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ABsTRÄcT

Functional Magnetic Resonance Imaging (ÍMRI) is an indirect, non-invasive tool

that has been used to detect areas ofneuronal activity in the brain during a stimulus or

task. Regions of activþ are identified based on a hemodynamic effect. Coupling

between the metabolic demands ofneuronal activity and the hemodynamic response

results in localized increases in blood oxygenation as the areas of activity receive a much

larger supply of oxygenated blood than is needed. Oxyhemoglobin and

deoxyhemoglobin have different magnetic susceptibilities therefore the localized

increases in blood oxygenation are detectable by ÍMRL More recently, the technique has

been developed for use in the spinal cord. Spinal cord imaging is subject to more

confounds than brain imaging. Examples ofadditional problems include motion due to

respiration and the flow of ce¡ebral spinal fluid (CSF). For these reasons the technique

must be verified by comparison witl "gold standards" in o¡der to demonstrate that spinal

fMRI can detect regions of neuronal activity.

In Chapter 2, a chronic experimental model for fMRI imaging of the rat spinal

cord is described. This section is critical for later parts of the thesis as well as future

studies as currently, alpha-chloralose is t}te most commonly used anesthetic during

animal fMRI shrdies. Recovery of the animal is not possible therefore limiting

experimental design. The areas of functional activity in the cervical spinal cord were

compared in alpha-chloralose and halothane anesthetized rats during elechical forepaw

stimulation. The expression of c-fos, a known marker of neuronal activity, was used to

observe the regions ofthe spinal cord in which activity was observed. Correspondence

between functional activity and c-fos expression was found in the rostral-caudal
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direction. The results indicate that halothane anesthesia can be used during animal spinal

fMRI studies.

In Chapter 3, the ÍMRI response in the rat spinal cord to different intensities of

thermal stimuli is characterized. A comparison between alpha-chloralose and halothane

anesthesia was also repeated in order to confirm our previous findings that halothane

could be used for animal spinal fMRI. The most striking results demonstrate that the

intensity of stimulation could be identified by the magnitude ofthe percentage signal

change obsewed. Regardless of type of anesthesia, gteater percentage signal change was

observed during noxious thermal stimulation as compared to i¡nocuous thermal

stimulation. Results confrmed that functional activity could be observed in the rat spinal

cord under halothane anesthesia. As in Chapter 2, c-fos expression was used to verifu the

presence and identifu the rostral-caudal distribution ofneuronal activity.

Finally, we have used local field potentials to localize areas ofneuronal activity

and compare to areas of functional activity identifred by fMRI in the rat lumbar spinal

cord during electrical stimulation of the hind paw. Generally, ÍMRI revealed a similar

rostral-caudal distribution of active pixels compared to the distribution ofnegative local

field potentials. The correlation within the slices was limited, however, the two

measurements were not taken simultaneously therefore a di¡ect site-to-site match between

active pixels and negative local field potentials may not be possible. Further work is

needed to investigate the causes of disagreement between the two techniques that is

observed in some ateas. Electrophysiology reveals neuronal activity within the deeper

layers of the cord and on the contralateral side. This provides a better assessment of

spinal fMRI than the comparison to c-fos labeling alone. This work advances our
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understanding of what the functional maps obtained by spinal fMRI represent. In turn, a

better understanding of spinal ÍMRI will help further the acceptance ofthe technique as a

useful clinical tool for assessing pathological conditions ofthe spinal cord.
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CHAPTER 1: GENERAL INTRoDUCTIoN

Thesis Overview

Spinal cord injury affects over 41,000 Canadians and each year there are

approximately I,100 new injuries (Rick Hansen Foundation, 2004). The majority of

spinal cord injury research focuses on recovery and regeneration. With the development

of new methods of intervention, better techniques for assessing spinal cord function are

needed. Cur¡ently the American Spinal Injury Association (ASIA) scale is the most

common and accepted method. This scale generally surveys the extent to which motor

and sensory modalities are present or absent and then estimates the extent of injury in the

cord. A more detailed method is needed in order to provide more comprehensive

information about the level and areas of neuronal activity in the spinal cord.

Functional Magnetic Resonance Imaging (fMRI) is an accepted noninvasive

method for determining areas of neuronal activity in the brain. The field of fMRI is

rapidly expanding as it is proving a powerful tool for examining both healthy and

pathological conditions. It has been used clinically to assess brain fi¡nctioning in stroke

patients as well as in presurgical planning in epileptics. FMRI has several advantages

over other neuroimaging techniques inoluding that it is completely non-invasive.

Cerebral blood oxygenation is used as an endogenous contrast agent making an injection

ofradioactive isotopes, such as used in Positron Emission Tomography (PET) studies,

unnecessary. The application of ÍMRI to the spinal cord provides a noninvasive method

of obsewing areas of neuronal activity making it a useful tool for assessment of function

in spinal cord injury and disease. Furthermore, as ¡ehabilitation and treatment methods



for spinal cord injury improve, an accurate tool is required that will provide a specifrc

report on any progress in recovery. Spinal ÍMRI yields a map of changes in neuronal

activity and may be used to assess spinal co¡d function.

The application of fMRI to the spinal cord is recent. Therefore, in order for the

technique to become widely accepted by the clinical and scientific communities, a

comparison with "gold standard" techniques must be performed to veri$r that spinal

ÍMRI non-invasively detects areas of neuronal activity. In brain fMRI, functional maps

were validated by comparison with other techniques such as Hr(ls)g pET (Ramsey et al.

1 996) and local freld potentials (Logothetis et al. 2001).

Functional maps obtained in the rat spinal cord were compared with other

methods of detecting neuronal activity. Chapters 2 and 3 outline areas of functional

activity in the spinal cord compared with the expression ofc-fos, a nuclear protein and

accepted marker ofneuronal activity. Chapter 4 compares functional maps with the areas

ofextracellular local freld potentials. The results ofthis work assess the relationship

between the two techniques in orde¡ to determine the level of correspondence.

:: r,.
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Spinal cord anatomy and physiology

As part ofthe central nervous system, the spinal cord relays and integrates

messages between the body and brain and f¡om the environment. Sensory information is

relayed from muscle, joints, and skin. Motor information is transmitted for both voluntary

movements and involuntary reflexes. The spinal cord, like the brain, is composed of

white and gray matter. The outer pofiion, composed of white matter, sunounds the inner,

butterfly-shaped gray matter. The white matter is subdivided into dorsal, lateral, and

ventral funiculi. These longitudinal tracts of myelinated axons carry sensory information

to the b¡ainstem and brain through ascending pathways and descending tracts carry

information from the supraspinal levels to various levels ofthe cord. The gray matter,

which contains the cell bodies ofnerve cells, is subdivided into dorsal and ventral horns

and an intermediate zone. The dorsal homs contain sensory neurons, which receive input

from the body. The ventral homs contain interneurons as well as being the location of

motor neurons whose axons irmervate skelet¿l muscle. Intemeufons in the gtay matter

integrate somatosensory information from the trunk and limbs to the brain, information

from the brain back to the periphery, as well as between motor neurons.

As in the brain, there are tlree meningeal layers surrounding the spinal cord, the

pia mater, arachnoid mater, and dura mater. The suba¡achnoid space around the spinal

co¡d is filled with cereb¡al spinal fluid (CSF). Near the cente¡ of the cord is a small

central canal also filled with CSF. The flow of CSF occurs in pulsations related to the

cardiac cycle (Henry-Feugeas et al. 1993). The spinal cord is housed in the spinal canal

ofthe spine. Between each adjacent vertebra is a space, or foramen, through which the

spinal nerves exit from the spinal canal and go out to innervate tlte body. The dorsal root



ganglia, made up ofthe cell bodies of primary afferent neurons, are housed within the

interverteb¡al foramina.

The rat spinal cord is on average I 19.9 mm long and contains 34 spinal cord

segments (Hebel R and Stromberg, 1986). There are five regions of the spinal cord:

cervical, thoracic, lumbar, sacral, and coccygeal. The rat spinal cord consists of eight

cervical (C) segments, thirteen thoracic (T) segments, six lumbar (L) segments, fout

sacral (S) segments and three coccygeal segments. The spinal cord is shorter than the

ve¡tebral column and spinal cord segments smaller that the vertebra. Therefore, the

spinal cord segments do not necessarily align with the vertebra ofthe same number

(Figure 1). While the first cervical vertebra is in alignment with the first cervical spinal

cord segment, the first thoracic spinal cord segment aligns with the last cervical vertebra.

The ftst lumbar segment begins at the distal end ofthe eleventh thoracic vertebra (Hebel

R and Stromberg, 1986). Each spinal cord segment projects two dorsal and two ventral

roots. A dorsal and ventral root unit on either side ofthe spinal cord to form a spinal

nerve which exits the vertebral column through the intervertebral foramina. The spinal

nerves later branch to irurervate the body. The third to sixth lumbar spinal cord segments

project motor fibers to the hind limb and receive sensory fibers. The hind limb is

innervated by two major nerves, the cutaneous surae lateralis and the tibialis (Figure 1).

The cutaneous surae lateralis is a nerve which arises from the fibularis (peroneal) nerve.

The fifth cervical to first thoracic spinal cord segments receive forelimb sensory input

and project motor fibers to this area via the medianus and ulnaris nerves (Figure 1).
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The gray matter ofthe spinal cord is divided into l0 regions called Rexed laminae

based on the cytoarchitecture determined by the morphology and distribution ofNissl-

stained cell bodies in cross-sections (Rexed, 1952; Rexed, 1954). Although Rexed

described the laminar system in the cat his organization has since been applied to the rat

spinal cord (Molander and Grant, 1995). The rat spinal co¡d consists often laminae

(Figure 1). The dorsal horn consists of lamina I through VI. The position of laminae V

and VI is different in different spinal cord segments. They are located in either the dorsal

hom or in the intermediate zone. The intermediate zone contains lamina VIL The

ventral homs contain laminae VIII and IX. The gray matter surrounding the central canal

contains lamina X.

Vasculature of the spinal cord

The arterial system that supplies the spinal cord is very similar to that ofhumans.

Three vessels, a single ventral spinal artery, and two dorsal arteries run longitudinally

along the lenglh ofthe spinal cord.

The ventral spinal artery lies in the surface ofthe ventromedial fissure. At regular

intewals the ventral spinal artery gives offbranches called sulcal arteries. The vessels

ascend the ventromedial sulcus to reach where the ventral horn meets the gray

commissure. The sulcal arteries form numerous branches supplying the gray matter, as

well as one or more branches projecting into the white matter (Scremin, 1995).

The pial arterial network sends perforating arteries to supply other areas ofthe

spinal cord. They are ananged in radial orientation and travel through the white matter to

the gray matter (Scremin, 1995).



ì

I

l

l

i

The gray matter ofthe spinal cord is more vascularized than the white matter.

The majority of blood supply to the gray matter comes from the sulcal arteries. The

dorsal homs receive blood from the posterior spinal arteries, posterior medullary feeders

and perforating pial branches.

Transduction of somatosensory stimuli

There are three types of cutaneous receptors: mechanoreceptors, thermoreceptots,

and nociceptors. Cutaneous mechanoreceptors tespond to mechanical touch ofthe skin.

Differences in surface temperature stimulate cutaneous thermoreceptors. Nociceptors

respond to stimuli that threaten or cause injury to tissue.

Nociceptors are classified according to the types of stimuli to which they respond

and to the size ofthe afferent frber that innervates them (Willis and Coggeshall, 2004).

There are two main classes ofnociceptors, Aõ and C polymodal nociceptors, in addition

to a variety of other classes. Aõ and C refer to the fibre type ofthe primary neuron. Aô

fibres are finely myelinated and conduct signals more quickly than small-diameter, C

fibres that are not myelinated.

The receptors responding to heat stimuli have been divided into three categories:

warming units, warming/noxious heat units, and noxious heat units (Menehey et al.

1979), Warming units respond to innocuous warm temperatures below 42.5oC. Innocuous

thermal stimuli cause firing of Aô afferent fibres. The theshold for warming/noxious heat

units have a maximal response ab ove 42.5'C. Noxious heat units have a threshold

between 42.5'C and 48"C and firing rate increases with increased temperature (Menetrey

::..i
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et al. 1979). Noxious thermal stimulation results in the frring ofboth Aõ and C afferent

fibers.

Pathways involved in the transmission of somatosensory pain and temperature

The principle pathway mediating information regarding noxious and thermal

stimuli is the anterolateral system. The anterolateral system is composed ofthree

ascending tracts: the spinothalamic, spinoreticular, and spinomesencephalic (Willis et al.,

1995). A fourth tract, the spinocervical tract, ascends the spinal cord in the do¡solateral

fasciculus and is also involved in carrying noxious and thermal information (Willis et al.,

1995). The origins ofthese tracts are in various laminae of the spinal cord. Nociceptive

afferents terminate primarily within the dorsal horn ofthe spinal cord. Aô nociceptive

fibres terminate within lamina I and V (Light and Perl, 1979). C nociceptive fibers

terminate mainly in lamina I and II (Sugiura etal. 1986). There are also neurons in

lamina VII and VIII that respond to noxious stimuli (Chaouch et a1., 1983). The

properties ofthese neurons are more complicated as their inputs are polysynaptic and

many of the neurons in lamina MI respond to stimuli applied to either side of the animal.

The spinothalamic tract

The spinothalamic tract carries information regarding pain and temperature.

Noxious primary afferent neurons terminate in lamina I, II and V-VII and synapse with

spinothalamic tract neurons. The primary afferents also send collaterals to deeper lamina

in the cord. Some of thess neurons in deeper lamina project back to lamina I, and

intemeurons in lamina II that in turn project to other laminae. Innocuous thermal
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stimulation results in activity of subpopulations of spinothalamic neurons, primarily in

lamina I (Christensen and Perl, 1970; Craig and Kniffki, 1985).

The axons that make up the spinothalamic tract ascend in the ventral and lateral

funiculi (Giesler, Jr. et al. 1981). The spinothalamic tract has th¡ee sites oftermination

in the thalamus: the ventropostetolateral nucleus, the intralaminar nuclei and posterior

complex.

The spinoreticular tract

There are three groups of spinoreticular neurons. Two groups respond primarily

to noxious inputs. The first group of neurons originate in laminae V, VII, VIII (Chaouch

et al. 1983) and X Q.lahin and Micevych, 1986) and project to the medial

pontomedullary reticular fo¡mation. They are often referred to as the medial

spinoreticular tract. Many of the cells overlap in response properties and location with

spinothalamic neurons. The axons of the cells originating in lamina X will ascend the

spinal cord ipsilaterally in the ventrolateral funiculus. The second group of spinoreticular

neurons originate in laminae I, V-WII, and X and project to the dorsal reticular nucleus

ofthe medulla. They respond to noxious input. The third group ofneurons is often

associated with motor control because many of the neurons respond to joint movement

and project to the lateral reticular nucleus, which in tum projects to the cerebellum. A

large proportion ofthese neurons are excited by noxious inputs (Menetrey et al. 1984).

Most neurons in this group originate in lamina X and project to the lateral reticular

nucleus.
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Axons ofthe spinoreticular tract synapse in the reticular formation ofthe pons

and medulla. The higher order neurons from the reticular formation then terminate in the

intralaminar and posterior nuclei ofthe thalamus and in other areas ofthe brain such as

the diencephalon and hypothalamus.

The spinomesencephalic tract

The spinomesencephalic tract projects to three areas ofthe midbrain: the superior

colliculi, the periaqueductal gray (PAG), and the midbrain reticular formation, The PAG

and midbrain reticular formation receive noxious inputs and form part of the neural

circuitry involved in the descending control of pain.

Neurons which project to the PAG originate in laminae I, III, V-VII and X and in

the lateral spinal and lateral cervical nuclei (Liu, 1983). The lateral spinal and lateral

cervical nuclei are located lateral to the dorsal hom in the dorsal region ofthe lateral

funiculus. The lateral spinal nucleus is present in all spinal cord segrnents. The lateral

cervical nucleus is present only between Cl and C3 and is found just lateral to the lateral

spinal nucleus (Molander and Grant, 1995). The axons ofthe spinomesencephalic tract

ascend to the brainstem in the ventrolateral funiculus. Neurons which originate in lamina

I project to the PAG in the contralateral dorsolateral fasiculus (Baker and Giesler, Jr.,

1984).

Neurons which project to the midbrain reticular fo¡mation originate in similar

locations as those that project to the PAG. Cells which originate in lamina I have axons

which ascend in the contralateral dorsolateral fasiculus and send collateral branches to the

cuneiform nucleus.

10
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The spinocervical tract

The spinocervical tract has been well described in the cat (Brown et al., 1983). In

the rat, spinocervical neurons originate in the ipsilateral dorsal hom in laminae III-V at

all spinal cord levels caudal to the lateral cervical nucleus(Baker and Giesler, Jr., 1984).

The axons ascend in the dorsolateral fasiculus and terminate in the lateral cervical

nucleus in the rostral cervical spinal cord. The nucleus and tract are smaller in the rat

than in the cat. While the tract is mainly associated with other modalities, some cells

were found to respond to noxious mechanical or thermal stimuli (Willis et al., 1995).

Spinal organization of reflexes

Painful stimulation may also elicit a withdrawal reflex. Withdrawal reflexes

involve the whole limb, therefore, afferent information must spread over several spinal

segments to stimulate several muscle groups. Cutaneous reflexes cause the excitation of

one muscle group and the inhibition of anatagonist muscles groups. This action is

referred to as reciprocal innervation (Sherrington, 1906). In addition, reflexes have

c¡ossed effects. As a flexor reflex is evoked on one side, extension occurs on the

contralateral side to strengthen postural support (Kandel et al. 2000). Therefore, the

effects of stimulation may result in widespread activity across several spinal cord

segments and on both sides ofthe cord.

::.!
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Direct measurements of neuronal activity

To verift that functional MRI can be used to non-invasively observe areas of

neuronal activity, a comparison with "gold-standards" must be performed. This involves

the use of di¡ect measurements of neuronal activity in order to observe the patterns of

activity that are evoked with the type, and intensity of stimulation we are using during

imaging. The neurophysiological basis ofthe BOLD signal in the brain was compared to

single-unit recordings, multi-unit recordings, and local field potentials (Logothetis et al.

2001), Logothetis et al. found that the ÍMRI signal best conesponded to local field

potentials as they reflect a population response within a recording area (2001). In this

thesis two methods are used to observe areas ofneuronal activity, the labeling ofthe

protein c-fos, and local freld potentials.

C-fos expression

The fos protein was first identified in virology research in 1982 and classified as

an oncogene. It was thought to be involved in the neuroplastic process of Finkel-Biskis

Jinkins murine osteosarcoma virus (Curran and Teich, 1982). Over time it was found that

the fos protein is not exclusively expressed in growing cells and so it is now classified as

an "immediate-early gene" from virology nomenclature. The term "earþ" is used

because expression occurs before replication ofthe viral genome. The term "immediate"

originates from the rapid expression ofviral genes after cell infection regardless ofthe

presence ofprotein synthesis inhibitors. The viral and cellular genes were since

clistinguished by the terms "viral immediate-early gene" (v-fos) and "cellular immediate-



early gene" (c-fos) for cellular genes rapidly induced in the presence ofprotein synthesis

inhibition (Chiasson et al. 1997).

C-fos was linked to cell protection (Giovannelli et al. 1998), cell death by

apoptosis (Inada et al. 1998) and may also be involved in communication between the

immune and nervous systems (Goehler et al. 1998). It is often associated with stress

response although it is present under basal conditions in many tissues, but at very low

levels.

C-fos expression is rapidly induced within some neurons upon repetitive

stimulation. Sensory neurons in the dorsal horn lamina and intemeurons in lamina X

express c-fos protein. Motor neurons do not transcribe the c-fos gene and so very little

labeling is observed in the ventral hom. Increased intracellular Ca2* leads to a second

messenger pathway that results in the transcription of c-fos RNA (figure 2). Its

translation to protein in spinal cord sensory neurons reaches a peak approximately two

hours following stimulation. The c-fos protein can be visualized using

irnmunocytochemical techniques, and its use as an activity-dependent marke¡ is now well

established (Herdegen and Leah, 1998).

