LPS. This was probably due to the fact that the IOpg dose of LPS induces a maximal 

level of corticosterone and the response can't be potentiated M e r  (ceiling effect). 

It is also possible that 0.1 pg dose of LPS by itself does induce a corticosterone 

response, that can be potentiated by footshock, but that our high baseline of 

corticosterone precluded the detection of this potentiation. As discussed in experiment 1. 

it was suggested by Beno and Kimura [866] that the high levels of corticosterone we 

found in our system at 1 hr post-injection may be due to our injection procedure, despite 

having habituated the animals to this protocol. We therefore cornpared handled LPS- and 

saline-treated animals at 1 hr post-injection with handled animals that were not exposed 

to the injection procedure. It was found that the levels ~Pcorticosterone were equal in ail 

three groups. Therefore the high baseline levels of corticosterone observed in our 

experiments could have been a factor of the strain and supplier. a s  suggested by Turnbull 

and Rivier [930] or due to handling [842]. Although handling c m  reduce increases in 

corticosterone levels in response to routine procedures [837,838], it will still induce a 

mild stress response [842]. Therefore in funire if we wanted to determine if the 0.1 pg 

dose of LPS did induce a corticosterone response, we would have to follow the protocol 

From Dr. C. Rivier's lab where anirnals: I )  could not be handied for 3 hr prior to LPS 

injection; 2) they would have to be injected by intravenous catheter; and 3) the guillotine 

would have to be directly beside the animal cages to significantly reduce handling induced 

increases in corticosterone levels immediately prior to decapitation. However this may 

present logistical problems as stress-related odoun can increase corticosterone levels in 



other animais in the same room [886]. Therefore the facilities needed to execute these 

experiments must prevent stress- or death- related odours and sounds from affecting the 

other animals. 

We also found that our apparatus controls had higher levels of corticosterone than 

our homecage controls. This is consistent with reports by Keller et al., who also showed 

an increase in corticosterone in response to the apparatus control[56,57]. However in 

agreement with Keller at al., and Zalcman et al., [886], these rnild increases did not 

significantly affect splenic immune hnction. even though srnall non-significant decreases 

were obsemed in our expenments with respect to TNF mRNA. Thus, although a 

component of the stress response was contributed by the novel environment, it did not 

affect our examination of main objective of this experirnent which was to delineate the 

di fferences in sp lenic cytokine production between control and stressed rats. 

6.8.2. The eficts ofstress on LPS-induced splenic and plasma cytokine levels ivhen 

e-sposure to stress precedes O. 1 or 10 pg of i. v LPS. 

It was clear from the last set of expenments (section 5) that the splenic nerve c m  

inhibit cytokine production in ADX rats. Our next goal was to identify potential intervals 

in our paradigm where the irnmunosuppressive effects of stress were primarily 

transmitted by the splenic nerve in adrenal intact animals. It was evident fiom our 

previous experiments that to accomplish this goal we would have to select conditions 

where HPAA activity was at baseline. Molina and colleagues supported this strategy by 



demonstmting that sympathectomy can alter cytokine production in adrenal intact 

animals if the stressor activates the SNS more vigorously than the HPAA [353,973]. To 

extend our previous studies, we decided to determine if stress-induced immune 

suppression was evident in animais that had a time delay between the exposure to stress 

and LPS injection. The concept was that if immune suppression was evident in animals 

that were stressed hours prior to LPS injection, then neme-mediated effects would be 

more obvious as the adrend response would have dissipated. This was based on the fact 

that the corticosterone and plasma catecholamine responses to stress are well documented 

and are at baseline at 1-2 hr post-stress [790,802,839,85 1,964,978,9791- However the 

time course of splenic nerve activity and splenic NE turnover in response to footshock 

stress is not known and could potentially still be active at these later intervals. 

Since cytokine production was assayed one hour after LPS. separating the stress 

exposure and LPS injection could only be accomplished if we reversed our paradip. We 

chose to expose the anirnals to stress immediately before LPS (time O) as well as 4 and 24 

hr before LPS. It was expected that the time O animals would be positive controls as 

glucocorticoids and catecholamines levels would be at their highest point imrnediately 

prior to injection (i.e. right after footshock) and thus be most capable of suppressing 

subsequent cytokine production induced by LPS. Another reason why this interval was 

included was based on studies by Zalcrnan et al., and Shanks and Anisman [808,980] that 

demonstrated that the timing of stress with respect to the immune challenge is critical for 

observing the experimental effects. Therefore if reversing the sequence of stress and LPS 



injection changed the effects of stress on cytokine production, it should be most evident 

at tirne O as the SNS and HPAA are most active. We also tested whether immune 

suppression in response to 10pg of i.v. LPS would occur as maximal levels of splenic 

cytokines as well as maximal levels of plasma corticosterone were induced in response to 

that dose. 

It was expected that immune suppression would be evident in the groups exposed 

to stress 4 and 24 hr pior to LPS, aithough not at the sarne magnitude as the animals 

exposed to stress immediately prior to LPS injection. However stress-induced effects on 

immune function were only evident in this latter group thus making it unlikely that a 

nerve cut effect would be present in adrenal intact animals in this paradigm. In the time O 

group, stress suppressed TNF and I L 4  mRNA in response to both 0.1 and 10 pg of LPS. 

This suggested that if splenic macrophages are exposed to glucocorticoids andor 

catecholarnine prior to cytokine production. that the central systems c m  regulate the 

LPS-induced inflammatory response. The fact that this effect was also seen in response 

to 10 pg of i.v LPS suggests that pnor exposure of splenic macrophages to glucocorticoids 

and catecholarnines is so robust a suppressive stimulus that even a dose of LPS that 

normally induces a maximal cytokine response, can be blunted. RIF  protein and plasma 

protein mimicked splenic mRNA levels. However IL4  protein did not follow the pattern 

of mRNA changes in splenic tissue; potential reasons for this were discussed in the 

previous experiment (section 5). 

Perhaps the most interesthg and surprishg result of this set of experiments was 



that I L 6  was increased, not decreased, in the animals exposed to stress irnmediately 

before LPS. Our results were consistent for responses to both 0.1 pg and 10 pg, and for 

both mRNA and protein, except that IL-6 mRNA was not detected in response to the 0.1 

pg dose of LPS. These results were also c o n f i e d  by measuring plasma IL-6 levels in 

response to stress and 10 pg of LPS. Therefore the results by Takaki et ai., [970] 

suggesting that organs respond differentially to stress in ternis of IL-6 production are not 

applicable in this paradigm as increases were seen for dl of splenic mRNA and protein 

and plasma protein levels of IL-6. These results support pnor reports of stress-induced 

IL-6 production [204-2071 and reports of catecholamines being able to increase IL-6 in 

vitro [200.965]. Also, this finding is consistent with the work by Straub et al., who 

found that the presence or absence of bactenal products will dictate whether NE 

decreases or potentiates IL-6 production [210]. This confimis that although the 

production of RIF,  I L 4  and IL6 are related, distinct regulatory pathways exist for each 

molecule in vivo depending on the microenvironment and physiological state of the 

animal. This is supported by the fact that although IL-6 functions to inhibit RIF 

production [98 11, IL-6 was only increased when the stress preceded the LPS injection 

whereas TNF was inhibited irrespective of the sequence of stress exposure and LPS 

injection. Therefore dthough TNF was reduced in irrespective of the order of LPS and 

stress. the mechanisms by which this happened must be different for each paradigrn. 

The fact that IL-6 expression is increased by simply reversing the order of stress 

and LPS inj ection was uuexpected, despite Zakman' s kdings [808,98 O]. Zalcman' s 



observations were made with a complex immune mesure (the response to sheep red 

blood cells) that requires days to develop in vivo. Therefore it is plausible that stresses on 

different days during this response, would have different effects, as NE can either inhibit 

[48,253,253] or potentiate [152,153,258,259] the humoral immune response depending 

on the timing of NE exposure [269,955]. In contrast we used measures of imate 

irnrnunity (cytokines) which are produced in a rapid and transitory fashion and although 

the timing of stress exposure and LPS injection was reversed, the difference was ody 15 

minutes. The question then, is how does do these diametricaily opposed effects, based on 

the sequence of the two stimuli, occur in such a short span of time? It is likely that the 

stress-induced increase in catecholamines potentiated IL-6 production. It is possible that 

since LPS elicits more of an HPAA response than an SNS response (accordhg to Molina 

and Abumrad) [353], and since glucocorticoids inhibit IL-6 [326,328,332] . exposing the 

animais to LPS pior to stress allows glucocorticoids to reach the immune cells pnor to 

catecholarnines. However if this was the whole story, then it would be expected that LPS 

by itself should reduce IL-6 production, when in fact the opposite was found. Therefore 

the effects observed by Straub et al., w m t  m e r  study as they seem hndamentai to 

understanding the response to stress at a cellular level, as LPS itself, and not 

glucocorticoids, are probably responsible for rendering the ce11 unresponsive to NE [2 IO]. 

The fact that IL-6 seems to be subject to additional complex regdation relative to the 

other cytokines suggests it is a key mediator in the response to a variety of stressors. 

Future studies should concentrate on the d e  of the splenic nerve in regulating the stress- 



induced increase in IL-6 and whether the presence of an immune stimulus like LPS is 

required to achieve this effect. 



7. General discussion and future 

directions 



7. General discussion and future directions 

Homeostasis is defined as the ability of an organism to ensure survival by 

maintaining a consistent intemal environment [1,2]. Anything that disrupts this 

environment is referred to as stress [3]. The stress response includes a coordination of 

metabolic. physiological and behavioral alterations designed to nulli@ the change(s) 

imposed by the stressor and r e m  the organism to its optimal homeostatic position. 

These responses are necessary for survival and are coordinated by the hypothalamus via 

multiple afferent and efferent systems. Although the response to stress in part depends 

on the nature of the stimulus (ie. immunological, physical. psychological), different 

stresses activate many of the same efferent systems and can elicit many of the sarne 

systemic effects. Therefore information regarding the regulation of the host's response to 

any single stressor may give insight into the overall stress response due to these 

commonalities. Delineation of these pathways are critical as dealing with stress is a major 

part of our existence and can impact on many aspects of health and disease [8,982]. 

Modem technology has given us the ability to create designer oqanisms and ce11 

lines. However cells, tissues and organ systems do not exist autonomously, they interact 

with the rest of the body. Therefore in vitro studies or knockout studies may never fully 

expose the essence of the stress response due to its cornplexity and the overlapping 

functions of the many molecules involved in this essential biological process. Therefore 

the global objective of this thesis was to shed some light on the stress response using an 



in vivo rat model. Specifically, we investigated the individual and combined roles of the 

HPAA and SNS in regulating splenic cytokine production in response to an inflammatory 

challenge and in response to a psychological stress superimposed on this inflarnmatory 

challenge. The intlammatory response was chosen as our experimental model due to its 

importance in mediating the early stages of tissue damage and repair, disease states and 

the response to foreign organisms [43,44.434]. 

Experirnent 1: characterization of the in vivo response to i.v. LPS in the rat. The 

purpose of this experiment was to obtain the pararnetric data for our model system in 

response to i.v. LPS. LPS is a molecule from gram negative bacteria that is a potent 

activator of macrophages. Macrophage products like TNF, IL-1 and IL-6 mediate many 

of the effects of LPS on the host. The spleen was the target organ in our system because 

the innervation to the spleen is exclusively efferent and sympathetic and the nerve fibers 

are in close proximity to splenic macrophages [1 5 11. 

We detenined the t h e  course and dose response for splenic TNF, IL4  and IL-6 

rnRNA and protein in response to LPS. We also measured plasma corticosterone, plasma 

catecholamines and splenic catecholamine levels as indices of HPAA and SNS activation. 

The time course studies confiirmed that TNF production peaked before L- 1 which 

peaked before IL-6. Critical parametnc results were derived from our dose response study 

as these experiments were not comprehensively described in the prior litemture. It was 

found that the dose response was relatively Iimited in that maximai cytokine production 



was achieved in response to a relatively low dose of LPS (1-10pg) as compared to the 

dose required to elicit cardiovascular shock (roughly 100 times higher). The significance of 

this fuiding is that it suggests that although cytokines like RIF, IL-1 and IL-6 may 

initiate the host response to LPS and bacteria, they could not be the only mediators 

involved. There was a good relationship between cytokine mRNA and protein for the 

dose response and time course studies, suggesting that the effect of dose on post- 

transcriptional regulation of cytokine mRNA was minimal. 

It was also found that only the 0.0 1 pg and the 0.1 pg doses of LPS-induced levels 

of cytokines that were above background and yet below maximal levels. Interestingly. 

these lower doses did not appear to activate either the SNS or HPAA, as changes in 

plasma corticosterone, plasma epinephrine and splenic NE were only detected in 

response to 1. 1 O and 100 pg respectively. This was important because although the 

immune system, like the heart and enteric nervous system. can function autonomously, 

these systems are also subject to extemal regulation. 

In terms of plasma corticosterone, plasma epinephrine and splenic NE levels, 

changes in the levels of these mediators also did not occur over a wide dose range in that 

they were either at baseline or maximal expression (however turnover rates were not 

measured). Also of note is that the peaks for each of these molecules occurred in response 

to successively higher doses of LPS. Therefore the response to increasing doses of LPS 

seemed to sequentially activate different (potentially inhibitory) regdatory systems as 

opposed to modulating the response of any single system. This reinforces the 



observations of Cannon, Selye, and Kopin et al., of a coordinated response of the SNS 

and HPAA to seessors [1,2,10,11,248]. However the centrd signalling mechanisms 

which mediate these coordinated responses are not known despite the fact that the 

anatornical locations of the cells which project to the SNS and anterior pituitary have been 

identified [983]. Therefore it would be interesting to repeat the dose response study with 

the intention of measuring changes in the bnin by dual labelling for c-fos and other 

markers of activation with peptides such as CRF, VP and OXY using confocal 

microscopy. It would be fundamental to determine the relationship between the dose of 

LPS and neurochemical and neuroanatomical measures of activation. Although previous 

studies have looked at the effect of LPS dose on c-fos expression in the hypothalamus 

and other areas of the brain [32,595.596]. no study has identified specific mediators or 

groups of hypothalamic or extra-hypothalamic cells which could differentially activate the 

SNS as opposed to the HPAA, or the adrenal medulla as opposed to the splenic nerve. 

There is no doubt that peripheral cytokines or central idammatory stimuii c m  

activate the brain. What is unknown is the role of central cytokines as signalling 

intermediates in the response to peripherai inflammation. The present experiments 

provided information on the subject by measuring cytokine levels in various brain areas at 

1 hr post-injection of 1000pg of i.v. LPS. We proposed that since the majority of 

responses to LPS are uiitiated by 1 hr, then changes in cytokine levels in the brain at 1 hr 

post LPS may Uidicate a role for these molecules as central signaihg intermediates. 

However, no differences were detected with respect to central cytokine levels between 



any of the brain areas tested or in response to LPS. These resuits were consistent with 

Tumbull et al., who could inhibit the HPAA response to i.m. turpentine with the infusion . 
of a ccntral TNF antagonist despite not being able to detect changes in central TNF in 

response to peripheral turpentine [673]. This role of cytokines in central signalling 

pathways, especially pathways that are not immune specific, remains to be established 

[207,698,874]. One explanation for the effects of central cytokine antagonists on the 

response to peripheral inflammation could be that the molecules that are used to block 

central cytokines, are exerting effects irrespective of cytokine production as cytokine 

recepton are constitutively expressed in the brain. An interesting future study would be 

to block central TNF or IL-l in response to LPS in mice where the cytokines or receptors 

for these molecules are knocked out. This would verQ the specificity of these cytokine 

antagonists and hopefully help alleviate the controversy surrounding this issue. Turnbull 

et al., offered another explanation as to how the blockade of central cytokines can alter 

peripheral immune function. They found that centrally administered anti-TNF antibodies 

blocked the ACTH response to LPS through leakage into the periphery and neutralization 

of peripherai TNF [984]. However this could not be the only explanation because the 

infusion of a central RuF antagonist also blocked the ACTH response to turpentine. 

despite the fact that plasma TNF levels were below detectable limits [675]. It is also 

possible that the ability of central cytokines to influence peripheral immune function or 

the response to a penpheral immune stllnuius can only occur with central inflammation. 

For example Woiciechowsky et al., found that brain injury can cause sympathetic storm 



which increases inhibitory molecules like I L 4  0 in the periphery (probably via 

catecholarnines) [926,927]. Therefore it is possible that the cannulation procedure, which 

is required to deliver substances to specific brain regions, is traumatic enough a stimulus 

for the induction of centrai cytokines and subsequent modification of the response to 

peripherd inflammation. Our own unpublished in situ hybridization studies support this 

notion as pro-infiamiriatory cytokines like IL4 were produced dong the cannula tract and 

increased at that location in response to i.c.v. LPS. As well. Woodroofe et al., 

demonstrated an increase in central cytokines following insertion of a rnicrodialysis probe 

[687l. Therefore the central blockade of cytokines may be inhibiting the effects of central 

trauma on peripheral immune function and not the central signalling pathways that are 

exclusive to regulating to peripheral immune function. Proving this however is currently 

impossible because as mentioned, cannulation is the only procedure that allows the 

delivery of the various agonists and antagonists to specific brain areas. 

