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ABSTRACT

Primary sensory neurons have been categorized according to modality
responsiveness, somal size, cytology, and cytochemistry. A major aim in the study of
primary afferents has been to determine relationships between dorsal root ganglia (DRG)
neuronal physiology, anatomy and chemistry that undetlie these classification schemes.
Histochemical, immunohistochemical and image analysis techniques wete used in the
present investigation to determine the distribution and colocalizations of cytochrome
oxidase (CO), carbonic anhydrase (CA), parvalbumin (PV), calbindin D28k (CaBP),
calcitonin gene-related peptide (CGRP), fluoride-resistant acid phosphatase (FRAP) and
AB893-IR in rat lumbar dorsal root ganglia. AB893-IR refers to structures
immunoreactive [-IR] with an antibody #893 generated against rat liver gap junctions.

Quantitative histochemistry for CO activity in DRG neurons showed a full range of
CO staining densities in each size class with many more large type A cells intensely
stained than small type B cells. Immunohistochemistry for CO gave similar staining
patterns. Most neurons displaying dense CO staining contained CA, PV and CaBP. The
majority of neurons containing PV and CaBP wete of the large A type. Cells containing
CO, CA, PV and CaBP were rarely CGRP-IR. Thirty percent of all CGRP-IR cells
displayed FRAP, while 50% of FRAP-positive cells wete CGRP-IR. A large percentage
(78%) of AB893-IR cells were CGRP-IR. Among small type B AB893-IR ganglion cells,
90% contained FRAP, while very few were substance P- or somatostatin-IR. In the
dotsal horn of the spinal cord, AB893 labelled both individual fibers and rostrocaudally
oriented, mediolaterally flattened sheets of fiber bundles. These observations suggest that
one subpopulation of DRG neurons contains high levels of CO, CA, PV and CaBP while
a separate population contains FRAP, CGRP and AB893-IR. This may have implications
for the combinations of substances contained within neurons mediating specific

modalities.



General Introduection

The hypothesis of this thesis is that thete is a definable correspondence between the
cytochemical profile displayed by subpopulations of primary sensory neurons and the
sensory modalities they transmit. In certain nuclei of the brain, it is well established that
specific neuronal markers or biochemical properties are reflective of the
neurotransmitters released by cells in which they are found. However, in primary afferent
neurons the relationship between cytochemistry and the neurotransmittets utilized by
these cells is not as clear. Nevertheless, a large number of substances including many
peptides, amino acids, purines or enzymes suggested to function as or represent markers
of putative sensory neurotransmitters have been localized in dorsal root ganglia (DRG).
In addition, many distinct subpopulations of DRG neurons have been demonstrated using
cytochemical markers not thought to represent putative neurotransmitters. Therefore, a
major question that has arisen from the study of primary afferents is, do substances found
in particular subpopulations of sensory neurons reflect a processing or transmission of
sensory information specific to only those cells? The results presented here address this
issue and contribute to our understanding of both the breadth and complexity of this
question. In order to present the scope of this issue and relevant aspects of the large body
of literature in this field this introduction will: 1) briefly outline the many different
categorization schema used for primary sensory neurons; 2) describe the information that
each category provides about DRG cells; 3) discuss how the results gathered from these
seemingly diverse studies relate to each other; and 4) provide some background on each

of the cytochemical markers that were employed in the present studies.

Anatomy and cytology of dorsal root ganglion neurons
Primary sensory neurons, as conveyors of sensory information from peripheral tissues

to the CNS and as effectors of various neurogenic efferent responses, have a conceptually



simple organization. They consist of somata located outside the CNS in sensory ganglia,
peripheral axons ending in specialized receptor structures and central axons terminating
in the CNS. Sensory ganglia are associated with both spinal and cranial sensory afferent
nerves although for the purposes of this Introduction discussion will be restricted to
spinal ganglia except where otherwise mentioned. Within a single DRG in mammalian
species there may be tens of thousands of sensory neuron cell bodies ranging in size from
10 to 120 pm in diameter. Upon initial low power examination, a section of sensory
ganglia may appear as a relatively homogeneous structure consisting largely of neuronal
somata and axonal bundles. Closer inspection however, reveals that all neurons are not
the same. The distribution of Nissl substance within sensory neuron cell bodies impatrts a
light appearance to some cells and a dark appearance to othets (80,235). This
intracellular organization is best visualized after the cells have been stained with
methylene blue or by metallic impregnation (138). At the beginning of the century it was
noted that the light cells tended to be larger in size than the dark cells. From this
observation, two histological categories for sensory ganglia cell bodies were proposed;
large light type A and small dark type B cells (80,131,132). These two classes of DRG
neurons have been further subdivided based on the distribution and organization of
intracellular organelles as observed at the subcellular level (64,98,136,190,220,224).
Although many different ultrastructurally-based schema exist, most divide the DRG
population into six unique subtypes with the large type A cells divided into three groups

and the smaller type B cells divided into three or four groups.

Electrophysiological properties and modality responsiveness of sensory neurons

In addition to classification based on anatomical and ultrastructural attributes,
primary sensory neurons have also been categorized electrophysiologically according to
either the type of stimuli to which they are responsive or characteristics of their somatic

action potentials. As outlined by Willis and Coggeshall (238) a variety of different



modalities are transmitted by sensory afferents including touch-pressure, flutter-
vibration, tickle, warmth, cold, pain, itch, position sense and kinesthesia. Examples of
specific functionally identified primary afferents include those transmitting sensory
information from: 1. muscle spindle primary endings (group Ia afferents); 2. Golgi
tendon organs (group Ib afferents); 3. muscle spindle secondary endings (group II
afferents); 4. tylotrich hair follicle receptors; 5. guard hair follicle receptors; 6. Pacinian
corpuscles; 7. Krause endings; 8. slowly adapting type I mechanoreceptors (possibly
Merkel cells); 9. slow adapting type II mechanoreceptors (Ruffini endings); 10. down
hair follicle receptors; 11. C-fiber low-threshold mechanoreceptors; 12. cool receptors;
13. A-delta high-threshold mechanoreceptors (HTM); 14. C-fiber HTM; 15. polymodal
nociceptots; 16. thermal/mechanical nociceptors; and 17. possibly chemonociceptors (30-
35,71,130,140,216,223,224,246). As is clear from this list, there are many classes of
sensory neurons with distinet sensory modality responsiveness.