13
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Several different types of stimuli induce the expression of c-fos, including

pattems of electrical stimulation (Sheng et al. 1993). Other types of noxious stimulation

employed to induce c-fos expression in the spinal cord include thermal, mechanical and

chemical stimuli (Herdegen and Leah, 1998; Hunt et al. 1987). Pattems of

immunolabeling of the rat spinal cord were determined following noxious mechanical

stimulation of both the hind paw and forepaw (Bullitt, 1991; King and Apps, 2000).

These studies demonstrated that the mediolateral somatotropy of forelimb and hind limb

inputs into the spinal cord are similar. Both rostrocaudal and mediolateral somatotropic

organization appears to be present in nociceptive neurons of the rat dorsal horn.

Within this dissertation, the observation ofc-fos positive cells will be used to

verifu that neuronal activity is present in the imaged region ofthe spinal cord. We

anticipate similarities in the distribution ofc-fos labeled cells to ÍMRI activity in the

rostral-caudal direction. Comparisons between the two techniques cannot be made,

however, within cross-sections ofthe cord. This is due to the lirnitations ofusing c-fos.

Not all neu¡ons transcribe the c-fos gene, or do so selectively under certain conditions.

Therefore, labeling ofc-fos protein does not account for all neu¡onal activity.

Local field potentials

Predating the use of cellular markers, freld potentials were used to determine the

presence ofneuronal activþ. Local field potentials reveal the events occurring

simultaneously from a large population ofneurons. The net movement ofion currents

near a recording electrode is observed extracellularly (Figure 3). Prior to any activity a

flat base line is observed as there is no change in current. The potential observed

15



depends on the net events that occur in the population of cells near the recording

electrode. If the recording electrode is near an area where the threshold for postsynaptic

action potentials has been reached, a large negative potential is observed extracellularþ

due to flow ofpositive charged particles into the neuron (Figure 3A). These areas where

current is flowing from the extracellular space into the neurons are also referred to as

'current sinks'. Ifthe recording electrode is far away from postsynaptic potentials a

positive field potential will be observed as positive charge will move into the

extracellular space (Figure 3B). These areas are called'current sources'.
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Figure 3. Extracellular events observed by local field potentials near neuronal activity
(A) and at distances further away (B).

Inhibition ofa neuron is caused by hyperpolarization or a net outward positive

current. As a result, one may expect to observe a positive potential to be observed

extracellularþ. A positive voltage potential due to inhibition can be distinguished from a

current source in several ways. The two causes have different temporal characteristics.
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Therefore, a current source will occur in the same frame in time as the negative current

shk. Postsynaptic inhibition, however, will experience a synaptic delay and therefore

would be observed later in time than a current sink. The amplitude in voltage of a current

source will also be proportional to that ofa current sink in response to a graded stimulus.

That is to say, a sink and source will be at half amplitude with halfofa given intensity of

stimulation. Postsynaptic inhibition involves modulation and therefore differences in

amplitude will not vary linearþ. In addition, much smaller currents are involved in

postsynaptic i¡hibition and because the technique records from a population ofneurons,

the response would likely be masked.

In addition to excitatory and inhibitory synaptic events, there are other influences

that contribute to local field potentials. The dimensions and orientations of dendrites

were found to play a role in freld fluctuations (Fromm and Bond, 1967; Logothetis and

Pfeuffer, 2004). Voltage-dependent membrane oscillations and spike after-potentials

were also shown to contribute in brain recordings (Buzsaki, 1931; Buzsaki and Gage,

1988; Kamondi et al. 1998; Kobayashi et al. 1997). As a result the responses represent

input into the observed areas as well as local excitatory and inhibitory processing.

Local field potentials were used to examine neuronal activity in the spinal cord

although more so in a cat model (Edgely and Jankowska, 1987; Schaible et al, 1986;

Noga et al., 1995) than in the rat (Fitzgerald, 1982). Fitzgerald used extracellular

recordings to characterize the response of dorsal hom cells to focal application of

capsaicin to the sciatic nerve. In this thesis, we aim to identifr the regions of negative

local field potentials in order to further understand the basis of neuronal activity that

underlies the maps obtained by fMRI.
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Principles of Magnetic Resonance Physics

Nuclear Magnetic Resonance (NMR) is capable of detecting a small signal from

the interaction of nuclei that have a magnetic moment, with a main static magnetic field.

In the absence of a magnetic field, the nuclei of hydrogen are oriented randomly. Nuclei

have an inherent property called 'spin'. Since the proton has charge and spin, it acts like

a small magnet. Not all nuclei have a net nuclear momentum, (".g. t'C) and therefore do

not contribute toward the NMR signal. Hydrogen has a sole proton and the¡efore a net

magnetic moment. Hydrogen is an ideal element for biological imaging and

spectroscopy experiments because of the abundance of water in the body.

Nuclei placed in a main, static magnetic field (B¡) will align parallel or anti-

parallel to the f,reld. More nuclei will align parallel to the field as this is a low energy

state, whereas anti-parallel alignment is a higher energy state. A net magnetic moment is

produced due to the greater number of nuclei aligned with the fleld. The induction of the

main external field causes the protons to precess, or follow a oircular path around the

magnetic field. The precessional frequency can be calculated by the Larmor equation:

oo=Y Bo

Where oo is the precessional frequency, B¡is the magnetic field strength ofthe N{RI (7T,

for example), and y is the gyro magnetic ratio (for a hydrogen proron= 42.5 MHzIT)

(Jezzatdetal.200l). Therefore the precessional rate is determined by the strength ofthe

main magnetic field and at greater strengths therc will be a greater prccessional

frequency.
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In order to obtain a MR signal, a condition called 'resonance' must be established.

Resonance occurs when an object is exposed to an oscillating perturbation that has a

frequency close to its own natural frequency of oscillation (oo). A weaker, alternating

magnetic freld (B1) is applied perpendicular to the B¡ field. The applied B1 field oscillates

at a radio frequency (RF) determined by the Larmor equation. As a result the spins are

excited and start to precess in phase and establish a transve¡se magnetization. It is the

transverse magnetization that can be detected by a receiving coil. When the RF pulse is

turned off, a strong signal can be observed ifthe spins are in phase. Ifthe precessional

frequency ofthe spins is different, they will begin to dephase and there will be a decrease

in signal. The absorbed energy in the sample is given up over time and the nuclei relax

back to the main magnetic field (Jezzañ et al. 2001).

The ways and times in which the signal relaxes are exploited to produce the

desired contrast in the image. Relaxation back to alignment with the main magnetic freld

occurs in the longitudinal (z axis) and transverse (xy plane) directions. The return of

longitudinal magnetization to equilibrium is also called spinJattice or Tl relaxation.

Spin-lattice refers to the interaction and exchange of energy between the spins and the

surrounding environment. As a result, different tissues will have different Tl values

depending on the efficiency ofhow this interaction takes place. The Tl recovery is

described by

M,=M¡[1-exp(lTl)]

In an envi¡onment where random motions can occur more freely (e.g. cerebrospinal fluid)

the local molecular motion is much higher than the Larmor frequency. As a result the T1

relaxation is very slow. T1 is also affected by field strength. At higher field strengths the

t9
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Larmor ftequency is greater. The relaxation pathways are less efficient and so T1 values

are longef.

Net magnetization that decays exponentially in the transverse plane is called spin-

spin or T2 decay. The T2 decay curve is

It¿fxv=MoexpGlT2)

The name spin-spin, refe¡s on the interaction between neighbouring nuclei due to random

fluctuations in the Larmor frequency. If a nucleus is near a neighbour that spins at a

higher frequency, it will spin faster. Likewise, ifthe neighbouring nucleus has a lower

frequency of spin, it will slow down. liVhen the neighbouring spins have moved away

from each other they will return to their own Larmor frequency, however, they will no

longer be in phase. (Jezzañ, et al. 2001). The dephasing causes the signal to decay and

once the moments point in all directions the net signal ifzero. T2 is less dependent on

the main magnetic field than T1 however, it is determined by the chemical environment.

Therefore each tissue type has a different T2 value.

T2* relaxation is the decay due to large scale variations in the applied magnetic

field in addition to the spin-spin interactions. These can result from physical

imperfections with the magnet or more often are due to the geometry and composition of

the sample. Within the head there are various interfaces between neural tissue, bone, air

occupied spaces (the sinuses) and fluid filled spaces (the ventricles). Similarþ, the spinal

cord is sunounded by CSF, the spine, the musculature and fat ofthe back, and air filled

spaces such as near the lungs in some areas. As the materials have different compositions

they also have different magnetic susceptibilities. The areas in which different materials

meet can cause artifacts or signal dropout within an image. Functional imaging ofthe.t.1
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frontal lobe can be problematic due to signal dropout around the sinuses. While T2x

may seem undesirable, it can be useful in some instances. T2* is affected by the

concentration of deoxyhemoglobin; making it an endogenous cont¡ast agent.

The desired contrast of an MR image is obtained by manipulating the factors that

affect the T1 and T2 relaxation times. The manipulations are written with the pulse

sequences used for imaging. Commonly, the timing and number of RF or gradient pulses

are altered. There are two basic types ofpulse sequences that are used within MR

imaging: spin-echo and gradient echo. As only spin-echo sequences are used in the

spinal cord functional MRI studies desc¡ibed, the components ofa basic spin-echo

sequence will be reviewed.

During spin echo sequences, a 90o pulse emitted from the transmitting coil tþs

the net magnetization into the transverse plane sending the spins into phase (Figure 4A).

The signal begins to dephase (Figure 4B), and after a time TE/2, a 180o pulse is applied

which flips the magnetization about the xy plane (Figure 4C), interchanging the slow and

fast spins such that at time TE the spins are refocused producing the echo (Figure 4D).

The time between the initial excitation pulse and the echo that is detected is referred to as

the echo time (TE). A diagram of the sequence, the effects on the spins, and the observed

signal are shown in Figure 4. The effects ofT2 relaxation cannot be refocused in this

sequence since they depend on random interactions. Therefore, any loss in transverse

magnetization is due to T2. An advantage to the spin echo sequence is that because it

refocuses large bulk effects, some sources of interfe¡ence can be eliminated.
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Figure 4. A simplifred spin echo sequence. A 90'excitation causes spins to move from
the z plane to the xy plane. When the pulse ends, the spins begin to dephase. An 180'
pulse causes the spins to flip about the x-axis (or the y-axis depending on the pulse) and
refocuses the signal. The peak of the echo is observed at TE.

During a gradient echo sequence, an RF pulse is used to flip the magnetization

into the xy-plane and then a gradient pulse, rather than an 180o pulse is used to refocus

the net magnetization. A strong signal can be detected while a gradient is on, as this is

when the spins are in phase. Once the RF is turned offthe signal decays exponentially.

Applying a negative gradient dephases the spins and the signal decays faster. The

opposite gradient is then applied to reverse the effect, and refocuses the signal (Jezzard et

a1., 2001). The signal acquired is dependent on T2*.
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In the 1970s a method was developed that made it possible to create an image

from an NMR signal. Paul Lauterbur developed the 2D back projection technique which

was the frst method used to reconstruct the NMR signal into an image (Lauterbur, 1973).

The method applied gradients in several directions in orde¡ to obtain a spatially encoded

NMR signal along lines from a variety of angles. The spectra were then compared and an

image could be created. In 2003, Lauterbur was awarded the Nobel Prize in Medicine

along with Peter Mansfreld for their development of Magnetic Resonance Imaging.

Mansfield was awarded the prize for his work in applying gradients to the magnetic freld

and developing faster imaging techniques.

Lauterbur and Mansfield were able to develop images from NMR spectra based

on the principles ofspatial specificity. Magnetic freld gradients vary linearþ in intensity

along the 3 directional axes but are parallel to main static field. By making the main

magnetic field vary in the z-plane, the Larmor frequency at which the nuclei precess is

dependent on their spatial location in the main magnetic field. Therefore, even a

homogeneous sample, such as a tube of water, will produce many different frequencies

spread over its spatial distribution.

Since Lauterbur's discovery there have been many advances in the reconstruction

of NMR images. The 2D back projection technique is no longer used as it takes long

periods oftime and is susceptible to signal artifacts. Cunent techniques use Fourier

imaging. The Fourier transform breaks down the NMR signal into several sine and

cosine waves. These Fourier coefficients are used to construct a 2D matrix that can later

be reconstructed into an image using an inverse Fourier transform.
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The 2D matrix in which the Fourier coefficients ofthe sample are collected and

plotted is called k-space. The Fourier coefficients are plotted according to coordinates in

phase and frequency encoding directions (Jezzard et al. 2001). The way in which each

coordinate in k-space is collected is determined by the pulse sequence used. The

parameters ofthe gradients are manipulated so that each location canbe sampled. Once

all areas have been sampled the data in k-space is reconstructed using an inverse Fourier

transform. The data can then be plotted to spatially encode signal intensities from spin

densities giving a recognizable image ofthe object.

K-space is 2 dimensional. Usually, the x-axis is called the frequency encoding

direction while the y-axis is the phase encoding direction, however, this depends on the

image orientation. The size of k-space is determined by the matrix size determined in the

pulse sequence. The matrix size is one of three parameters that determine the resolution

ofthe image acquired. The other parameters include the slice thickness, which

determines the depth of a voxel in the z-plane, and the field of view. The in-plane

resolution of an image can then be determined by dividing the field of view by the matrix

size. For example, an image with a field of view of 30 mm2 and matrix size of 128 x 128

will consist of voxels that a¡e 0.23 mm2.

Exploiting the relaxation rates of different tissues can produce image contrast.

Without any weighting ofrelaxations, contrast can be obtained by proton density

changes. To achieve this, the TR must be longer than T1 to ensure that the longitudinal

relaxation fully recovers between repetitions and the TE must be shorter than T2 so that

there is little signal decay. In these images contrast is based on the wate¡ content of

different tissues. Manipulation of the TE and TR allows the weighting of the image to be



changed. Different materials have different relaxation times. A Tl weighted imaged is

obtained by using a short TR, short TE, and a high flip angle. In a T1 weighted image

CSF appears dark because the long Tl of CSF does not allow time for the CSF to fully

recover during a short TR period. Tissues with short Tl (white matter and fat) will appear

brighter, since they can recover more fully during the short TR period. T2 weighted

images can be obtained by using a long TR and long TE. Stronger signal is obtained

from tissues with longer relaxation times (Jezzard et al. 2001 ). If the echo time is made

longer, the signal amplitude decreases as defined by the T2. Tissues with long T2 appear

brighter (CSF, fat) whereas those with short T2 are darker (liver, white matter tracts). In

images with T2-weighting, TR should be long to avoid any T 1-weighting. Similarly, T1-

weighted images should have a short TE to reduce T2-weighting.

T2* weighting is typically used during functional imaging in order to obtain

signal based on the local concentration of deoxyhemoglobin. It is obtained by using a

gradient echo sequence with a TE approximately equal to T2* in order to obtain optimal

contrast-to-noise (Jezzañ, et al. 2001). The T2* of oxygenated and deoxygentated blood

is different, providing a contrast mechanism for fi.mctional imaging.

Functional Magnetic Resonance Imaging

Functional Magnetic Resonance Imaging (fMRI) can be used to observe a map of

neural activity that occurs in neural tissue in space and time. The technique uses an

endogenous contrast agent as the T2* ofthe blood is affected by the ratio of

deoxyhemoglobin and oxyhemoglobin. The fact that the method is non-invasive makes

fMRI more appealing than other imaging methods such as Positron Emission
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Tomography (PET) which requires a bolus injection of radioactive hacer. Functional

MRI has greater spatial resolution than EEG and MEG and is capable of detecting

neuronal activity in deep brain structures such as in the basal ganglia. The temporal

resolution of fMRI is limited compared to electrophysiological techniques as the signal is

an indirect measure of neuronal activity. In the brain, the time to reach from baseline to

the peak of response is approximately six seconds. This is known as the hemodynamic

response. The basis ofthe contrast mechanism makes an assumption ofthe relationship

between neuronal activity and localized increases in cerebral blood flow. Several studies

have investigated and verified the neural-hemodynamic coupling relationship in the

brain.

Neuronal activity is an energy expensive process. In the central nervous system,

ATP utilization is an oxidative process requiring a constant supply ofglucose and

oxygen. These materials are supplied, and waste products removed, by the vascular

system. The brain and spinal cord are highly vascularized with many branching small

vessels and capillaries. It is at the capillaries where exchange of oxygen and carbon

dioxide takes place. This close spatial relationship at the level of capillaries between

neuronal activity and the blood oxygen saturation can be utilized to indirectly detect areas

ofneuronal activity.

Blood Oxygenation Level Dependent Effect

The hemodynamic effect that is the primary basis of the fMRI signal is known as

the Blood Oxygen Level Dependent (BOLD) effect. The BOLD effect is based on the

magnetic properties of iron in the heme of hemoglobin. In oxyhemoglobin the i¡on is
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diamagnetic, however, in deoxyhemoglobin it is paramagnetic (Pauling and Coryell,

1936). Diamagnetism is the state in which a material has a tendency to counteract the

presence ofan applied magnet field in order to minimize the effect of the magnet field.

Most constituents oftissue are diamagnetic and therefore would not contribute to the

ÍMRI signal (Ogawa et al. 1990). In contrast, paramagnetic materials align with the

magnetic freld producing an internal magnetic field. In a magnetic freld,

deoxyhemoglobin results in some field distortion due to susceptibility differences relative

to the surrounding area, which cause local magnetic field gradients. In tum this leads to

intravoxel phase dispersions. Therefore, a decrease in the amount ofoxygen, or increase

in the concentration of deoxyhemoglobin, is known to decrease T2 (Thulborn et al.

1982) andT2* of a sample. Ogawa found that the greater ratio of oxyhemoglobin to

deoxyhemoglobin during neuronal activity resulted in an increase in the T2* ofthe blood

and therefore an increased ÍMRI signal, which he called the BOLD signal (Ogawa et al.

1992).

Neu¡onal activity results in a local increase in blood flow. After the first few

seconds of activity the blood flow is much larger than the rate of oxygen consumption,

resulting in a net increase of local oxygen (Ogawa et al. 1990). In contrast to the basal

state, an area of activity will have a much higher proportion of oxyhemoglobin compared

to deoxyhemoglobin. Functional MRI examines the differences between ¡est and active

states. However, the methodology is not a simple subtraction of the resting state from the

activation state. Several repeated measures ofrest and activþ must be observed within

one fMRI experiment in order to observe a representative change and increase statistical
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signiflcance. This type of design is called a 'block design' experiment as several

repeated image volumes are acquired during altemating periods of rest and stimulation.

The neurophysiological basis ofthe BOLD effect in the brain was investigated by

comparing the response in visual cortex of monkey with electrophysiological recordings

(Logothetis et al. 2001). Since then the¡e were several reviews by Attwell and Iadecola

(2002), Logothetis and Wandell (2004), Nair (2005), and Raichle and Mintun (2006) that

are useful fo¡ more information about the relationship between neuronal activity and the

BOLD response. Further work is still needed in order to fully understand all ofthe

influences of the BOLD effect. Differences in metabolic demands from different types of

cells should be considered as they may influence the overall response (Logothetis and

Wandell, 2004). Large projection neurons may have larger energy requirements

compared to glial cells. The mechanisms that constitute the overall increased metabolic

demand should be considered.

The dependency ofthe BOLD contrast mechanism on changes in blood flow and

oxygenation means that the signal is vulnerable to any manipulations ofthe vascular

system. Dilation ofblood vessels has been observed in upstream arterioles outside the

area of neuronal activity (Iadecola et a1.,1997). Vascula¡ effects that take place further

away interfere with the specificity ofthe signal. Blood flow can also be altered by

modulations to the autonomic nervous system. Anesthetics, or drugs that modulate

aspects of the normal functioning of autonomic signals may also alter the capacity to

which the vascular system can react to changes in oxygen demand. Factors affecting the

blood gas concentrations are critical. Within animal studies careful monitoring is

important to ensure animals are not hypercapnic as accurate changes in blood
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oxygenation are needed to observe a dependable fMRI signal. Any ofthe above concems

can alter the coupling between neuronal activity and the BOLD response and lead to

either false positive or false negative signals.