Experiment 2: Effect of the SNS and HPAA on splenic cytokine in response to 

LPS. The main objective of the second experiment was to detemine the individuai and 

combined effect ofsplenic nerve cut and ADX on splenic cytokine production in 

response to various doses of LPS. This paradigm was originally used by Besedovsky et 

al., in the characterization of the central regdation of the antibody response to sheep red 

blood cells [48]. He found that both ADX and splenic nerve cut increased the response to 

sheep red blood cells and that the combination of the two procedures was additive. Our 



main objective was to determine if this mode1 was relevant to LPS-induced cytokine 

production. However we found that there was no effect of the splenic nerve on cytokine 

production, the effects ADX were minimai and there was no additive effect between these 

two procedures. These results suggest that although in vitro studies and studies utilizing 

pharmacological doses of agonists and antagonists can demonstrate the effects of the 

catecholamines and glucocorticoids on splenic cytokine production, the physiological in 

vivo situation is different. It is also possible that there was a potential nerve cut effect in 

response to high doses of LPS. but that it was masked due to the maximal activation of 

cytokine production. However if the SNS is an integral part of cytokine regulation in 

response to LPS, it would be expected that the nerve cut effect would be robust enough to 

be evident in one of the many scenarios we exiimined. it was not the case. This then raises 

the question that if the SNS and HPAA have the potentid to regulate cytokine 

production and when is that regulation physiologically relevant or at least observable in 

vivo? 

A due may corne from the studies of Molina and colleagues who found that 

sympathectomy can increase splenic cytokines in vivo if the stressor in question activates 

the SNS to a greater magnitude that the HPAA [353,973]. This may help explain our data 

as they found that the response to LPS activates the HPAA to a greater magnitude than 

the SNS. Interestingly, it has been found that repeated exposure to LPS reduces the 

corticosterone response [63 1,985,9861 (however no measures of plasma catecholamines 

were made in those studies). Alternatively, McKechnie et al., demonstrated that in 



response to a constant infusion of LPS for a 4 hr duration, NE levels did not drop over 

the course of the experiment despite the fact the E levels did [145]. Unfortunately, again 

plasma corticosterone levels were not measured in this study to support this contention. 

However clinical studies do support this possibility as 24% of septic shock patients 

suffer from adrenai insufficiency prior to glucocorticoid treatment [987]. Therefore in 

response to LPS, the nerve may function to inhibit cytokine production in more chronic 

scenarios. Future studies m u t  determine if the splenic nerve could regulate splenic 

cytokine production in response to either a baclerial infection or constant infusion of 

LPS. Another due as to when the control of cytokine production by the SNS is 

physiologically relevant are indicated the studies by Woiciechowsky et al. They found 

that b r i n  injury can cause sympathetic s tom which activates inhibitory molecules Iike 

IL-10 [926,927]. This would explain why Brown et al., using central IL- 1 to mimic centrai 

inflammation and Pan et al., using centrai PGE2 could demonstrate a nerve cut effect on 

splenic cytokine production [89], while the experiments in this thesis, which used 

penpheral LPS, could not. Therefore one situation where the SNS may specificdly 

function to inhibit cytokine production is when the brain itself is activated, such as in 

central inflammation or psychological stress, prior to the peripherai immune challenge. 

It is clear fiom the studies by MacNeil et al., that the splenic nerve is 

preferentially activated in response to LPS and therefore is likely mediating some unique 

process in the spleen [76,645]. However since it does not appear to regdate cytokine 

production in response to LPS in non-stressed mimals, then the questions remains as to 



the nature of this unique signai. It is known that NE can alter ce11 rnovement irrespective 

of its effect on the cardiovascular system and that cuning the splenic nerve increased the 

weight of the spleen and aitered the percentage of splenic T-cells per unit area. Since 

weight increased and the number of T-cells decreased per unit area in nerve cut anllrials, it 

is likely that the relative number of B cells and macrophages were increased in denervated 

spleens, while the total number of T-cells was constant in the enlarging spleen. However 

it is unknown if this effect was LPS-dependent [971] or represented a constitutive role of 

the nerve in ce11 üafEcking. 

There is no doubt that the imate and adaptive immune responses are in 

communication and cm fûnction autonomously from the CNS. However an interesting 

experiment would be to determine if the intlammatory response can influence the adaptive 

response via the SNS. This is based on the fact that LPS c m  selectively increase splenic 

nerve activity [76] despite the fact that the cutting the splenic nerve does not alter LPS- 

induced cytokine production. However since NE cm affect the humeral response and ce11 

tnfficking, the increase in nerve activity may represent a signal to prime the adaptive 

immune system. Therefore it would be interesting to detemine if the splenic nerve plays 

a role in the adaptive immune response to a foreign pathogen. and if'this role is dependent 

on the potency of the initial infiammatory response (ie. if the splenic nerve was activated 

or not). Consistent with this, Zalcman et ai., demonstrated that IL-2-induced potentiation 

of the response to SREC was dependent on an intact splenic nerve [254]. 

With respect to LPS-induced splenic cytokine production, Besedovsky 's feedback 



model of neural immune regulation was not supported by our in vivo studies as neither 

the splenic nerve nor the adrenal glands significantly impacted on LPS-induced splenic 

cytokine production. Given the breadth of parameters in this study, it can safely be 

concluded that Besedovsky 's model of inhibitory feedback can not be univesally applied 

to al1 situations. It therefore remains to be determined if this feedback system is only 

relevant to adaptive immunity, measures of imate imrnunity not measured in our studies 

or are released to primarily correct perturbations of the metabolic and cardiovascular 

systems. 

Experiment 3:the role of the SNS and HPAA in regulating the effects of stress on 

LPS-induced splenic cytokine production. Caretùl review of the available literature 

indicated that the nerve cut effect can be observed in paradigms where activation of the 

CNS was separated from a peripheral immune challenge. ïherefore the objective of this 

experiment was to determine if the effects of stress on splenic cytokine production were 

transmitted by the splenic nerve. To accomplish this we utilized a paradigm where the 

animais were injected with a dosa of LPS that did not induce a corticosterone response 

(O. 1 pg), imrnediately exposed to 15 minutes of footshock and killed 45 minutes later. The 

first study indicated that our resuits agreed with Goujon et al. [867] in that stress was 

immunosuppressive to cytokine mRNA and protein. This was most likely due to the 

appearance of glucocorticoids and catecholamines in the plasma pnor to cytokine 

expression. It was also found that there were some discrepancies between concurrent 



changes in levels of mRNA and protein, most notably with IL- 1. 

Cutting the splenic nerve in adrenal-intact animals did not abrogate the 

irnmunosuppressive effects of stress in our paradigrn. Thus the objective of the next 

study was to determine if the stress-induced immune suppression of splenic cytokine 

production was entirely dependent on the adrenal glands. It was found that the magnitude 

of stress-induced suppression was comparable in ADX rats and adrenal-intact rats. 

Therefore neither the adrenal nor the splenic nerve aione mediates the immunosuppressive 

effects of stress on LPS-induced cytokine production. Although the pituitary gland was 

the likely source of immune suppression, Keller et al., had previously observed stress- 

induced immune suppression in HYPOX animals [58]. This information, combined with 

the fact that the splenic nerve activity was increased in ADX rats, lead us to believe that 

the SNS has a more predominant role than the HPAA in the stress response which occurs 

in the absence of the adrenal glands [378]. Therefore we looked at the effect of splenic 

nerve cut on stress-modified levels of splenic cytokine production in ADX rats. 

Significantly, we found that cutting the splenic nerve abrogated the suppressive 

effects of stress on LPS-induced splenic cytokine production in ADX rats. Although it 

couid not be unequivocally demonstrated that the nerve transrnitted al1 the 

immunosuppressive effects of stress, the renilts clearly support this possibility. I t  is also 

interesting to consider how the SNS and adrenals are interacting in this situation. Given 

the fact that there was an ADX effect and a stress effect, the data suggests non redundant, 

and independent roles for catecholarnines and glucocorticoids in this paradigm. For 



example, removal of the adrenals increased baseline levels of some cytokines but did not 

impact on the magnitude of the stress effect. Also, splenic nerve cut alone did nothing. 

This suggests that either corticosterone andior E are required for setting the ceiling of 

cytokine production in response to this dose of LPS, while catecholamines (or maybe just 

NE) are required for the stress effect. Thus it is possible that both the splenic nerve and 

the adrenals individually transmit immunosuppressive signals of suficient magnitude to 

rnake the elunination of either one of these systems is insignificant. However it is aiso 

possible that there is an active compensation as described by MacNeil et al., who 

observed an increase in LPS-induced splenic nerve activity following acute A D X  [378]. If 

such compensation does exist between the HPAA and SNS, is it due to actions at the 

post-ganglionic level, a lack of central glucocorticoid feedback or are other mechanisms 

involved? Would HYPOX superimposed on ADX and nerve cut increase cytokine 

production even more? Thus, sirnilar to the dose response studies in experiment 1, it is 

important to investigate the events in the brain and /or periphery that are responsible for 

mediating this compensation as the organizationai hierarchy appears to be fundamental to 

the stress response. Also, as described for experiment 2, it would be important to 

determine if the immune suppression of innate immunity applies to the adaptive immune 

response in a paradigm where both could be measured. 

Although we demonstrated that the nerve could affect splenic cytokine 

production, it did so only after removal of the adrenals. Therefore in this paradigm the 

SNS may function as a biologicd emergency brake. Clinicaily, this backup system may be 



critical in situations where adrenal h c t i o n  is lost, such as adrenal insufficiency brought 

on by chronic glucocorticoid excess, septic shock or other conditions such as tumors and 

Addison's disease [987-9891. 

Experiment 4: Characterization of the stress response when the exposure to stress 

precedes i.v. LPS. The final study thus set out to determine a scenario where the 

immunosuppressive effects of stress on splenic cytokine production could potentially be 

regulated by the splenic nerve in adrenal-intact animals. In an attempt to separate the 

immunosuppressive effects of mess fiom the HPAA-mediated response, we reversed the 

order of stress and LPS injection so that we could look at the more long-term effects of' 

acute stress on splenic cytokine production while still measuring cytokine production at 1 

hr post-LPS. We exposed the anirnals to stress 0 ,4  and 24 hr to 0.1 pg of i.v. and 

measured splenic cytokines 1 hr post-injection. An additional series of studies were 

conducted to determine if the effects of stress 0,4 and 24 hr pnor to LPS injection were 

robust enough to suppress cytokines in response to 10pg of LPS, a dose that induces 

maximal splenic cytokine and plasma corticosterone levels. It was found that LPS-induced 

increases of splenic TNF and IL4 expression were only suppressed when die animais 

were exposed to stress immediately prior to the LPS injection. No suppression was 

observed when the animals were exposed to stress 4 or 24 hr pnor to LPS injections. The 

resdts were comparable in response to both 0.1 pg and 1Opg of i.v. LPS. 

Although we were unable to a achieve our main goal of identifying an interval 



during which the splenic nerve was potentially rnediating the immunosuppressive effects 

of LPS on splenic TNF and I L 4  production separately from HPAA-mediated effects in 

adrenal-intact rats, this experiment generated some of the most interesting data in 

characterizhg the stress response. In contrat to the original paradigm, it was found that 

if the sequence of stress exposure and LPS injection was revened, so that the animal was 

exposed to stress prior to LPS, that splenic IL-6 levels were increased rather than 

suppressed. Plasma levels were also increased suggesting that this response was a 

systemic phenornenon. The ability of the stress response to drive such diverse reactions 

to what are seemingly very shilar paradigms illustrates the dynamics of the regulatory 

system. These observations generate many additional questions regarding the interaction 

between stress and immunity. For example. do these results suggest that immune cells are 

cornmitted to a certain path depending on whether they were first exposed to LPS or NE 

as suggested by Shaub et ai., [2 1 O]? Why are the sequence-dependent differential effects 

observed for IL-6 and not for R I F  or IL-l? This suggests that IL-6 has an important 

function in the general response to stress, irrespective of the stressor, such as its role in 

regdating the acute phase response [45]. Irnportantiy, these results lead to a series of 

experirnents that test the nature of the stress response and the mle of the SNS in the 

regdation of this system. For example it will be important to determine if the nerve is 

responsible for the potentiation of IL-6 in response to stress and if the role of the splenic 

nerve in potentiating IL-6 production is evident in the absence of LPS. Consistent with 

Besedovslq's mode1 and pnor studies in this thesis, the next set of experiments should 



then determine the role of the adrend gland in the stress-induced potentiation of IL-6 

production and the interaction between the ADX and splenic nerve in this system. If 

either the nerve cut andor ADX is found to regulate this response then future efforts 

should be concentrated on characterizing the central signals that mediate this effect. 

Othenvise the next experiments shodd determine the effects of habituation to chronic 

stress or conditioning on LPS-induced cytokine production and determine if the splenic 

nerve cm mediate these effects in adrenal-intact animds. 

Concluding remarks: Although it is clear that stress cm regulate immune function, a 

Iarger question still remains as to whether this is by design or merely a side effect of the 

regulation of more cntical systems such as blood pressure and metabolism. The fact that 

the stress response is not identical in response to different stresson suggests a potential 

for dtering immune function by design. In agreement with this, Dhabhar and colleagues 

suggest that redistribution of lymphocytes to the periphery in response to stress is a 

critical part of the survival to a predator [3 1 7,3 58,3 593. However the release and effecis 

of glucocorticoid are rapid and highly transitory. Thus it is dificult to imagine that a 

system designed primarily to maintain homeostasis in response to short terni stressors, 

would even consider the immune system a priority. Also, it is clear that the majority of 

the manuscripts (and almost al1 of the in vivo reports) that deal with the effects of stress 

on immunity. describe it as being a suppressive factor. This then questions the notion of 

immune regulation by stress as an adaptive response as their is no clear survival advantage 



in having a suppressed immune system Save for allergy and organ transplantation. It is 

therefore likeiy that the immune regdation occurs due to the chronic activation of a 

system that is rneant to function in acute situations. Thus, the stress-immune relationship 

rnay represent a secondary consequence or by-stander effect as descnbed by Cannon [2]. 

Relatively little has changed since Cannon proposed that secondary irrelevant 

effects of the stress response will matenaiize if an organism can not deai with stress [2] .  

This explanation is ofien invoked in that stress is offen blarned for contributing, initiating, 

exacerbating or cornplicating many unrelated and diverse disease States (both physical and 

psychological), despite the fact that little is known regarding the mechanisms mediathg 

these changes [8,982]. The detrimental effects of stress on health and immunity may be 

attributed to the fact that this regdatory system evolved to deal with situations rarely 

encountered in modem society. The fight or flight response served us well against 

predaton, but in this day and age stresses are ofa more chronic nature and often involve 

conceptual or perceived issues rather than physical threats. Therefore there is a 

physiological pnce to pay for chronicdly activating a system that is meant to function on 

an acute basis. and this price is paid at the expense of the organism's health. 

What is known is that there is a primas, link between the brain, imrnunity and the 

overail health of an individual. Thus, if stress is such a powerful phenornenon that it cm 

exert its influence on diverse biological functions, then its impact on the health and 

economy of the world are incalculable. Therefore further funding and resources are 

required to better define the biochemical, matornicd and molecular processes which 



control the response to stress and to devise strategies that may be better able to help the 

body defend itself against exogenous challenges. 
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9. Appendix-1: List of PCR Primers 

The primer sequences are written from 5' to 3'. The 5' primer is also known as the 

upper primer while the lower primer, T73', is designated as such since it has the binding 

sequence for T7 RNA polymerase. For IFN and 28s rRNA mouse and human pnmers 

were used respectively as the sequence homologies were almost identical to rat. 