Electrophysiologically, primary sensory neurons are commonly categorized
according to either their peripheral or central axon conduction velocity. The peripheral
axon of rat A-alpha/beta neurons conducts between 30-100 my/s, A-delta neurons between
4-30 m/s and C-fibers less than 2.5 m/s (79). Numerous electrophysiological studies have
also demonstrated that sensory neurons not only respond to particular stimuli (as
imparted by the specificity of their associated receptor), but they appear to respond with
a characteristic somatic action potential. Various electrophysiological parameters such as
action potential rise time, action potential amplitude and duration, height of after-
potential and duration, repolarization inflexion and time-dependent rectification may
differ according to neuronal conduction velocity andfor the peripheral receptor
innervated (15,37,79,120,202,253). To generalize, it appears that large myelinated fibers
have shorter action potentials than small myelinated or unmyelinated fibers (except in rat
where a subpopulation of A-beta neurons also have longer action potentials). The

extended action potential duration is due to an inflexion on the repolarization phase



which is often attributed to a pronounced inward calcium current. DRG neurons as a
population have been categorized according to these electrophysiological characteristics
(253). F-neurons were described as large myelinated cells displaying a tetrodotoxin
(TTX) sensitive sodium conductance; A-neurons wete small unmyelinated cells with a
TTX resistant sodium conductance and H-neurons were small myelinated and
unmyelinated cells with a TTX resistant action potential mediated by both sodium and
calcium. As mentioned above, it has become apparent that neurons responsive to
different modalities display different action potential characteristics. This suggests that
the peripheral receptor may somehow specify or be coupled with enzyme regulation or
gene expression and thereby linked to either physical membrane composition or intrinsic

properties governing ion channel responsiveness (202,238).

Dorsal root ganglia cytochemical markers

Following the advent of a number of practicable histochemical and
immunohistochemical techniques, the distribution of a vast number of cytochemical or
morphological markers (compounds that can be visualized microscopically in a
subpopulation of DRG cells; Willis and Coggeshall [238]) has been examined in sensory
gangha. For the sake of clarity, these markers will be divided into three separate
categories: 1) structural markers and cell-surface glycoconjugates; 2) markers and
substances related to maintenance of cellular metabolic homeostasis; and 3) putative

neurotransmitters and related substances.

Structural markers and cell-surface glycoconjugates. Structural markers localized in

DRG cells include alpha-tubulin, actin and RT97 (a 200kd neurofilament protein subunit)
(23,133,217). Of these markers, RT97 antibody is most commonly employed as it
selectively labels the large light type A DRG cells (5,133). Membrane associated non-

glycoconjugate markers that label subpopulations of DRG neurons include growth

10



associated protein (GAP)-43 and GAP-24, and neural cell adhesion molecule (N-CAM)
(217,248). These particular markers are useful in developmental and regeneration studies
where they may be used to recognize particular subpopulations of neurons expressing
growth cones. Cell surface and intracellular carbohydrate glycoconjugates are a rapidly
growing category of DRG neuronal markers (60-63,103,104,143). These compounds are
labelled by either monoclonal antibodies or specific labelled plant lectins. To date more
than twenty different antibodies and lectins have been employed as markers of a number
of different carbohydrate/protein or carbohydrate/lipid residues (2,103,104, 1 15,169,211).
Of interest are the specific subpopulations of DRG neurons labelled by many of the
lectins or monoclonal antibodies. Certain markers are localized only on small cells
(lactoseries), some only on large cells (globoseries and the GM1 ganglioside-cholera
toxin receptor) and yet others on cells of mixed sizes (69,201,211). The functional role of
these glycoconjugates is unclear although it has been suggested that they may be

important in development for cell-cell recognition, axon guidance or synapse formation.

Markers and substances related to maintenance of cellular metabolic homeostasis. Many

of these markers such as cytochrome oxidase (CO), carbonic anhydrase (CA),
parvalbumin (PV) and calbindin D28k (CaBP) will be discussed in detail in latter
sections of the Introduction. Other markers have also been used as indicators of
metabolic activity in DRG neurons. Succinic dehydrogenase, an oxidative enzyme in the
citric acid cycle, is responsible for the conversion of succinate to fumarate
(45,95,210,212,229,231). It is believed that the activity of this enzyme, as indicated by
the density of its histochemical reaction product, is reflective of the metabolic activity
level of the neuron as a whole. Similarly, glycogen phosphorylase, which breaks down
glycogen to glucose-1-phosphate, has also been suggested to reflect the metabolic
requirements or electrical activity of DRG neurons. In rat, peripheral electrical or

noxious (mechanical, chemical or thermal) physiological stimuli were found to increase

11



glycogen phosphorylase histochemical reaction product density in a population of small
DRG cells (245). This may indicate upregulation of some aspect of cellular metabolism
after peripheral axon or senmsory receptor stimulation. Unfortunately, glycogen
phosphorylase histochemistry is only feasible in fresh unfixed tissue and therefore the
results obtained using this technique have not been combined or compared with the
distribution or density of other cytochemical markers which are visualized after tissue

fixation.

Putative neurotransmitters and related enzymes. As mentioned eatlier, a variety of

substances including neuropeptides, biogenic amines, purines and excitatory amino acids
have been implicated as putative primary afferent neurotransmitters, but none have been
firmly established as such. Although critical analysis of the data upon which these
substances are consideted putative neurotransmitters is beyond the scope of this
discussion, a list of various compounds localized within DRG neurons demonstrates the
complexity of primary afferent neurotransmitter identification.