Signal Enhancement by Extravascular Protons

The local increase in blood flow to an area ofneuronal activity also results in a

local increase in blood pressure. The increase in blood pressure may result in a small

amount of water moving from the intravascular space to the extravascular space. This

movement ofwater has been observed in PET studies (Fujita et al. 1997; Ohta et al.

1996). Furthermore, evidence has shown that in an area ofneuronal activþ, glial cells,

specifically astrocytes, swell with water uptake associated with the movement of ionic

cunents (Amiry-Moghaddam and Ottersen, 2003). By using an extremely short echo

time the signal of the functional image will be limited to the proton density, as there will

be no relaxation weighting. In this case, the ÍMRI signal is produced by the water

protons and therefore from the movement of water. This second contrast mechanism is

called Signal Enhancement by Extravascular P¡otons (SEEP) (Stroman et al. 2003).

The existence ofa second contrast mechanism, SEEP, has been debated within the

fMRI community. However, tfiere are several sources of evidence that suggest another

contributor to contrast exists in addition to BOLD. In a study performed by Stroman et

al. consistent signal change was observed at low field and at very short TE where no

signal should be observed if BOLD was the only contributor (2003). More recentþ,

othe¡s confirmed the existence of a second contrast mechanism (Li et al. 2005; Ng et al.

2006).
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The SEEP contrast mechanism was first observed during human spinal ÍMRI

studies. In those studies, spin-echo sequences with extremely short echo times are used

in order to minimize artifacts in spinal cord imaging. In brain ÍMRI the sequence

provides smaller more localized areas of activity as the signal originates near the

capillaries. SEEP was proposed as a complementary contrast mechanism to BOLD. In

the spinal cord, SEEP is extremely valuable as traditional BOLD imaging methods, using

gradient echo sequences, would result in severely distorted images.

Within this dissertation we anticipate a contribution to the signal from SEEP as

spin-echo techniques are employed. At higher field strengths it is diffrcult to achieve a

short enough echo time to obtain purely proton density weighted images. Therefore the

ÍMRI obtained in the experiments presented here have substantial contributions from

BOLD effect as well.

Spinal íMRI

Functional imaging ofthe spinal cord is more complicated than that ofthe brain.

Imaging ofthe spinal cord is difficult because it is more prone to movement, and there

are a number of interfaces between tissue, bone, and fluid. Movement results in blurring

of images and renders them diffrcult if not impossible to analyze. Some movement due

to respiration is unavoidable; however, it can be minimized. The pulsatile flow of CSF

surrounding and within the cord can also cause motion artifacts. The CSF flow was

found to correlate to the cardiac cycle (Henry-Feugeas et al. 1993). Therefore with an

increased heart rate, as may be observed under stimulation conditions, the rate ofCSF
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flow will also increase. Finally, susceptibility differences occur at the interfaces ofbone

and tissue, which also affects the MR signal.

FMRI of the spinal cord is a relatively new technique developed at the Instihrte

for Biodiagnostics (Stroman and Ryner,2001) and was used to study the pattems of

activity elicited in the human and rat spinal cord during a variety oftasks. Human spinal

fMRI studies have employed motor tasks and thermal stimulation (Komelsen and

Stroman, 2004; Stroman et al. 2002; Stroman and Ryner, 2001). When subjects

squeezed a rubber bulb in their hand ipsilateral activity at the eighth cervical vertebrae as

well as some localized contralateral activity at the seventh cewical vertebrae was

observed (Stroman and Ryner,2001). Thermal stimulation applied to the hand resulted

in ipsilateral and contralateral activation at the eighth cervical spinal cord. Human

studies have also investigated activity in response to vibration (Lawrence et a1., 2005),

acupuncture (Li et al. 2005) and von Frey filament (Brooks et a1., 2004) stimuli as well

as electric median nerve stimulation (Kollias et a1.,2004). Differences were observed

during spinal fMRI studies investigating sensory and motor tasks between spinal cord

injury patients in comparison to conhol subjects (Kornelsen and Stroman, 2004; Stroman

et al. 2004). Recent advances using sagittal slices enable a larger region ofthe cord to be

imaged (Stroman et al. 2005). Unfortunately, due to the limitations in imaging the rat

spinal cord at 7T, it is not possible at the present to translate this method to the animal

studies presented here.
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Animal spinal ÍMRI

Animal studies play an important role as they allow some conditions to be studied

that are not pemissible in humans. One confound of animal spinal fMRI is the

requirement of anesthesia in order to teduce stress and motion. Therefore, the response

observed in animals must also be fully characterized. Animal spinal fMRI studies have

investigated the patterns of functional activity during different types of stimulation.

Existing animal spinal fMRI studies have examined activity due to capsaicin injection

(Malisza and Stroman, 2002). Capsaicin injected into the left dorsal forepaw ofthe rat

resulted in ipsilateral activation from the sixth to the eighth cervical spinal cord segments

mainly in the dorsal region of the spinal cord. Some activations were also noted on the

contralateral side ofthe spinal cord, however, the main activations which conesponded to

the paradigm involved the ipsilateral side ofthe spinal cord (Malisza and Stroman, 2002).

Functional MRI studies involving animals have also demonstrated activity in the 6th to gth

cervical (C) spinal cord segments (corresponding to C5-C7 vertebrae) and 3'd lumbar (L)

to l't sacral (S) spinal cord segments (corresponding to the l3th thoracic (T) to l"t lumbar

vertebrae) following electrical stimulation ofthe forepaw and hind paw, respectively

(Malisza et al. 2003;Malisza and Stroman, 2001). Other studies have investigated areas

of activity within the rat spinal cord and brain (Lilja et al. 2006; Majcher et al. 2006).

The pharmacological modulation ofnociception in the rat spinal cord was observed

following administration of morphine (Lilja et al. 2006).

The areas of functional activity in the lumbar and cervical spinal cord ofthe rat

were compared with the expression ofc-fos protein during electrical stimulation ofthe

right hind paw and forepaw, respectively (Lawrence et at. 2004). Functional activity in
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the lumbar spinal cord was observed between the L3 andL6 spinal cord segments. The

greatest amount of fMRI activity was observed between the L4 and L6 spinal cord

segments. C-fos labeled cells were observed in the do¡sal homs between the L4 and L6

spinal cord segments bilaterally. Control experiments revealed that labeling on the

contralateral side of stimulation was likely due to surgery performed to cannulate the

femoral artery and vein. During forepaw stimulation, functional activity was observed

mainly between the C5 and C7 spinal cord segments in the ipsilateral dorsal hom and

contralateral venhal hom. The greatest amount of fMRI activity in the dorsal hom was

noted in spinal cord segment C5, with significant activations that extended from C5 to

C7. Consistent areas of activity were also observed in the right dorsal hom, left ventral

hom and around the central canal between spinal cord segments C3/C4 and C7. Typical

ÍMRI signal changes resulting from electrical stimulation are in the range of l0 to 15%,

which conesponds well with previous results (Malisza and Stroman, 2002). Small

clusters ofc-fos positive cells were observed on the ipsilateral side in cervical spinal cord

segments C4,C7 and C8 and in large clusters in spinal cord segments C5 and C6.

Co¡relation ofhistology and fMRI ofthe spinal cord supports the hypothesis that spinal

ÍMRI demonstrates sites of neuronal activity. Functional MRI of the rat spinal cord

demonstrated activþ within areas of the cervical and lumbar spinal cord in agreement

with physiology, previous observations and immunohistological findings of neuronal

activþ.

JJ



Specific Objectives

Spinal ÍMRI has obvious clinical and research applications in the area of spinal

cord injury and neurodegenerative disease. The ultimate goal ofthis dissertation is to

assess the relationship between areas of signal change observed by functional MRI and

areas of neuronal activity in the spinal cord. Areas of signal change observed by fMRI

will be referred to as "functional activity" in the following chapters. The term ,.neuronal

activity" \¡/ill be used to refer to ¡esponsive cells determined by immunohistochemistry or

electrophysiology.

Animal ÍMRI studies are complicated by the need for anesthesia in order to

reduce motion and stress. Traditionally, alpha-chloralose is the anesthetic ofchoice as it

has been shown to best preserve the neuronal-hemodynamic coupling. In orde¡ to

develop a chronic animal model it is first necessary to examine different anesthetics

agents. In chapter 2, it was demonstrated t}tat halothane can be used for anesthesia

during spinal fMRI studies without compromising the quality of results. The presence of

c-fos labeled cells confirmed the presence of neuronal activity within the imaged regions

ofthe spinal cord.

The response observed by fMRI must be.characterized by comparisons with other

types of stimuli. In chapter 3, neuronal activity elicited by irurocuous and noxious

thermal stimulation to the forepaw was investigated. To date, all animal spinal ÍMRI

studies have investigated responses evoked by electrical or chemical stimuli (Lawrence et

al. 2004; Lilja et al. 2006; Majcher et al. 2006; Malisza and Stroman, 2002). The results

presented expand upon the repertoire of stimuli used in animal spinal ÍMRI studies. A



comparison between intensities of heat aids in the further understanding of the

observation of nociception by spinal fMRL Animals anesthetized with alpha-chloralose

were compared to those anesthetized with halothane in order to confrm findings using

these different types of stimuli. C-fos expression was used to veri$r the presence of

neuronal activity within the region of the spinal cord that was irnaged. In chapter 4,

spinal fMRI during noxious hind paw stimulation was compared to areas ofnegative

local field potentials within same rats. This is the first comparison between fMRI and

electrophysiology in the spinal cord. While direct conelations may be limited as the two

techniques were not performed simultaneously, valuable information can be gained.
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CHAPTER 2: FUNCTIoNAL MAGNETIC REsoNANcE IMAGING oF THE cERvIcÄL spINÄL
CORD IN THE HALOTHANE ANESTHETIZED RAT DURING FOREPAW ELECTRICAL
STIMULATION

Introduction

Functional magnetic resonance imaging (ÍMRI) can be used to non-invasively detect

regions ofthe spinal cord (spinal fMRI) that are functionally active due to a given stimulus.

Previous studies have dete¡mined that ÍMRI can be used to detect functional activity in the

human and animal spinal cord (Malisza et al. 2003; Malisza and Stroman,2002; Stroman et

al. 2002a; stroman et al. 2002b). Recently, functional activity was compared with areas of

c-fos labeled neuronal activity demonstrating that spinal fMRI is able to detect areas related

to changes in neuronal activity (Lawrence er al. 2004). Functional MRI studies ofthe rat

spinal cord have demonstrated functional activity in the 6th to 8th cervical (c) spinal cord

segments with electrical stimulation ofthe rat forepaw during alpha-chloralose anesthesia

(Lawrence et al. 2004;Malisza and Stroman, 2002).

The experimental design of animal studies is often limited by the need and choice of

anesthetic agents. Alpha-chloralose is commonly used for animal fMRI studies because in

comparison to other anesthetics it has been found to best preserve neural-metabolic coupling

(ueki et al. 1992). conversely, it is invasive to administer and its hallucinogenic effects

lengthen recovery, making it unsuitable for chronic experiments. An ideal anesthetic for

ÍMRI studies would not depress the nervous system, could be administered non-invasively

(i.e. inhalation), and would allow rapid recovery. such an anesthetic would reduce the

number of animals required fo¡ ÍMRI experiments as well as allow chronic studies to be

performed.
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Anesthetics act on several parts of the central nervous system to produce

unconsciousness. These agents have several effects on physiological parameters including

the metabolic rate of glucose, which has been shown to be decreased by both alpha-

chloralose @udley et al. 1982) and halothane (Shapiro et al. 1978). The spinal cord

appears to be an important site of action of volatile anesthetics in the inhibition of motor

response to noxious stimulation (collins et al. 1995). Inhalants such as halothane depress

neuronal activity signifrcantly, but not entfuely. The purpose ofthis study was to determine

if an i¡halation anesthetic could be used during fi¡nctional imaging of the spinal cord.

Based on the literature we chose halothane because of its use in previous

immunohistochemical studies (Jinks et al. 2002).

SeVeral sh¡dies have compared different types ofanesthetics during brain ÍMRI, but

no such studiss have been performed to determine the effect in spinal cord imaging. The

purpose ofthis study is to determine ifareas of functional activity can be observed in tlìe ¡at

spinal cord during halothane anesthesia, The present study compares fMRI ofthe rat spinal

cord during alpha-chloralose and halothane anesthesia. The use ofhalothane during spinal

fMRI studies would enable ch¡onic studies and allow more flexibility in experimental

design. In order to verift that areas of signal change are representative of neuronal

activation, immunohistochemistry was performed following imaging experiments to verifu

c-fos expression.

C-fos is an immediate early gene expressed within the nucleus of some types of

neurons following repetitive noxious stimulation (Hunt et al. 1987). Its translation into

protein peaks at approxirnately two hours and labeling as a marker for neuronal activþ is

now well established (Herdegen and Leah, 1998). The pattems ofc-fos expression in the



spinal cord have been well studied with differcnt peripheral stimuli (Herdegen and Leah,

1998) and under different anesthetics (Jinks et al. 2002).

Methods

Anímal Prepørøtion

Specific pathogen-free Sprague-Dawley rats were obtained from Charles River,

Canada, and acclimatized fo¡ a minimum of seven days. Animals were treated according to

the Canadian Council for Animal Care guidelines following approval by local animal care

corffnittees. Twelve animals were imaged and of these, immunohistochemistry was

performed on eight. The animals were divided into two groups according to type of

anesthesia.

Anesthesia protocols

Inthea1pha-chloralosegroup(n:6),eachanima1wasanest}retizedwithisoflurane
l

(3-4%) induction , 1.5%o-2Yo mantenance) in oxygen (0.4 L/min) and nitrogen (0.6 /min).

Catheters (PE 50) containing heparinized saline were placed in the left femoral artery and

vein. Bupivacaine (0.25%) was administered into the wound site prior to closure. Alpha- '.,', , ,

chloralose (30 mg/nrl, 80 mg/kg) was administered intravenously over approximately 5 -. 
, 

,

minutes and the isoflurane was discontinued. Anesthesia was maintained with additional

doses of alpha-chloralose (40 mgtkg every 90 minutes).

In the halothane group (n=6), each animal was anesthetized with halothane (3-4% 
,.-_,__.

induction, |.5o/o-2Yo mainfenance) in oxygen (0.4 Umlri,) and nitrogen (0.6 /min). A

catheter (PE 50) containing heparinized saline was placed in the femoral artery for

collection of blood gases.
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The rectal temperature of all animals was monitored and maintained at 37 + 0.5 oC with a

circulating water blanket and heating lamp. All animals were intubated and ventilated using

a small animal ventilator (Columbus Instruments, Ohio, USA). The ventilation volume (3-4

ml) was adjusted to maintain the animal at normal arterial blood gases (PO2 of 100 - 120

mmHg; PCO2 of 35-45 mrnHg) while keeping a ventilation rate (60/min) constant. Arterial

blood samples were obtained from the arterial catheter and the mean arterial blood pressure

and heart rate were measured, Physiological parameters \ryere recorded every 10 minutes.

Two small needle electrodes were placed subcutaneously between the 2nd and 3'd,

and 3'd and 4th digits on the right dorsal forepaw for delivery ofthe electrical stimulus (15 V

(6.6 t 0.5 mA) 0.3 ms duration, 3 Hz), and secured with surgical tape. A noxious stimulus

was desired in order to maximally elicit c-fos expression. Each animal was examined for a

toe twitch in response to stimulation before being placed in the bore ofthe magnet in order

to ensure proper stimulus adminishation and consistency between experimental animals.

fMRI Measurements

FMRI experiments were performed using a 7 Tesla horizontal bore magnet

(Magnex, U.K.) and,2051120 gradient insert (Bruker, Germany) with an Avance console,

and a surface coil tuned and matched to 300 MHz. Rats were placed supine with the

cewical spinal cord centered over the surface coil and secured by a water blanket over the

animal taped across its shoulders to restrict motion,

Sagittal scout images were acquired and used to select transverse slices through the

spinal cord with the slices centered on the vertebrae and the interverteb¡al discs. For spinal

fMRI images, a fast spin echo sequence (field of view = 3 cm, 128 x 64 matix,2 shot, TE"n

49 - 60 ms, TR 1800 ms, RARE phase encoding) was used with acquisition triggered by the
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respiration. Six, 2 mm thick t¡ansve¡se slices separated by 0.6 mm spanning from the fourth

cervical to second tåoracic spinal cord segments were acquired. A series of40 time points

were acquired using an asymmetric block paradigm of alternating rest and electrical

stimulation conditions (10-8-6-9-7, electrical stimulation off-on-off-on-off, respectively)

applied to the right forepaw. Experiments were repeated for a total of two hours (the time

at which c-fos expression was expected to be maximal) with 5 minutes rest between each

series.

Immunohìstochemístry

Following imaging, animals were given 0.5 ml of sodium pentobarbital (65 mg/kg

i.p.) and transcardially perfused at room temperature with a prefixative solution (150 mL

consisting of 100 mL distilled watet, 10 rnl- 9% saline, 0.1 g sodium nitrite, and 10 pL of

10,000 i.u. Heparin) followed by 600 mL of 4%o paraformaldehyde in 0.1 M phosphate

buffer at pH 7.4. Spinal cords were removed and post-fixed for 24 hours in fixative. They

were then transferred to 0.5 M phosphate buffered saline (PBS) containing 150lo suc¡ose

with 500 ¡.tL 1% sodium azide. Regions of interest were identified, isolated and stored in

15% sucrose solution. Serial transverse sections were cut (20pm thick) and collected on 6

slides. As a result, 6 nearþ identical slides were obtained with all sections ofany individual

slide being approximately l20pm (20pm x 6 slides) away from the next subsequent slice on

the same slide. Multþle slides are needed in order to perform omission controls to verifu

that the secondary antibody is binding specifically to the primary antibody.

Prior to processing, slides were warmed to room temperature, washed for t hour in

0.1 M PBS and blocked with 3% donkey serum. Primary incubations were carried out at

room temperature for 24 hours in which slides were placed in Rabbit anti c-fos (Santa Cruz
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Biotechnology) in PBS (l:1000 dilution) with 1% donkey serum and then were washed for

30 minutes in 1% Triton in 0.1 M PBS. Secondary incubations were carried out at room

temperature for two hours in FITC Affuripure Donkey Anti Rabbit IgG (CanlBio) in PBS

(1:100 dilution) with 1% donkey serum. Slides were then washed for 20 minutes in PBS,

followed by 20 minutes in 50 mM Tris-HCl buffer. Negative control slides used to confirm

the¡e was no non-specific labeling ofthe secondary antibody were incubated in 1% donkey

serum in PBS instead of the diluted primary antibody and incubated in a different coplin jar

to avoid any cross contamination ofthe primary antibody.

To account for c-fos labeled activity due to surgical procedures, control experiments

were performed for each anesthetic group (n:4) in which anesthetized rats were monitored

following surgery for the same duration as the experimental group without any stimulation

prior to perfusion. The animals were then perfused and c-fos staining completed as

described above.

Stained sections were viewed with a Nikon Eclipse E600 microscope under a B-lE

cube (excitation range of470-490 nm) for FITC. The number ofc-fos labeled cells observed

was counted for each region ofthe cord and averaged within the experimental group,

Data Analysis

Functional MRI time course data were analyzed for each animal by means of di¡ect

correlation on a pixel-by-pixel basis to the paradigm using custom-made software

developed in IDL (Interactive Data Language, Research Systems Inc. Boulder, Co). A

conelation coefficient threshold, R, of0.312 was used, resulting in P S 0.05.

Functional activation maps fo¡ each rat were obtained in thrce separate experiments.

All maps were combined in order to observe areas where voxels were repetitively found to
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be active. Individual maps were manually aligned with an anatomical reference image.

Maps were then summed with each pixel being identifred as active (1) or not active (0), and

the result was smoothed within each slice ove¡ a 3 x 3 pixel region. smoothing was applied

to account for imperfect alignment of individual activation maps and differences in anatomy

between rats. The resulting combined activity map reflects the number of times a given

voxel, or its immediate neighbors, was observed to be active across repeated experiments.