Rat TNF 

5' 

T7 3' 

Rat RANTES 

5' TGCATCCCTCACCGTC ATCC 

T7 3' TAATACGACTCA~ATAGGGAGACTGGG'ITGGCACACA~GG 

Rat GAPDH 

5' 

T7 3' 

Rat MW-1 beta 

5' CITCTCTCTCCTCCTGCTTGTG 

T73 ' TAATACGACTCACTATAGGGAGACAGATITGCCTK~GG 

Rat MCP-1 

5' 

T73 

ALTCACCTGCTGCTACTCATTCAC 

TAATACGAaCACTATAGGGAGAGnGTGGAAAAGAGAGTWATK 



Rat IL-6 

5' 

T73' 

Rat IL-18 

5' GCGGAGCATAAATGACCAAGTTC 

T73' TAATACGA~CACTATAGGGAGAGATGGCU~AGAAAGTGTC~CA 

Rat IL-12 p40 

5' CATGTGGG AG=% AG AAAGATG'IT 

T73' TAATACGACTCACTATAGGGAGAGTGGAGCAGCAGATGTGAGTGG 

Rat TACE 

5' CCAAATGAGGACCAAGGAGGMG 

T73' T U T  ACG ACTC ACTATAGGG AG ACAGC AGGTGTCGTTG'ITC AG 

Rat ICE 

5' C AGGATCTGGGmATACTGTGAAA 

T73' TAATACGACTCACTATAGGGAGATAATGATAACCITGGGmGTm 

Rat IL-1 beta 

5' CTCTCCAGTCAGGCTTC(31TGTGC 

T73' TAATACGACTCACTATAGGGAGACGAGTCACAGAGGACGGGCTC 

Rat Actin 

5' TGGGACGATATGGAGAAGAAGAmGG 

T73' T A A T A C G A C T C A C T A T A G G G A G A T G A C C G T C A G C T C  



Mouse Interferon Gamma 

5' GCTCTGAGACAATGAACGCTACAC 

T73' TAATACGACTCACTATAGGGAGAATTCAATGACGmATGnG~Gc 

Human 28s rRNA 

5' ACGCTCATCAGACCCCAGAAAAGG 

T73' TAATACGACTCACTATAGGGAGACATG'fTCAAmGCTG'ITCAC 

T7 Sequencing primer 

AATACGACTCACTATAGG 
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TECHNlCAL NOTE 

Enhanced lmmunohistochemical Detection of Autonomie Nerve 
Fibers, Cytokines and lnduci ble Nitric Oxide Synthase by 
Light and Fluorescent Microscopy in Rat Spleen 

Jon C. Meltzer, Paul C. Grimm, Arnold H. Greenberg, and Dwight M. Nance 
Deparlments of Anatomy (JCM), Pathology (DMN), Pediatria (PCC), and the Manitoba lnstitute of Cell Biology WC), 
University of Manitoba, Manitoba, Canada 

S UM MARY We have developed enhanced imrnunohistochemical p r o t ~ o t s  for detecting 
autonomic nerve fiben and splenocyte-associated proteins in rat spleen. This indudes norepi- 
nephrine-synthesizing enzymes (dopaminepeta hydroxylase (DBH) and tyrosine hydroxy- 
lase (TH)), neuropeptide Y (NPY), tumor necrosis factor -a (TNF-o), interferon? (IFN?), c-fos 
protein, inducible nitric oxide synthase (iNOS), and the macrophage cell marker EDI. Ani- 
mals were divided into sham-operated and splenic nerve-sedioned groups for detection of 
DBH, TH, and NPY. For immunodetection of TNF-a, iNOS, lFNy and c-fos, anirnals were in- 
jected IV with saline or 100 pg of  lipopolysaccharide (LK) and were sacrificed a t  various 
tirne intenrals port injection. Rats were perfused with 4% paraformaldehyde, spleens re- 
moved and cryoproteded, and 50-pm floating sections were cut on a freezing microtome. 
lmrnunodetection was performed with various detection systems and substrate/chromogen 
solutions, and in some cases using pretreatrnent with proteinase K (PK) for antigen un- 
masking. PK pretreatrnent increased immunostaining for OBH, TH, NPY, IFN-y, iNOS, and 
€01, and the impmvement was concentration-dependent, Using NPY immunostaining to 
index the signal-to-noise ratio for various substrates and detection systems, we found that 
an alkaline phosphatase detection system with NBTiBCIP as a substrate was the bert proce- 
dure for light microxopy, whereas the C/3-labeled secondary antibody technique proved 
optimal for fluorescent microscopy. Surgical transection of the splenic nerve eliminated al1 
nenre fiber staining for DBH, TH, and NPY- TNF-a, IFN-y, c-fos, and iNOS proteins were O& 

semed in the spleen in a tirnedependent manner after LPS stimulation. fluorescent double 
labeling, visualized with fluorescent confocal scanning laser microscopy, reveaied many 
NPY fibers distributed among the €Dl-labeled macrophages. These results demonstrate 
that immunohistochemistry can be used to index the activational effects of an immune 
challenge on splenocytes in situ and verifies that splenic immune cells are innervated by the 
sympathetic nefvous SyStem. U Hrstodrem Cytochem 45S99-610,1997) 

KEY WORDS 
dopamine phydraxylase 
tyrosine hydrmylase 
protehase K 
alkaline phosphatase 
neuropeptide Y 
TNF-a 
tFNq 
macrophage 
c-fcs 
irnrnunahatocheminiy 

NEUROANATOMIC and neuroendocrine studies have 
demonstrared a role for the nervous systern in rcgulat- 
ing immune functioa via die hypothalamic-pituirary- 
adsenal (HPA) axis and the autonomic nervous sys- 
rem. The sympathetic a m  of dit autonomic nemous 
system may play a major role in regulating irnrnunc 
function via direct sympathetic innuvaaon of all irn- 

Correspondencc to: D. M. Nuice, PhD, Dept of Pd~ology, U. of 
Manimba, ï ï 0  Bannaryne AVG, Winnipeg, MB, R3E OW3, Canada. 

Rmivcd for publication Augm 27,1996; a c c e p d  Novanbu 
4,1996 (6T4065). 

mune organs (Truckmg e t  al. 1994; Nance and Burns 
1989; Felrui et al. 1987a,b). Typically the sympathetic 
ncrvous systern wcrts inhibitory control of immune 
function (Hu and MolIcr 1994; Dureus et al. 1993; 
Monasva and Secchi 1993; Wan et al. 1993b; H u  et 
al. 1991; Kouassi et al. 19 88; Besedovsky et al. 1979). 
Howevcr, some immune rcspows have been s h o w  
to be potenaated by sympathetic acûvaaon (Zalcman 
et al. 1994). 

The spleen is a mode1 orgm to midy neural- 
immune interactions because of its w e l l d d b c d  in- 
nervation (Tnidntng et al. 1994; Nancc and Burns 

O The Histochemical Society, fnc 0022-1 5Wfi330 
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Table 1 Dilutions of prirnary antibodies 
Name Dilution Supplier Reference 
Anti-OB W 12000 Eugene Tech Smith et at. 1991 

Anti-TH 1:lSOO Eugcne Tech ftiten et al. 1387a 
Ami-NPY 13000 lncstar Pelletier et  al. 1984 
Anti-iNOS 1 :5O&t 000 Tramducrion Labs Western blot h m  company 
Anti-INOS 1 : ~ l O O O  Gift from Dr. H. &hima Bandelatwa et al. 1993 
Anti-TNk 1:MOO Genryme Oiamond and Pesek 1991 
Antl-IFNy 1:1000-2000 Biosou~e Van der Meide et al. 1986 
Antii-for 1:10.000 Santa CIur Blotechnology Western blut frorn company 
Anti-€Dl 12000 k f o t e ~  Damoiseaux et al. 1994 

1989) and the ability to eliminate nenre fiben to the 
spleen by chernical or surgical sympathectomy (Zalc- 
man et al. 1994; Vriend ct al. 1993; Wan et al. 1993b; 
Romano et al. 1991; Nancc and Burns 1989; Felten et 
al. 1987a,b; Besedovsky et al. 1979). Analysis of the 
effects of neural nansminen on splenic immune func- 
tion indicate a Funcrional role for norepinephrine (NE) 
and neuropeptide Y ( M Y )  (Hu and MoIltr 1994; 
Madden et al. 1994; ZaIcman et al. 1994; Dureus cr 
al. 1993; Fukushima et al. 2993; Monastra and Secchi 
1993; Wan et al. 1993b; Hu er al. 1991; Spengler et 
al. 1990; Kouassi et al. 1988; Sanders and Munson 
1985). Of panicular interut are the effecrs of NE ago- 
nists and antagonists on the in vitro production of 
macrophage-associatcd cytokines, such as curnor ne- 
crosis factor-o (TNF-u) (Monastra and Secchi 1993; 
Spengler et al. 1990; Introna er al. 1986). Aithough 
these in vitro snidies provide information on possible 
cellular interaaions benveen sympa rhetic neural 
transmitrers and the immune system, they may not ac- 
curately reflect the events that occur in vivo. There- 
fore, we have developed enhanced immunohistochem- 
ical protocols that tnable us to examine the rolc of the 
autonornic ncnrous systern in regdaring splenic im- 
mune hnction by in situ localizarion of immune- 
related molecules and autonornic nerve fibers. 

Materials and Methods 
Chernicals 
Lipopolysauharide (US; E. coli serocype OSS:BS), di- 
axninobenzidine, glucose oxidasc, nitroblue tetrazo- 
lium (MT), levamisole, D-glucose, Fast Red, naphthol 
AS-MX phosphare, sodium nitroprusside, protebase 
K (PIC), glycine, BSA, and Triton X-100 were pur- 
chased from Sigma (St Louis, MO). Paraformalde- 
hyde, sodium nitrin, and giycaoi were purchased 
kom BDH (Toronto, Ontario, Canada), S-brorno-4- 
chloro-3-indolyl-phosphate-p-toluidinc salt (BCIP), 
ammonium chloride, Nfl-dimethylfomamide, sc- 
dium azide, methanol, and gclatin wcre purchascd 
h m  Fixher (Fair Lawn, NJ). The E~yme-LabeIed- 

Fluorescence (ELF) kit was purchased from Molccular 
Probes (Eugcne, OR). Normal goat serurn was pur- 
chased from Cappel (Scarborough, Ontario, Canada) 
and RedPhos was purchased from Research Organics 
(Cleveland, OH). 

Anti bodies 
Rabbit ami-c-fos was purchased from Santa Cruz Bio- 
rechnology (Santa Cruz, CA). Rab bit anti-dopamine-$ 
hydroxylase (DBH) and ami-tyrosine hydroxylasc 
(TH) were purchased from Eugene Tech (Ridgefield 
Park, NJ). Rabbic anri-NPY was purchased from 
Incsrar (Stitlwater, MN). Rabbir anti-induciblc niuic 
oxide synrhase (NOS) antibodics werc a gift from Dr. 
H. Ohshima (International Agency for Research on 
Cancer; Lyon, France) or purchased from Transduc- 
tion LaSs (Lexington, KY). Rabbit ami-mouse TM:* 
was purchased from Genzyme (Cambridge, MA). 
Rabbit anri-rat interferon y (IFN y) was purchased 
from Biosourcc (Camarilla, CA). Rabbit IgGs were 
purchased from Sigrna, CY3-Iabeled goat anti-rabbit 
and FITC-labeled goat anci-mouse were purchased 
from Jackson Immunologicals (West Grove, PA), 
mouse monoclonal ami-ED1 was purchased from Sc- 
rotec (Toronto, Ontatio, Canada), mouse IgGs were 
purchased from Rockland Labs (Gilbensville, PA), 
and unconiugared and alkaline phosphatase (AP)-con- 
jugated goat anti-rabbir and rabbit peroxidase-anti- 
peroxidase (PAP) were purchaxd h m  Cappel (Scarbor- 
ough, Ontario, Canada). Optimal dilurions of primary 
and secondary anàbcdies were deterrnined ernpiricalIy 
in preliminary experirnenrs. Listed in Tables 1 and 2 

Table 2 Dilutions of secondary antibodies 

Goat anti-rabbit (CAR), unconjugatcd 1:fW 
GA& alblinc phospha-njugated 1 :7SO-1:1000 
CAR. m n f u g a t e d  1:tOQO 
Rabbit pemxfda~-and-pc~dase 1900 
Coat arrtimouse FKCumjugated 1:- 
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are the optimal dilutions of prirnary and secondary 
anribodies with the AP detection systern using NBTI 
BCTP as a ctiromogenlsubstrate combinaaon. Refcr- 
ences docurncnting the specificity of these ancibodies 
also appear in Table 1. 

Animals 
For immunodetecrion of DBH, TH, and NPY fibers in 
the spleen, aduir male (250-400 g) Sprague-Dawley 
rats (Charles River; Dorval, Quebec, Canada) were 
anestherized (60 mgkg sodium pentobarbital) and di- 
vided into two groups, sham surgerics and splenic 
nerve secrions (dcscribed by Nance and Burns 1989) 
and allowed to recover for 7-10 days before tissue 
processing (six animals per group). For smdies invoIv- 
ing the immunodeteaion of TNF-a, c-fos, IFN-y, and 
iNOS, animals were injected with saline or 100 pg of 
LPS via rail vein (ar least three anirnals pcr rime point) 
and were sacrificed at various intervals after injection. 
Al1 procedures were approved by the animal ethics 
cornmittee ar the University of Manitoba and the 
CCAC. 

Tissue Processing 
Animals were sacrificed by an overdose of pentobar- 
bital and then tranxardially perhsed wirh 100 ml of 
I % sodium niuite in phosphate buffer (PB), folIowed 
by 300 ml of 4% buffered paraformaldehyde (pH 
7.3). Spleens were removed, poslfixed for 2 hr, and 
cryoprotectcd in 30% sucrose. Serial So-~rn sections 
of spleen were cut on a freczing micrororne and uans- 
fened ro a 24well culture plate conraining 0.01 M 
PBS. Subsequcnt processing of the sections depended 
on the enzyrnaac or Auorescent detection system being 
tested. 

PAP Detection 
Sections were rînsed thrce t h e s  or were pretreated 
with û-5 ~+g/mi of protcinase K (PK 0-5 p g M )  in PK 
buffer (0.1 M Trid50 rnM EDTA, pH 8.3, at 25°C) 
for 30 min at 37C wirh agitation before die rime steps 
(the firsr rinse after PK included 2 m g h l  glycine]. 
Nem, sections were cithcr placed in primary antibody 
or were prtueared with 3% HzOz and 0.1% (Li 
et al. 1987) at room temperature (Ri) for 30 min to 
reduce endogenous peroxidase actîvity before bcing 
placed in primary antibody. Primary amibodies wcre 
diluted in 0.01 M PBS containing 2% bovine senun 
albumin (BSA), 1% normal goar serum (NGS), and 
1 % Triton X-IO0 (TIX). Trays were encloscd in hu- 
midificd bags on a rocker table and incubated over- 
night at RT. The nucc day all sections were nnsed and 
placed in P W l %  IITX/I% NGS for 90 min contain- 
h g  1:lSO diluaon of unconjugared goat anti-rabbit 
antibody. Sections with and withour previous pre- 

treatment ro reduce endogenous peroxidase activity 
were incubated for 30 min in 3% Hz02/ 5% methanol 
in PBS (Romano et al. 1991) or 1 % sodium nitroprus- 
sidel 0.074% HCI/100% methanol (Straus 1971) and 
rinsed. The sections were placcd in 1:300 dilution of 
PAP in PBS/l% m l %  NGS for 90 min. Sections 
were Msed and developed in 500 pJ of 0.01 M PB/ 
wcll containing 0.05% diarninobenzid.int, 0.04% am- 
monium chloride, and 0.2% D-glucose. Aftcr addition 
of 50 pJ of 0.006% glucose oxidase soluaon to each 
weli, the sections were developed for 30-15 min and 
then rinsed in PBS, floated onto slidcs, dried ovcr- 
night, and coverslipped in glycerol gel (50% glyceroi/ 
7.5% gelatin/O.l% aride in 0.1 M PB). 
Alkaline Phosphatase Oetection 
Sections were rinsed and placed directly in prirnary 
antibody or fint digested with PK as described above. 
Afrer incubarion in prirnary antibody, smions werc 
rinsed and placed into a 1:750-1: 1000 diluaon of AP- 
conjugated goat anti-rab bit [whole a ntibody or F(a b)2 
fragments] for 2 hr, rinsed, and then developed with 
one of the following substrates: NBTtBCIP, NBTfRed- 
phos, Fast Red, or ELF (Lanson et al. 1995). For 
NBT/BCIP and NBTRedPhos detection, 0.4 rnM 
NBT, 0.4 m M  BCIP (or RedPhos), and 3 m M  levami- 
sole were added to 50 m M  MgC12/100 rnM Tris/100 
mM NaCl, pH 9.3. Fast Red was developed by dis- 
solving 20 mg of Fast Red salr in 20 ml of 100 mM 
Tris13 m M  levamisole (pH 8.2). To this solution, 4 mg 
ASMX-phosphate dissolved in 400 pl of dimethyIfor- 
mamide was addcd and stirrcd for 30 sec without fil- 
tering. ELF dcvelopment was according to the manu- 
facturer's instructions, except thac the development 
solution was not filtered and secrions wcre developcd 
for 5-10 min. After development, sections were cinsed, 
floated onto slides, dried, and coverslipped as above. 

Sections were rinsed and placed in primary antibody 
or pretreated with proteinase K as described above. 
Aftcr the primary incubation, sections were rinsed and 
incubated for 3-4 hr in a 1:1000 dilution of CY3-con- 
jugated goat ami-rabbit anribody. Sections were 
rinsed, Boaled onto slides, air-dried, and covenlipped 
as a bove. 

Fluorescent Double Labeling 
Sedons wcre incubated ovcrnight with rabbit anti- 
NPY mixcd with mouse anti-EDl in 1% NGS, 2% 
BSA, and 1% ?TX. Sections were thcn rinsed with 
PBS and incubared for 3-4 hr in goar antinbbit  la- 
beled with CY3 and goat anti-mow labeled wirh 
FlTC- Setaons were rinsed in PBS and rnounted as dc- 
scribed above, Stcnons w u r  thur visualized with a Lcia 
epifhoreuuic microscope and with a Molecular Dy- 
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namics confocal waming laser microscope equipped 
with an argon laser and dual detectors. The images wue 
generated from unfiltercd raw opacal sections that were 
rendered as maximal intensity projections with h g -  
espace s o h a r e  (Molecdar Dynamics; Sunnyvale CA). 