Most numerous in this list are the many different neuropeptides that have been
localized within DRG neurons. These include substance P (SP), somatostatin (SOM),
galanin (GAL), enkephalin, endorphin, dynorphin, bombesin (BOM), oxytocin, arginine-
vasopressin, growth hormone releasing factor (GHRF) and corticotropin releasing factor
(CRF) which are found in small type B cells
(25,70,76,87,88,106,110,125,177,218,219,225,236). Some (calcitonin  gene-related
peptide [CGRP], cholecystokinin [CCK], vasoactive intestinal polypeptide [VIP] and
histidine-isoleucine) however, are found in both small and medium/large cells
(7,107,170,230,233). The prevalence of each peptide among DRG neurons varies
substantially. CGRP, oxytocin and arginine-vasopressin are localized in almost 50% of
DRG neurons (107,110) while CRF, GHRF, GAL, BOM and VIP may be found in less
than 5% of the cells (70,106,107,218,219,233). The restricted localization and limited

12



occurrence of many of the DRG peptides, has led to considerable and ongoing analysis
and continuing quantification of their complex distributions. Functionally, it is difficult
to ascribe a single role to the peptides contained in primary afferents. At their central
termination, it is suggested that many of the neuropeptides function as neurotransmitters
or neuromodulators. As a generalization, it might be said that peptides, when applied
iontophoretically onto dorsal horn neurons, produce a slow, long depolarization and
excitation in contrast to the fast and short duration effects of, for example, excitatory
amino acids (52,68,238). In addition, many intrathecally applied neuropeptides produce
caudally directed scratching and biting, thought to be indicative of possible behavior-
related situations under which they are released endogenously (52). Neuropeptides are
also believed to have various actions in the periphery where their release from afferent
terminals may regulate arterial smooth muscle tone, plasma extravasation, immune
responses, wound healing, gastrointestinal and urogenital contractility, cardiac activity,
gastric acid secretion and autonomic neuron excitation (91,96). The central and/or
peripheral effects of the plethora of different neuropeptides have been intensely studied
and the information thus gathered, together with their distribution in distinct
subpopulations of DRG neurons, suggests that these substances do have neurotransmitter
or effector roles in particular populations of sensory neurons.

A limited number of studies have reported the localization of substances which may
be indicative of sensory neuron cholinergic or catecholaminergic transmission. Tyrosine
hydroxylase, a catecholamine synthesizing enzyme, has been found in a small number of
cells in lumbar, sacral, nodose and petrosal ganglia (111,112,188). The lack of dopamine
beta-hydroxylase in these same cells suggests that they may use dopamine as a possible
neurotransmitter. Serotonin has also been reported to be present in cells of nodose and
dorsal root ganglia but this finding remains controversial (59,74,109,137). The
localization of acetylcholinesterase in 10-15% of DRG small cells suggests that some

cells may be cholinergic, although this is not supported by other work demonstrating the

13



lack of choline acetyltransferase in these cells (13,75). The existence of purinergic DRG
neurons has been proposed based on the demonstrated effects of ATP and adenosine
agonists or antagonists following iontophoretic application onto dorsal horn cells and
intrathecal injection, respectively (55,72,186,207). Adenosine has also been shown to
elicit vasodilation in peripheral tissues, possibly mimicking the actions of endogenously
released adenosine from afferent neurons (185). It has been suggested that adenosine
deaminase and 5-nucleotidase (and possibly fluoride-resistant acid phosphatase [FRAP])
are markers of purinergic neurons although this has yet to be definitively demonstrated
(52,167,206).

In addition to the neuropeptides, the most commonly suggested primary afferent
neurotransmitter candidates are the excitatory amino acids (68). Immunohistochemical
results have shown that up to 70% of all DRG neurons display both glutamate- and
glutaminase-immunoreactivity (14,40,54). These cells are of small size, as are those
which preferentially accumulate glutamine (220). However, primary afferents fibers
originating from large type A cells may also utilize excitatory amino acids as transmitters
(146). Pharmacological and electrophysiological data support the probability of at least

some contribution of amino acids to primary afferent neurotransmission (68).

Coexistence of cytochemical markers

When the number and prevalence of individual primary sensory neuron cytochemical
markers is considered it appears likely that there may be complex coexistence
relationships between markers. Calcitonin gene-related peptide, which is present in a
large percentage of DRG cells, is found to coexist with a number of other markers
including SP, SOM, dynorphin, CCK, BOM, and GAL (38,76,107). These other
markers, however, are not necessarily colocalized with each other and therefore may
represent distinct subpopulations of the CGRP-containing neurcnal population. In other

instances, some markers are characterized by their lack of coexistence with other
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substances, as in the case of SP, SOM and FRAP which are found in three largely
separate populations (50,89,165,189). Moreover, FRAP or SOM rarely coexists with any
neuropeptides. Exceptions, however, have been described. A small degree of coexistence
has been reported between FRAP and SP or SOM (50) and an extensive coexistence was
found between SOM and adenosine deaminase (167) and between FRAP and arginine-
vasopressin (AVP) and oxytocin (110) in rat DRG. The presence of AVP in sensory
neurons, however, is in doubt as a recent in situ hybridization study failed to detect AVP
mRNA in rat DRG (23). Although many markers are colocalized in small cells,
coexisting markers in large DRG neurons are less common. Fot example, whereas CGRP
is colocalized with many different substances in small cells, this peptide in large cells
seldom coexists with common large cell markers such as GM1 ganglioside and CA
(69,201). To date, only a relatively small number of the total possible colocalization
relationships have been described using a precise, quantitative approach. Examination of
the coexistence of substances found in these cells is essential in order to develop a more
complete understanding of the distinct cytochemical identities of DRG neurons and to
eventually relate this to the modality responsiveness of those with particular
cytochemical profiles.

The coexistence relationships between markers has been the focus of attention in
sensory neurons for various reasons, although the functional relevance of this may not be
immediately evident and consequently documentation of such relationships may seem
trivial or even futile. However, if a relationship between cytochemistry and sensory
modality transmission exists, then before this can be established, quantitative
determination of cytochemical colocalization relationships is required for two reasons.
First, in the absence of bona fide markers for individual modalities or submodalities, it is
necessary to determine if currently known markers could be used to reveal such
relationships. Second, any meodality/cytochemistry relationship will most likely be

represented by combinations of neuropeptides or enzymes rather than individual markers.
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Relationships between sensory neuron classification schemes

As mentioned above, individual sensory neurons can be categorized according to
morphological, ultrastructural, cytochemical and electrophysiological criteria. However,
it is not entirely clear how neurons classified according to one scheme cortespond to
those classified according to the others. Initial studies indicated that there may be a
correlation between the ultrastructural characteristics and either modality or
cytochemistry of sensory neurons. In mouse it was demonstrated that ultrastructural
subclasses of A-beta and A-gamma DRG neurons contain CA, that subclasses B-alpha
and B-beta neurons contain FRAP and that the subclass of B-gamma neurons contains SP