In order to display combined results overlaid on an anatomical reference image, only pixels

above a selected threshold are displayed as being active. The threshold was selected as that

which most clearþ demonstrates consistent areas of activþ across repeated experiments.

rwith the threshold set too low, additional areas witJr more variation obscure the pattem of

reliable activity. conversely, no single voxel was observed to be active in all experiments,

thus setting the threshold too high also diminishes clear demonstration of the pattem of

regions that are repetitively active. The threshold that most clearly demonshates t}re general

pattem of activity was typically around 50% of the number of experiments. In the alpha-

chloralose group, a threshold as high as 12 could be used to produce a map clearly

disceming regions that were lepetitively active. A threshold of 12 means that a pixel in the

resulting map is only shown as active if it, or its immediate neighbors in the same slice, is

observed to be active at least 12 times in the 18 combined experiments. A threshold often

was used in functional data analysis of the halothane anesthetized group. Thresholds greate¡

than ten in this group greatly reduced the visible regions of activity. As mentioned earlier,

no single voxel was observed to be active in all experiments. Therefore, for each

conditional group a separate threshold must be established as determined by the amorurt of

variability within the group. A color scale was then applied to demonstrate the degree of

consistency in activity above the set threshold, with red indicating greatest amount of

-f::::].-::
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activity, and decreasing in spectral order with activity. Areas of activation from each

animal were mapped onto a reference image and observed regions of functional activation

were compared with known spinal cord physiology and histology.

Results

Physio Io gicøl p aram eters

Blood gases were maintained within normal phySiological range throughout the

experiments. Arterial COz and 02 concentrations were recorded and the averages for the

two anesthetic groups are shown in table 1 .

Table 1 . Mean physiological parameters obtained during fMRI experiments with alpha-
chloralose (n:6) and halothane (n=6) anesthetized rats. Data are presented as the mean t
S.D.

Anesthetic pH pO2 (mmHg)pCO2

(mmHg)

Mean A¡terial

Blood Pressure

(mmHg)

Heart rate

(beats/min)

o-chloralose 7.42*.0.03 42.12t 4.38 96.65 + 4.85 78.15 + 15.6 3t3.56 t 29.25

halothane 7.39 r 0.03 53.83 + 8.94 108.51 I 16.51 71.24 t 5.88 331.54 !34.66

Functionàl MRI

The greatest areas of overlap between alpha-chloralose anesthetized subjects

occurred between spinal cord segments C5 and C7 (Figure lA), Most active pixels were

observed in the dorsal hom on the ipsilateral side and in the contralateral the venhal hom.

i":'':',,



Some areas of overlapping active pixels were obse¡véd in the right ventral hom and near the

central canal in C5. Average percentage signal change during stimulation conditions ranged

between l5%o and 18% (Figure 1C). Average time courses ofthe six individual alpha-

chloralose anesthetized animals varied between animals (Figure 2A).

The combined ÍMRI activation map of halothane anesthetized rats is shown in figure

I B . The greatest number of active pixels was observed in the contralateral ventral horn of

C5andC6andipsilatera1dorsalhornofC7andC8.Functionalactivitywasalsoobserved

near the central canal between C5 and C8. Average percentage signal change durin C

stimulation conditions ranged between l0%o and 15% (Figure 1C). Average time courses of l:

theindividualhalothaneanesthetizedanimalswereverysimilarwiththeexceptionofone

animal (Figure 2B).

i.;in
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Figure 1. Combined functional activation maps from spinal cotd segments C5-T2 in A)
alpha-chloralose (n=6) and B) halothane (n:6) anesthetized rats during electrical
stimulation of the right forepaw. The images are oriented so that dorsal is up, ventral is
down, left is on the left, and the right side is on the right. Red indicates areas of the most
overlap followed by yellow and green. Labels indicated the approximate spinal cord
segment the slice is positioned in, The average time courses of the combined maps ¿re
shown in C).
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Figure 2. Time courses illustrating percentage signal change over the course ofthe fMRI
paradigm ofthe A) alpha-chloralose (n=6) and B) halothane (n=6) anesthetized animals.
Each individual time course is an average of three functional experiments.
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Figure 3 shows a single functional map ftom one alpha-chloraloie (A) and one

halothane (B) anesthetized animal. Within the individual maps, the greatest number of

active pixels were observed bilaterally in the dorsal hom between spinal cord segments C5

and C7. Fewer active pixels were observed in adjacent slices. Some pixels were also

observed in the ventral hom and central canal.

c8Æ1 T1n2

Figure 3. An individual functional activation map from an A) alpha-chloralose and B)
halothane anesthetized animal. The images are oriented so that dorsal is up, ventral is
down, left is on the left, and the right side is on the right. Labels indicated the approximate
spinal cord segment the slice is positioned in.



Immanohístochemístry

In alpha-chloralose anesthetized animals, c-fos staining revealed clusters ofcells in

the dorsal horn ipsilateral to the side of stimulation between spinal cord segments C4 and

C8. As with sites of functional activation, areas of greatest c-fos stained cells were between

spinal cord segments C5 and C7 (Figure 4). A small number of c-fos positive cells were

observed in spinal cord segment C4. Larger numbers of labeled cells were observed in C5

and then numbers decreased again in C7 and C8. C-fos labeling was not observed in the

control group anesthetized with alpha-chloralose.

In halothane anesthetized rats, gteatest amount ofc-fos labeling was observed in the

right dorsal horn of spinal cord segments C5 and C6 (Figure 4). Smalle¡ numbe¡s of labeled

cells were observed in the right 
_dorsal 

horn in spinal cord segments C3 and C4 as well as C7

to the first thoracic spinal cord segment (Tl).

i¡!:j
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Figure 4. C-fos labeling observed in the cervical spinal cord of halothane (n=4) and alpha-
chloralose (n=4) anesthetized rats following electrical stimulation ofthe right forepaw.

C-fos stained cells demonstrating immunoreactive nuclei appeared as round or oval

structures. Labeled cells we¡e clearly identified and distinguished from background. Figure

5 shows labeling in several segments from two rats; one anesthetized with alpha-chloralose

(A) and one anesthetized with halothane (B). These results are from the same animals for

which individual functional maps are shown in figure 3. Labeling in alpha chloralose

animals was conftred only to the ipsilateral dorsal hom and was observed only in the

superficial layers (Figure 5 A-C). In halothane anesthetized animals, labeling was also

observed in the contralateral dorsal hom and near the central canal of several sections

(Figure 5 D-I). Labeling appeared to be more spread out in halothane anesthetized animal

whereas in alpha-chloralose anesthetized animals labeling was observed in large clusters.
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Individual labeled cells were observed in one ofthe four halothane anesthetized controls in

the right dorsal hom ofC3 and C7, and bilaterally in C4, C5, C6, and C8. The¡e were also

individual cells labeled near the cenhal canal ofone slice in C4,C6,C7 andC8. In most of

the observed slices labeling was restricted to one or two cells, however, in one slice, five

labeled cells were observed in the left dorsal horn ofC8.

reffi

Figure 5 . C-fos labeling observed in the right dorsal hom of spinal cord segments A) C4, B)
C5, and C) C6 in one alpha-chloralose anesthetized animal. C-fos labeling observed in the
right dorsal hom ofD) C4, E) C5, F) C6, and near the central canal ofthe spinal cord
segments G) C7, H) C8, and I) Tl in one halothane anesthetized ¡at.
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Discussion

The effect of type and depth of anesthesia has been a topic of great interest in animal

brain ÍMRL Depth and type of anesthesia can depress central newous system metabolic

activity and ¡educe ce¡ebral blood flow. Activity detected with fMRI is dependent upon

these factors. It is possible that inter-subject variability could be due to differences in level

of anesthesia under alpha-chloralose; however, the arterial blood pressure and heart rate

were closely monitored and maintained within normal parameters in order to establish stable

levels of anesthesia. Austin et al. compared BOLD responses in the brains of alpha-

chloralose and halothane anesthetized rats and found a gradual increase in BOLD response

over a six hour period following transfer from halothane to alpha-chloralose anesthesia.

Responses during halothane anesthesia \ryete more stable than those during alpha-chloralose

anesthesia (Austin et al. 2005). Similarþ, results of the present study support these

assertions, as indicated in Figure 2, with greater consistency in levels of activþ fotlowing

the paradigm under halothane compared to alpha-chloralose. However, due to the

variability observed we are unable to conflrm a depressed baseline in spinal fMRI activity

with one anesthetic over the other. Average percentage signal change is higher in both

anesthetic groups compared to b¡ain ÍMRI studies, but are consistent with previous animal

spinal fMRI studies performe d at 7 T (Lawrence et al. 2004). In human spinal fMRI

studies, larger percentage signal changes a¡e observed in the spinal cord at 0.2 T(Li et al.

2005; Ng et al. 2006) and 1.5 T (Kornelsen and Stroman, 2004; Stroman et al. 2005)

compared to those expected to be observed in the brain. Recentþ, one group has observed

3Vo signal changes in both the brain and spinal cord in the rat at 9T however, a single shot

fast spin echo sequence with a much shorter echo time (3 ms) was employed (Majcher et al.

2006).
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The exact mechanisms involved in general anesthesia are still a subject of needed

research. Both inhalation and intravenous anesthetics affect synaptic transmission.

Evidence has suggested that the physiological mechanisms of action are different for

different anesthetics. Inhalation anesthetics cause hyperpolarization of neurons (Nicoll and

Madison, 1982). They have been shown to i¡hibit excitatory synapses and enhance

hhibitory synapses. It is likely that i¡halation anesthetics work by pre- and post-synaptic

actions (Evers and Crowder,2001). The predominant action of intravenous anesthetics is at

the synapse where they generally affect the postsynaptic response to neurotransmitters and

enhance i¡Iibitory neurotransmission (Evers and Crowder, 2001). The different

mechanisms by which alpha-chloralose and halothane may act would likely cause some

variability in the functional maps between the two groups due to differences in neural

networks involved.

Simila¡ areas of ÍMRI signal change in the cervical spinal cord can be detected using

alpha-chloralose and halothane anesthesia during electrical stimulation of the rat forepaw.

The electrical stimulation used was suffrcient to be considered noxious. Activity was

expected to be concentrated in lamina I and II ofthe ipsilateral do¡sal hom. Noxious

activity can produce a withdrawal reflex and therefore ventral horn activity was also

anticipated. Afferent fibers from the rat forepaw terminate mainly between spinal cord

segments C5 and C8; therefore, we expected fMRI activity in this region.

The greatest areas of overlapping active pixels between animals were in the C5

spinal cord segment in alpha-chloralose anesthetized animals (Figure 1A) and in C5 and C6

in halothane anesthetized animals (Figure 1 B). In both groups, consistent functional

activity was observed in the right dorsal hom and left ventral homs ofthe spinal cord as

well as around the cenkal canal between C5 and C7. Large areas of activation were also
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observed in C8 ofthe halothane anesthetized animals. Ipsilateral dorsal horn activity was

anticipated due to the sensory input of the stimulus . Ipsilateral ventral hom activity was

also expected since the stimulus administered can be considered noxious and may evoke a

reflex response. It is possible that contralateral ventral hom activity could be due to a cross

extension reflex. It is well known that noxious stimuli elicit a polysynaptic withdrawal

reflex, however, the connections between interneurons and motoneurons in the ventral hom

have not yet been identifred. A toe twitch near the site of stimulation was observed in all of

the animals, however, no movement of the contralateral limb was observed.

The average percentage signal change between rest and activation states was slightly

less in the halothane-anesthetized rats (Figures lC) despite similar physiological parameters

observed during the experiments (Table 1). To determine whether this diffe¡ence was

significant we examined the standard deviation ofthe percentage signal changes in the two

groups of animals . The resulting difference was found to not be significant between the two

groups (Figure 1C). The average time course from each animal was also examined for

differences in percentage signal change between animals. The peak signal changes within

the alpha-chloralose group varied, however, all animals demonstrated time courses

correlating (p < 0.05) with the stimulation paradigm (Figure 2A). The percentage signal

changes between rest and activation states, in the halothane anesthetized animals, were

similar with the exception of one animal (Figure 2B). While it is possible that a depressed

baseline may account for greater activity in the alpha-chloralose animals, we are unable to

confrm this furding. We suggest the greater percentage signal change observed in these

animals is due to greater intersubject variability.

C-fos labeling was observed in the same spinal cord regions as the functional MRI

activity in both alpha-chloralose and halothane anesthetized rats. In both experimental
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groups the geatest amount of functional activation and the greatest amount ofc-fos

expression was observed in spinal cord segments C5 and C6 demonstrating good agreemont

between the functional data and the immunohistochemistry. C-fos labeling in the alpha-

chloralose anesthetized animals were observed only on the ipsilateral side while labeling

was widespread in halothane-anesthetized animals. This is consistent with the literature as

several studies have found predominantly ipsilateral c-fos expression in the alpha-chloralose

animal and bilateral labeling in the halothane anesthetized animal (Jinks etal. 2002;

Menetrey et al. 1989). It is well known that anesthesia has some effect on the level and

distribution of c-fos expression (Menetrey et al. 1989). Some clifference in the pattems of

expression obsewed between the two anesthetic groups in the present study can therefore be

expected. Previous studies comparing four different concentrations of halothane anesthesia

found no significant difference in the levels ofexpression in the rat lumbar spinal cord due

to noxious mechanical stimulation of the hind paw (Jinks et al. 2002). Labeling on the

contralateral side may be attributed to projections of primary afferents or second-order

neurons (Fields et al. 1977; Giesler, Jr. etal. 1981). While there we¡e some differences in

the distribution of observed c-fos labeled cells within spinal cord segments, there was

excellent agreement in the rostral-caudal di¡ection between the anesthetic groups and with

the functional activity observed by fMRL

Small numbers oflabeled cells were observed in one ofthe halothane anesthetized

controls. There are always basal levels of c-fos expressed, but often these are low and not

observed. In all control animals outside sources of stimulation were minimized (e.g. noise,

light). We cannot overlook individual diffe¡ences between rats or the possibility that the rat

was under some stress (due to anesthetic induction, cannulation ofthe femoral artery).

These factors may contribute to the immunoreactivity observed in the single rat. No

",]
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labeling was observed in the other three controls; therefore, the halothane anesthesia itselfis

likely not the cause ofthe c-fos expression.

Within the individual animals some correspondence was found between the areas of

fMRI activity and segmental distribution of c-fos labeling (Figures 3 and 5). Small

variations were observed between individual ÍMRI activity maps, as expected. The

combined maps allow us to observe the areas ofthe spinal cord which are most often or

repeatedly functionally active between scans and animals.

We observed good correspondence of functional activity determined by fMRI and

neuronal activity determined by c-fos labeling in the rostro-caudal direction. The greatest

spatial distribution of active pixels was observed in the C5 spinal cord segment in alpha-

chloralose anesthetized animals and in the C6 spinal cord segment in the halothane

anesthetized animals (Figure 1). The greatest number of c-fos positive cells were observed

in the C5 and C6 spinal cord segments in both groups (Figure 4). Active pixels were

observed in additional areas where c-fos labeling was not observed. Some difference

between areas ofc-fos and functional activity were anticipated as the scale of detection

differs between the two methods, (e.g. a molecular pathway of gene expression in c-fos

labeling versus a hemodynamic change in ÍMRI) and there are some limitations to the

immunohistochemistry. In particular, not all neurons express the c-fos gene or do so

selectively, only during a certain type, level or duration ofstimulation (Dragunow and Faull,

1989). Furthermore, the immunohistochemistry identifies individual cells whereas the

signal observed by ÍMRI is a hemodynamic response. Some signal may arise from draining

veins resulting in areas of signal change further away from neuronal activity. This could

contribute to the spread of functional activity in other areas of the spinal cord. Despite these

limitations correspondence was observed in the segmental distribution of functional activity

it:::
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and neuronal activity. Further investigations with other methods of detection of neuronal

activity will elucidate the relationship between functional activity and neuronal activity in

the spilal cord.

In conclusion, to our knowledge, this is the first study in which fMRI of the spinal

cord has been perfonned to evaluate different anesthetics. A¡eas ofsignal change related to

functional activity in the spinal cord can be observed during halothane anesthesia and yield

similar results to that observed in alpha-chloralose anesthetized animals.

Immunohistochemistry demonstrated areas ofneuronal activity in agreement with the

functional activity observed with spinal flr4Rl for both anesthetics. These findings suggest

that the use ofhalothane as an anesthetic agent is feasible for chronic fMRI studies ofthe

spinal cord. The results presented enable greater flexibility in experimental design and will

facilitate fulure chronic studies.
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CHAPTER 3: FUNCTIoNÀL MAGNETIC RESoNANCE IMAGING oF THE cERvIcAL SPINÀL
CORD IN THE ALPHA-CHLOR-ALOSE AND HÁLOTHANE ANESTHETIZED R-AT DURING NOXIOUS
AND INNOCUOUS THERMAL STIMULATION OF THE FOREPAW

Introduction

Functional MRI is commonly used to observe areas ofbrain activity non-invasively.

FMRI was irnplemented for use in the spinal cord and has several potential applications in

clinic and in research. Establishing a comprehensive method for spinal cord fMRI (spinal

flt4Rl) in animals is important for future directions. Previous spinal fMRI studies

investigating noxious responses have examined activity elicited during electrical and

chemical stimulation in anirnals (Lawrence et al. 2004; Lawrence et aI.,2004b; Lilja et al.

2006; Majcher et al. 2006; Malisza and Stroman, 2002) and cold stimuli in

humans(Stroman et al. 2002a). Cornparison of the patterns. of activity observed in an

animal model during thermal stimulation at noxious and in¡ocuous temperatures will aid in

the understanding of the responses observed by spinal ÍMRI during painful stimulation and

determine if spinal fMRI is capable of distinguishing between two intensities of stimulation.

Noxious and i¡rnocuous temperatures elicit different patterns ofactivity at the

receptor site. The cutaneous receptors responding to heat stimuli have been divided into

tkee categories: warming units (respond below 42.5"C), warming/noxious heat units

(maximal response above 42.5"C), and noxious heat units (threshold between 42.5oC and

48"C) (Menetrey et al. 1979). Innocuous temperatures recruit Aô frbres whereas noxious

thermal temperatures result in the firing of both Aô and C fibres. The three principle

pathways mediating nociception in the rat are the spinothalamic, spinoreticular, and

spinomesencephalic tracts. Collectively they have origins in laminae I, II, V-VIII, and X

(Chaouch et al., 1983; Nahin and Micevych, 1986). Painful stimuli can also elicit a
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withdrawal reflex leading to widespread activity. Withdrawal reflexes involve the whole

limb; therefore, afferent information must extend over several spinal segments to stimulate

several muscle groups. In addition, reflexes have crossed effects. As a flexor reflex is

evoked on one side, extension occurs on the contralateral side. Therefore, f\4RI is expected

to reveal functional activity across several spinal cord segments an on both sides ofthe cord.

Antidromic stimulation of C-fibers was used to map the dermatomes of the rat limbs

(Takahashi and Nakajirna, 1996). Afferent fibers from the dorsal surface of the forepaw

tenninate between the seventh and eighth cervical spinal cord segments; however, afferents

from various aspects ofthe forelimb terminate between the fifth cervical (C) and first

thoracic (T) spinal cord segment (Takahashi and Nakajima, 1996). Previously, spinal fMRI

revealed functional activity between the C3 and T1 spinal cord segments with the greatest

number ofactive pixels observed in the C5 spinal cord segment during noxious electrical

stimulation of the forepaw (Lawrence et al. 2004). Capsaicin has also been utilized in order

to elicit painful stimulation observable by spinal flt4Rl between C5 and C8 (Malisza K.L.

and Stroman, 2002). While these studies provided reproducible and consistent measures,

there are a number of difficulties involved in the use ofelectrical stimulation and

subcutaneous injection ofcapsaicin. The results ofelectrical stimulation are difficuit to

interpret as intense levels of stimulation can antidromically activate motor fibres. Capsaicin

injection results in swelling at the injection site, mechanical allodynia and hyperalgesia.