Control staining procedures included exclusion of pn- 
mary ancilor secondary anribodies and nonspecific 
rabbit or mouse immunoglobulins substimred for pri- 
Z a y  asrihadies. The same c~nnols xere apptied f ~ r  
double-labeling experirnents, except rhat nbbic IgG 
and antibody to NPY were incubaced with goat anri- 
mouse-con jugated FITC and mouse IgG and anti-ED 1 
were incuba ted with CY3-la bcled goat anti-rabbit to 
check for crossreactivity. 

Results 

Immunohistochernistry for DBH with the PAP and 
A? Techniques 
The focus of this study was to determinc the Iocaaon 
of nerve fiber- and splenocyte-associated proteins in 
rat spleen. Initially the PAP technique was used for 
immunolocalizarion of DBH and other molecules, but 
it was unsuirabte because of the low signal-tenoise ra- 
tio. We observed chat the spIeen has two sources of 
background widi the P M  technique: a diffuse pseudo- 
peroxidase aaiviry, probably originating from red blood 
ceils and granulocyres, and clusten of very suongly 
positive ceils locared in the red pulp and marginal 
zones. Although the diffuse background staining did 
not significantly impair the analysis of results, the 

Figura 1 Photorniaognphr showing endogenous pemxfdase and endogenous alkaline phosphatase active and the effkt of proteinale K 
pretreatment on DBH immunostaining in the spleen with the PAP procedure, (A) Spleen Kction showing endogenous peroxidase artivity. 
(B) Spleen showing endogenous alkaline phorphaast actMty. (Q Spleen section showing DBtl staining w.thout P L  (D) Spleen showhg 
DBH staining with PK matment v, bload vessel; f, follide; t, red pulp. 8ar = 100 
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strongly stainïng dusten of cells posed a major prob- 
lem for analyzing ceil-associated molecuies. In an ac- 
tempt to improve immunodetcdon with the PAP 
technique, we investigated vanous methods for reduc- 
ing endogenous peroxidasc advity (EPA), including 
peroxide (H202)/azide, H2021mcthanol, merhanoV 
HCUsodium nitroprusside, and a combination of 
H20z/azide and Hz02/methanol. We found that al1 
four methods reduced EPA CO a similar extcnh but the 
combination of H20zlazide wirh Hz02/methanol con- 
sistently produccd the best results in r e m  of signal- 
ro-noise ratios (unpubiished observarions). The &O2/ 
methanol method was rnarginally berrer than H20d 
azide at reducing EPA, but Hz02/azidc was bener for 
preservation of tissue morphology. The third merhod, 
nirroprussiddrnethanoVHC1, was very effecrivc ar 
eliminating EPA, but ir aIso decrcased positive signal 
and strongly affected tissue morphology. Diluting the 
secondary antibody (goat anci-rabbit) or the PAP com- 
plex helped ro reduce background staining in some 
spleen sections but ofren reduced positive staining as 

well. S o m  spleen srnions continued to show cluners 
of ceiis with saong EPA, even afrer various blcaching 
mcthods, omission of anribodies, and PK trcatmenr. 
Togcther, these observarions iadicared that tissue 
thickness, nonspecific binding of antibodiu to Fc re- 
cepton and orher antigens, and EPA were ail likcly 
contributors to the background staining with the PAP 
technique. In contrast to the PAP technique, the AP 
technique (Figure 1) demonstrated a high signai-to- 
noise ratio with minimal interference from endoge- 
nous AP acnvity. In side-by-side comparisons, the AP 
detmion system was aiways qualitatively and esrheti- 
cally superior ro the PAP technique. 

Antigen Unmasking with Proteinase K 
The staining for DBH wirh both the PAP (Figure 1C) 
and the AP (Figure 2.A) detecrion systcrn was weak in 
undigested tissue sections. Howevcr, a drarnatic and 
concentration-dependent improvement was observed 
for DBH staining with both detection systems if the 

ngur, 2 Photomiaographs howing the effect of d'8fkrent prottinase K (PU) concentrations on OBH immunodetcction, as visuaktd by an 
alkaline phosphatase detection pnxedure with NBTIBQP as substrate, 0 with 0.0 bg PWml; (8) witb 031 a P K h l ;  (O 0.625 M PWmk (Dl 
with 1.25 r g  PWml- v, blood vmel. Bar = 100 pm, 



Rgure 3 Photomimgraphs showing immunomining of PU-treated spleen sections for NPY-positive n e m  fibers using diffeenm nibmna 
and detection systems other than an alkaline phosphatase detection system with NBTiBCIP. (A) PAP with diaminobenridine: (B) aikaline 
phosphatase with NBT/RedPho$ (O alkaline phosphatase widi ELF; (O) 03-labeled secondary antibody. v, blwd vessel; f. follicie: r. reâ 
pulp. Bar = 100 m. 

spleen sections were pcetreared with PK (Figures 1D 
and 2B-2D). Similar observations werc made with TH 
and NPY (not shown). 

Cornparison of Different Substrates for 
N PY Detedion 
T o  determine the optimal detection system and sub- 
strate, we cornparcd NPY-positive immunodetecrion 
using AP subsaata oiher chan NBTIBCIP, as well as 
other detection sysnms (Figure 3). The subsuares in- 
cluded NBT/RedPhos, Fast Red, and ELF, and the de- 
tecrion system include die PAP technique and a f l u e  
rexent-conjugated amibody. Arnong the AP substrates, 
we found rhat NBT/BCIP was superior. Aldiough the 
RcdPhos worked weIl for NPY immunohisrochernis- 
rry, i i  did not develop as quickly or  min as inrensely 
as did NBT/EiCIP. The Fast Red subsvatc couid be vi- 
sualilcd by light and fluorexaice micmscopy, but it 
produced a weak signai for boch methods of viruaiiza- 
tion (not shown). Alrhough detection of NPY wirh the 
ELF kit provcd to be the berter of the rwo fluorcsccnt 

AP subsuares, a CY3-labeled secondary antibody gave 
optimal resuln for NPY immunosraining. CY3 pro- 
vided a high contrasr with intense red nerve fiben 
against a dark background, and was highly resistant 
to photobleaching. 

Effed of Splenic Nerve Sectioning on 
lrnmunostaining for Nerve Fibers 
Using rhe AP system with NBT/BCIP, we demonstrated 
intense immunostaining for DBH, TH, and NPY in 
the spleen5 of sham-opented animais and a cornpiete 
absence of staining for rhese molecuh in ncrve-wc- 
aoned animals (Figure 4). 

Detection of TNF-cr, IFN-u, c-fos, and ;NOS After 
LPS Injection 
ï h e  mnla demonsaared rhat oniy a few TNF-a-pori- 
tive cells and no c-fos o r  IFN-y-positive cefls were de- 
recnble in saüncueated nts. Howcvu, afru LPS in- 
jections, many positive ceils wcre obstnrtd for RW-a, 
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Figure 4 Photornicrographs showing DBH, TH. and NPY immunostaining in spleens of control and splenic nenrerectianed anirnals. (A) DBH 
in sham-operated animal; (0) D8H after nerve scaioning; (Q TH in sham-operatecl animal; (D) TH after nerve sectioning; (a NW in sham- 
operated animal; (F) NPY fallawing nerve sectioning, All  spleen sections were pretreated with PK and developed with the alkaline phor- 
phatase detection system using NBTBCIP. v, blood vessel; f, follide; r, red pulp. Bar = 100 pm. 

IFN-y and c-fos, dttnbuted in a parafollicular patrern LPS. A few iNOS-posirive cells were present in saline- 
(Figure s). We observed a major inuease in TM- inimed animais. but we observed a dramatic and 

- - -posirire cclls kom U) minpostLES until2 hc pose - ti&dependent-i~cceast-i~~O~s~iriiagi~ksp~ee - - - - 
LPS. C-[os-positive cells were fim derected at 1 hr starting at  4 hr post LPS with maximal s t a i h g  k i n g  
posr LPS and minraineci this intensity u n d 2  hr post observed ar 6 hr post LPS (Figure 6). Antigen ~ ~ ~ m a s k -  
LPS. At 4 hr posr LPS there were no TNF-a-positive ing with PK knproved immunostaining for NOS, 
tells and only a few c-fos-positive cells. However, IFNy (nor shown), and die macrophage ceil ~ ~ r k c r  
many IM-y-positive cclis were praent at 4 hr post ED1 (not shown) in the spleen. 



Figun S Photomicmgraphs sfmving T N k  lFNq and c-fa immunostaining in spleens of saline and W b w a d  animal* &) TNFo in a saline 
treated animal; (8) T N h  in spleen 90 min post LPS. (4 IFN- in a saline treated animal W o n  pretreated with PK); (P) IFNq in spleen 4 hr post 
LPS (seaion pretreated with PIC); @ c-for in spleen of saline-treated animal; 0) c-for in spleen 120 min post M injection. AI spleen sections mn 
developcd with the alkaline phosphatase detecüon system rning NBTIBCIP. V. bload nrrel; f, fo l l id~ r, red pulp. Bar= 100 m. 

Co-Jocalization of NPY-positive Fiben with 
ED1 -positive Cells 
Using confoal Mcroxopy, we dernonsaand thar mac- 
rophages (Dl-positive) arc Iocated in the same Lissue 
compamnent in the spleen as the sympadietic nuve fi- 
ben (NPY-positive) (Figure 7). This verines previous an- 
acomic and immun01~cal midies thar ruggest a role for 
the sympathetic rtguIarion of immum hct ion .  

O iscussion 
Although the PAP derection protocol provided cxcel- 
lent sensitiviry for DBH (Figure ID) and NPY (Figure 
3A) tamunodetection, the unpredictabilicy of cellular 
background and the extra steps needed to remove this 
background suggested char it was not the optimai de- 
rection system for cell-associared antiguis in the 
spleen. Bo& the AP dermion system with NBT/BCIP 
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Figure 6 Photomfaographs showing iNOS immunostaining in spleens of  sallnc- or mtreated rats with and without PK pn!tmahntnt. [A) 
Saline spleen with no PK; (0) saline spleen witti PK; (q M r  post-Ln spleen with no PK; @) 6-hr post-LPS spleen with PK AH spleen sections 
were developed with the alkaline phosphatase detecdon system wing NBT/ûQP. v, blood vael; f, folfide; r, red pulp. Bar = 100 rm- 

as a subsuate and the CY3-conjugatcd anubody gave 
the best signal ro noise ratio for dctmion of auto- 
nomic nerve fiben and immune-related proteins in the 
spleen. We also demonstrated that PK digestion &a- 
matically improvci nerve fiber staining for DBH, TH, 
and NPY and cellular staining for iNOS (Figurc 6), 
IFN-y, and ED1 (not shown). The optimal dose of PK 
to use for immunohistochemisrry was variable among 
the different prirnary anabodies and even between 
groups of spIecns perfused at diffefent rimes, but the 
effective concentrations were 0-5 ~g/ml,  wirh die lim- 
king step being the integricy of the tissue. 

The use of proteolytic enzymes such as PIC for anti- 
gen unmasking in immunohistochemistry has been de- 
scribed (Polak and Van Noordcn 1982). However, the 
use of PK for improvement in nerve fiber irnmunodc 
tecrion in the spleen is noveL AIthough ir is unknown 
exacdy why PIC meaunent enhances the irnmunoswin- 
ing of some molecules, it is likdy that s e v d  factors 
play imponanr roIcs, indudimg size and subcellular 10- 
cation of the m o l ~ u k ,  type and amount of Gration, 
and the cpitope rccognized by the antibody. 

Using optirnimi immunoderection techniques, we 
dcmonstrated chat transcction of the splenic nerve 
eliminated catecholamine-containing fibers in the 
spleen. This verifies previous data (Vriend et al. 1993) 
that showcd a 98% depletion of NE 1cveIs in surgi- 
cally denervated spleens, as measured by HPLC. 
Therefore, surgical sympathectomy is an effective 
method for removing the sympathetic control of the 
spleen and, relative CO chernical sympathectomy, pro- 
vides much grearer anatomic specificity. 

We also Iocalized cyrokines such as TNF* (Dia- 
mond and Pesek 1991; Brown and Fishman 1990; 
Hofsü et al., 1989; Chensue er al. 1988) and IFN-y 
(Heinzei et al. 1994; Heremans et al. 1994), rnnsaip- 
tion fanors such as c-fos (Wan cc al. 1993a,1994; 
HamiIron et al. 1989; ColIart et al. 1987; Inmona et 
al. 1986) and enzymes such as NOS (Sato et ai. 1995; 
Butrcry et ai. 1994; Cook c t  al. 1994; Banddetova et 
al. 1993; Marietta 1993) in the spleen afru injection 
of W (Hewetr and Roth 1993). Only a fmr uiis ex- 
pressed the proteins for RJF-a; IFN-y, c-fos and 
iNOS in rats injccred wich saline. However, aftcr LPS 
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Figure 7 Digital prints of dual confocal microscope images of ED-1-positive macrophage (FKC) and NPY-positive newe fiben (m) in rat 
spleen, visualized with a Molecular ûynamia confocal scanning laser microscope equipped with an argon laser and dual deteaorr, A. 6. and 
C represent sequential renderings of five aptical sections (1.47 pmlsectionl representing a total section thickness af 7.35 W. D ira compoz- 
ite rendering of A-C and has a total section thidtness of 22.05 Fm. Resolution in the XY axis is 0.25 bmlpixel. 

stimulation, many cells were immunopositive for these 
proteins in rhe marginal zone and red puip, suggesting 
char rhey are probabiy mauophagic in origin and, in 
the case of IFN-y, possibly NK- or T-celIs (Heinzel et 
al. 1994; Hcremans et al, 1994). We also demonstrated 
thar ED1-positive cells can be CO-Iocalized with NPY- 
posicive nerve fibers wirh immunofluorescence. Stud- 
ies using confocal scanning laser microscopy demon- 

srrared Funcrional CO-localizacion of sympathetic n e m  
fibers with immune effecror ceils in the spleen, con- 
firrning the anacornic CO-localization reporred by 
Felcen et ai. (1987a,b). 

In conclusion, this a d e  describes the abîiity to 
verify splenic nerve secrions, to dercn a variety of 
LPS-inducibk proreins and to Iocalùe c h w  proreins, 
to specific cell types by immunohisrochemical tech- 
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niques. More importantiy, this merhodology may pro- 
vide a valuable dependent masure of in situ immune 
hnctïon that can be utilized to assess the influence of 
the sympathecic nervous systern on immune function. 
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with sodium citrate/sodium chloride (SSC) buffers. The 
membrane was baked for 2 h at 80°C to immobilize the 
RNA, after which the ethidium brornidc-stained 28s and 
18s ribosomal RNA bands were visualized using a UV 
transilIuminator to verify the integrity of sarnples. Tbe 
membranes were equilibrated with 2 X SSC and prehy- 
bridized for 1 h at 42°C (in 50% formamide, 5 X SSC, 
0.1% sodium laurosarcosine, 0.2% SDS, and 2% Boeh- 
ringer block). The membranes were then hybridued with 
biotin- or Dig-labeled RNA probes overnight at 60°C. 
After hybridization, membranes were washed twicc in 
2 X SSC/0.1% SDS for 15 min at room temperature 
and w i c e  in 0.1 X SSC/?.!% SDS s! 60°C for 2 C  nin. 
Membranes were blocked for I h in 1 % Boehringer block 
in maleic acid buffer, incubated with either sheep anti- 
Dig peroxidase-conjugated antibody (1/5000. Boehnnger 
Mannheim), alkaline phosphatase-Iabeled streptavidin 
(1/5000, Amersham. Oakville, ON) or  an aikaline phos- 
phatase-labeled anti-biotin antibody (1/2000, New Eng- 
land Biolabs, Mississauga, ON) depending on the type of 
probe used for hybridization. Following three nnses in 
maleic acid buffer, the Dig-labeled bands were visualized 
with a chemiluminescent substrate for peroxidase (Boeh- 
ringer Mannheim), while blots hybridized with biotiny- 
lated probes were visualized with the chernituminescent 
alkaline phosphatase substrate, CDP starT" (1/100, Boeh- 
ringer Mannheim) or with N BT/S-bromo-4-chloro-3-in- 
dolyl phosphate (BCIP), 0.4 mM NBT10.4 mM BCIP in 
50 mM MgC1,1100 rnM Tris in 100 mM NaCI, pH 9.3. Fol- 
lowing chemiluminescent detection, the membranes 
were again prehybridized for 1 h and either hybridized 
with a second nonradioactive RNA probe or placed in 
prehybridization buffer ovemight and reincubated with 
the same chemiluminescent substrate to assess the resi- 
dual enzyme activity. Dig-labeled RNA probes from the 
first round of hybndizations were stripped from nylon 
membranes on1y when subsequent rounds of hybridiza- 
tions included Dig-labeled probes. Stripping was accom- 
plished by sealing the membrane in a plastic bag with 
10 mM phosphate buffer (pH 7.5)/90% formamide and 
boiling for 10-15 min, by placing the membrane in a 
hybridization oven at 95°C with phosphate buffer (pH 
7.5)/90% fonnarnide for 15 min or  by sealing in a plastic 
bag containing water with 0.1 % sodium dodecyl sulfate 
(SDS) and autoclaving the bag for 15 min on the wet 
cycle (no drying tirne). ~ t n p - ~ ~ ~  probes were rernoved 
from membranes according to the manufacturer's in- 
structions (Ambion Inc., Austin, TX, USA). Briefly, after 
hybridization, the blots were nnsed in 1 X probe degra- 
dation buffer/O,l% SDS for 10 min a t  68°C. followed by 
a IO min wash at 68°C in blot reconstitution buffer/O.l% 
SDS and a IO min wash at 68% in 0.1% SDS. Chernilu- 
minescent signals were exposed to film anywhere from 
15 s to 30 min. Solutions were treated with 0.1 % diethyl- 
pyrocarbonate (DEPC) as required. 