(220). Similarly in rat, By, By and C-type cells (as classified ultrastructurally) were

shown to contain tachykinins, C-type cells contained somatostatin and B, C and some
large Ap-type cells contained CGRP (152). In a separate study in guinea pig, it was
shown that sensory neurons belonging to the ultrastructural subclass Bl were high
threshold mechanoreceptors or mechanical-cold nociceptors, that B2 neurons were
polymodal nociceptors and that B3 neurons were cold receptors (224). However, it must
be noted that because these studies were carried out in different species and involved
different ultrastructural categories, it may be inappropriate to combine the results of the
studies in an attempt to develop correspondences between cytochemical and sensory
modality classification schemes. In general, studies involving ultrastructural examination
of DRG neurons in combination with either immunocytochemical and histochemical
techniques or prior identification of modality responsiveness are technically difficult and
laborious and therefore have been infrequently undertaken. This is also true of direct
light microscope studies where the relationship between modality and neuropeptide
content of sensory afferents is examined by immunohistochemical analysis of
functionally identified neurons (134). The number of cells that have been examined by

this method is small and the results must be considered inconclusive.
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Development of additional strategies capable of efficiently yielding information on
large numbers of neurons are thetefore needed in order to investigate the function of
different DRG neuronal subpopulations. Histochemical or immunohistochemical markers
of activity may be utilized to indicate neurons activated by physiological stimuli and
thereby the modality responsiveness of the stimulated cells. Such relatively simple
approaches would be compatible with many other histochemical methods and may be

used in double-labelling studies.

Modality/cytochemistry correlations

It is quite plausible that putative transmitters or possibly proteins associated with
sensory transduction processes or structural features of peripheral sensory receptors may
be unique to certain DRG cells and may be correlates of or confer upon them different
modality specificities. While it is at present uncertain whether definitive markers of
modality specificity have been identified, several lines of albeit circumstantial evidence
suggest at least some degree of correlation between the cytochemistry of primary afferent
neurons and the sensory modalities they transmit. As discussed below, this evidence may
be classified under three separate topics, namely: the tissues innervated by
cytochemically-identified neurons; the correspondence between the laminar organization
of the central arborizations of afferents containing particular neuropeptides or enzymes
and modality-specific areas of the dorsal horn; and the release and electrophysiological

actions of primary afferent putative neurotransmitters in the dorsal horn.

Peripheral projections. Thete is evidence that primary afferents innervating various

tissues are responsive to only certain stimuli. For example, cutaneous tissue is innervated
by mechanoreceptive, thermoreceptive, nociceptive and chemoreceptive (130) but
obviously not spindle or Golgi tendon organ afferents; joints by mechanoreceptive and

nociceptive but not thermoreceptive or muscle spindle afferents; muscle tissue by Golgi
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tendon organ, muscle spindle or Pacinian corpuscle and nociceptive but not cutaneous
specific low-threshold mechanoreceptive or (rarely) thermoreceptive afferents; and
visceral tissue by nociceptive and some mechanoreceptive but rarely thermoreceptive
afferents (238). The stimulus modality to which the sensory receptors in various tissues
are responsive may be correlated, to a certain extent, with tissue specific innervation by
neurons containing particular substances. It has been demonstrated that FRAP-containing
neurons project largely to visceral and cutaneous tissue (149,150,160,173), although
there is one report of some projections to muscle (160). Somatostatin-containing neurons
were found to project to cutaneous tissue and muscle (160,173), but not to viscera (160).
In contrast, CGRP was found in sensory neurons innervating visceral tissues (160) as
well as in the majority of muscle and joint afferents and a large proportion of cutaneous
afferents (160,173). Substance P-containing neurons were found to project to cutaneous,
muscular, joint and visceral tissue (150,160,173). However, SP levels in muscle afferents
were reported to be appreciably lower than in neurons innervating other tissues (150). In
addition, the peripheral projections of neurons containing combinations of neuropeptides
has been investigated. It was found that: neurons containing a combination of SP, CGRP,
CCK and DYN project mainly to the skin; neurons containing a combination of SP,
CGRP and CCK project mainly to blood vessels in skeletal muscle; neurons containing a
combination of SP, CGRP and DYN project mainly to visceral tissue; and neurons
containing a combination of SP and CGRP project mainly to the heart and visceral or
systemic blood vessels (76). Thetefore, the cytochemical differences observed in neurons
projecting to different tissues may be related to the different modalities conveyed from
distinct tissues. For example, as mentioned above, certain markers may confer sensory
neuronal properties such as effector functions, firing frequency and modulatory
interactions that characterize some afferents and not others and these properties may

distinguish the response and transmission capabilities of afferents from different tissues.

18



Dorsal horn neuron responsiveness. It has been found that neurons in discrete regions of

the dorsal hotn are responsive to particular peripherally-applied physiological stimuli and
that these spinal cord regions cortespond to the distribution of at least some primary
afferent cytochemical markers. It therefore appears that there may be a correlation
between the modality-responsiveness of dorsal horn neurons, the lamina specific
terminations of functionally-identified primary afferent central arborizations, and the
laminar organization of cytochemically identified afferents. Most lamina I neurons
respond to noxious or thermal input, lamina II outer (Ilo) neurons are excited by both
nociceptive and non-nociceptive input, while many lamina II inner (1) neurons along
with some lamina IIT cells may contribute to the processing of innocuous, low-threshold
mechanoreception (16,139,187,196,247).

With respect to the central terminations of cytochemically homogeneous
subpopulations of sensory neurons, afferents containing CGRP are distributed in lamina
I, II and III, substance P-containing afferents innervate lamina Ilo, SOM-containing
afferents terminate in lamina ITi and FRAP-containing afferents are localized along the
middle third of lamina IT (165,168,197,214). This lamina specific distribution may be
related to at least two other aspects of sensory neuron organization. First, coexistence of
markets in DRG may be reflected by an ovetlap in their distribution in the dorsal horn.
For example, SP and SOM in DRG are colocalized with CGRP (107). In the spinal cord
dorsal horn this relationship is reflected by CGRP staining which encompasses that of SP
and SOM. Second, the central terminations of cytochemically-identified afferents appear
lamina-specific similar to the organization of the central terminations of certain
functionally-identified afferents. This may suggest that cytochemically-identified
afferents have a laminar specific dorsal horn distribution determined by the modality they
transmit. An example of this possibility involves FRAP or SOM containing primaty
afferent terminals which are localized to similar dorsal horn regions as the central

termination of functionally-identified unmyelinated low-threshold mechanoreceptors
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(223). However, for other primary afferent peptides that have more widespread
terminations in both lamina I and IT as well as deeper layers, it is difficult, or at least not

yet possible, to correlate their distribution with any particular modality.