Investigation of the spinal fMRI maps obtained using different types of stimuli will assist in

characterization of ÍMRI activity observed in the spinal cord. Thermal stimulation was used

in several human spinal fMRI studies with cold temperatures at noxious and innocuous

levels (Stroman et ø1. 2002b; Stroman et al. 2002a; Stroman et al. 2004; Stroman et al.
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2005; Stroman and Krause,2000; Stroman and Ryner, 2001). This is the first study to

report spinal ÍMRI findings by thermal stimulation in an animal model.

The present study demonstrates that spinal FMRI can differentiate activity elicited

by different intensities of thermal stimuli. Functional activity due to the two levels of

stimulation was also observed under alpha-chloralose and halothane anesthesia in order to

better understand the maps ofactivity obtained by spinal fMRI under different anaesthetic

conditions. The use ofhalothane anesthesia would enable ch¡onic studies. The presence of

neuronal activity within the imaged region of the spinal cord was confirmed by labeling c-

fos protein. C-fos is a known marker of neuronal activity and was used in a previous study

with spinal íMRI during noxious electrical stimulation (Lawrence et al. 2004).

Methods

Specific pathogen-free Sprague-Dawley rats were obtained from Charles River,

Canada, and acclimatized in the animal facility for a minimum of 7 days prior to use.

Animals were treated according to the Canadian Council for Animal Care guidelines, and

the protocol was reviewed and approved by local animal care committees.

Anímal Preparation

Animals were anesthetized with either halothane (n:12) or isoflurane (n=12) (3-4%

induction, I .5-2% maintenance) in oxygen. Catheters (PE 50) containing heparinized saline

were placed in the left femo¡al artery and vein. Bupivacaine (0.25%) was administered into

the wound site prior to closure. Fluids and anesthetics were administered via the venous

catheter. Animals anesthetized with isoflurane were transfered to alpha-chloralose (30

mg/mJ, 80 mg/kg), administered intravenously over approximately 5 minutes. Isoflurane
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was discontinued and anesthesia was maintained with additional doses ofq,-chloralose (40

mglml every 90 min). Animals were intubated and ventilated using a small animal

ventilator (Columbus Instruments, Ohio, USA). The ventilation volume (3-4 ml) was

adjusted to maintain the animal at normal arterial blood gases þO2 of 100-120 mmHg;

pC02 of 35-45 rnmHg) while keeping the ventilation rate constant (60/min).

In all animals, the rectal temperature \¡r'as monitored and maintained at 37 + 0.5 "C

with a circulating water blanket and heating lamp. In the alpha-chloralose group, blood

samples were collected from the arterial catheter to monitor blood gases. Heart rate and

blood pressure were monitored continuously throughout the experiment. In the halothane

group, expired Ou and COz levels were monitored using a pulse oximeter (Ohmeda) and

maintained between3944%o and 22-25Yo respectively. It was found that these levels

corresponded to good pH, p02 and pCO2levels in normal physiological ranges.

Physiological parameters ì¡/ere recorded every l0 to 15 minutes.

Funclional Magnetic Resonance Imaging

FMRI experiments were performed using a 7 T horizontal bo¡e magnet (Magnex,

U.K) and205/120 gradient insert (Bruker, Germany) with an Avance console and

quadrature surface coil tuned to 300.0 MHz centered over the cewical spinal cord. The

animal was placed supine over the surface coil and motion restricted by securing a water

blanket over the animal.

A gradient echo sagittal scout image was acquired in order to position six, two rrun

thick transverse slices centered on the vertebrae and on the intervertebral discs between the

C3 and C7 vert ebrae. Based on known rat anatomy, these slices align with the C2/C3 ,

C3/C4, C4/C5, C6, C7, and C8/T1 spinal cord segments (Hebel R and Stromberg, 1986).
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Parameters were selected to achieve the highest quality image data with the shortest

possible effective echo time. A multi-slice fast spin echo imaging sequence was used with

acquisition triggered by the respiration (freld ofview = 3cm, 128 x 64, 2 shot, TE : 4.13,

TE,n- 49.0 ms, TR: 1800, RARE phase encoding).

A Medoc@ TSA-II thermal sensory analyzer controlled from a personal computer

was used to administer thermal stimulation with a small (5mm x 5mm) thennal pad, placed

on the dorsal side of the right forepaw and secured with surgical tape. A series of 40 inages

were collected using an asymmetric paradigm of alternating rest (R) and thennal stimulation

(S) conditions (10R-8S-6R-9S-7R). The temperature ofthe thermode during rest periods

was ambient temperature (32oC). During stimulation periods, it was increased to either

48"C (n:12,6 per anesthetic group) or 40"C (n:12, 6 per anesthetic group). In both groups

the ramp time used to switch between rest and stimulation temperatures was as short as

possible. The rate oftemperature change was 6.5'C/s and 3'C/s fo¡ the noxious and

in¡ocuous groups, respectively. This was repeated for two hours, at which time c-fos

expression was expected to be maximal, with a five minute rest period between

experiments.

Immunohistochemistty

Following functional imaging, animals were given 0.5 ml of sodium pentobarbital

(65 mg/kg i.p.) and then transcardially perfused at room temperature with a prefixative

solution (150 mL consisting of 100 mL distilled water, 10 rrl 9 % saline, 0.I g sodium

nitrite, and 10 ¡rL of 10,000 i.u, Heparin), followed by 600 mL of 4% paraformaldehyde in

0.1 M phosphate buffer at pH 7.4. Spinal cords were removed and post-fixed for 24 hours

in fixative. They were then transferred to 0.5 M phosphate buffered saline (PBS) containing
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15 0/o sucrose with 500 pL 1 % sodium azide. The imaged region of spinal cord was

identified (C3 to T1), isolated and stored in 15 0/o sucrose solution. Serial transverse

sections were cut (20¡rm thick).

Prior to processing, slides were warmed to room temperature, washed for t hour in

0.1 M PBS and blocked with 3 % donkey serum for I hour. Primary incubations were

carried out at room temperature for 24 hours. Slides were placed in Rabbit anti c-fos (Santa

Cruz Biotechnology) in PBS (1 : 1000 dilution) with I o/o donkey serum and then washed for

20 minutes in 1% Triton in 0.1 M PBS and for 10 minutes in 0.1M PBS. Secondary

incubations were carried out at room temperature for two hours in FITC Affinipure Donkey

Anti Rabbit IgG (CanlBio) in PBS (1:100 dilution) with 1 % donkey serum. Slides were

then washed for 10 minutes in 1% Triton in 0.1 M PBS followed by 10 minutes in PBS, and

20 rninutes in 50 mM Tris-HCl buffer.

To account for c-fos labeled activity due to surgical procedures, control experiments

were performed in which alpha-chloralose (n:4) and halothane (n:4) anesthetized rats were

monitored following surgery for the same duration as the experimental group without any

stimulation prior to perfusion. The animals were then perfused and c-fos staining completed

as described above.

A control slide was included in each batch of staining to confrrm that the secondary

antibody was not binding non-specifically. In control slides, 1% donkey serum in PBS was

used instead ofthe diluted primary antibody and incubated in a different coplinjar to avoid

any cross contamination ofthe primary antibody.

Stained sections were viewed with a Nikon Eclipse E600 mic¡oscope under a B-lE

cube (excitation range of470-490 nm) for FITC. C-fos activations were mapped by hand

onto diagrams ofthe different spinal cord segments. The number ofc-fos labeled cells were
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counted in each region ofthe spinal cord in each slice and recorded. Only clearly

distinguished cells with dark nucleoli were counted.

Data Analysis

Functional MRI data were analyzed for each animal by means ofdirect conelation

to the paradigrn using custom-made software developed in IDL (Interactive Data Language,

Research Systems Inc. Boulder, Co). A model paradigm was defined for co¡relation ofthe

signal intensity changes with stimulation using a correlation coefficient threshold, R, of

0.312 (P < 0.0s).

Combined activity maps were created to observe areas with pixels that were active

consistently across experiments and animal. Three individual activity maps were acquired

from each animal in each experimental group resulting in the combination of a total of i 8

functional maps per group. The individual maps were manually aligned with an anatomical

reference image. The maps were then sumrned with each pixel being identifred as active (l)

or not active (0), and the result was smoothed within each slice over a 3 x 3 pixel region.

The smoothing was applied to account for imperfect alignment of the individual activity

maps and differences in anatomy between rats. The resulting combined activity map

reflects the number of times a given voxel, or its immediate neighbours, was observed to be

active ac¡oss the repeated experiments. In order to display the combined results overlying

an anatomical reference image, only pixels above a selected threshold are displayed as being

active. A threshold of l0 was selected for all groups allowing for the direct comparison

between fMRI maps, Therefore, active pixels in the combined map or its nearest

neighbours, must appear active in at least of 10 ofthe 18 combined experiments. A colour

scale was then applied to demonstrate the degree ofconsistency ofthe activity above the set
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threshold, with red indicating the greatest amount ofconsistency, and decreasing in spectral

order. Combined functional maps were overlaid on a reference anatomical image.

The time courses for all of the experiments overlaid in the combined maps were

averaged in order to see the group response. The standard deviation between all

experiments was calculated for each time point and then averaged to determine the mean

variation between experiments.

Results

Functional Magnetic Resonance Imaging

Areas ofsignal change that were consistent between experiments were dete¡mined in

the thresholded combined maps. During noxious thennal stimulation, alpha-chloralose

anesthetized animals demonstrated the largest number of consistently active pixels in the C7

spinal cord segment (Figure 1A). Smaller amounts of activity were observed in the adjacent

segments. Functional activity was present in the dorsal horn on the ipsilateral side between

spinal cord segments C3/C4 and CB and in the left dorsal hom between C6 and C8. Ventral

hom activity was observed bilaterally inC3/C4, C7 and C8 and only contralaterally in

C4/C5 andC6. The mean percentage signal change was 15 Í 4.5o/o above baseline (Figure

2). The frequency with which active pixels were observed across experiments is reported in

Figure 4A,. During noxious thermal stimulation active pixels were observed most frequently

in the right dorsal horn ofCT (67% of experiments). Fifty percent ofexperiments showed

activity in the right ventral horn in C6 and in the left ventral hom in C7. A representative

single data set is shown in Figure 54. Within a single slice, generally, one to three pixels

appear active. Functional activity was mainly obsewed in the dorsal homs bilaterally and in

the contralateral ventral hom.
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The distribution of functional activity was more wide spread in alpha-chloralose

animals that received irmocuous thermal stimulation (Figure iB). Consistent areas of

functional activity were observed in the right dorsal horn between C2/C3 and C4/C5 and n

the left dorsal horn at the C6 spinal cord segment. Bilateral activity was observed in the C7

and C8. Ventral hom activity was observed bilaterally at all levels ofthe spinal cord. The

mean percentage signal change was 10 + 3.6% above baseline (Figure 2). FMRI activity

was most frequently observed in the right dorsal hom of C8 (56%, Figure 4B). Fifty percent

ofexperiments demonstrated active pixels in the dorsal horns ofCT and in the ventral homs

of C3/C4 on either side of the cord. Within an individual data set, active pixels were found

to be located mainly in the ipsilateral dorsal and ventral homs (Figure 5B). Functional

activity was also observed near the central canal at some levels.

In halothane anesthetized animals, functional activity was observed in the right

dorsal hom or near the central canal in all slices during noxious heat stimulation (Figure

1C). Active pixels were observed in the left dorsal horn in the C2/C3 anð, C3/C4 spinal cord

segments as well as between C6 and C8. Small areas of ÍMRI activity were observed in the

ventral horn ofall slices ipsilaterally and in the contralateral side in C2lC3 and C8. In

several slices active pixels were located near the central canal. The mean percentage signal

change was 20 +8.1yo above baseline (Figure 3). FMRI activity was observed most

frequently in the right ventral hom in spinal cord segments C4/C5 and C6 (50%, Figure 4C).

Within an individual activity map, active pixels were observed between C3 and C8 (Figure

5C). FMzu activity was observed in the right dorsal hom in four slices, in the left dorsal

hom in one slice and in the left ventral hom in another slice.

Halothane anesthetized animals demonstrated functional activity bilaterally in the

dorsal horns between C3/C4 and C7 during the innocuous, 40'C stimulus (Figure iD).
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Bilateral fMRI activity was observed in the ventral horn between C2lC3 and C7. In the

C2lC3 segment three distinct, consistent areas ofactivity were observed in the ipsilateral

dorsal hom, ventral horn, and near the central canal. Ventral horn fMRI activity was

observed bilaterally through the spinal cord segments, with the exception ofC8, which

shows only ipsilateral ventral hom activity. The mean percentage signal change was 15 *

5.8 % above baseline (Figure 3). Active pixels were observed most frequently inthe right

dorsal hom in C6 and in the left ventral horn ofC3/C4 (61%, Figure 4D). Fifty-six percent

ofexperirnents demonstrated functional activity in the left dorsal ho¡n and right ventral hom

in C6, and in the left dorsal horn in C3lC4. Fifty percent of experiments demonstrated

activity in the ipsilateral dorsal and ventral hom ofCT and in the ipsilateral ventral hom of

C3lC4. In an individual data set active pixels were observed between C3 and C8 (Figure

5D). Functional activity in the right ventral horn was observed across several segments

ftomC4lC5 to C8. FMRI activity in the lefi ventral hom appeared from C3lC4 to C7.

Right dorsal horn activity appeared in only two slices. Active pixels ir the left dorsal horn

appeared in three slices.
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C2/C3 C3IC4 C4/C5

Figure 1. Combined functional activation maps with a th¡eshold of 10 of alpha-chloralose
anesthetized rats during thermal stimulation of the right forepaw at A) 48'C (n=6) and B)
40'C (n:6). Figures C and D show combined activity maps ofhalothane anesthetized rats
during thermal stimulation ofthe right forepaw at 48"C (n:6) and 40"C (n=6), respectively.
The images are oriented so that dorsal is up, ventral is down, left is on the left, and the right
side is on the right. Red indicates a¡eas of the most overlap followed by yellow and green.

Labels indicated the approximate spinal cord segment the slice is positioned in.
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Figure 3. Average time cou¡ses ofthe cornbined activity maps ofthe halothane anesthetized
animals shown in figure 1 C and D. Eno¡ bars indicate the mean standard deviation.
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Figure 5. Single functional maps obtained during A) alpha-chloralose anesthesia and 48"C
stimulation, B) alpha-chloralose anesthesia and 40"C, C) halothane anesthesia and 48'C, and
D) halothane anesthesia and 40"C. Figures are in anatomical orientation with the dorsal side
ofthe animal at the top ofthe image and left side ofthe animal on the left side ofthe image.
Labels indicate the approximate level ofthe spinal cord the slices were positioned at.
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Immun o h i s to c h emi s tty :

C-fos labeling was observed as brightly lit nuclei with a dark unstained nucleolus.

All groups demonstrated labeling across several spinal cord segments and predominantly in

the ipsilateral do¡sal hom. The average numbe¡s of counted cells observed in the right

dorsal horn within a section from each level are shown in Figure 6. The spinal cord level in

which the greatest labeling was observed was fairly consistent between experimental

groups. The alpha-chloralose anesthetized group that received noxious stimulation

exhibited peak activity in the C6 spinal cord segment while all other groups demonstrated

peak activity in C5. In alpha-chloralose anesthetized animals, c-fos labeling was observed

at all exami¡ed levels of the cord from the C3 to Tl spinal cord segments following noxious

thermal stimulation. The group under the same anesthetic that received innocuous

stimulation demonstrated neuronal activity from the C3 to the C6 spinal cord segments.

During halothane anesthesia neuronal activity was observed between C3 and C7 during

noxious stimulation and between C3 and Tl during innocuous thermal stimulation.
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Figure 6. Average number ofc-fos labeled cells observed in the right dorsal horn ofa
section from each spinal cord segment examined.

Less labeling was observed in halothane anesthetized animals in comparison to that

observed in those anesthetized with alpha-chloralose. The pattern of labeling was also

different. In the alpha-chloralose group, c-fos positive cells were clustered together in

dense groups (Figure 7). In halothane anesthetized animals labeled cells were spread over a

larger area. This is consistent vvith previous results (Lawrence et a1.,2004b). Labeling in

halothane anesthetized rats that received innocuous stimulation was very sparse and

distributed broadly. In addition to the right dorsal hom labeling was also observed in other

a¡eas ofthe cord such as in the contralateral do¡sal horn, lamina X (Figure 7D), and

intermediate zone. C-fos labeled cells were observed in the right dorsal horn only in the

alpha-chloralose anesthetized animals that ¡eceived innocuous stimulation.
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Alpha-ohloralose Halothane

48C

Figure 7. Examples ofc-fos labeled cells observed (at 40x magnification) in alpha-
chloralose anesthetized animals during A) noxious and B) irurocuous thermal groups. The
same stimuli were applied to animals anesthetized with halothane in C and D respectively.
A-C show labeled cells observed in the right dorsal homs whereas D shows labeled cells
observed near the central canal and in the right intermediate zone. Dashed lines indicate
borders between gray and white matter. A, B, and C are oriented with the dorsal aspect at
the top ofthe image. D is oriented with dorsal aspect towards the left side ofthe image.



Labeling was not observed on control slides in which the primary antibody was

omitted. C-fos labeling was not observed in any of the alpha-chloralose anesthetized

control animals and in three ofthe halothane anesthetized control animals. In one halothane

anesthetized control ,individual labeled cells were observed sporadically in various areas of

the spinal cord at several levels.

Discussion

The organization of pain processing at spinal and supraspinal levels is complicated

and not yet fully understood. The three principle pathways mediating nociception in the rat

are the spinothalamic, spinoreticular, and spinomesencephalic tracts. Collectively they have

origins in laminae I, II, V-VIII, and X(Chaouch et a1. 1983; Nahin and Micevych, 1986).

anesthesia. The spinal cord is known to be an important site of action for

anaesthetics(Collins et al. 1995;De Jong et al. 1968;Namiki et al. 1980). However, little

is known about the mechanisms by which they work making interpretation between

anaesthetic agents difficult.

Responses to noxious and in¡ocuous stimuli could be clearly differentiated by

examination ofthe time courses (Figures 2 and 3). Mean pe¡centage signal changes were

greater in the animals stimulated with noxious heat (48'C) regardless ofthe type of

anesthesia. In a previous human spinal ÍMRI study, higher percentage signal changes were

observed with noxious cold stimulation than with innocuous cold (Stroman et al. 2002a).

The difference in percentage signal change can be attributed to varying encoding during

innocuous and noxious thermal stimulation. Stimulus intensity is encoded by neuronal

firing rate, duration and the number ofneurons that fue; therefore, greater signal change

during noxious stimulation was anticipated. The ¡esults show that the observed mean
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percentage signal change can provide important information regarding neuronal activity and

can be used to differentiate between activity elicited by noxious and innocuous stimuli.

Combined activation maps identified pixels that were repetitively active across

experiments. Some areas of functional activity were consistent across thermal and

anaesthetic groups. For example, areas ofsignal change were observed in the right dorsal

homs at the C3 and C4 vertebra as well as bilaterally in the dorsal hom at the C6 vertebra in

all four groups (Figure 1). These sirnilarities in the pattems of active pixels were

anticipated. The axons of afferent neu¡ons carrying warm then¡al information terminate

mainiy in lamina II, but sorne also terminate in lamina I ofthe spinal cord. These neurons

respond to innocuous temperatures but become silenced at higher, noxious, temperatures

(e.g. 48'C). Primary afferents carrying noxious information terminate mainly in laminae I,

II, and V. Similar patterns in activity can therefore be expected as the terminations in the

spinal cord are similar for the two levels of stimulation. Areas of signal change were also

observed repeatedly in the contralateral ventral hom.

Within each group the frequency ofactivity in each zone was calculated (Figure 4).

The locations ofpixels were identified as being in the right or left, dorsal or ventral hom or

being near the central canal. In general, physiological relevant areas had frequencies of

activity greater than 50% in several areas of the cord. The highest frequency was observed

in the alpha-chloralose anesthetized group that received noxious heat stimulation, where

67% ofexperiments demonstrated active pixels in the right dorsal horn ofC7. The right

dorsal hom was also the site of frequent functional activþ in both groups that received

irurocuous thermal stimulation. In the alpha-chloralose group, 56% of experiments

demonstrated fMRI activity in the right dorsal horn of C8. In the halothane anesthetized

group,610/o ofexperiments showed active pixels in the right dorsal hom ofC6. Mismatch
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between these calculated frequencies and the overlap maps is not surprising as the

techniques of identification are different. The overlay maps are manually aligned and

thresholded in order fo align the areas ofthe cord and spatially identifu areas of interest.