2.2 Production of bioth- and Dig-iabeled RNA probes 
by in vitro transcription 

Templates for rat TNF-a, IL-l$ and 8-actin were pro- 
duced as previously described [16, 171. The biotin-labeled 
probe for B-actin and Dig-labeled RNA probes for TNF- 
a (sense and antisense), &le and &actin were synthe- 
shed  from 4 pL of  PCR product (containing a T7 RNA 

promoter sequence) using the in vitro transcription kit 
from Boehringer Mannheim. Dig-labeled Strip-EZ probes 
were synthesized according to instructions Rom Ambion, 
where the only significant modifications from Boehnnger 
Mannheim's protocol were the inclusion of the modified 
Strip-EZ CTP to the reaction mix in Iimiting quantities 
(0.1 mM final concentration) and the concentration of 
the other nucleotides and T7 RNA polymerase was half 
of Boehringer Mannheim's recommended concentration. 
Probes were then dissolved in 20-100 pL of DEPC- 
treated water with RNase inhibitor (0.2 units/pL final 
concentration) and dissolved for 30 min at 37°C. The 
;lie!& cf Dig-1d1tled probes were deteïniiied by a corn- 
bination of serial 1/10 and 1/4 dilutions that were spott- 
ed onto nylon membrane (Boehringer Mannheim) and 
detected with a 1/5000 dilution of alkaline phosphatase- 
labeled sheep anti-Dig antibody (Boehringer Mannheim) 
with NBTIBCIP as a substrate/chromogen combination. 
Concentrations of Dig-labeled probes were determined 
to range from 10-50 ng/pL by comparing serial diIutions 
of our Dig-labeled RNA probes with the Dig-Iabeled 
RNA standards provided in the Dig Nucleic ~ c i d  Detec- 
tion Kit (Boehringer Mannheim). The yield of Strip-EZ 
probes were very low due to the limiting nucleotide con- 
centrations and were subsequently dissolved in smaller 
amounts of DEPC-treated water. The biotin-labeled 
probe for 8-actin was irt virra transcribed at the same 
time as its Dig-labeled counterpart and the yield was 
quantified by UV spectroscopy at 260 nm, Biotinylated 
RNA probes were aIso detected on the membrane with a 
1/S000 dilution of aIkaline phosphatase-labeled strepta- 
vidin (Amenham) and visualized with NBT/BCIP to 
confim successful incorporation of the biotin-UTP. 
Solutions were treated with 0.1% DEPC as required. 

2 3  Production of biotin- and Dig-labeied RNA probes 
using Chem-Link 

TNF-a (sense and antisense) and 8-actin RNA were in 
vitro transcribed with unlabeled nucieotides, purified ac- 
cording to the Dig RNA LabelIing Kit (Boehringtr Mann- 
heim) and quantified by UV spectroscopy at 260 nm. 
Biotin and Dig Chem-LinktM (Boehringer Mannheim) 
were used to label TNF-a antisense, TNF-a sense, and 
b-actin antisense RNA. Four pL of Chem-Link was 
added to 4 pg of RNA in a volume of 20 pL. The rnix- 
iure was incubated at 85°C for 30 min and the reaction 
was stopped with 5 pL of stop solution. The volume was 
adjusted to 40 pL with 14 pL of water and 1 pL of RNase 
inhibitor ta a fina1 concentration of  100 n@pL of Dig- 
Iabeled RNA, n i e  probes were then spotted onto nylon 
membrane alongside their in vitro transcribed counter- 
parts and detected as described above. 

We observed that the antisense probes for TNF-a and 
IL40 bound only to RNA from LPS-treated rat spleens, 
the fl-actin probes bound to RNA liom al1 animais and 
the sense probes did not hybndizt in any lane (data not 
shown). We also found that stripping Dig-iabeled RNA 
probes with a phosphate-buffered formamide solution or  
by the Strip-EZ rnethod effectiveiy tlimiaated most of 
the bound probe so that the cesidual signal did not inter- 
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fere with the visudization of subsequent probes (Fig. 1 
and 2). Both of these procedures showed equivaIent 
results through three rounds of hybridizations (Fig. 2). It 
was also clear from these experiments that the amount 
of target RNA plays a critical role in determining the 
efficiency of probe removal as the lanes with more 
bound probe also had a higher residual signal upon rede- 
tection (Figs. 1 and 2). This was obsewed for both strip- 
ping procedures. 

Results also demonstrated that a blot initially hybndized 
with an antisense probe for TNF-a can be successfully 
reprobed with a biotinylated antisense probe for 8-actin 
without the need for stripping (Fig. 3). The best signal- 
to-noise ratio achieved with chemiluminescent detection 
of the biotinylated 8-actin probe was with the anti-biotin 
antibody. Both chemiluminescent substrates (for peroxi- 
dase and alkaline phosphatase) gave a very high back- 
ground when used with streptavidin due to the nonspe- 
cifc binding of the streptavidin to the membrane. This 
was verified when high background was obtained even 
in the absence of membrane-immobilized RNA and 
labeled probe (data not shown). However, the strepta- 
vidin worked well if NBT/BCIP was used for visualita- 
tion. We also found that the enzymatic activities of both 
peroxidase and alkaline phosphatase were eliminated by 
overnight incubation at 60°C in hybridization sotution 
(30 min exposure; data not shown). 

f h e  intensity of the colot reaction generated by the 
serial dilutions of biotin- and Dig-labeled probes spotted 
on nylon membranes was used to determine the amount 
of probe from the Chem-Link preparations that would 
give an equivalent signai to the in vitro transcribed 
probes when both were used for hybridizations. The in 
vitro transcribed antisense Dig-labeled RNA probe for 
TNF-a was severai times mort sensitive than the Chem- 
Link counterpart even when the total amount of RNA 
was manyfold higher in the hybridization solution which 
contained the Chem-Link probe (Fig. 3A and B). The 
antisense @-actin probes labeled with Chem-Link biotin 
(Fig. 3D) and Chem-Link Dig (data not shown) showed 
a rnuch ctoser detection sensitivity to their in vitro tran- 
scribed counterparts than did the Chem-Link, Dig- 
labeled antisense probe for TNF-a, 

4 Discussion 
In order to accurately quantitate and compare relative 
amounts of message in samples within a given experi- 
ment, it is necessary to reprobe the same membrane at 
least once with a loading control. In agreement with 
reports from other Iabs [S, 7, 81, our previous attempts to 
remove Dig-Iabekd RNA probes from nylon membranes 
proved to be ineffective (data not shown). It was neces- 
sary therefore to optimizc a protocol which would effec- 
tively rernove the Dig-labeled probe without damagiag 
target RNA, and to have availabk an alternative protocol 
which utilized EWA probes labeled with a dse ren t  
hapten, such as biotin, in the event that the Dig-labeled 
RNA probe was not removabIt. The two stripping meth- 
ods, 90% fonnamidell0 r n M  phosphate buffer and the 
Ambion Strip-EZ method, were both effective in remov- 
ing Dig-Iabelcd RNA probes from the previous hybndi- 

ration, although it was always necessary to perform each 
stripping procedure twice, Although sorne residual signai 
was still evident in certain tanes after two rounds of 
stripping, it was detectabte only aAer an exposure time 
which greatly exceeded the amount of time necessary to 
detect messages from the subsequent hybridization. 

The removability of the probe is directly affected by both 
the amount of target RNA on the membrane and the 
concentration of probe used in the hybridization solu- 
tion. Figure 1 shows that one round of formamide stnp- 
ping successfully removes B-actin probe from Ianes con- 
taining 5 pg or less of total RNA; however, botb forma- 
mide and Strip-EZ methods had to be repeated in order 
to eliminate 8-actin sisnal from lanes containing IO pg 
of total RNA (Fig. 2). In both experiments $-actin probe 
concentration was kept constant. An unnecessanly high 
concentration of probe in the hybridization soIution will 
result in a certain amount of nonspecific binding, as well 
as a specific signal so intense that even at the shortest 
exposure tirnes prevents meaningful interpretation of 
the results Inconsistencies in probe removal were found 
to be eliminated when al1 stripping procedures were 
performed in a hybridization oven when compared to 

TNF 
2 min. exposure 

. . .. : . ' - - -  
' . -.- - .  . . . .  

. . - . .  
- Strip 

.f , . . .- -- , - -* 9 -" . . . - .r - - - -  .-...- 30 min. exposure . ,. . .- - .:-?-a*- . . -  

A o t i q  

x. exposure 

Strip 
min. expo sure 

IL - IO 
-.. 7 min. exposure 

figure 1. Northem blat scquentiaily pmbcd with Dig-lahelcd RNA 
probes for RIF* (IO nglmL), &ictin (OS ng/mL), and IL46 
(10 nglrnl), dcmorutrating the effcct of mget RNA concentration on 
the amount of dmuiiurninsccnt signal befoce and fier M p p i n t  
Dig-labeled probes were vinialitcd with r chernilurilinescent subsuate 
for peroxidase ond subjcctcd to the stripping procedure utiliring phos- 
phate-buffcd formamide, The lane of the blot has 5 pg of  total 
RNA fmm a srJine-trecited n t  while lanes 2-5 have totnl RNA ftom 
an US-treatcd rat in the foItowin8 amounts, rcspectivcly: 5 pg. 1 vg. 
0.5 and 0.1 vg. 



sealing the membranes in plastic bags with stripping 
solution and placing them in a boiling water bath. This 
was especially true with largcr membranes. Stripping 
Dig-labeled RNA probes from nylon membranes by 
autodaving them for 15 min in 0.1 % SDS (suggestcd by 
Ambion technical services department in 1996) was also 
successful; however, we abaadoned this approach due to 
inconvenience. We found that both stripping methods 
were equaily effective when compared over thrce hybrid- 
izations (six rounds of stripping), nie  rnanufacturers of 
Strip-EZ suggest that their protocol is effective over nine 
hybridizations. It is unknown what effects the high tem- 
penture and concentration of formamide would have oa 
target RNA following this many treatmcnts; howcver, we 
were able to prove that, followiag six stripping treat- 
ments and three rounds of hybrïdïzations, the mcm- 
brancs stiii showed prominent 28s and 18s bands (dem- 
onstrated by ethidium bromide staining; data not 
shown). The only ckar advantage in using formamide as 
a stripping medium, apart from simplicity, wouid be if 
the RNA probes were being wed For in situ hybridiza- 

figrrrt 2. Nonhcm blou sequcntially 
probcd with Dig-labcled RNA probes for 
TNF-a ( [O ng/mL), B-actin (05 ng/mL), 
and IL-10 (10 ng/mL). The left side of 

11.- 1 fl the figure shows blois probed wiih non- 
30 sw. cs,Risrin. modified (regular) probes whilc the n'lht 

side shows blors probed with Strip-Et 
probes. AI1 Dig-labeled probes were visu- 
dizcd with a cherniluminescent substrare 
for peroxidase and subjcctcd to the strip- 
ping procedure utilizing phosphaie-buff- 
ercd formamide or as recommended in 
the Sirip-EZ kit. Each lane of the blot 
has 10 p l  of total splcnic RNA from var- 
iou points post-LPS injection (100 pg 
i.v.1. t n e  (1) 6 h. (2) 4 h. (3) 2 h, (4) 1 h 
and (5) vehicle (saline) injection. 

tion as well as Nonhern blotting. This would allow the 
same probes to be used in both applications, and a sep- 
arate set of "strippable" probes need not be generated 
s pecifically for Northems. 

In conclusion, it is safe to Say that under optimized con- 
ditions of probe concentration and target abundance, 
both methods can be used effectively in RNA probe 
rernoval, thus expanding the use of individud mem- 
branes in message cornparisons. It should be kept in 
minci, however, that those messages that are known to 
be abundant should be probed for fast (unless the differ- 
ence in molecular size is dramatic), and that the effect- 
iveness of probe remaval should always be tested for by 
detection, before my subsequent hybridizations are 
attempted. For the alternative protocol (the protoc01 uti- 
Lizing both Dig- and biotin-IabeIed probes without the 
nced for stripping) we lcnew that Dig-labeled probes 
offet a bet?cr signai-to-noise ratio than biotin-labeted 
robes [IO, 11, 181. Because of this, Dig-labeled probes 
with a &emifuminesctat peroxidase mbstrate was used 



fisiire 3. (A) Blot probed with an anrisense TNFs  RNA probe madc 
by in vitro iranscription (25 ng/mL). ( 0 )  Blot probed with an antirense 
TNF-a RNA probe madc with Chem-Link (100 ng/rnL). (C) Sarne bIoi 
as s h o w  in (A), reprobed with 50 ng/rnL a f  biotinylated anrisense 
B-actin RNA probe made by irr virro transcription. ( D )  Samc bloc as 
shown in ( 0 )  reprobed with 80 ng/mL of biotinylated anrisense RNA 
for 8-actin made wich Chern-Link. Boih blois arc identical in that the 
fint tanc coniains 5 irg of total RNA from a saline-rreated rat while 
lanes (2HS)  contain total RNA from an LPS-treaicd rat in the fol- 
lowing amounts, respecfively: 5 pg. 1 pg. 0.5 pg and 0.1 pg. Al1 blots 
were C X F O S ~ ~  io film for 10 min. Blots (A). (B) werc devcloped and 
exposcd u the rame time and blots (Cl, (Dl wert devcloped and 
exposed a i  the same time. 

to detect our message of interest, while the Ioading con- 
trol was detected with a biotin-Iabeled probe and the 
most sensitive chemiluminescent alkaline phosphatase 
substrate, CDP-star [I 11. The detection/visualization pro- 
tocot was dwigned to ensure there were no false positive 
due to residual chemiluminescence or enzyrnatic activity. 
We found that biotin can be used as a second label h r  
Nonhern blotting in situations where stripping proce- 
dures are not optimal. However, the biotin-labeled probe 
shouId be used to detect the more abundant message 
because Iike other labs we found that the biotin-Iabeied 
probe did not give as good a signal-to-noise ratio as the 
Dig-Iabeled probe 110, 11, 181. Likewise, if biotin is to be 
visualized with chemiluminescence, then it should be 
detected with an anti-biotin antibody because strepta- 
vidin may give too much background, depending on the 
protocol and type of membrane used. Chernituminescent 
detection of nucieic acids is preferable to colorimetric 
de tection because chemiluminescent substrates are more 
sensitive [1&13]. Also, the most sensitive chromogen, 
NBTIBCIP, is dficult to remove from nylon mem- 
branes [tg], thereby complicating a potential third hy- 
bridization. Our results also demonstrate that overnight 
incubation in hybridization sdution (with no probe) 
eliminated the cherniluminescent signal generated by 
both peroxidsse and alkaline phosphatase d e r  reexpo- 
sure to their respective substrates. Both Dubitsky et al. 
(201 and Richterich and Church [21] demonstrated that 
antibodies cm be successfulfy stripped of nylon mem- 
branes, reenforcing the view that the same cheflumi- 
nescent substrate caa be used to detect ail hapten-label- 
ed probes if the proper precautions are taken. 