Release and action of putative neurotransmitters. Evidence that peptides and amino acids

contained within sensory neurons may function as neurotransmitters or neuromodulators
includes functional and behavioral studies which have detailed the release of these
putative primary afferent neurotransmitters (PAT) in the dorsal horn, the post-synaptic
effects of iontophoretic or bath application of these substances, the blockage or
potentiation of PAT effects by antagonists or agonists, respectively, and the ability of
intrathecal application of PAT to elicit stereotypical behaviors. The release of
neuropeptides in the dorsal horn of the spinal cord following peripheral nerve or
modality-specific stimulation has been studied with antibody microprobe, push-pull
cannula, spinal superfusion and microdialysis techniques (17,29,65,78,126,161-163).
While each method detects an accumulation of substances in the extracellular space
following afferent excitation, the common disadvantage of these techniques is that the
source of the released PAT cannot be determined with certainty. Most neuropeptides
present in afferent terminals are also present in descending pathways and intrinsic dorsal
horn neurons which may contribute to the pool of detected substances
(50,94,105,159,178,227,228). Thus, caution is required in the interpretation of such
release studies. Nevertheless, this approach has generated some evidence to support the
notion that patticular modalities are transmitted by primary afferents containing
particular neuropeptides. In brief, studies have shown that SOM release is increased
following thermonociceptive stimulation (126,161,162), neurokinin A release is
increased after both thermonociceptive and mechanonociceptive stimuli (65) and SP
release is increased following electrical stimulation of unmyelinated fibers, capsaicin

administration or thermonociceptive and mechanonociceptive stimuli (17,29,66,73,78).
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One study reported an increase in extracellular CGRP levels following noxious thermal
and noxious mechanical cutaneous stimuli (163). As primary sensory neurons are the
only source of CGRP in the spinal cord dorsal horn (47; see however 49,153), a
contribution from other sources with respect to this peptide, is unlikely.

The results from iontophoresis ot bath application experiments have demonstrated
that at least some neuropeptides, amino acids or purines can excite dorsal horn neurons,
and that this excitation can be altered by pharmacological intervention. For example, it
has been shown that: 1. jontophoretically or bath applied SP can prolong the excitation
of, or depolarize, either physiologically-unidentified or nociceptive dotrsal horn neurons
(83,157,164,191) and these effects can be antagonized by SP antibodies or analogues
(192,193); 2. jontophoretic or bath application of CGRP mediates a slow depolarization
in some dorsal horn neurons (204,205) and excites low-threshold mechanoreceptive and
wide dynamic range but not nociceptive-specific dorsal horn neurons (158) 3.
iontophoretically applied vasoactive intestinal polypeptide excites nociceptive and non-
nociceptive neurons (102,206); 4. glutamate and aspartate depolarize some dorsal horn
neurons and importantly not others (209,254) and 5. iontophoretic application of ATP
excites non-nociceptive and some wide dynamic range but not nociceptive-specific dorsal
horn neurons (72,207). These results cannot be strictly taken to indicate that the actions
of the individual putative neurotransmitters tested correspond to those produced by
activation of sensory neurons in which the transmitters may be contained, or indeed that
these substances are even released from primary afferent neurons. Nevertheless, some of
the above studies do suggest a certain degree of signalling specificity of particular
neuropeptides, amino acids and purines. Due to the large number of coexisting
substances in DRG, it is likely that actual sensory signals are mediated by a chemical
mosaic released from afferent central terminals. Therefore, it might be worthwhile to
take into consideration coexistence relationships in sensory neurons and to formulate on

this basis neurotransmitter “cocktails” consisting of combinations of putative
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neurotransmitters which may then be tested for physiological effects on dorsal horn
neurons.

All of the above information, taken in foto does suggest that there is a relationship
between the cytochemistry of certain subpopulations of primary afferent neurons and
their modality responsiveness. In this thesis, the distribution and coexistence
relationships of CO, CA, PV, CaBP, CGRP, FRAP and AB893-IR (AB893-IR refers to
structures that are immunoreactive [-IR] with an antibody designated #893 which was
generated against rat liver gap junctions) were examined in rat DRG and, where
appropriate, functional (ie. possible relationships to modality) relevance is discussed.
Specific details concerning the cytochemical markers utilized or subjects investigated are

provided below.

Parvalbumin/ Calbindin D28k

The high affinity calcium binding proteins PV and CaBP are widely distributed
throughout the central and peripheral nervous systems (43). In the CNS, PV and CaBP
have a mostly complementary distribution, although they do coexist in Purkinje cells of
the cerebellum, in the basolateral nucleus of the amygdala, in the olfactory tubercles and
in neurons of the medial trapezoid nucleus (43). In general, CaBP is widely distributed
within the limbic system and the hypothalamus. It is also found in thalamic projection
neurons, striato-nigral cells, neurons of the nucleus basalis of Meynert and in retinal,
cochlear and vestibular ganglion cells (43). Conversely, PV is localized within many
interneurons in the cerebral cortex, hippocampus, cerebellum and spinal cord. It is also
found in projection neurons of the thalamic reticular nucleus, globus pallidus, substantia
nigra pars reticulata and in retinal, cochlear and vestibular ganglion cells (43). Early
indications suggested that throughout the CNS PV was colocalized with GABA in
neurons characterized by high electrical activity (41,42,44). This now appeats to have

been an inappropriate generalization, although some PV-containing cells in the cerebral
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cortex do contain GABA and these and other PV-IR cells may have high activity levels
(43,113). In any case, the role of these calcium binding proteins in neurons has not been
firmly established. It has been suggested that PV and CaBP may act as intracellular
calcium transporters or buffers to restrict, reestablish or partition calcium concentrations
in either fast-firing neurons or neurons that produce calcium spikes (9,43,82). The strong
correlation between the localization of PV and high levels of both CO and 2-
deoxyglucose in the zebra finch suggests that PV may be present in neuronal systems that
can reach high levels of metabolic and electrical activity (26,27).