The manual counting and calculation offrequencies considers the areas ofthe spinal cord

only generally as we cunently cannot discern between laminae in the functional maps.

Therefore, we can only separate the cord into quadrants with confrdence, as well as include

a zone near the central canal.

All animals demonstrated functional activity spread over the imaged region of the

cord. Individual results from representative animals are shown in Figure 5. The thermal

pad is approximately the size of the dorsal surface of the rat paw. Therefore, several

dennatomes were being stimulated at once, evoking activity over several spinal cord

segments. The spinal cord is an important site of integration and modulation of sensory

information before it is sent in ascending tracts to the brain. There is a great amount of

connectivity between lamina and spinal cord segments via intemeurons. The areas of

neuronal recruitment in the lumbar spinal cord during graded thermal stimulation of the

hind paw have been observed with 2-deoxyglucose (2-DGxCoghill et al. 1991). Metabolic

recruitment was observed in all laminae on the ipsilateral side and in many laminae on the

contralateral side during noxious stimulation. The rostral-caudal distribution varied

between laminae; for example, activity in laminae V-VI was spread across 9 mm, whereas

activity in laminae I-IV was restricted to approximately 3 mm (Coghill et al. 1991).

The present results confi¡m that ÍMRI activity in the spinal cord during noxious and

innocuous stimulation can be observed with both halothane and alpha-chloralose anesthesia.

The expected pattern ofresponse, however, is complicated by the necessity ofanesthesia.

The spinal cord is known to be an important site ofaction for anaesthetics(Collins et al.



1995; De Jong et al. 1968; Namiki et al. 1980). Little is known about the mechanisms by

which they work, making interpretation between anaesthetic agents difficult. It is known

that anaesthetic actions in the spinal cord result in the loss or reduction of movement

(Collins et al. 1995). Synaptic transmission is affected by anesthesia, however, different

agents have differing physiological actions. Inhalation anaesthetics cause hyperpolarization

ofneurons and inhibit excitatory synapses and enlance inlibitory synapses (Nicoll and

Madison, 1982). It is believed that the actions of inhalent anaesthetics are both pre- and

post- synaptic, whereas, the predominant action of intravenous anaesthetics is to affect the

postsynaptic response to neurotransmitters and enïance inïibitory neurotransmission (Evers

and Crowder, 2001). Alpha-chloralose is commonly used for anesthesia during animal

functional imaging studies as it was shown to best preserve the metabolic coupling between

oxygen consumption and neuronal activity inthe brain (Ueki et al. 1992). The use of

alpha-chloralose limits experirnental design as recovery of animals following anesthesia is

difhcult and the administration requires an invasive surgery. The use of an anesthetic agent

which is non-invasive to administer and from which recovery is possible would allow

chronic spinal ÍMRI studies to take place and would also reduce experimental animal

numbers. Within brain fMRI studies, areas of signal change have appeared similar in

location under alpha-chloralose and halothane anesthesia however, the spatial extent of

activity under the former was more specifrc (Austin et al. 2005). Anesthetics are known to

act on various sites of the central nervous system (Grasshoff et al. 2005). As a result, the

effects on fMRI activity in the spinal cord can¡ot be assumed to be the same as in the brain.

Themechanismsbywhichanestheticsworkdifferbetweenagents(Grasshoffetal.2005).

Therefore, some variation in response between anesthetic groups are anticipated. In

addition to actions on neuronal activity we must also considered any effects anesthetics may
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have on the vasculature. Different anesthetics may also alter the physiological properties

related to blood flow, blood pressure and oxygenation, altering the hemodynamic response

and the BOLD signal. We have previously compared the areas of functional activity

elicited by electrical stimulation in alpha-chloralose and halothane anesthetized rats

(Lawrence et a1.,2004b). The general distribution of activity between the two groups was

similar with slight variations between the maps of activity (Lawrence et al., 2004b). This

could be accounted for by the different actions ofthe anesthetic agents in the spinal cord,

compared to the brain.

The average signal changes were slightly higher in halothane than in alpha-

chloralose anesthetized animals (Figures 2 and 3). Clear baseline signal changes were

observed in brain fMRI due to different types of anesthesia (Hyder et al. 2002). In the

present study, the difference in signal change observed between anesthetic groups is not

significant as they are within their standard deviations. Previously, we observed slightly

higher percentage signal changes in alpha-chloralose anesthetized animals compared to

those anesthetized with halothane during electrical stimulation ofthe forepaw (Lawrence et

a1.,2004b). It is important to bear in mind that anesthetic effects on fMRI activity in the

spinal cord may differ from that expected in the brain.

The presence of neuronal activity in the imaged region ofthe spinal cord was

veriflred by c-fos labeling. The alpha-chloralose anesthetized animals that received noxious

thermal stimulation demonstrated the greatest amount of functional activity and c-fos

labeling in the C6 and C7 spinal cord segments. In all four groups, c-fos labeling, like

functional activity, was observed across several spinal cord segments. C-fos labeling was

observed at all ofthe examined ievels in the alpha-chloralose group that received noxious

stimulation and in the halothane group that received innocuous stimulation. The other two
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groups exhibited c-fos positive cells over fewer spinal cord segments. The pattem of

labeling was observed to be different between groups; in alpha-chloralose animals, labeled

cells were more densely packed (Figure 7). Some types ofanaesthetics, such as ketamine

and barbiturates, are known to alte¡ c-fos expression and therefore may explain why

differences are observed between animals under different modes of anesthesia(Dragunow

and Faull, 1989). Despite these differences, across groups, the level in which maximal

labeling was observed was similar. The alpha-chloralose group that received noxious

stimulation demonstrated the greatest number ofcells in C6 while the other th¡ee groups

demonstrated the greatest amount of labeling in C5 (Figure 6).

C-fos is used primarily to label nociceptive neurons in the brain and spinal cord.

Previous studies used graded thermal stimulation to evoke c-fos expression in the rat lumbar

spinal cord (Dai et al. 2001). Studies investigating the expression ofc-fos following

noxious thermal stimulation have found labeling in the expected termination sites for C

fibres (laminae I andII) and Aô frbres (lamina I, IIandV) (Hunt et al. 1987). Studies have

also shown c-fos labeling following some types of irnocuous stimulation (Jennings and

Fitzgerald, 1996). C-fos is a useful neuronal marker, however, not all neurons express the

c-fos gene and expression can be very specific to the stimulus type, duration, and intensity

as well as the age ofthe animal (Dragunow and Faull, 1989). Other environmental facto¡s

and the condition ofthe animal (i.e. age, type ofanesthesia) also cause differences in

expression. Therefore, maps of c-fos expression will not identically match functional

activation maps. Previously we have found correspondence in the rostral-caudal distribution

of functional activity and c-fos labeling during electrical stimulation ofthe paw in alpha-

chloralose anesthetized rats (Lawrence et al. 2004). This is consistent with present results.

Other non-noxious stimulation such as brushing and hind limb manipulation produced c-fos
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labeling in laminae II to IV(Hunt et al. 1987). The current observation ofc-fos expression

demonstrate that neuronal activity is not confined to one region ofthe spinal cord or to only

one spinal cord segment; therefore, fMRI activity is also expected to be widespread.

However, c-fos does not allow us to observe all neuronal activity that is occuning. C-fos

identihes individual cells that are repetitively active. Spiral f\4RI identiflres regions in

which there is an increased ratio of oxyhemoglobin to deoxyhemoglobin and increased

extravascular water. Areas ofsignal change cannot be as specific as the labeling observed

in the in¡nunohistochernistry. Fudhermore, contributions by draining veins can also

account for additional areas of signal change not associated with neuronal activity. Further

work is needed to distinguish these false positives from areas ofsignal change truly related

to neuronal activity.

In conclusion the present study demonstrates that spinal fMRI can differentiate

activity elicited by different intensities of thermal stimuli with both alpha-chloralose and

halothane anesthesia. The latter findings enable chronic fMRI studies ofthe spinal cord in

addition to enhancing the understanding ofthe impact ofanesthetic agents on spinal fMRI

under various stimulation conditions. Greater percentage signal change is observed with

nociceptive stimuli compared to innocuous stimulation, and neuronal activity was

confirmed by c-fos immunohistochemistry. This is the f,trst fMRI study to use thermal

stimulation to examine differences between noxious and innocuous pathways in the spinal

cord in an animal model.
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CHAPTER 4: CoMPARISoN oF FUNCTIoNAL MAGNETIC RESoNANCE IMAGING oF THE
LUMBAR SPINAL CORD OF THE RÄT WITH LOCAL FIELD POTENTIALS

Introduction

The previous chapters confirmed the presence ofneuronal activity using

immunohistochemistry within the imaged regions of the rat spinal cord. Correspondence

between the numbers of c-fos labelled cells and ÍMRI was found in the rostral-caudal

direction. C-fos could not be used to confirm all areas ofactivity as not all neurons express

the gene, or do so selectively (Dragunow and Faull, 1989). Comparisons with other "gold-

standards" are needed in order to reveal the relationship between activity identified by ÍMRI

and neuronal activity in the spinal cord.

In this chapter, ÍMRI is used to identi|/ areas of functional activity in the lumbar

spinal cord of the rat during noxious electrical stimulation of the right hind paw. To further

establish the relationship between functional activity observed by fMRI and neuronal

activity in the spinal cord, areas of ÍMRI activity were compared with local field potentials.

Local field potentials have previously been used to investigate the relationship between

neural activity and BOLD signal changes in the visual cortex ofthe monkey brain

(Logothetis et al. 2001). An emphasis wilibeplaced onthe comparisons between the two

techniques within each animal rather than on group results. The first reason is that

differences are anticipated between animals and we are primarily interest in how functional

maps represent regions of neuronal activity. Secondly, landmarking the slice positioning is

much more difficult in the lumbar spinal cord than it is in the cervical cord. The inter-

subject differences in alignment between the spinal cord and the spine are much more

apparent in the lumbar spinal cord. As a result, there are greater differences in the cross-

sectional size ofthe spinal cord as the slices may not be positioned at exactly the same
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spinal cord segment. Therefore, combined maps, as presented in the previous chapters, are

not appropriate as the proper alignment between images carurot be made.

A recording electrode can detect extracellular changes in current related to neuronal

activity. The size ofthe observed freld potentials depends on the distance between the

electrode and the area ofactivity, and the number ofneurons in the population that are

simultaneously recruited. Data from several columns ofrecordings, spanning the irnaged

region ofthe spinal cord, were collected to generally map the area ofneuronal activity.

Areas of functional activity were then conelated to the negative field potentials. This is the

first comparison between spinal ÍMRI and electrophysiology. Logothesis and authors

(2001) were able to record local freld potentials and ÍMRI data simultaneously. Physical

restrictions prevent the same experiment design ftom being performed in the spinal cord.

Nevertheless, valuable information can be obtained by comparing that responses observed

by each technique.

Methods

Male Sprague-Dawley rats were obtained from Charles River (Quebec) and

acclimatized for a minimum of seven days in an environmentally controlled room. Animals

were provided with water and food ad libitum. All procedures were approved by local

animal care committees and were in accordance with the guidelines ofthe Canadian Council

on Animal Care.

Functional MkI

Nine Sprague-Dawley rats were anesthetized with halothane (3-4% induction,

oxygen/med, Air,l-2%o maintenance). Animals were ventilated and positioned supine ona

quadrature surface coil. Sagittal scout and kansverse fMRI images were collected using.
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The same parameters wsre used as described in Chapter 3 of this thesis. Six, 2 mm thick

slices were centred on the vertebra and intervertebral discs between T12 and Ll. Three

fMRI experiments were performed in each animal in which, electrical stimulation was

delivered as described in Chapter 2, using 2 silver needle electrodes inserted subcutaneously

in the dorsal surface of the hind paw. Expired pO2 and pCO2 were monitored with a pulse

oximeter. Experiments were performed as quickly as possible and all animals were in the

magnet for less than one hour. Following imaging, animals were recovered and rested for at

least 48 hours before electrophysiology experiments.

Electrophlrislsgy

During surgical preparation for electrophysiology, the animal was anesthetized with

isoflurane (3-4% induction; oxygen/med. Air, 1-1.5llmin, 1-20lo maintenance). An

intraperitoneal injection ofsaline containing dextrose and atropine was delivered. Each

animal was intubated and mechanically ventilated (small animal ventilator, Model #40-

1002, Harvald Apparatus Canada, Saint-Laurent, PQ). Carbon dioxide levels were

monitored with a COz analyzer and maintained between2.5-3.5%o(CAPSTAR 100 model

#50080, CWE Inc., Ardmore, PA, USA). The left carotid artery was cannulated in order to

monitor mean arterial blood pressure and maintained above 80 mmHg (Pressure Monitor

BP-1, World Precision Instruments, Sarasota FL, USA). During this period heart rate and

oxygen saturation were monitored with a pulse oximeter (model #8500V, Nonin Medical

Inc., MN, USA). Once the vertebrae were exposed and cleaned the animal was transfened

to a sterotaxic frame. A heating blanket (Homeothermic Blanket Control Unit, Harvard

Apparatus Canada, Saint-Laurent, PQ) was positioned under the rat to maintain a core body

temperature of 37"C, monitored rectally. The head, thoracic vertebrae and lumber vertebrae
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were immobilised with clamps. A laminectomy was performed from the Ti2 to L2

vertebrae in o¡der to measure extra-cellular potentials in the imaged region of the spinal

cord. Following laminectomy the dorsal roots were identified, when possible, to confirm

the spinal cord segment from which recordings were made. In animals where the roots were

not visible, confirmation ofspinal cord segments from which the recordings were obtained

were performed at the end of the experiment. The L4 nerve r¡/as observed at the rostral level

of the T 13 vertebra. Therefore, the L3 spinal cord segment was observed in alignment with

the T12 vertebra.

Following surgical preparation, animals were transferred to halothane anesthesia (l-

2To) and isoflurane was discontinued. Animals were monitored for approximately 45

minutes during v/hich stimulation and recording electrodes were placed. The back incision

was filled with minerai oil and dura mater covering the incised spinal cord.

Two silver needle stimulating electrodes were placed in the dorsal skin ofthe right

hind paw, as in the ÍMRI experiments. The same strength of electrical stimulation was

applied during recordings as in the previous fMRI experiments of the same animals.

Extracellular potentials were measured using 2 Ml) tungsten electrodes (World Precision

Instruments, USA). Recordings were acquired, first during rest and then during stimulation,

every 150 ¡rm to a depth of 1800 ¡rm at several sites sparuring the spinal cord segments L3

to L5 corresponding to the T12 to Ll vertebrae. The recording electrode was positioned

approximately 0.05-0.08 mm laterally from the midline on either side. In some cases, the

electrode positioning had to be adjusted in order to avoid puncturing blood vessels. A

minimum of 50 traces were recorded at each location. Animals were euthanized with a

lethal dose ofKCl at the completion ofall recordings. The region ofspinal cord examined

was removed and flxed in 4%o paraformaldehyde. The L3-L5 spinal cord segments were
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sectioned (20 Fm thick) and collected onto 6 slices. Slides were stained with cresyl violet

and viewed to observe the pathway ofthe recording electrodes.

Data Analysis

Functional MRI data were analyzed by a direct correlation to the stimulation

paradigm (pS0.05) using custom made software written in Matlab (Mathworks, USA). To

determine the general pattem of activity across the group, the number of times a pixel

appears active in each area of the cord (right and left, dorsal and ventral horn, and near the

central canal) were counted. The percentage of experiments in which activity appears in

each of the five areas was recorded. The individual ÍMRI activity maps were summed for

each animal to produce a combined map of total functional activity. The colour spectrum

applied to active pixels represents the cor¡elation to the paradigm with red indicating pixels

that are most correlated to the time course. Combined activity maps as presented in the

previous chapters could not be created, as the anatomical variability between subjects was

too great and normalization ofthe MRI images ofthe rat spinal cord across subjects into a

standard space is not possible. The time course of the signal change was found for the right

and left sides ofthe spinal cord across all six slices for each animal and then averaged.

Extra-cellular potentials were analyzed using in-house software (Spinal Cord

Research Centre, Department ofPhysiology, University of Manitoba) run on a Pentium PC

under Linux Redhat operating system. A minimum of 50 traces were collected and

averaged to observe the mean response. The delay between stimulation and response, peak

response (mV), time to peak, and area ofthe potential for the averaged response was

measured for each individual recording site. The responses for each animal were then
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calculated as a percentage ofthat animal's maximal response. The time integral ofthe

amplitude ofresponse was considered for this normalization.

To determine the statistical correspondence between spinal fMRI and

electrophysiology the distance between the recordings sites where the local field potentials

were observed, and location ofthe greatest fMRI activity, taking into consider both degree

and consistency between fMRI experiments, in each region ofthe spinal cord were

correlated. For each animal, the activity observed within the three functional experiments

was summed onto one map. On each summed activity map the region of most intense

activity was identified. In general these were the red pixels but green pixels were also

considered if red pixels were absent. The approximate locations ofthe electrophysiological

recordings on the f\4RI activity maps were calculated based on measurements ofthe

anatomy taken from the same MR image. The distance from each calculated recording site

to the identified region of ÍMRI activity was measured. These values were correlated with

the values of the areas of the local field potential responses.

Results

The combined activity from the th¡ee fMRI experiments and local field potentials

observed in one animal are shown in Figure 1. Active pixels were observed along the

surface of the ventral median frssure in all slices except the frrst. It should be noted that

signal from pixels near the edge ofthe cord along the dorsal sulcus or the ventral median

fissure are likely contributions from blood vessels as these a¡e found in the same location as

the median dorsal and ventral spinal arteries. It is important to exclude these regions when

selecting the most consistent regions of fMRI activity for the correlation analysis.

Functional activity was observed mainly in areas of negative local field potentials. In some
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cases fMzu activity v/as also present in areas of positive field potentials. At the level of the

T12 disc (slice 1) functional activity was observed in the ipsilateral dorsal and ventral homs

Negative fìeld potentials were observed at depths from 600 pm and 1500 pm on the

ipsilateral side. Functional activity was also observed in the contralateral ventral horn;

however, extracellular recordings were not measured at this level in this animal.

At the Ti2lTl3 level (slice 2), functional activity was observed bilaterally in the

dorsal and ventral homs. Small negative local field potentials were observed on the

ipsilateral side (Figure 1). Recordings on the contralateral side were not measured at this

level.

Both techniques found the greatest amount ofactivity in slices 3 and 4 at the T13

vertebra and T13/L1 disc, respectively (Figure 1). Functional activity maps also showed

clusters of active pixels within the slices placed attheT12l13 andLllL2 discs. Functional

activity was observed bilaterally in both slices. Functional activity at the level ofthe T13

vertebra was found to be more in the ventral horns; whereas, activity at the T13/Li disc was

spread over the dorsal and ventral homs. Negative field potentials were observed from 150

pm to 90 pm from the dorsal surface of the cord. Small negative local field potentials were

also observed on the contralateral side at the T13 vertebra and Tl3/L1 disc. There was little

fMRI activity in the right dorsal hom at the Ll vertebra although negative loca1 field

potentials were present. Functional activity was observed in the ipsilateral ventral hom.

Negative field potentials on the same side were observed from 150 ¡rm to 1200 pm. Areas

of functional activity were observed across the contralateral side from 150 ¡rm to 1050 pm.

In the last slice, at the LllL2 disc, functional activity was observed medially in the

ipsilateral dorsal and ventral horns and spread across the contralateral side. Negative field
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potentials were observed in the ipsilateral side from 150 ¡rm to 600 ¡rm from the dorsal

surface of the spinal cord.
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Figure 1 . Functional MRI and electrophysiology data from Animal 1. Functional maps

show the total activity observed in three ÍMRI experiments. The images are oriented
with dorsal up, ventral down, left side ofthe animal is on the left side ofthe image, and
the right side ofthe animal is on the right side ofthe image.
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Similar individual comparisons between fMRI and electrophysiology for each

subject are shown in Appendix A. Conelation coeffrcients were calculated between areas

of ÍMRI activity and the distance to the recording sites ofthe local field potentials.