Chem-Li& is a cis-platinum compound that is cbemi- 
cally linked to either Dig or biotin and is able to coordi- 
natively bind to the N7-position of guanosine and adeno- 

sine bases on nucleic acids, The sensitivity of detection 
for the Chern-Link probes was below that of the in vitro 
trânscribed probes, and this may be attributed to many 
factors, including the sequence of the probe of interest 
(Le. the amount of intrastrand guanosine or adenosine 
crosslinks that can be fonned [22]) and the fact that 
proper controls for the Chem-Link reaction to measure 
incorporation eficiency have yet to be developed, there- 
by making direct cornparisons difficult. Howevtr, with an 
abundant arnount of target &NA, as is the case with 
6-actin, the Chem-Link probes perfomed weU. In con- 
clusion, we found that it is possible to strip Dig-labeled 
RNA probes from nylon membranes and that biotin is 
an excellent second label to use in Northern bIotting. 
mese protocois heip demonstrate that nonradioactive 
RNA probes are a viable alternative to radioactive cDNA 
probes for use in Northern blotting. 
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Production of digoxigenin-labeiled RNA probes and the detection of cytokine 
mRNA in rat spleen and brain by in situ hybridization 
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Non-radioactive in situ hybridization is a sensitive methad for dctennining the site of production for secrctory molecules such as 
cytokines. We report here on the c c n d  and periphcrd induction of proinflammatory cytokines by endotoxin, and outline procedus for 
the generation and application of rat-spccific digoxigenin (Dig)-labeiied N A  probes for the localization of mRNA by in situ 
hybridization. Rats wcre injectcd either in~venously (i-v.) or intracerrbrovenmcularly &C.V.) with vchicle or lipopo1ysaccharide (LPS) 
and sacrificcd at various t h e  internais pst-injection, Rats wcre then pcrfused with 4% paraformaidchyde and the spleens and brains wert 
removed and cryopmtcctcd in 30% sucrose. Dig-labetled, rat-specific, anrisense and sense RNA probes wcre gcneratcd by in vitro 
transcription h m  PCR-derivtd templatcs. Positive staining with ail the antisensc probes was cytoplasmic, whercas tht scnse probes 
showed no staining. Numemus ninior necrosis factor alpha (TNF-a) and intcrleukin-1 beta (IL-lp mRNA positive celis wert obsmred 
in the marginal zone and in the red puIp of the spleen afm iv LPS injections, whercas sections €mm saline-aated animak showed 
minimal cytokine mRNA expression. Cells positive for TNF-a and L I S  mRNA were detectable in the brain after i.c.v. injections of 
LPS, but not after icv injection of vehicle. An ancisense probe for c-fos was utilized in tficsc snidics as a positive controI for our 
pmccdure duc to its anatomicalIy specific expression in the rat brain after U S .  In conclusion we have dcrnonstrated that in situ 
hybridization with Dig-Iabeled RNA probes is an efficient, sensitive and teiiable tooI to Iocalize cytokine mRNA production in rat tissue. 
0 1998 Elsevier Science B.V. Al1 rights reserved. 

1 Ihemes: Endocrine and autonomie rcgulation 

Topics: Neural-immune interactions 

Kqwordr: In situ hybridiion: Nonhan blotnng Turnor nscrosis factor-alpha: hmlcukin-1 bcta; Ronting section; Digoxigtnin 

1. Type of research Detemination of the role and fOciifi2ation of cytokines 
Description of a protocol that is applicable to the 
generation of RNA probes in any system (where se- 
quence information is known) to study the location of 
mRNA production and the mechanisris of cellular acti- 
vation. 

Corrcsponding author. Fur: + 1-204-789-393 1; E-mail: 
dwight@dwigh~path.u~tobaca 

during neural inflammatory cesposes [8,13], fever [lS] 
siclmess behaviour [4.14.23] and the neural regdation 
of peripheral immune responses [6]. 
Determination of how peripheral immune responses cm 
Muence cytokine production in the brain, Cytokines in 
the brain are reported to be induced by peripheral 
immune challenges [5,7,16,17,19]. What tcmains un- 
clear is whether the presence of cytokines in the brain is 
due to ianltrating cells 11 1,23,24], activated bmul cek  



[7,22,32], or if the cytokines cross the blood brain 
barrier via transport mechanisms [l] or damage [19,26]. 

1 - I 1 days for preparation of animais 
1-2 days for RNA isolation 
1-3 days for RT-PCR (once primers are obtained) 
3- 10 days for sequencing/verifïcation of the PCR 
product 
2-3 days for in vitro tm.mcripdon md quantific;ttion of 
RNA probe(s) 
3-4 days for Northern blotting 
4-6 days for in situ hybridization once tissue is col- 
let ted 

3. Materials 

Adult male (200-400 g) Sprague-Dawley rats were 
obtained h m  Charles River, (Dorval, PQ) or Harlan 
Sprague-DawIey (indianapolis, IN). Animals were fed rat 
chow and water ad lib and kept under standard light 
conditions (12 h light: 12 h darkness). 

3.2. Special equipment 

S tereotaxic apparatus for surgery 
Homogenizer for RNA isolation 
PCR machine 
Primer design software (Oligo N, Nationai Biosciences, 
Plymouth, MN) 
Microcentrifuge 
Variable temperature water bath 
Gel systems/boxes for DNA, RNA and sequencing 
gels 
Electroporater (BioRad, Mississauga, ON) 

Cryostat 
Freezing microtome 
Probe-onN handles and slides for in situ hybridization 
(Fsher, Nepean, ON) 

3.2.1. Speciul reagents for RNA isolation 
Trizol" (Life Technologies, Buriington, ON) 
Die thy lpyrocarbonate (DEPC-S igma, Oakville, ON) 

3.2.2, Speciul reagents for RT-PCR 
Superscript-2" 1st strand synthesis kit (Life Technolo- 
gies, Burlington, ON) or Expand" Reverse Tmscr ip  
tase (Boehringer Mannheim (BM), Laval, PQ) r 

Taq PoIyrnerase (Life Technologies, Burlington, ON) 
PCR primers were purchased from Clontech Labs (Palo 
Alto, CA) from amplimer kits (TNF-a and pactin) or 
custom designed on Oiigo" Software (National Bio- 
sciences, Plymouth, MN) for Macintosh and obtained 
h m  Bio/Can (Mississauga, ON), see Table 1 for al1 
primer information. 
DNA rnass Iadder (Life Technologies, Burlington, ON) 
Oligo (dt) primer-15-18 base pairs (Bio/Can, Missis- 
sauga, ON) if you use Boehringer Mannheim's kit. 

3.2.3. Special reagents for in uitro transcription 
n RNA polymerase (BM, Laval, PQ) 
Digoxigenin ( D ~ ~ Z U T P  (BM, Laval, PQ) 
Sheep anti-Dig conjugated to akaiine phosphatase (BM, 
Laval, PQ) 
DEPC 
Dig nucleic acid production and detection kits (BM, 
Lavai, PQ). 

3.2.4. Special reagents for non-radioactiue sequencing 
Low meIUng agarose (MC, Rockiand, ME) 
DNA silver staining kit (Promega, Madison. WI) 
Wizzard PCR-Purification columns (Prornega, Madi- 
son, WI) 

Table 1 
Rimer xquenœs. the Genbank accession n u m k  and the location of the K R  product on the Eequcnce in question 

Molccule Primer sequcnccs Gencbank nfucnce Roduct sizc (location) 

TNF-a ~-TACTGAA~CGGGGTGA'ITGGTCC' X66539S40 199 297 (243-537) 
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Lone Rangern Gel solution (FMC, Rockland, ME) 
S igmaCote (Sigma, Oakville. ON) 

3.2.5. Speciul reagents for radiooctiue sequencing 
S3' dATP (Mandel, Guelph, ON) 
Sequenase Version 2 kit (United States Biochemical 
Cleveland, OH). 

3.2.6. Speciul reagents for blunt-end cloning 
Smal (New England Biolabs, Mississauga. ON) 
Wizard PCR-hirification column (Prornega, Madison 

a WI) 
T4 plynucleotide kinase (Li fe Technologies, BurEng- 
ton, ON) 
DNA polyrnerase 1 (Kienow fragment-Life Technolo- 
gies Burlington, ON) 
T4 DNA ligase (BM, Lavai, PQ) 
DHS-a cells (Life Technologies Burlington, ON) 
Specific restriction enzymes (see text) 

3.2.7. Speciul reagents for Northern blotting 
Sheep ami-Dig conjugated to alkaline phosphatase or 
peroxidase (BM, Laval, PQ) and cherniluminescent 
substntes (BM. Laval, PQ). 
DEPC 
Nylon membrane (BM, Laval, PQ) 

3.2.8. Special reagenrs for in situ hybridizmion 
Probe-on" Slides and handles (Fisher, Nepean, ON) 
DEPC 
Roteinme K (BM. Laval PQ and Sigma. Oakville, ON) 
Levamisole (Sigma, Oakville ON) 
NBT (Sigma, Oakville, ON) 
BCIP (Fisher, Nepean, ON) 
Polyvinyl Alcohol (Sigma, Oakville, ON) 
Brij 35 (polyoxyethytene 23 lauryl ether. Sigma, 
Oakville, ON) 

* RNase A (Sigma, Oakville, ON) 

. 4.1. Animal preparation 

Rats that nceived innacerebroventricuiar (i.c.v.) injec- 
tions were prepared as follows. 

(A) Anesthetized subcutaneously with a mixture (250 
pl/ 100 g) consisting of 25% ktarnine (25 mg/ml), 10% 
acepromau'ne (1 mg/rnl), 25% xylazine (5 mg/ml) and 
40% sterile water. 
(B) Placed in the stereotaxic apparatus (David Kopf 

instruments, Tujunga, CA) with the incisor bar placed at 
3.3 mm below the i n t e r a d  fine. The nght Iatesai ventri- 
cIe was reached using the coordinates h m  Paxinos and 
Watson [25]: A-P = 0.4 mm below Brrgma, L = 1.4 mm, 
D-V = 3.8 mm below the dura as previously desaibed 
[m. 

(CI A 26-gauge stainless steel guide cannula was im- 
planted close to the right latesal vencricle and secured with 
screws and dentai cernent (Plastic One, Roanoak, VA). An 
interna1 cannula (33-gauge, 1 mm projection beyond the 
tip of the guide cannula) was connected to the guide 
carurula. Animals were allowed to recover from surgcry for 
10 days. 
(E) On the morning of the expriment, the rats were 

placed in individual buckets. The d m y  cannula was 
removed and a carheter made of PE-50 mbing was at- 
tached to the intemal guide cannula, which had been füied 
with 5 p l  of either endoioxin-free water or 5 p l  (100 
ng jpI) of endotoxin U S ;  15. coli semtype 055:B5, in- 
jected over 2 min and dissolved in pymgen free saline). 
Correct placement of the i.c.v. cannula was checked in 
each rat at the end of the assay by histological examina- 
tion. 

(FI Other rats were injected intravenously (i.v.1 with 
endotoxin-fiee saline or 100 pg of lipopolysaccharide 
(dissolved in pyrogen-free saline). These aninials were 
killed at various Ume points post-injection. Al1 procedures 
were approved by the animal ethics cornmittee at the 
University of Manitoba, the CCAC and the Salk Institute 
IACUC. 

4.2. isolation of RNA 

RNA was isolated h m  rat spleen with TrizoIN reagent 
(Life Technologies Burlington, ON) according to the man- 
ufacturer's instructions. Briefly, the following procedures 
were carried out. 

(A) Rat spleen was homogenized in Trizol"' reagent (1 
mi of Trizolm/lOO mg of tissue) and incubated at room 
temperature for 5 min. 

(BI Two hundred microliters of chloroform was added 
for each ml of Trizol"; this mixture was then shaken 
vigorously and incubated at m m  temperature for 3 min. 

(C) Samples were then centnfuged at 12,000 x g for 15 
min at 4". 
(D) The aqueous phase was removed to a separate tube. 
(El Five hundred microliten of isopmpanol/ml of Tri- 

zolnwas then added to the aqueous phase to precipitate 
the RNA. 
(F) Samples were mixed and then incubated at room 

temperature for 10 min. 
CG) Samples were cenaifuged at 1 2 . 0  x g for 15 min 

at 4". 
(H) The supernatan& were removed and the pellets 

were washed in 75% Ethanol. 
(1) The samples were centrifuged at 7500 x g for 5 min 

at 4". 
(J) The supernatant was asponteci with a pipet, and the 

residud liquid on the inside of tube was removed with a 
sterile cottun swab brefuUy avoiding the pellet). 



(KI The peliet was air dried for 5- 10 min (not corn- 
pletely). 
(L) The pellet was resuspended in Diethylpyrocarbonace 

(DEPCbtreated water, b t e d  to 55°C for 10 min, and 
quantified by U.V. spectrophotometry at 260 and 280 m. 

4.3. First-s~ranà cDNA synthesis and amplification 

Fust-suand synthesis was perfomed with the Super- 
script-2 = pre-amplification system (Lifc Technologies 
Burüngton, ON) or the Expand' Reverse Transcriptase 
system (BM. Laval, PQ) according to th respective myiu- 
facturent instructions. Both systems perfomed weU, 3nd 
below is the description of the protocol h m  Boehringer 
Mannheim. Briefly, the following procedures were carried 
OU t. 

(A) One to th= microgram of total RNA was added 
to 100 pmol of Oligo (dt) primer and DEPC-water to a 
volume of 11 pl. 

(B) The reaction was heated to 65°C for 10 min, bnefly 
centrifuged and placed on ice. To this was added a fmal 
concentration of 1 rnM nucleotides, 20 units of Rnase 
inhibitor, 129 X buffer and 50 units of ExpandmRT en- 
zyme. This reaction was incubated for 60 min at 42°C. 
These sarnples were either used right away for PCR or 
frozen at - 70°C for later use. 
(C) Fit-strand synthesis producn (0.2-2 p l )  was added 

to a finai concentration of 0.5 pm dNTP mix, 1.5 mM 
MgCl,, Taq DNA polymerase (2 units), 1 x buffer and 20 
pmol of each primer (see Table 1 for information) was 
added to a final volume of 50 pl. 
(D) PCR cycling paramecers were as follows: 80°C (5 

min) then 35 cydes: 94'C (45 s), W C  (45 s), 72OC (2 
min) and 7-min extension at 72°C. 
(E) PCR producu were visuahd by ethidium bromide 

on a 2% Agarose gel with a DNA mass ladder (Life 
TechnoIogics Burlington, ON) to estirnate field, 

4.4. Producrion of probe remplares 

(A) An aliquot of fmt-stmd synthesis or fmt-strand 
amplification product (0.14 pl) was added to a PCR 
reaction tube containing sense or antisense p h e n  with a 
l7 RNA polymerase promoter sequence a s  prewiously 
described [2] (see Table 1 for more information). 

(BI Cycling panuneten were identical to those men- 
tioned above. 

(CI PCR pmducts were v i s u ~ d  by ethidium brornide 
on a 2% Agarose with a DNA mass ladder (Life Technolo- 
gies Burlington, ON) to estimate yield. 

4.5. Production of digoxigenin-labclled RNA probes 

Dig-labeiled RNA probes were pmduced and quantified 
using the Dig nucleic acid production and detection kits 
(BM, Lavai, PQ). Briefiy, the foiiowing proccdufes w a c  
carried out, 

(A) PCR product (4-6 pl) was added to an in vitro 
transcription reaction containing final concentrations of t 
mM mP. ATP. GTP. 0.65 M UTP. 0.35 M Dig-UTP. 2 
units/pl of n RNA polymmse, 1 X buffer and 1 unit/pl 
RNase inhibitor. The reaction volume was bmught up to 
20 pl per sample and was incubated for 2 h at V C .  

(B) Che microliter (10 units/yl) of RNase-he DNase 
was added to each reaction tube. Th is  reaction was incu- 
bated for 15 min at 37°C. u 

(C) To precipitate the probes, the foUowhg was added 
in order: 2 p l  of 0.2M EDTA, 1 pl of rnolecular grade 
glycogen (BM, Laval, PQ). 2.5 g l  of 4 M lithium chloride * 

and 75 p l  of cold ethanol. Samples were then placed at  
- 70°C overnight. 
(D) The probes were then centrfiged at 12,000 X g for 

20 min at 4°C and h e d  in 70% ethanol. 
CE) The probes were resuspended in 50-100 p l  of 

DEPC-treated water (containing 0.2 units of Rnase in- 
hibitor/pl water) and heated for 30 min at 37°C. 
(F) Probe field was determined by comparing serial 

dilutions of probe to Dig-IabeUed control RNA standards 
(BM. Laval, PQ). Samples were serially diluted (50% 
DEPC-water, 30% 20 X SSC, 20% formaldehyde) 1/10, 
spotted ont0 a nyIon membrane (BM. Laval, PQ), and 
baked for 30 min at 120°C. 
(G) Membranes were then blocked in 1% blocking 

teagent (BM, Laval, PQ) in maltic acid buffer for 30 min. 
(H) Membranes wen then incubated in sheep anti-Dig 

alkaline phosphatase-conjugated antibody (1 /5ûûû. BM, 
Laval, PQ) in blocking reagent/maleic acid buffcr for 1 h 
at m m  temperature, rinsed 3 times in maleic acid buffer 
and then incubated in NBT/BCP (0.46 mM NBT, 0.43 
mM BCiP in 50 mM MgCl,/I00 mM Tris in 100 rnM 
NaCI, pH 9.3) to visualize/quantitate the probe dilutions. 

4.6. Verij7cation of probe templates by dideoxy sequencing 

Probe ternplates for c-fos, &actin and TNF-a were 
sequenced by non-radioactive cycle sequencing, while the 
L 1 / 3  cDNA fragment was blunt-end cloned into a plas- 
mid and sequenced with S'"T'P. Non-radioactive cycle 
sequencing was pcrformed according to the Silver Se- 
quence DNA sequencing system (Promega, Madison, WI) 
and al1 reagents were h m  Romega unless otherwist 
specified. Radioactive sequencing was performed as de- 
scribed by manufacturer of the Squenase Version 2 kit 
(United States Biochemical Cleveland. OH) and aii reagents 
were h m  this kit unless otherwise specified, 

4.6.1. Non-rudioactiue seqwncing 
(A) PCR pmducts were eluted b m  a 3% low-melting 

agarose gel @MC Rockiand, ME). and purifieci by Wizard 
columiis (Romega, Madison m. The yield was esti- 
mated by running an aliquot of the eluted product b i d e  a 
known amount of DNA m a s  ladder (Life Technologies 
Burlington, ON). 