Several reports have described the distribution of PV and CaBP in DRG neurons
(6,81,183). These neurons have been suggested to be muscle afferents on the basis of
their size, response to specific trophic factors in culture and peripheral projections
(11,12,24,43,182,184). Parvalbumin-IR axons have been localized around intrafusal
muscle fibers and may be seen to contact muscle spindles (43). In extensor digitorum
longus, axons innervating bag fibers were found to be PV-IR while sensory afferents to
both bag and chain fibers were CaBP-IR (43). Neither PV or CaBP staining is found in
ventral roots. Although the function of these calcium binding proteins in the PNS is
unknown, their distribution may be related to other inherent properties of DRG neurons.
In rat DRG, most or all cells with unmyelinated axons and some A-beta neurons are
reported to have a substantial slow inward calcium cutrent characterized by an inflexion
on the repolarization phase of the action potential (79). As both PV and CaBP are
localized in large cells, it is possible that these proteins are present in the subpopulation
of A-beta neurons with the inward calcium current. This would be consistent with reports
describing the development of substantial calcium dependent spikes in muscle afferents
and myenteric neurons (86,99), both of which have been suggested to contain PV or
CaBP (36,43,182). If correct, the above suggests that in DRG these calcium binding
proteins may function to buffer greater loads of intracellular calcium (19). Recently it

was reported that intracellular injection of PV into cultured DRG neurons at
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concentrations found in neurons in vivo can elevate the intracellular calcium buffering
capacity of the injected cells (46), suggesting that PV can contribute significantly to
intracellular calcium buffering in DRG neurons in vivo. A reduction in available calcium
may result in a decrease in the calcium dependent outflow of potassium which would
result in attenuated afterhyperpolarization and accommodation. This, in turn, may allow
increased firing rates in these neurons. A similar shortened refractory period is seen when
the calcium chelator EGTA (which has a calcium binding affinity comparable to PV and
CaBP) is injected into neurons (43,122,151). In Parts I, ITf and V of this thesis results are
presented on the distribution of PV and CaBP in rat DRG, the CO density levels in PV-
and CaBP-containing cells and the CA and CGRP content of PV or CaBP-containing

cells,

Cytochrome oxidase

Cytochrome oxidase is the terminal enzyme in the electron transport chain and
therefore its activity is believed to be directly related to the oxygen consumption of cells.
The maintenance of jon balance is thought to constitute the bulk of energy expenditure in
neurons with protein synthesis and neurotransmitter metabolism requiring relatively
small amounts of energy from the oxidative pathway (241). Histochemistry for CO has
been used extensively as a marker of neuronal activity in the CNS (241). Its utility as an
indicator of activity is supported by numerous studies showing a correlation between
histochemically determined CO levels and neuronal activity (108,147,241-244).

In normal tissue, nuclei that have a high basal electrical or synaptic activity such as
ocular dominance columns, whisker barrel fields, auditory relay nuclei, the CA3 region
of the hippocampus, basal ganglia, certain thalamic or brainstem nuclei and Clarke’s or
intermediolateral nuclei in the spinal cord are characterized by dense CO staining (241).
At the cellular level, it has been demonstrated that neither the size nor type of neuron

governs CO activity as both small or large neurons may be CO light or dense as may
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individual similar sized cells in, for example, a motor neuron pool (241,244). Similarly,
basal CO levels are not thought to be associated with, or related to, the type of putative
neurotransmitter utilized by a cell (241). With respect to other morphological markers,
high levels of CO activity are thought to correspond best with the distribution of either
succinic dehydrogenase, Na*/ K*-ATPase or parvalbumin (26,27,241).

Additional evidence supporting a relationship between CO levels and neuronal
electrical activity has been gathered from work demonstrating CO activity changes in
response to an alteration in the functional activity of a tissue or individual neuron. A
reduction in activity in auditory, visual, somatosensory or olfactory afferents have all
resulted in a decrease in CO levels in nuclei associated with these systems (241). It has
also been demonstrated that CO levels may be increased in certain neurons following
either electrical or pharmacological stimulation (147,232,242) or after the development
of synaptic transmission (148). Although CO is often employed as a marker of electrical
activity in nervous tissue, these studies usually describe CO staining levels in specific
areas or nuclei rather than reaction product densities in individual neurons. This is
because in the CNS CO is visualized largely in neuropil, therefore making it very
difficult to determine neuronal perikaryal CO densities as distinct from surrounding
tissue. In DRG sections however, the lack of neuropil allows an unobstructed view of
most neuronal cell bodies. As such, CO staining densities are easily quantified in these
cells. Incidentally, our development of specific CO immunohistochemical techniques has
allowed visualization of CO levels in neuronal cell bodies of the CNS without
concomitant labelling of neuropil. This technique, therefore, may be used to examine the
relative levels of CO enzyme in individual neurons of the brain and spinal cord.

In monkey DRG, CO was shown to have a heterogeneous distribution among neurons
with no apparent correlation between somal size and the density of CO reaction product
(244). In patts II, IIT and V qualitative and quantitative results are presented on: 1) the

level of both histochemical and immunohistochemical CO staining in rat primary sensory
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neurons; and 2) the level of CO reaction product in CA-, PV- and CaBP-containing

primary afferent neurons.

Carbonic anhydrase

Carbonic anhydrase, or more specifically the CAII isozyme, is another histochemical
marker that is presumed to reflect the activity of DRG neurons. In the CNS this enzyme
has been found only in glia cells (39) but its presence in brain synaptosomes (252) and
possibly in the mesencephalic nucleus of the trigeminal nerve (1; see however, 240)
suggests that it is likely present in neurons as well. In sensory ganglia it is localized in a
population of medium and large size neurons as well as in satellite cells
(180,181,220,239,240). Carbonic anhydrase is thought to be a marker of tonic activity
based on its role in the regulation of intraneuronal carbon dioxide levels through catalysis
of COy hydration and the facilitation of CO5 diffusion (56,180,181,199). In addition, it
may also be involved in the maintenance of cellular pH and certain ion concentrations
(208) through bicarbonate-chloride or sodium-hydrogen ion exchange mechanisms. As a
cell becomes more active carbon dioxide is quickly removed from the cellular milieu to
prevent suppression of oxidative metabolism. This is accomplished by CA which
promotes the hydrolysis of COy to HCO3~ and H*. These ions ate then removed in
exchange for CI- and Na* which serves to maintain pH and ionic balance (208). In most
neurons, intracellular chloride concentrations are maintained at levels far below that of
the extracellular milieu. In some sensory neurons however, it has been demonstrated that
intracellular chloride may be elevated above extracellular levels (3,172). Chloride would
thus tend to flow outward if the appropriate channels were opened during transmitter
action, This chloride efflux would result in significant depolarization in sensory neuron
central terminals as may occur during primary afferent depolarization (PAD) (53).
Although higher intracellular than extracellular chloride levels have not been

demonstrated in rat primary sensory neurons, we suggest that one of the functions of CA
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may be to maintain elevated cytoplasmic chloride levels in neurons that have the
capability of PAD.