Conelation coefficients (R) indicated by the arrows and corresponding values in Figures

1-9, Appendix A were between -0 .971 and 1 . The greatest conelations were observed

between T13 and Ll vertebrae in all subjects expect one in which maximal correlation

was observed al lhe L1/L2 disc. Four animals also demonstrated areas in which

acceptable conelation was found more rostrally at the T12 vertebra and at the T12lT13

disc.

A 20 ¡.rm thick section taken at the L4 spinal cord segment demonstrating the

pathway of the recording electrode on the ipsilateral side is shown in Figure 2. This

pathway was measu¡ed at 1000 pm from the dorsal surface ofthe cord.
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Figure 2. Electrode pathway observed at 20x magnification in one section taken from the
L4 spinal cord segment ofone animal. Depth of the pathway was measured to be
1000pm.

FMRI detected areas ofactivity across all 6 slices in all nine animals. The first of

three individual functional maps obtained from each animal is shown in Figure 3. Maps

showing the total activity in all 3 experiments for each animal are shown in the Appendix

1. Some pattems between individual scans and animals can be observed despite

variations in the location of active pixels. Most animals exhibit the peak number of

pixels between the slices positioned at the T13 to L1 vertebrae. The L4 spinal cord was

observed to be in alignment with the T13 verteb¡a in all animals.
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The number ofactive pixels observed in different regions ofthe cord (right and

left, dorsal and ventral horns, near the central canal) of all experiments (n:27 from 9

animals), were counted and the frequencies reported as a percentage in Figure 4. Within

the first slice (at the T12 vertebra) four of the nine animals demonstrated fMRI activity in

the right dorsal horn and contralateral ventral hom. Functional activity in the latter area

was observed i¡ 52%o of all experiments. All animals showed f\4RI activity in the

contralateral ventral hom at the T12lT13 disc (slice 2) in at least one experiment. In the

same slice, four of the nine animals showed functional activity in the left dorsal horn and

right ventral hom. The right ventral hom activity was observed in 56% of all

experiments. In the third slice, positioned at the T13 vertebra, ÍMRI activity was

frequently obseryed in the right ventral hom (63%). At the level of the T13/L1 disc (slice

4) active pixels were observed most frequently (48%) in the right dorsal hom. Seventy

percent of experiments showed fMRI activity in the right ventral horn at the Ll vertebrae

(slice 5). Functional activity was observed across scans on the contralateral side in the

ventral horn (48%) and dorsal horn (56%). In the last slice examined, between L1 and

L2, four animals demonstrated active pixels in the right ventral hom and three animals

showed active pixels in the left and right dorsal homs. Active pixels were observed in

the contralateral dorsal horn in 59o/o of al experiments.

94



tu
Ll/L2Ttz

100
É
t otì

-a o^
6)äzo
x60

>)u
a
140
'530

t¡ 20
CN

610
a)

Åo
Tr2/T13 T13 T13/Ll

Vertebral level

Figure 4. Percentage of the time active pixels were observed in each zone (rr27
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The group average time course observed on either side ofthe spinal cord is shown

in Figure 5. Within the individuals, six of nine animals showed slightly higher

percentage signal change on the ipsilateral side of stimulation. Th¡ee of the animals

showed no difference or slightly higher percentage signal change on the contralateral

side. ln the group average, the highest percentage signal change observed on the

ipsilateral side was 18% while on the contralateral side it was 14%. This is with the

deviation between animals and so does not appear to be statistically significant, however,

a more thorough analysis is needed to exclude areas ofsignal change related to noise and

draining veins.
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Av€râge time course

Figure 5. Average time courses from nine animals observed on each side ofthe spinal
cord during right hind paw stimulation.

Negative field potentials indicating neuronal activity were observed across the 6

slices bilaterally. The responses observed by electrophysiology are shown in Figures 6 to

1 1 . The values were normalized for comparison between animals so that the responses at

each location are expressed as a percentage of the animal's own maximal response. As

with ÍMRI, variation in the location of the peak activity was observed between animals.

Five ofthe subjects showed the largest negative field potentials in the recording taken at

the level ofthe rostral part of the T13 vertebra (Figure 8). This level corresponds with

the third slice obtained during imaging. Conelation coefficients in four ofthese animals

at these levels were found to be R=0.54 (Àppendix A, Figure 1), R=0.67 (Appendix A,

Figure 2), R=0.70 (Appendix A, Figure 4), and R:0.88 (Appendix A, Figure 5). In one

animal negative locai field potentials were not observed and so a statistical comparison
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could not be made (Appendix A, Figure 7). In two animals ipsilateral activity was found

to be poorly, or negatively correlated as they conelation coefficients were R=0.484

(Appendix A, Figure 6) and R= -0.50 (Appendix A, Figure 3). In one animal activity on

the contralateral side was negatively correlated (Appendix A, Figure 8). In one animal

the calculated conelation coefficients were R: -0.97 for activity on the contraiateral side

and R= -0.467 on the ipsilateral side (Appendix A, Figure 9). The same animal

dernonstrated better conespondence between fMRI and electrophysiology at the level of

the T13/Ll disc (R:0.53, Appendix A, Figure 9). Animal 3 showed the greatest nsgative

potential in the caudal half of the same vertebra. Within the same animal, reasonable

corelation was found in the adjacent slice at the Ll vertebra (R:0.76, Appendix A,

Figure 3). Animal 8 demonstrated peak activity at the level of the rostral portion of the

T12 vertebra (Figure 6). Correspondence was observed between the two techniques in

the same animal attheTl2ll3 disc (R:0.51, Appendix A, Figure 8). Maximal field

potentials were observed in the rostral and caudal portions ofthe Ll vertebra in Animals

7 and 6 respectively (Figures 10 and 11). Both animals showed fair to good correlation

between fMRI and electrophysiology in the adjacent slices at either the L1lL2 disc or the

T13/Ll disc (R=0.88, R=0.78, Appendix A, Figures 6 and 7 respectively). The depth at

which peak activity was observed varied between 300 ¡rm and 1200 pm. All animals

demonstrated smaller sized potentials on the contralateral side from 150pm and as deep

as 1500 ¡rm in one animal.
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juncture ofthe L3 andL4 spinal cord segments) on the ipsilateral (top) and contralateral
side (bottom) of stimulation. This region couesponds with the second slice acquired
during fMRI.
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Figure 8. Normalized responses measured in the rostral end ofthe T13 vertebra (L4
spinal cord segment) on the ipsilateral (top) and contralateral side (bottom) of
stimulation. This region conesponds with the third slice acquired during fMRI.
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Figure 9. Normalized responses measured in the caudal end ofthe T13 vertebra (near the
juncture ofthe L4 and L5 spinal cord segment) on the ipsilateral (top) and contralateral
side (bottom) of stimulation. This region corresponds with the fourlh slice acquired
during fMN.
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Figure 10. Normalized responses measured in the rostral end of the L1 vertebra (L5

spinal cord segment) on the ipsilateral (top) and contralateral side (bottom) of
stimulation. This region corresponds with the fifth slice acquired during ÍMRI.
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Figure 1 1. Normalized responses measured in the caudal end ofthe Ll vertebra (near the
juncture ofthe L5 and L6 spinal cord segments) on the ipsilateral (top) and contralateral
side (bottom) of stimulation. This region corresponds with the sixth slice acquired during
ÍMRI.
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Discussion

Spinal ÍMRI and electrophysiology identified areas ofactivity in all ofthe imaged

levels ofthe spinal cord. This was expected as the stimulus was administered to a broad

general area, encompassing several dermatomes ofthe hind paw and was ofa noxious

intensity. Previously, functional activity and c-fos labelling was observed over several

segments of the lumbar cord during the same stimulus (Lawrence et al. 2004). Neuronal

activity was found to peak in the L4 spinal cord segment, which is in alignment with the

T13 vertebra (Lawrence et al. 2004). In the present study, most animals exhibited the

greatest negative field potentials at the T13 vertebra. FMRI showed the most active

pixels at the level of the T13 vertebra and T13/L1 disc. Therefore in most cases, the

rostral-caudal distribution of neuronal activity detected by the two techniques was

similar.

C-fos labelling could not account for a11 areas ofneuronal activity within slices

due to the specificity of expression (Hunt et al. 1987). Previous animal spinal fMRI

studies have observed functional activity on both sides of the cord and in both the dorsal

and ventral horns (Lawrence etal. 2004; Lawrence et a1.,2004b). In the present study,

negative local field potentials were observed bilaterally and as far as 1650 ¡rm from the

dorsal surface on the ipsilateral side ofthe spinal cord (Figure 6-11). Greater areas of

neuronal activity were detected than found using c-fos alone in the previous chapters.

Variation within individual fMRI scans is expected. Within brain fMRI small

variations between the locations ofactive voxels are observed between scans, imaging

sessions, and subjects. The variations become more apparent in spinal fMRI as the cross-

sectional area of neural tissue is much smaller. The frequency with which pixels in
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different areas ofthe spinal cord were found to be active were calculated. Some areas of

cord demonstrated active pixels in up to 70% of experiments (Figure 4). Previous

chapters presented thresholded combined activity maps in order to identifu areas of ÍMRI

activity that were consistent between experiments and animals. The optimal threshold for

these maps is often slightly over 50%. Therefore we are mainly interested in areas which

show fMRI activity in over 50% of all experiments. Combined activity maps require

several fMRI experiments to be repeated. In the present work, fMRI experiments were

repeated only three times in order to minimize the length of tirne the animal was under

anesthesia. If time was not a restriction, increasing the number ofexperiments would

increase confidence in areas that are observed to be active.

Combined activation maps also rely on aligning the anatomy of different animals.

Within human brain fMRI, normalization of data from multiple subjects is possible by

conforming the anatomy into a standard space such as that described by Talairach

(Talairach and Toumoux, 1998) or the Montreal Neurological Institute (MNI) (Collins et

al., 1994). Standard space currently do not exist for the spinal cord making normalization

difficult. Only recently was a technique developed which allows normalization of the

cervical spinal cord (Stroman and Cahill,2006). Previous combined activity maps of

animal spinal cord data are created by a rigid alignment ofthe data. In the two previous

chapters, data were collected from the cervical spinal cord and there was little variation

observed in the cross sectional size of the spinal cord. In the present chapter, g¡eater

variability in the dimensions ofthe spinal cord can be observed across subjects and is

apparent in Figure 3 especially within the first two slices. In the current study it is not
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possible to create overlay maps due to the variability between animals in the alignment of

the spinal cord segments to the vertebrae.

A visual examination ofthe spatial distribution ofactive pixels and negative local

field potentials does not reveal a clear correlation within the cross-sections ofthe spinal

cord. In several areas mismatch was observed. In the presented results there were 13

sites in which functional activity was absent while local fìeld potentials were observed.

This raises issues regarding the sensitivity of spinal fMRI. The minimal metabolic

demand required in order to evoke an observable response by fMRI in the spinal cord has

not been investigated. Such studies would perhaps explain some of the variability

observed.

There were two sites in which functional activity was observed while no local

field potentials were observed. In some areas functional activity was observed within

areas ofnegative field potentials, however the locations ofths two techniques were

poorly correlated or not conelated at all. Active pixels that relate closely to neuronal

activity are expected to occur within the gray matter as this is the location of metabolism

related to neuronal activity. Some regions of functional activity may also be false

positives. A cluster analysis may be useful to separate active pixels related to noise based

on the time courses of signal change (Baumgarter, 1998).

Another consideration is the state of the animal. During fMRI the animal is

anesthetized for a total of one hour. Electrophysiological recordings often did not start

until five hours after the initial anesthestic induction due to the time for surgical

preparation. Blood,pressure, heart rate and oxygen saturation were monitored. The

surgical procedure can cause rapid decreases in blood pressure and is physically stressful
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on the animal. As a result the animal may be in a fragile state by the end of the surgical

procedure.

Analysis ofthe percentage signal change on each side ofthe cord is also

important. Negative field potentials were larger on the ipsilateral side ofthe spinal cord.

Therefore it can be hypothesized that there is also a larger metabolic demand resulting in

a change in blood oxygenation at the level of the stimulation. If the metabolic demand is

related to the percentage signal change observed by ÍMRI, then we may expect an

increase in percentage signal change on the side ipsilateral to the stimulation. Analysis of

the laterality of the percentage signal change did not produce a clear distinction. In six of

the nine animals the percentage signal change was slightly higher on the ipsilateral side.

In the group average this difference is only 4%. The difference in the hemodynamic

response on each side ofthe cord is too small to detect a clear difference. Further

analysis is needed in order to eliminate signal contributions from pixels near large blood

vessels. Perhaps then differences in the laterality of signal change will be observed.

The positioning of the fMRI slices and recording sites were taken carefully in

order to best match the locations. During functional imaging a sagittal image was used in

order to centre axial slices on the vertebral bodies and intervertebral discs. Therefore, the

position in the spinal cord can only be estimated in relation to the spine. In some cases a

slight bend in the recording electrode was noted, which could also affect the actual

recording depth at which local field potentials were observed. The only way in which the

recording electrode could be guaranteed to be positioned in the exact area of functional

activity is to perform both techniques simultaneously as previously reported for the

monkey brain (Logothetis et al. 2001). With spinal cord imaging this is not possible due
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to animal positioning within the magnet and the way in which electrodes need to be

moved in this type of experiment.

The natu¡e of the ÍMRI signal must be taken into consideration. While fMRI has

better spatial resolution than other neuroimaging techniques such as MEG, and PET, the

signal is an indirect measure ofneuronal activity. The relationship between neuronal

activity and the BOLD response is not linear. Therefore the two techniques cannot

expect to be perfectly in correlation as other influences also play a role. Large draining

veins can also contribute to the signal. Within the brain, the region ofneural tissue that

received an increased blood supply is larger than the region in which neuronal activity is

occun ing. This response was likened to "watering a whole garden for the sake of one

thirsty flower" (Malonek and Grinvald, 1996). Likewise, it can be anticipated that the

region ofincreased blood flow is larger than the area in which neuronal activity is

observed. This may account for the large spatial spread of active pixels. Another

consideration is the neurovascular-coupling that the fMRI signal is dependent on. The

relationship is not fully understood in the brain (Logothetis and Wandell, 2004) and it is

not known if the response in the spinal cord is the same. A complication within animal

studies is the necessity of anesthesia. Anesthetics can also affect the vascular reactivity

and therefore influence the signal. Halothane anesthesia was used in the present work as

recovery ofthe animal was needed to transfer the animal to the lab in which

electrophysiology was performed.

Variation was also observed within the electrophysiological recordings. While

the majority of animals showed the greatest response at the level ofthe T13 vertebra,

some animals showed the greatest local field potentials slightly more rostrally or caudally
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(Figures 6,8,i0,11). The depth of the peak local field potential also varied between 300

pm and 900 ¡rm. Areas of functional activity that conelated with negative fields

potentials were also found in the rostral levels observed attheTl2 vertebra and T12lTl3

disc (Figures 1,2,8,9 in Appendix A) and in the most caudal level examined at the L1/L2

disc (Figure 7 in Appendix A) in some animals.

This is the first comparison of activity observed non-invasively by {MRI with

electrophysiology. The spatial distribution of functional activity in the rostral-caudal

direction as well as within the cross-sections, were compared to the areas oflocal field

potentials. This study reveals that segmentally, the peak region of ÍMRI activity and

local fìeld potentials were the same in three animals (Figures 2, 5, and 7 in Appendix A),

within adjacent segments in three animals (Figures 1, 3, and 4 in Appendix A) and within

two segments in one animal (Figure 9 in Appendix 1). This suggests that some

information may be gained from the spatial comparison of activity.

The relationship between ÍMRI activity and neuronal activity is not simple. The

rostral-caudal distribution ofnegative local field potentials and active pixels were similar

and electrophysiology was able to confirm neuronal activity was present on the

contralateral side and in deeper levels of the spinal cord. Within cross-sections a direct

overlap between the techniques is limited. The results of this study suggest that general

commonalities exist between the segmental distribution ofactivity, however, a direct link

between an active pixel and negative freld potentials cannot be made. Further analysis of

other athibutes of the ÍMRI signal, such as percentage signal change, are needed to reveal

more information about the relationship between the response observed by fMRI and

local field potentials.

109



CHAPTER 5: GENERAL DrscussroN

Overvierv of Results

The work presented in Chapters 2 and 3 describe a chronic experimental model of

anirnal spinal ÍMRL It is essential to note that without this preliminary work the subsequent

chronic studies would not be possible. Previously, alpha-chloralose was used during animal

functional MRI studies of the brain and spinal cord. Recovery of animals frorn alpha-

chloralose anaesthesia is not feasible, limiting experirnental design.

Areas of functional activity were sirnilar between alpha-chloralose and halothane

anaesthetized animals. A rostral-caudal conespondence between fMRI activity and c-fos

labelling was observed. Functional activity was spread over several areas within slices of

the spinal cord, whereas c-fos expression was more restricted spatially. The pattems ofc- '

fos labelling were consistent with those reported in the literature (Jinks et al. 2002;

Menetrey et al. 1989). Theuse ofc-fos labelling confirmed the spinal cord segments in

which neuronal activity was occuning. A comparison within sections of the spinal cord

cannot be made between c-fos and fN4RI as they are measuring two different, but related

responses. The immunohistochemistry reports individual cells that express a certain

molecular pathway upon repetitive stimulation. Expression of c-fos protein is specific,

therefore it cannot account for all neuronal activity. FMRI is an indirect measure based on a

hemodynamic response to an increased metabolic demand. Therefore, the response

observed by fMRI is expected to be more widespread as it will respond to changes in blood

oxygenation, blood flow and related metabolic changes. Furthermore, a vascular response

is being observed. The region of vasodilation is expected to be larger than the area of

neuronal activity.
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The experiments in Chapter 3 also add to the growing body of literature in spinal

ÍMRI and help characterize the fMRI response observed in the spinal cord. Greater

percentage signal change was observed during noxious thermal stimulation regardless ofthe

type ofanaesthesia used. These results confirm observations made previously in a human

study with cold stirnuli (Stroman etal. 2002). Again, fMRI activity was observed with

both alpha-chloralose and halothane anaesthesia using both noxious and innocuous thermal

stimuli. These results examined if spinal fMRI could rnap changes in activity elicited by

slightly different stirnuli in an animal model. The activity elicited by the two intensities of

stimulation could only be differentiated by differences in the percentage signal change. The

results ofthis chapter emphasize the valuable information that can be obtained from the

time course of signal change. C-fos confirmed the presence of neuronal activity across

multiple spinal cord segments. As in the previous chapter, a one-to-one correspondence

bet\'r'een c-fos and ÍMRI was not made due to the specihc expression ofc-fos protein.

Chapter 4 presents a comparison between areas of fMzu activity and areas oflocal

field potentials. Electrophysiology confirmed neuronal activity was present in deeper lamina

of the cord than observed previously by c-fos. The presence of neuronal activity on the

contralateral side was also demonstrated by electrophysiological recordings. Again, the

results demonstrate a rostral-caudal distribution ofactivity that can be observed with spinal

f\4RI. Conclusions about the relationship between the location of active pixels and negative

local field potentials cannot be made. There is very limited correlation between specific

regions of ÍMRI activþ and neuronal activity detected by electrophysiology. This suggests

that the two measures are examining different processes associated with the same stimulus.

Local field potentials are extracellular changes in current whereas ÍMRI detects

hemodynamic changes related to changes in metabolism. Further investigations into other
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aspects ofthe fMRI signal, such as the distribution ofsignal intensities may provide

additional information regarding the nature ofthe discrepancies between the fMRI and

electrophysiological measures. The comparison we can make is also affected by the fact

that the fMRI and electrophysiology recordings were taken on different days and the state of

animal would be slightly different due to the nature of the experiments. The necessity of

recovery meant that fMRI experiments were perfotmed as quickly as possible, therefore, the

animal was anaesthetized for a maximum of one hour. Electrophysiology experiments were

performed after a long surgical preparation that lasts several hours. Therefore, the

physiological state ofthe animal due to the length ofanaesthesia and stress due to surgery

could influence the results obtained by each method. A solution for these confounds is to

perform both measurements simultaneously. This was not physically possible for these

studies.