(BI Eight to 20 ng of PCR product was added to 4.5 
pmol of 3' or 5' primer, sequencing grade Taq polymerase 
(5 units) and 1 X buffer to a finai volume of 16 PI. Four 
microliters of this rnix was added to 4 tubes each contain- 
ing 2 pl of one of the four dNïF%/ddNTPs termination 
mixes (included in kit). 
(C) Samples were heaîed to 95OC for 2 min and put 

through 60 cycles at 9S°C (30 s), 42°C (30 s), and 72°C (1 
min). Three microliters of stop solution was added to eacb 
sample. Samples were run immediately or stored ovemight 
at 4°C. 
(D) The glass plates for the sel were prepared as 

follows: The plates were carefully cleaned with warm 
water and detergent, a few rinses of deionized water, 
wiped with an ethanol-saturiited KimWipeN and followed 
by an acetone-sanuated KirnWipe". The short glass plate 
was treated with Bind Silane (from kit-for adherence of the 
gel to the glass plate) by diluting 1 p l  of the Bind Silane 
in 1 ml of 95% ethanol/S% glacial acetic acid. This 
solution was used to saturate a KimWipe", which was 
then used to apply the Bind Silane to the plate. The Bind 
Silane was alfowed to sit on the plate for 5 min before it 
was gently wiped off with three separate ethanol-soaked 
KimWipes". The long glas plate was coated with Sigma- 
Cote (Sigma, Oakville, ON) with a KimWipen and was 
aHowed to sit for 10 min before being gently wiped with 
three separate ethanor-soaked KimWipes 
(El The gel (5% denaturing Long Ranger" gel @MC, 

Rockland, ME)) was prewarmed for 90 min at 95 W. The 
sarnples were heated for 2 rnin at 70°C and 3.5-4 p l  of 
each saniple was loaded per lane. The samples were mn 
using a Bio-Rad powcr supply (Mississauga, ON) set to 
keep a constant temperature of 55°C (approximately 80-85 
W. 

(F) Afrer the gel finished mnning, the plates were 
separated and the gel (on the short plate) was fixed in 10% 
glacial acetic acid for 50-60 rnin, and then rinsed three 
times in ultrapure water. AIi steps were carxied out in large 
plastic trays. 
(G) The gel was then stained for 50 rnin (2 g of silver 

nitrate and 3 ml of 37% fomaldehyde in 2 1 of ultrapure 
water). 
(H) The gel was briefly set aside while the developer 

was prepared 
(1) The developing solution was prepared by adding 3 

ml of 37% formaidehyde, and 500 p l  of sodium thiosul- 
fate ((10 m g / d  to the prechilled sodium carbonate solu- 
tion (60 g of sodium carbonate in 2 1 of uItrapun warcr- 
keep at IOOC in ice bath) right before use. Half of this 
solution was placed into the staining trays and used imme- 
diately for developing whiIe the othtr half was kept on ice. 

(JI The gel was dipped in uitrapure water and placed 
irnmediately in chillecf developer. This dipping did not take 
longer than 10 S. 
(K) The gel was agitated in developex unrit bands were 

seen. The developing solution was discardecl and replacéd 

with the 1 1 that was kept on ice. Deveiopment was 
stopped by fixing for 2-3 min in 10% glacial acetic acid 
when faint bands were seen throughout the gel. 
(L) The gel was rinsed twice in uitrapure water and 

air-dried at m m  temperature. 

4.6.2. Blunt-end cloning und radioactive sequencùig 
IL-1p cDNA with a T7 RNA polymerase sequence at 

the 5' end was blunt-end cloned into a Smal (New h g -  
land Biolabs, Mississauga, ON) site of a pUC 18 vector 
that had previously been w t e d  with calf intestinal alka- 
1he phwpbme (BM, Laval, PQ) :O prevent szlf-ligation. 

(A) Nie hundred nanograms of L i  cDNA was 
purified on a Wizard PCR purification colurnn (Promega, 
Madison, W1) and concentrated by ethanol pncipitation 
with 0.1 vol. of sodium acek;:c and 2.5 vol. of absolute 
ethanol. 
(B) The pellet was then suspended in water, and 480 ng 

of sample was treated for 60 min with 5 p l  (50 uni&) of 
T4 polynucIeotide kinase (Life Technologies, Burlington, 
ON) in a final volume of 70 pl with 1 X ligation buffer 
(10 x buffer- 0.667 M Tris-Cl pH 7.5/0.05 M MgCl?/ 
0.05 M DTT and 10 mM dATP). 
(Cl The cDNA was purified by phenol/chloroform 

extraction, concentrated by ethanol precipitation and sus- 
pended in 20 p l  of TE buffer. 
(DI To blunt the 3' end of the IL-1 cDNA. 16 pl 

(approximately 380 ng) of the kinased product was added 
to 2 p l  of 10 X blunt ligation buffer (BU) (0.5 M 
Tris-Cl pH 7.2/ 0.1 M MgCl,) and 5 units of DNA 
pdymerase fragment (Klenow, from Life Technologies 
Burlington, ON), the solution was gently rnixed (to avoid 
dissociation of the Klenow) and incubated for 2 min at 
room temperature. 
(E) To fiU in the 5' ends, 1 p l  of 2 mM dNTPs  were 

added to the above mixture for 30 min at m m  tempera- 
ture. 
(F) Three hundred nanograms of plasmid (0.5 pl), 0.5 

fi1 of 50 rnM dATP, 0.5 pl of 250 rnM D'iT and 5 Weiss 
units of T4 DNA ligase (Boehnnger Mannheim, Laval, 
PQ) were added to this mixture and incubated ovemight at 
1 2- 1 5°C. 
(G) This product was precipitated. suspended in 20 FI 

of TE buffer, and a 2 p l  aliquot was transformed into 50 
g l  of electroporation comptent DHS-or cclIs (Life Tech- 
nologies, Burlington, ON) using a Bio-Rad GenePuIserm 
with puIse controller set at 1.25 kV, 25 pFD, 400 in a 
O.lcrn eIectroporation cuvette (&-Rad Mississauga, ON). 
(H) The transformeci celis were gmwn ovemight at 

37°C on LB plates containing 20 pg/ml carbeniciilin and 
70 pl of 25 mg/ml 5 bromo-4 chloro-3-indolyl PD- 
gaktopytanoside (X-Gall (Amencan Bioiganics, Niagara 
Falls, NY). 

(1) Positive colonies (white) were pIaced in 2 ml of LB 
medium containing 50 pg/ml ampiciUia and grown 
overnight at 37°C. 
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(J) Plasrnids were isolated and purified as described by 
Birnboim and Doly [3] with siight modifications. 
(KI Verifcation of successful cloning was made by 

Linearizing the plasrnid with a restriction enzyme site 
unique to the IL4 /3 insen (2 unis) (Bse-RI. New England 
Biolabs, Mississauga, ON) and by cutting out the hsened 
IL-1 h m  the plasrnid with BanrH1 (10 uni&) (New 
England Biolabs, Mississauga, ON) and EcoRI (5 units) 
(Life Technologies. Burhgton, ON). 
(LI The plasmid miniprep (50 pl) was prepared for 

sequencing by treatment wiih RNase A (2 pl of 1 pg/pI  
stock solution-Sigma, Mississauga ON) for 30 min at 
37°C and precipitation with 33 p l  of 2.5 M NaC1/20% 
polyethylene glycol 8000 (Sigma, Mississauga, ON) for 1 
h on ice. The plasmid was resuspended in 20 pl of TE 
buffer and denatured in a final concentration of 0.2 M 
NaOH at m m  temperature for 5 min. 
(Ml The plasmid was prccipitated with 8 p l  of 5 M 

ammonium acetate and 100 p l  of ethanol at -20°C for 1 
h, and then resuspended in 7 p l  of water. To this, 2 p l  of 
buffer and 1 p l  of primer (05 pmol of 1 - 1  f3 5' primer) 
were added. 
(NI The samples were heated to 65°C for 2 min. and the 

tubes allowed to gradually cool to m m  temperature over 
30 min. The samples were then placed on ice. 
(O) To rhis reaction we added (in order) 1 p l  of 0.1 M 

DïT, 2 p l  of diluted labelling rnix, 0.5 p l  of SI' dATP 
(Mandel, Guelph. ON) and 2 pl of diluted Sequenase 
enzyme. The sarnples were mixed thoroughly and incu- 
bated for 5 min at m m  temperature. 
(Pl A portion of this mix (3.5 pl) was then added to 4 

pre-heated tubes each containing 2.5 p l  of one of the four 
termination mixes. 
(Q) Samples were incubated for 5 min at 37°C. 
(R) Four microiiters of stop solution to was then added 

to each of the sampIes. 
(S) The samples were heated for 2 min at 80°C and 

loaded (2.5 pl per lane) onto a 6% denaturing acrylamide 
gel and run for 3.5 h at 2000 V. The gel was dried and 
exposed to film ovemight. 

Briefly, the foliowing procedure was performed nccord- 
ing to Melaer et al. [21]: 

(A) Total RNA h m  spleen (10 pg per sarnple) was 
denatured (50% formamide/MOPS/ 17.55% formal- 
dehyde/lû% Glycerol and Ethidium bmmide) for 10 min 
at 65°C. 
(B) The samples were then loaded on a L.2% 

agarose/foddehyde gel and nin for 3 h at 50 V. 
(C) The samples were W e m d  ta nylon membrane 

ovemight (BM, Laval, PQ) by capillary action with SSC 
buffers. 
(DI RNA was k e d  on the membrane with a 2-h 

incubation at 80°C. and the integrity of the smp1es was 

verified by visualking the ribosomal RNA subunits under 
W light. 
(E) The membranes were equilibrated in 2 X SSC and 

placed in pre-hybridized solution (50% forniamide. 5 x 
SSC, 0.05 M sodium phosphate 0.1% SDS, Denhart's 
solution and dextran sulfate) at 42°C for 1 h. 
(F) Membranes were then hybridized overnight at 60°C 

with Dig-labelled RNA probes (1 -30 ng/ml depending on 
the probe). . 
(G) Membranes were washed two times in 2 x 

SSC/0.1% SDS for 15 min at room temperature and two 
times in 0.1 X SSC/O. 1 % SDS at 60°C for 25 min. 
(H) Membranes were blocked for 1 h in 1% Boehnnger 

block/ maleic acid buffer, incubated with sheep anti-Dig 
peroxidase-conjugated antibody (1 /5000, BM, Lnval, PQ) 
for 1 h at r o m  temperature, rinsed 3 x in maleic acid 
buffer, and visuaiized using the Boehringer Mannheim 
chemiluminescence kit (Laval, PQ). 

(1) The blots were exposed to film anywhere frorn 15 s 
to 5 min. All solutions were treated with 0.1% DEPC as 
required. 

4.8. In situ hybridizution for adhered spleen sections 

Protocols were performed as previously described by 
Birk and Grimm [2], with modifications. 

(A) Rats were overdosed with pentobarbitol and tran- 
scardially perfused with 100 ml of 1% sodium nitrite in 
phosphate buffer (PB) followed by 300 ml of 4% buffered 
padormaldehyde (pH 7.3) in PB (for chese steps, 0.1% 
DEPC was added immediately before use). 

(B) The tissue was removed, post-fixed for 2 h and then 
cryoprotected in 30% sucrose (0.1% DEPC was added 
immediaiely before use). Once the spleens sank to the 
bottom of the glass bottle (1-2 days) they were ernbedded 
in Tissue Tek O.C.T. mounting cornpound (Imrnucor, Ed- 
monton, AB) and stored at - 70°C. 
(Cl Sections were cut ( 15 pm) on a freezing micro- 

tome, floated onto silanated Probe-On slides (Fisher), air- 
dried for 20 min at room temperature, and baked for 1 h at 
60°C- 
(D) Foliowing this. sections were fixed for 20 min in 

cold 4% parafomaldehyde, rinsed 3 X in PBS, 1 X in 
50% ethano1 and stored dessicated at -70°C. For these 
steps, the solutions were made with 0.1 % DEPC-treated 
water and molecular grade chernicals that were weighed 
using oniy baked utensils. DEPC (0.1%) was added again 
immediately before use. 
(E) Al1 buffers up to the RNase A step were made with 

DEPC-mted water and molecular grade chernicals that 
were weighed using only baked uttnsils. These buffcrs 
were then DEPC-treated and autoclaved. if the buffers 
containecl Tris, DEPC was not added before autoclaving. 
(FI Sections were gradualiy brought to m m  tempera- 

ture and rinsed in PBS/0.1% Brij (Brij 35-polyoxyethy- 
Iene 23 lauryt ether, Sigma, Oakville, ON). 
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(G) Sections were treated with 5 p g / d  of proteinase 
K (Boehnnger Mannheim, Laval. PQ)/O. 1% Brij in 0.1 M 
Tris/50 mM EDTA (pH 8.3 at 25°C) for 30 min at 3PC. 
(Hl The sections were refixed for 5 min in 4% para- 

formaidehyde/fkesh DEPC. 
(1) n i e  sections were then acetylated with 0.Z% acetic 

anhydride in O. 1 M triethanolarnine/O.l% Brij, pH 8.0, for 
10 min, soaked in methanol for 5 min, and air-àried. 

(JI Following this, the sections placed in prehybridiza- 
tion buffer (2 x SSC, 50% formamide, 1 mM Tris pH 7.5, 
1 X Denhart's, 5% dextran and I mM EDTA) for 1 h at 
37OC. 
(K) Sections were then hybndized overnight at 50°C in 

prehybridization buffer with 400 pg to 1 ng of probe/pI 
of solution. 
(LI Excess probe was rernoved with 2 x SSC/O.l% 

Brij (up to this point al1 solutions DEPC-treated and 
prepared with baked glassware). 
(Ml Sections were treated with 20 pg/mi RNase A 

(BM, Lavai, PQ) in 2 x SSC/O.l% Brij. and rinsed 
consecutively in 2 X , 1 x and 0.1 x SSC (5 wsishes each 
solution). All solutions contained O. 1% Brij. 
(NI Sections were rinsed 5 times with 2 x SSC/Brij, 

followed by 5 rimes in sodium phosphate buffer/Brij. 
(O) Sections were btocked for 1 h in 1% Boebringer 

block in maleic acid buffer/O.l% Brij and incubated with 
a 1/5OO diiution of sheep anti-Dig alkaline phosphatase- 
conjugated antibody (BM, Lavai, PQ) ovemight at 4°C. 

(Pl Sections were rinsed 5 times in sodium phosphate 
buffer/O.l% Brij and then rinsed in 5 times in detection 
solution (50 rnM MgClz/100 mM Tris in 100 mi NaCI, 
pH 9.3). 
(Q) Sections were then developed in detection solution 

containing 0.4 mM NBT, 0.4 m M  BCIP and 3 mM 
levamisole with 10% polyvinyl alcohol (PVA) (Sigma, Si. 
Louis MO) for 1-5 h. The 10% PVA solution was made 
by dissolving 10% w/v PVA in detection solution at 90°C 
until the solution was clear. Once the solution was cooled 
down, the NBT and BCIP were added. 
(RI Sections were then coverslipped in glycerol gel 

(50% glycerol/ 7.5% gelatin/ O. 1% azide in 0.1 M PB). 

4.9. In situ hybridkation for floating bain and spleen 
sections 

The procedure was the same as outlined above for 
adherent section ISH, except that sections were cut at 50 
p m  on a freezing microtome and processed ixnmediately. 
Sections were floated in 24-well culture plates throughout 
the procedure, treated with lower concentration of pro- 
teinase K (BK Laval. PQ) (05-1 pg/ml) and me steps 
using methanoI. ethanol, triethanolamiae/acetic acid and 
refixing were omitted The antibody step used 1 % Triton-X 
100 instead of 0.1% Btij, and the sections were developed 
in detection solution without po1yvinyl alcohol. Sections 
were then floated ont0 coated slides and coverslipped with 
giycerol gel- iivdy. 