In spite of the fact that the peripheral projection sites of CA-containing afferents have
not been studied in detail, they do appear to exhibit some degree of tissue specific
innervation. On the basis of retrograde tracing studies and observations of CA reaction
product in annulospiral afferent nerve terminals around intrafusal muscle, it was
proposed that a large portion of CA-containing neutrons innervate muscle with only a
minor contribution (4-6%) to cutaneous tissue (179-18 1,198-200,222,240). It has been
further suggested that, although all primary afferents may contain some level of CA,
particularly large amounts of CA are localized in tonically active (therefore generating
relatively large amounts of carbon dioxide) muscle afferents mediating the monosynaptic
stretch reflex (180,181,240). This notion is based on the previous demonstrations of the
extreme sensitivity of the excitability of monosynaptic reflexes to carbon dioxide levels
(114) and the depression of monosynaptic responses by increased systemic carbon
dioxide or acetazolamide (a potent CA inhibitor) application (67). Studies examining the
relationship between CA content and either CO staining densities, PV-IR or CaBP-IR in

rat primary sensory neurons are presented in Parts II and II.

Fluoride-resistant acid phosphatase

A variety of different acid phosphatases have been localized in DRG neurons. Most
however, do not label a specific subpopulation of cells (238). In the late 1960's and early
70's it was found that a certain non-lysosomal fluoride resistant enzyme labelled a
subpopulation of small type B sensory neurons in DRG and a sublayer of the substantia
gelatinosa in the spinal cord of rats (116,117). This enzyme, named fluoride-resistant
acid phosphatase (FRAP), is found in approximately 50-60% of all DRG neurons and in
the middle third of lamina II in the spinal cord dorsal horn (60,62,1 19,165,197). Dorsal

root ganglia neurons containing FRAP have rarely been found to contain other enzyme ot
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peptide markers (51,110). In addition to its demonstration in DRG neurons and central
. axons this enzyme is also found in peripheral axons following obstruction of axoplasmic
flow (116,149,150). Ligation of either peripheral or central axons results in the
accumulation of FRAP on the ganglia side of the ligature suggesting that this enzyme is
transported out from the cell body (116). Similarly, dorsal rhizotomy or root ligation
ablates labelling in that area of the dorsal horn innervated by the manipulated root
(48,116,118). Centrally, FRAP is localized in terminals and preterminal axons and can
occasionally be observed in dorsal roots. At the ultrastructural level, FRAP is localized in
unmyelinated axons at small dark sinuous primary afferent Cy terminals of type 1-
synaptic glomeruli (48,116,117,197). Within the terminals the enzymatic reaction
product is often localized on or between synaptic vesicles or at the axon surface
membrane of the terminal.

The function of FRAP in primary afferent neurons remains obscure. It has been
suggested that this enzyme may play a role in central synaptic or secretory function based
on its distribution in a restricted population of DRG cells, its precise localization in
substantia gelatinosa, its central disappearance following dorsal root or petipheral nerve
cut or crush and its concentration in axon terminals. A similar enzyme has been localized
in prostate, adrenal medulla and various endocrine tissues (8,60,62,234). In these tissues
its intimate association with secretory granules (60,62,234) suggests it may play a role in
secretory processes. To postulate a function for FRAP in sensory neurons at this juncture
would be highly speculative. FRAP histochemistry (and the very similar thiamine
monophosphatase histochemistry) is most often used as a pure morphological marker
without implication of a specific function associated with the labelling unlike labelling
for neuropeptides and other putative neurotransmitters. Interestingly however, it appears
that FRAP-containing neurons do have a specific peripheral projection. It has been
demonstrated in a number of studies that there are less FRAP afferents in muscle as

compared to skin or visceral nerves (149,150,160). In Part IV of this thesis results from
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our investigation of the peptidergic content of FRAP-containing primary afferent neurons
will be presented. It was previously proposed by Hunt and Rossi (93) that “peptide and
nonpeptide-containing afferents represent two distinct C-fiber pathways innervating
similar petipheral structures and conveying similar information, but to different areas
within the dorsal horn”. This hypothesis, to our knowledge, has not been directly tested
and therefore we examined this issue using FRAP (a nonpeptide) and CGRP (a peptide)

as morphological markers.

Calcitonin gene-related peptide

Calcitonin gene-related peptide is a 37 amino acid neuroactive peptide derived from
the alternate processing of RNA from the calcitonin gene (4,203). High levels of CGRP
have been found in both trigeminal and spinal ganglia and dense immunoreactive fiber
plexi are observed in the dorsal horn of the spinal cord (77,129,237). CGRP is found in
approximately 50% of all spinal sensory neurons of small, medium and large sizes
making it one of the most widely distributed peptides in DRG (98,107,123,171). Due to
its extensive distribution in DRG, CGRP has been found to coexist with many different
peptides including SP, SOM, CCK, VIP, GAL, BOM, dynorphin and enkephalin
(38,76,107,153). In some instances CGRP may coexist with more than one peptide.
Peripherally CGRP-IR axons innervate viscera, special sense organs, skin, deep tissues,
bone and blood vessels (96). Within skin, CGRP-IR nerve fibers innervate blood vessels,
sweat glands, hair follicles and terminate near, but do not innervate, Meissner corpuscles
and Merkel's discs (97,124). It appears that most peripheral CGRP-IR fibers ate
unmyelinated and many end in what resemble free-nerve endings (97,124). It has been
postulated that in the periphery CGRP is released non-synaptically from terminals to
diffuse and have a paracrine-like influence on an immediate area (97). In this manner,
CGRP may function as a potent vasodilator to control cutaneous blood flow or act to

regulate smooth muscle tone, secretion of gastric juices or insulin, constriction of airways
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or wound healing (96). In the dorsal horn of the rat spinal cord, it has been suggested that
primaty sensory neurons are the only source of CGRP (47; see however 49). In horse
however, CGRP-IR dorsal horn neurons have been observed (153). Centrally, CGRP
may have a role in the transmission or modification of nociceptive input. CGRP has been
shown to: 1) produce slow and prolonged excitation of dorsal horn neurons
(158,204,205); 2) potentiate substance P release in the dorsal horn (175); 3) produce
prolonged caudally directed biting, licking and scratching when applied intrathecally in
conjunction with substance P (237); 4) be released in the dorsal horn following
peripheral noxious stimuli (163); 5) increase in DRG in response to development of
peripheral arthritis (128); and 6) inhibit substance P endopeptidase (135). In addition,
intrathecal application of antibodies to CGRP was shown to produce an analgesic effect
(127). This evidence therefore suggests that CGRP may be involved in at least some
peripheral or central aspect of primary afferent function. Studies examining the
coexistence relationship of CGRP with PV, CaBP and FRAP and the contribution of
unmyelinated afferent fibers to the CGRP-IR obsetved in the dorsal horn of the rat spinal

cord are presented in Part I and IV.