The implications ofthe results of this work demonstrate that we can obtain valuable

information about spinal function using fMRI. Differences in function between normal

healthy human subjects and those with spinal cord injury were observed with spinal fMRI

(Stroman et al. 2004). The technique was also used to observe decreasing areas of sensory

input into the rat spinal cord following graded peripheral nerve injury (Majcher et al.,

2006b). Recently, within the rat spinal cord and brainstem, the altered patterns ofactivity

during irmocuous and noxious electrical stimulation as well as following the administration

of morphine were observed with fMRI (Lilja et al. 2006). Collectively, these studies and

the results presented here suggest that some information about spinal cord activity can be

obtained using fMRI. The results discussed within this thesis demonstrate that fMRI can

detect approximately the level ofthe spinal cord in which neuronal activity is greatest and

reveal information about the rostral-caudal distribution. The advantage ofthis techlique is
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that it is entirely non-invasive. The mai¡ disadvantage is that within the sections of the cord

there are regions in which there appears to be little or no correspondence between the

locations of active pixels and the sites of neuronal activity. The contributions of false

positive and false negative signal changes may account for some ofthese discrepancies.

False positives could result from physiological noise, and certain aspects ofthe

imaging itself. Motion is one of the greatest difficulties in spinal ÍMRI and comes in

several forms: the movement of the spinal cord, the flow of CSF, which is related to the

cardiac cycle, and motion due to respiration. In all of the performed experiments presented

respiration gating was used during acquisition of the fMRI data. Furthermore, an

asymmetric stimulation paradigm was used. Physiological contributions tend to occur

rhlhmically and therefore will be less likely to appear in the analysed data in which a

correlation to the paradigm is performed. The limitations of the imaging technique may

also contribute to false positives. In addition, due to limitation in the instrumentation, the

data presented are complicated in that there are two contrast mechanisms that contribute to

the signal observed by ÍMRI, BOLD and SEEP. AII of the ÍMRI data were collected with a

spin-echo sequence, however, the effective echo time that was employed and high field

strength result in a significant contribution from the BOLD effect. As a result, there are

contributions to the signal by draining veins, resulting in significant activity appearing in the

blood vessels confounding the data. At a lower field strength and with very short echo

times contributions frorn BOLD could be eliminated and the arising signal would be only

SEEP (Stroman et al., 2003). The result would be signal restricted to the capillary level and

would be more specific to areas ofneuronal activity (Stroman et al., 2005b).

The current sensitivity of ÍMRI may result in false negatives. It is not known what

quantity ofneuronal activity is required in order to elicit a response observable by ÍMRI.
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Other factors that influence the response observed by ÍMRI must also be considered. The

SEEP contrast mechanism arises from an increase in extravascular water and glial cell

swelling (Stroman et al., 2003). Local volume changes in the extracellular space were

observed in relation to neuronal activity due to water uptake by glia (Amiry-Moghaddam

and Ottersen, 2003; Sykova, 1987; Sykova et a1.,2003; Svoboda and Sykova, 1991).

Recently the contribution ofglial cells to the response observed by fMRI has received more

attention (Raichle and Mintun, 2006). As we leam more about the mechanisms that give

rise to the signal, we may also discover methods in optirnizing the sensitivity ofthe f\4RI.

Challenges in spinal fMRI

Functional MRI was only recently applied to the spinal cord (Malisza and Stroman,

2001; Stroman et al. 1999; Stroman and Ryner,200l). As a new and emerging technique it

has many challenges to overcome including several limitations. This section examines

areas of limitation that must be considered and reviews recent advances addressing these

issues. An important consideration is that much of the existing work focuses on

improvements to human spinal cord imaging. Animal imaging share these limitations and

also present additional challenges. Substantial limitations include animal care, instrumental

issues at higher field, and imaging a much smaller spinal cord in the rat compared to human.

Spatial resolution

Spatial resolution is a common issue within neuroimaging techniques. In the present

animal studies, the smallest voxel size obtainable was 0.2 x. 0.4 x 2.0 mm. Better resolution

is always desirable, especially within small animal studies. The lumbar spinal cord

segments ofthe rat are approximately 3 mm wide and 2 mm in the dorsal ventral plane.
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Each imaged slice of spinal cord will contain approximately 70 voxels. Given that the gray

matter, where neuronal activity related signal changes are expected, is only a small portion

ofthe spinal cord, there are only a few voxels spanning the cord from which to report the

presence ofactivity. Despite these limitations we have obtained moderately consistent

results.

The first human spinal ÍMRI studies used transverse slices, such as ernployed within

this work (Stroman et al. 1999). The main advantage is that any Inotion would be tfuough

the slice. As a result one would hope that voxels containing gray matter would stay within

gray matter. The use oftransverse slices lirnits the number olspinal cord segments that can

be irnaged in one experiment as increasing the number ofslices results in longer scanning

times. The limitation of only being able to image a small region of the cord is that activity

is obsewed across all slices with the fpes of stimulation or task thât are generally employed

during ÍMRI studies. In order to observe the rostral and caudal borders of an evoked area of

activity, several sequential experiments would be required to observe a larger area ofthe

cord. More recently, a method using sagittal slices was developed in human spinal fMRI

studies which allows a much larger region of the spinal co¡d to be imaged simultaneously

(Stroman et al. 2005a). Acquisition ofsagittal slices was attempted within the rat spinal

cord, however, the technique requires extremely thin slices which could not be obtained

with the present imaging system. Using the 7 Tesla system the thinnest slice obtainable was

1.8 mm; this is unacceptable for a rat spinal cord that is approximately 3 mm wide at the

lumbar enlargement. In this scenario, only 2 slices could be obtained across the spinal cord.

Within human studies there are usually 8 sagittal slices obtained across the spinal cord

(Stroman et al. 2005a).
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Variability

The most common criticism of the spinal cord functional maps obtained is the

observed variability in active pixels between scans and between subjects. FMRI is a

technique ofconsiderable variability. Some variability is observed in brain fMRI not only

between subjects, but between scans within the same subject (Lund et al. 2005; McGonigle

et al. 2000; Smith et al. 2005; Thornason et al. 2006). Naturally, the variability is more

apparent within a very small area ofneural tissue. Therefore, multiple data sets are needed

in order to establish areas that are repetitively active. The consistency in activity

demonstrated by the overlay maps throughout these studies is very high. Combined

activation maps, such as used in parts one and two, were very useful for identifying the

active regions ofthe spinal cord.

Variability in fMRI activity can arise from physiological noise. Throughout the

experiments described, noise from respiration was minirnized by gating the acquisition to

the respiration cycle. Preprocessing can also remove motion by registering ths data sets.

This was performed in several data sets, however, no corrections were identified by the

software presumably since motion was so well restricted in the anaesthetized animals and

respiratory gating was employed in the acquisition. Recently it was shown that monitoring

the peripheral pulse is helpful in removing motion ¡elated to the cardiac cycle in human

spinal fMRI studies (Stroman,2006). Contributions from cardiac motion in rats may be less

due to the high frequency of the heart rate. Therefore, motion related to the cardiac cycle in

rats may not be identified during preprocessing of the data prior to analysis. The design of

the stimulation paradigm is also important in reducing contributions from physiological

noise, Physiological motion such as that related to the ca¡diac and respiratory cycles occur

rhythmically. The experiments employed asymmetric periods of rest and stimulation. As a
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result during correlation analysis a more characteristic response can be identified, with

much less physiological noise superimposed then ifacquired using a symmetric paradigm.

Advances in preprocessing and data analysis are greatly needed in spinal fMRL

Within brain ÍMRI, the use of standard brain spaces such as that described by Talairach

(Talairach and Tournoux, 1998) or by the Montreal Neurological Institute (MNI) (Collins et

al. 1994) allow normalization of ÍMRI data sets. Normalization is needed in order to

effectively make comparisons between subjects and perform group analyses, A standard

space does not exist in the spinal cord. Fuñhetmore, fewer distinctive anatomical

landmarks exist in the spinal cord in comparison to the brain. Cotnmonly, a line drawn

through the anterior and posterior commissures is used to align brain images. Alignment of

spinal cord images within chapters 2 and 3 were perfonned by manually aligning the edges

ofthe spinal cord and the g¡ay matter where visible. This is described as a rigid body

alignment as the size ofthe cord cannot be adjusted to account for individual differences.

Rigid body aligrunent ofthe spinal cords is sufficient for studies in which the subject is

anaesthetized and the¡efore motion restricted, such as the animal work presented here.

Within human studies where motion is more problematic, better methods are desired. A

process in which the cord can be normalized has recently been developed (Stroman and

Cahill,2006). This is a great improvement for group analysis as more detailed adjustments

in the position ofthe spinal cord are possible.

Recommendations

Improvements could be made in order to obtain more reliable results and better

image quality. While there has been dramatic improvement in the data obtained over the

tast five years, better signai to noise may be attainable at higher field strength. Majcher et
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al. have obtained excellent results using very short echo times at 9 Tesla to image the rat

spinal cord (Majcher et a1.,2006a; Majcher et al. 2006b). The parameters for these studies

were significantly different from what is possible on the 7T system used here.

The use oflonger blocks ofrest and stimulation, as well as more repetitions of

alternating blocks would allow greater statistical significance in the ÍMRI analysis.

Recently two studies showed that larger data sets allow identifrcation ofactive areas in rat

spinal cord with greater statistical significance (Lilja et al. 2006; Majcher et al. 2006a).

Such large data sets also greatly increase the acquisition time.

Future Directions

The results presented open the door to several possibilities for future animal work.

In particular, halothane anaesthesia can be used during animal spinal íMRI. This is an

extremely important finding as it enables chronic studies. Alpha-chloralose is most

commonly used during animal fMRI studies, however, recovery of the animal at the end of

the study is not feasible. Not only does a chronic model decrease the numbers of animals

required for studies, but it reduces intersubject variability. A chronic model will enable

longitudinal studies to be performed. This is extremely valuable in animal models ofspinal

cord injury and intervention.

This work has implications for human spinal ÍMRI studies as often interventions

must be investigated first within animals. Development of spinal ÍMRI animal models is

not only important for studying spinal cord injury and interventions, but in investigations of

neurodegenerative diseases such as multiple sclerosis and in disorders such as chronic pain.

I have used two techniques in order to compare fMRI activity in the spinal cord with

neuronal activity. Other methods could also be employed in order to further understand the
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relationship between the tì¡/o and possibly account for some areas in which the two

techniques did not conespond. The use of 2-deoxyglucose labelling can identifu areas of

increased glucose utilization and confirm areas of neuronal activity. A comparison with

spinal fMRI would be interesting and could be used to confirm the findings that were

presented in the previous chapters.

Concluding Remârks

Functional MRI was employed for assessment of spinal cord function only within

the last few years. Several advances rrere presented here. In Chapter' 2, a chronic model for

animal spinal fMRI was described. In Chapter 3, responses to noxious and innocuous heat

stimulation were observed by spinal fMRI and could be differentiated based on the

percentage signal change. In both chapters the use of c-fos confirmed the presence of

neuronal activity within the imaged region of the spinal cord. In Chapter 4, a comparison

with local freld potentials demonstrates that ÍMRI may be used to observe the rostral-caudal

distribution of neuronal activity. To date, no other groups have investigated the pattems of

neuronal activity that lead to the hemodynamic response observed by fMRI in the spinal

cord. The spatial distribution of active pixels and negative local field potentials revealed

overlap in some areas, however, there was either no or limited correlation in oihers.

The frnal results presented here suggest that some information regarding spinal cord

function can be obtained using ÍMRL The detail of that information is limited by the

sensitivity and specificity of the technique. The comparison made between spinal fMRI and

electrophysiology suggest that at this point, with the methods used, the technique cannot

obtain detailed information within the cross-sections ofthe spinal cord that detect all areas

of neuronal activity using only a few activity maps. Further analysis is needed regarding the
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laterality ofthe distribution ofactivity. Additional information can be obtained by

comparing other aspects of fMRI, such as the percentage signai change, to the

electrophysiology. Further investigation is also needed to evaluate the different

physiological contributions to the response observed by spinal fMRI. The maps presented

here show areas ofsignal change that extend beyond the areas ofneuronal activity. The

identification ofsignals arising from larger blood vessels as well as frorn physiological

noise would aid in our understanding ofthe impact ofcontributions from sources other than

neuronal activity have on the fMRI response observed in the spinal cord. As a result this

would also eliminate some of the variability that is currently obselved.

Spinal ÍMRI is a young technique and there is much work to be done to improve the

methods in irnaging, analysis, and assessment. The techniques used in human spinal ÍMRI

have advanced much more rapidly than in the rat in the last few years. Further technical

work is needed to apply the imaging strategies to animal spinal fMRI as these advances may

improve the detail of information that can be gained. A logical extension ofthe work

presented in this thesis would be to investigate the response observed by spinal fMRI in the

same animal, in the same physiological state as during electrophysiological measurements

and ideally, recordings would be taken simultaneously during imaging.

In conclusion, we have shown that the responses observed by spinal ÍMRI are

influenced by neuronal activity, however, other factors also affect the signal and require

further investigation to establish more reliable maps of activity. The application of ÍMRI to

the spinal cord has rapidly advanced since it was first implemented. Spi-nal fMN is a

promishg tool for the non-invasive assessment of spinal cord function.
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Figure 1. FMRI and electrophysiology from Animal 1. All active pixels from 3 ÍMRI
experiments were overlaid onto one map. Labels indicated the vertebral level ofthe slice,

The images are oriented with dorsal up, ventral down, left side ofthe animal is on the left
side of the image, and the right side of the animal is on the right side of the image. The
top row of tables are measurements taken on the right side of the spinal cord, The bottom
row oftables are measurements taken on the left side ofthe spinal cord,
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Figure 2. FMRI and electrophysiology from Animal 2. All active pixels from 3 flr4Rl
experiments were overlaid onto one map. Labels indicated the vefebral level ofthe slice.
The images are oriented with dorsal up, ventral down, left side ofthe animal is on the left
side of the image, and the right side of the animal is on the right side of the image. The
top row oftables are measurements taken on the right side ofthe spinal cord. The bottom
row oftables are measurements taken on the left side ofthe spinal cord.

salãie¡¡ii.åtr¡s¿¡1,giÉr9Flrlrllrì*nr
9,Pe.på=.=IAäA-r;r

Íi9ç19t9¡1íóåì¿
?sårÊ 8*sgseas9ã
r& : r I | : : , :

;6: :lir:. r ,l
; i;'á'Ì fi å'k * e Ë ii !1s
{iËri*:ri*iËi-ø

,çrl-ir
,')B tt ti P lt,¿:\ l r. ¿ a !¡.
j{'Èçv*øiáÈl::]}r:rrr
E9rç.rçlc.ç93:-''
iI:!

r5,:. r,ì ?i!, n 8 a iî r¡. {, r¿

È I :l

,-;---"---;-

.*-t fa rl fì n l,:ß n rì á s r,

It Ê: slá:e ñ ia â srñ€lãþ
.€ :

¿i ll



5
9z-,*'\

\Eådì
41 èl\g-l

B

^l'_ì 
\

\\ÆryJv
:

,õ)
i>sr<
'q^ J,

-,,,/
s

ørìr
tL¡,)l
lr'\l\v/

iì
9-:_\

,r1l ìFl
\\,{ ./ ,/

(Ð

,6ì\\tF//
lr':Ê(\\J/

Fl

Fl
co

F

co

F

Æ

re
rc
K
E
E

a-\ì

{
Fì

Figure 3. FMRI and electrophysiology from Animal 3. All active pixels from 3 fMRI
experiments we¡e overlaid onto one map. Labels indicated the vertebral level ofthe slice.
The images are oriented with dorsai up, ventral down, left side ofthe animal is on the left
side of the image, and the right side of the animal is on the right side ofthe image. The
top row oftables are measurements taken on the right side ofthe spinal cord. The bottom
¡ow oftables are measurements taken on the left side ofthe spinal cord.
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Figure 4. FMRI and electrophysiology from Animal4. All active pixels from 3 fMRI
experiments were overlaid onto one map. Labels indicated the vertebral level ofthe slice.

The irnages are oriented with dorsal up, ventral down, left side ofthe animal is on the left
side of the image, and the right side of the animal is on the right side of the irnage. The

top row of tables are measurements taken on the right side of the spinal cord. The bottom

row oftables are measurements taken on the left side ofthe spinal cord.
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Figure 5. FMRI and electrophysiology from Animal 5. All active pixels from 3 fMRI
experiments were overlaid onto one map. Labels indicated the vertebral level ofthe slice.
The images are oriented with dorsal up, ventral down, left side ofthe animal is on the leÍÌ
side of the image, and the right side of the animal is on the right side of the image. The
top ro\w oftables are moasurements taken on the right side ofthe spinal cord. The bottom
row oftables are measurements taken on the left side ofthe spinal cord.
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Figure 6. FMRI and electrophysiology from Animal 6. All active pixels from 3 flr4Rl
experiments were overlaid onto one map. Labels indicated the vertebral ievel ofthe slice.
The images are oriented with dorsal up, ventral down, 1eft side ofthe animal is on the left
side of the image, and the right side of the animal is on the right side of the image. The
top row oftables are measurements taken on the right side ofthe spinal cord. The bottom
row oftables are measurements taken on the left side ofthe spinal cord.
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Figure 7. FMRI and electrophysiology from Animal 7. All active pixels from 3 ÍMRI
experiments were overlaid onto one map. Labels indicated the vertebral level ofthe slice.

The images are oriented with dorsal up, ventral down, left side ofthe anirnal is on the left
side ofthe image, and the right side of the animal is on the right side of the image. The
top row oftables are measurements taken on the right side ofthe spinal cord. The bottom
row oftables are measurements taken on the left side ofthe spinal cord.
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Figure 8. FMRI and electrophysiology from Animal 8. All active pixels from 3 ÍMRI
experiments were overlaid onto one map. Labels indicated the vertebral level ofthe slice.
The images are oriented with dorsal up, ventral down, left side ofthe animal is on the left
side ofthe image, and the right side ofthe animal is on the right side ofthe image. The
top row of tables are measurements taken on the right side of the spinai cord. The bottom
row oftables are measurements taken on the left side ofthe spinal cord.
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Figure 9. FMRI and electrophysiology from Animal 9. Al1 active pixels from 3 fMRI
experiments were overlaid onto one map. Labels indicated the vertebral level of the slice.

The images are oriented with dorsal up, ventral down, left side ofthe animal is on the left
side ofthe image, and the right side ofthe anirnal is on the right side of the image. The

top rov/ oftables are measurements taken on the right side ofthe spinal cord. The bottom

row oftables are measurements taken on the left side ofthe spinal cord,

:¿È$Ëfi$$fihi$*Ëfi.ild w d ¡r.t ¡ìô, q É v..t o;
'-! - È c:FlÒid¡ !ió.F d ,

s$Ëhrß t.e ilE,$ñË
!a.?ç i'i].? e,? e 3:

:q gff 9j fi F s 5il ,í * g ù:; I l'å r,l

sturesficirnt$
¡;:-ùó;únd(r '':

ggfrÊ¡E*E:[Ës$$

äàiå#iç¡¡sã¡ä
,å: t..i .li.,',,
¡Fiåij$ËB3FfliiË

åãiiIril¡í*¡-rns.e?F¡tñ9!lA0As¡lk
.I ' " :,Tr:::: i,: !,i Ë

iflcsarìGaaaaSâÈ

Ã ,,
::* *r g¡r;ir:le¡g ¡r
*'**sìËüfHfllÌËi,¡i
"'ïì. :':::,:t,: +¡i-r-ò ;1
?Ë fl Þtg Ê ÊB $tÈìü i Èt;

[ä;; Ç;'¡Ë,Ë]5¡$ Í 1l

=ilÊ âilc-Ê-cBñFslg€-

,å, Ll l,l_,,i


	Jane M.Lawrence Dewar _20130201094347.pdf
	Lapuk thesis_20130201094546