4. IO. In  situ hybridization for adhered brain sections 

(A) f i m a l s  were dceply anesthetized inaapentonealiy 
with 35% chlorai hydrate and perfwed via the ascending 
aorta with saline foilowed by c d d  4% paraformaldehyde 
in 0.1 M borate buffer, pH 9.5. 
(BI Brains were pst-fixed for 3-4 h, and then tram- 

ferred to 10% sucrose/4% paraformaidehyde/O.l M bo- 
rate buffer overnight at 4°C. 
(C) Frozen sections were cut (30 using a His- 

toslide micmtome, coilected in cryoprotectant (0.05 M 
sodium phosphate buffer. 30% ethylene @ycot. 20% glyc- 
erol), and stored at -20°C untii histochemical andysis. 
(Dl Prior to hybridization, tissue sections were mounted 

onto geiatin and poly-L-lysine coated siides, air-dried, and 
stored under a vacuum overnight, 
(E) The slides were initiaiiy washed in PBS/O. 1% Brij, 

pH 7.4, then treated with 5 p g / d  of proteinase K (EM 
Science, Gibbstown, NJ) in 0.1 M Tris pH 8.0, 50 mM 
EDTA/O.l% Brij for 20 min at 37°C. 
(FI The tissue was refixed for 5 min in 4% paraformal- 

dehyde freshly treated with 0.1% DEPC, acetyiatcd with 
0.25% acetic anhydride in 0.1 M triethanolamine/O. 1% 
Brij, pH 8.0, for IO min, soaked in methanol for 5 niin, 
and air-ckied. 
(G) The slides were treated in prehybridization mixture 

(50% formamide, 2 x SSC, I mM EDTA, 1 m M  Tris pH 

1 2  3 
Fig. 1, Photograph iIlustatiag a rrprcsattativc vtrif?caUon of RNA 
probes by Norlhun bloaing. This bloc was probed 10 ag / mi of the IL-l 
RNA probe h e  1 coutains IO pg of tncü RNA h m  a Ealiac-acatcd rat 
spleen. while ha 2 and 3 conmin 10 pg of total RNA from LPS-trcatcd 
(1  b) rats. Abbrcviations: 28S and 18s cefer to the cibosonmi RNA 
subunics wbich arc appcoximmiy 4718 and la14 bp in Icngth, rrspcc- 
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fig. 3. A photomimgnph illusating mRNA expression for & m i n  and c-foJ in the n t  braira, (A) PActin mRNA expression in the CA3 rcgion of the 
hippocampus of o dine-matcd nt. (BI A section of bmin h m  the samc mimal as (A) hybridizcd with a xnse pmbe. (Cl îhe supnopcic nuclcus fmm the 
same miml Y (A) hybridized with an antisense c-/oz prok. (D) The supraoptic nucleus of  an LPS-mtcd (1 h) nt hybridircd with an anfisense of c-fos 
probe. Abbrcviations: optic chiasm (OC). Scale bar = 100 Pm, 

7.3, 1 X Denhardt's, 0.1 mg/& yerist tRNA, 5% dextran 
sulfate) for 30 min at 37°C and then air-dried for about 5 
min. 
(Hl Digoxigenin-Iabelled TNF-a or iL-P RNA probes 

(1 ng/p1 final concentration) in prehybridization mixture 
were applied to each slide and then coverslipped. The 
slides were incubated at 95°C for 5 min, then allowed to 
hybndize overnight at 50°C. 

(1) The coverslips were removed by gentle soaking in 
2 x SSC/O.l% Brij and the sections were treated with 20 
pg/ml RNase A (Sigma, St. Louis, MO) in 2 X SSC/Brij 
buffer for 30 min at 37°C. 

(J) The slides were washed consecutiveIy in 1 x 
SSC/O. 1% Brij, 0.1 x SSC/O.l% Brij, and 2 X 
SSC/O. 1% Bnj, rinsed in a 10 m M  NaPhospbate/O. 1% 

Brij. and then blocked for 1 h in a 1% Boehringer block 
solution dissolved in 0.1 M maleic acid, 0.15 M 
NaCI/O. 1% Brij. 
(KI The slides were air-dried for about 5 min, then 

incubated overnight at 4°C with sheep anti-Dig alkaline 
phosphatase-conjugated antibody (1/250; BM, Indianap- 
Iis, IN) under coverslips. 
(LI The covmlips were removed by gentle soaking in 

the 10 mM NaPhosphate/Bnj buffer. Slides were air-dried 
for about 5 min and then developed in detection solution 
(10% Polyvinyl alcohol, 1 m M  levamisole, 0.46 mM MT, 
0.43 miM BCIP in 50 mM MgCl,/lûû mM Tris in 100 
m M  NaCl, pH 9.3). 
(Ml The sIides were coverdipped and incubated fmm 4 

h to ovemight at 30°C. The color reaction was stopped 

Fig. 2. Photomicrographs dtmonscming ùr situ hybndiiu'on for TNF-a. L I  and &min mRNA in rat spleen. (A) A f l h g  of spleen from a 
d ine -mtcd  nt hybridizcd with an ancisense prok for (B) A floating spleen section h m  an tPS-acatcd (1 h) rat hybridùtd with a ~ n x  pmk 
for TNF-a, (C) A Roan'ng spicen sa ïon  from a saline-tnartd rat hybridii with an anCisense TNF-a probe. CD) A floating spleen section fiam an 
LPS-mtcd ( 1 hl nt hybrid'utd with an anriscrue prok for IL-l p. (E) A floaùng splccn section h m  an LPS-acatcd (1 h) rat hybriduai with an anfisense 
pmbe for TNF-a- (FI An ;rdherrd section of spleen h m  an LPS&a& (1 h) rat h y b ~ d h d  witb an an- TNF-a probe. (G) A floating Kction of 
spleen h m  art LPS-trurcd (1 b) nt hybcidizcd with a Pactin mtisense p r o k  (Hl D t m o r u ~  an adbcrrd spleen section h m  an LPS-treated (1 h) rat 
hybridizcd with a PActin ant i~ns t  pmbe, Abbrevinsïons: foilicle (F), cd pdp (R). Sde bar- 100 pm. 



348 J. C. Melrzr et aL / Bmin Research PmtocoLr 2 (1 998) 339-351 

when the desired intensity was rrached by soaking off the 
covenlips using a 10 mM Tris, pH 8.O/L rnM EDTA 
buffer. 
(NI The sections were coverslipped in glycerol gel and 

examined microscopically. Placement of the i.c.v. cannulae 
was verified histologic&y, and only the rats with correct 
placement were included in the analysis of the results. 

5.1. Production of probes 

Single band purity was obtained h m  the PCR reaction 
and purified by a combination of elbanol precipitations and 
gel purifications. Verifxcation for the successful incorpora- 
tion of the T7 polymerase pmmoter sequence inro the PCR 
product was assessed by migration on an agamse gel as 
previously described f2], while verification of the cDNA 
templates were made by dideoxy sequencing. The speci- 
ficities of al1 the Dig-labelled RNA probes were demon- 

strated by Northem bloning to total splenic RNA fmm 
saline and LPS-aeated nt spleens as illustrated for the 
IL-lp probe (Fig. 1). Similar results were obtained with 
the TNF-o probe (data not shown). The sense RNA probes 
did not bind to the RNA fmm stimulated or control 
animais. whiie the Bacfin probe bound in a i i  lanes (data 
not shown). 

5.2. Detecrion of TNF-a. IL-Ip and p-actin &NA in the <. 

spken by ISH 

Spleen sections h m  saline-treated n u  showed very . 
few TNF-a positive ceUs (Fig. 2C), and the TNF-a sense 
probe gave no positive staining (Fig. 28). pactin staining 
was strong in the spleens fmm both LPS (1 h p s t  i.v. 
injection of LPSI- and saline-treaied animals (Fig. 24G.H). 
IL-1P and TNF-a mRNA expression was detectable in 
LPS-treated animals mainly in rhe red pulp and marginal 
zones, with a few cells in the foliicles (Fig. 2D,E,F). For 
TNF-a and Paciin mRNA detection. both floating and 
adhered sections of spleen were used. In generi. the 

Fip. 4. Photomicrogr@ of TNF-a and L i  j3 mRNA &teaion in the brains of M i n j d  i.cv. with vehicle or LPS (500 ng). (A) Dcmoamuu the 
absence o f  celis positive for TNF-a mRNA in the hippacamprs of a nt givcn i.cv. vehicle (8) DMonscra~~~ aiis positive fix TNF-œ mRNA in the 
hippociunpur of a rat 3 h following i.cv. LPS. CC) Dunoiumm ihc absence of c e k  positive for L I  mRNA in the hippocamplr of a n pivm i.c.v. 
vehick (Dl Danonstf;ues cellr positive for iL-1 j3 mRNA in the hihipeo~mpur of a rat 3 h following i r v .  LPS. Scale bar - Iûû pm. 



staining for TNF-a and &actin mRNA in adhered sec- 
tions was more intense after the same development tirne 
than the floating sections (Fig. 2FJI vs. Fig. 2E,G). 

5.3. Detection of c-fios, @-actin, ïïVF-a and IL-8 mANA 
by ISH in the rat brain 

Both LPS- and saline-treated rats showed strong bacth  
staining, especiatiy in the CA3 region of the hippocampus 
(Fig. 3A), while the sense probe showed no staining (Fig. 
3B). We found that the level of Pactin mRNA was much 
mort &undant hm the other mICYAs ex&~ined in tfiis 
study based on the rnuch shorter chromogenic develop 
ment requ-ïreà to generate a strong signal (i.e., 90 min vs. 5 
h in spleen sections). A minimal number of celis positive 
for c-fos mRNA were observed in the paraventricular 
nucleus (data not shown) and the supraoptic nucleus (Fig. 
3C) of the hypothalamus in saJine-treated rats. In contrast. 
the paravenvicular nucleus (data nor shown) and the 
supraoptic nucleus (Fig. 3D) showed numemus c-fos posi- 
tive cells following i.v. LPS injection. To demonstrate that 
cytokine mRNA can be induced in the brain, animals 
received an i.c.v. injection of vehicle or LPS (500 ng). 
Results demonstrate that in the hippocampus of saline- 
treated rats, there is no positive staining for either TNF-a 
or IL-/3 mRNA (Fig. 4A.C). in contrast, TNF-a and 
IL- 1 P mRNA was detectable by ISH in the hippocampus 
of rats 3 h after an i.c.v. injection of LPS (Fig. 4B.D). 

6. Discussion 

6.1. Troubleshooting 

We have provided a detailed protocol for the produc- 
tion, verification and functional testing of TNF-a, IL1 p, 
pactin and cqos RNA probes using RT-PCR, PCR, 
dideoxy sequencing and Northern blotting. Although the 
pmduction of RNA probes are labour-intensive relative to 
oligo pmbes, the benefits of these probes are their in- 
c ~ a s e d  sensitivity relative to DNA pmbes [9.27,29], and 
the ability co eliminate non-specific binding by RNase 
treatment. Although there are many steps during probe 
production/application, where difficulties may arise, the 
following Iist represents the problems most commoniy 
encountered in our experience. 

(A) Isolating PCR hgments fiam gels was difficult 
with most commercial kits unless low melting agarose was 
used However, we have had good success using the 
method of Girvitz et al, 1121 for out subscquent band 
ektions. This provides a quick, reliable and inexpensive 
method for DNA 'isolation. 
(B) Making RNA probes is a delicate procedure where 

the use of RNase fkee equipment and reagents are essen- 
tid. Therefon, all the magents must be molecular grade 
and nuclease f k e  and alf the glassware/metallic instru- 

ments must be baked for 8 h at 180°C or at the very les t  
rinsed with chioroform or DEPC-treated water prior to use. 
Alternatively, sterile plasticware is assurned to ùe RNase- 
free and can be used in place of glass for some steps. It is 
also important that once the probes are in vitro transmibed, 
they are dissolved immediately in DEPC-water. We have 
found that the longer the cirying time, the more difficult 
these probes are to dissolve, A 3Gmin incubation at 
37-60°C may help dissolve probes that othemise WU not 
go into solution. 

(C) We used both radioactive and non-radioactive se- 
yencing me'rhods with good succes. The non-radioactive 
protocols may need more fine-tuning than the radioactive 
protocol in tenns of the developrnent/visuaiization steps; 
however, it is a viable alternative for labs that want to 
avoid the use radioactive nucleotides. Critical parameters 
include using the best quaiity water (double-distilled or 
Nanopue"). pre-chilling the developing reagent and only 
taking 5-10 s between removing the gel in the last rinse, 
and placing it in developing solution. Failure to adhere to 
these steps rnay result in high backgrounds or the absence 
of bands altogether. Also, we used 1/3 of the Bind Silane 
suggested in the manual, as we had problems with the 
plates sticking together. It was important to change gloves 
between applying the Bind Silane and Sigrnacote, as a 
cross-contamination caused the gel to stick to both glas 
plates. We aiso observed that the sequencing of PCR 
products required fine tuning for the different 
template/primer combination; however, if the DNA frag- 
ment was first cloned into the plasmid, the conditions were 
uniform for al1 sequences. Sequencing the PCR products 
was more npid than going through the cloning procedure, 
and is especiaiiy effective if the identity of the DNA 
fragment just needs to be verified. 
(D) For Nonhem blotting. it is essential that al1 the 

equipment and solutions rue RNase-free and that the pH of 
the buffers and the gel mix are correct. If not, this may 
cause sample degradation or poor transfer of the RNA to 
the membrane. Also, when testing new probes, we found 
ttiat too much probe and/or too low a hybridization 
temperame results in too strong a signal, or a non-specific 
signal at the locations of the 28s and 18s ribosomal RNA 
subunits. Therefore. it is helpful to know the approximate 
size of your transcript of interest and to include known 
positive and negative sarnples to determine if you are 
gecting specific hybridiition. 
(El Peneiration of the probe through the ceUular manix 

to hybridize to target rnRNA is one of the most critical 
steps for in situ hybridization. The optimization of this step 
is dependent on both the amount of h u e  fixation, and on 
the amount of tissue digestion; two factors that are in 
direct opposition. Alttiough the optirnal methoci of fixarion 
may m e r  between experimentai protocols and types of 
tissue, fixation shouId generally fiinction to preserve tissue 
morphology and RNA retention without eüminating probe 
accessibü.ity. Tissue digestion/degradation with proteinase 



K or other substances (erypsin, 
enough of the ceUuiar/nuclear 

HCI) should eeliminate 
proteins, so the target 

sequence is open for hybndizatiou, while leaving enough 
of the tissue matrix intact so chat the RNA is not lost 
during the pmcedure. in our expenence, we have noticed 
that both overdigestion and underdigestion can cause ex- 
cessive background or a loss of signal depending on the 
circumstances. Therefore. it is very important to optiniize 
the digestion/fixation parameters for each tissue before 
beginniog this procedure on criticaiiy important samples. It 
is also important where possible to utilize conditions that 
provide known positive and negative controls to firther 
verifj the functional specificity of the probes in question. 
These controls can include hybridizing your probe to a 
section pre-digested with RNase, using a sense probe for 
the molecule of interest, unrelated sense probes. probes for 
housekeeping genes, unrelated antisense probes with known 
anatornicai specificities, sections that are exposed to the 
detection procedure only, and tissues that art known to be 
positive and negative for your probe(s) of interest. This 
study utilized in situ hybridization for c-@s mRNA in the 
brain as a positive control because it is a well chancter- 
ized gene that is inducible in distinct anatomical regions of 
the brain after LPS, and chus provides a more accurate 
positive control for the sensitivity of ISH protocols in the 
brain. because it is not as abundantiy or ubiquitously 
expressed as Pactin. 

6.2. Altemtiue protocols 

Wc also determincd if Dig-labeiled RNA probes could 
be used in floating tissue sections. Floating section ISH 
has been descnbed with radioactive [20] and non-radioac- 
tive probes [18.31]. The potentiai advantages of floating 
section ISH is chat the= is minimal background hybridiza- 
tion [20], detection of multiple mRNAs and proteins is 
possible [30,3 11, and that floating sections have superior 
tissue rnorphology (personal observations). We attribute 
the superior tissue morphology of the floating sections due 
to the floating sections k ing thicker. receiving less pro- 
teinase K digestion and the absence of the ethanol, and 
methanol steps that the adhered sections received. In 
agreement with LeGueUec et ai. [18], we found that the 
chcumogenic reaction for mRNA locdization was less 
intense in the fioating sections compared to the adhered 
sections. We amibute this to two things. kt, the 
NBT/BCIP raction with the adhered sections was inteu- 
sified by the addition of polyvinyl aicohol (101, a step 
which was omitted in fioating sections because it non- 
specifically overdeveloped the floating sections (personal 
observations). Second, a higha concenùation of proteinase 
K (5 pg/ml) was w d  for adhacd sections (in cornpari- 
son with 05  pg/tnL for floating ncctions) which poten- 
tially provided more access for the RNA probes to hy- 
bridize to the mRNAs. Omitting proteinase K pre-freat- 
ment mulud in a signincantly weaker positive signai, 

while using too much proteinase K on the floating sections 
caused the tissue to either disintepte or fold on itself. We 
dso observed that the antisense probe for &a& demon- 
strated strong staining in the white pulp and identified 
either large cells, or compact clusters of c e k  that were 
more intensely stained than the rest of the section (Fig. 
2A.Gfi). A negative aspect associated with the floating 
section procedure was that more probe solution was re- 
quired to keep the sections properiy suspended during 
hybridization, However, these probes can be reused with 
satisfxtory results (mpcblishcd observations). 

7. Quick procedure 

For probe production and positive controls harvest tis- 
sue that will contain message of interest. For in situ 
hybridization fix the tissue in paraformaldehyde. 
isolate RNA from tissue of interest. 
Do RT-PCR to obtain template. 
Purify ternplate and sequence. 
Demonstrate the specificity of the probe(s) by Northem 
blotting. 
Perform in situ hybridization with appropriate controls. 

Essential references 

Northem blotting [21] 
In situ hybridization [2,9,10] 
Floating section in situ hybridization [18,20,30,3 11 
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