Electrical coupling of primary afferent neurons

In addition to work on the distribution of various morphological markets in DRG we
also investigated other aspects of sensory neuron physiology. Part VI of this thesis
describes our attempt to determine immunohistochemically whether the gap junction
protein connexin32 is expressed in afferent neurons. The antibody employed in this study
(antibody #893, hereafter referred to as AB893) was generated against rat liver gap
Junctions and was previously found to recognize both neuronal and glial gap junctions in
rat and fish CNS (166,215,250,251). The expected presence of connexin32 (which at the
time of this study was the only known gap junction protein) in DRG neurons was based

on the many indications of electrical interactions andfor possible gap junction coupling
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involving primary sensory neurons. It has been suggested that electrical coupling
between peripheral axons may contribute to cutaneous axon reflex mechanisms
(130,226). In addition, in normal tissue morphological or electrophysiological correlates
of coupling have been described between DRG cell bodies during development (176),
between primary afferent fiber terminals and Deiters cells in the lateral vestibular nucleus
(121,221,249), between primary afferent cell bodies in the trigeminal nerve
mesencephalic nucleus (10,84,85,90) and between primary afferent axons in dental pulp
and in peripheral nerve or skin (28,142,144,145,154-156). There has also been much
speculation about the possible occurrence of electrical communication between damaged
primary afferent neurons (28,20-22,57,92,141,142,156,194,195,213). Tt has been
suggested that injury to peripheral nerves may result in ephaptic or other forms of
electrical coupling between neurons. Indeed, ultrastructural examination of abnormal
nerves containing electrically coupled fibers has revealed close appositions between
adjacent axonal membranes (18,21,57,58,100,101,174,194,195) although whether this is
the anatomical basis for post-traumatic neuronal electrical communication remains
uncertain. Therefore, it appears that the definitive morphological correlates of electrical
interactions have not been found. This may prove difficult however, as the localization of
gap junctions using conventional EM techniques is a formidable task even in areas whete
they are known to be present.

In an attempt to examine whether connexin32 is present in normal primary sensory
neurons, an immunohistochemical study using AB893 was undertaken in rat trigeminal,
cervical, thoracic, lumbar and sacral ganglia, dorsal spinal cord and spinal trigeminal
nuclei (Part VI). Although the antibody #893 was generated against liver gap junctions,
we are uncertain whether it recognizes a gap junction protein (connexin32) in DRG.
However, it does label a unique and possibly anatomically important subpopulation of
primary sensory neurons in sensory ganglia and their fibers in the spinal cord. In light of

these results we make no claim that AB893 recognizes connexin32 in this tissue. Rather
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it is utilized to study the distribution, coexistence relationships and central afferent fiber

organization of a subpopulation of primary afferent neurons.
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Parvalbumin is highly colocalized with calbindin D28k and rarely with calcitonin gene-

related peptide in dorsal root ganglia neurons of rat

P.A. Carr, T. Yamamoto, G. Karmy, K.G. Baimbridge and J.I. Nagy
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Abstract--Sections of lumbar dorsal root ganglia from rat were analyzed by
immunohistochemical techniques to determine the size distribution and numbers of cells
containing parvalbumin and calbindin D28k and to establish their coexistence
relationships with each other and with cells containing calcitonin gene-related peptide
(CGRP). The proportion of ganglia cells containing parvalbumin and calbindin D28k
was 14% and 22%, respectively. The majority of cells immunoreactive for these proteins
were of the large A type. Parvalbumin was colocalized almost completely (> 99%) with
calbindin D28k and minimally (< 1%) with CGRP. Only 9% of the calbindin D28k-

positive cells were immunoreactive for CGRP.,
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Parvalbumin (PV) and calbindin D28k (CaBP) are calcium binding proteins whose
distribution in the central nervous system and peripheral tissues has been extensively
documented in various species at both the cellular and ultrastructural levels
(1,10,11,12,22).  In  peripheral tissues CaBP has been demonstrated
immunohistochemically in enteric neurons of rat (5) and dorsal root ganglia (DRG) of
chick (17,18). Parvalbumin has been found in rat spinal ganglia and peripheral nerves
(8). Within DRG these proteins have been reported to occur in distinct subpopulations of
cells. Ganglion neurons containing PV in the rat were seen to be of large size, while
those containing CaBP in chick were both large and small size. This restricted
distribution of CaBP and PV within the DRG suggests that they may contribute to the
disposition of calcium within certain subclasses of sensory neurons. Although the
function(s) of PV and CaBP is(are) not known, roles in calcium buffering (1,14),
modification of neuronal excitability to synaptic input (2) or mediation of calcium
dependent events (3,20) has been postulated. The objective of our present study was to
provide a quantitative analysis of CaBP and PV in DRG of rat, to establish whether they
exhibit coexistence relationships with each other and to examine possible colocalization
with calcitonin gene-related peptide (CGRP) which has been well characterized
according to its distribution in an abundance of both large and small cells (13).

METHODS

Adult, male Sprague Dawley rats weighing 250-350 g were anesthetized with chloral
hydrate and perfused transcardially with cold (4°C) saline solution followed by a 4%
paraformaldehyde and 0.16% picric acid fixative as described elsewhere (6). The fourth
lumbar dorsal root ganglia (DRG) were then immetsed in cold fixative for 2 hr and
stored for at least 2 days in 15% sucrose containing 0.001% sodium azide and 0.1 M
sodium phosphate buffer (pH 7.4). Cryostat sections of DRG were cut at a thickness of 8
to 15 pm, collected on gelatin coated slides and processed for PV, CaBP or CGRP

immunohistochemistry by peroxidase-antiperoxidase or immunofluorescence methods.
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Antibodies against PV, CaBP and CGRP were used at dilutions of 1:400 to 1:2000 in
PBS containing 0.3% Triton X-100 (PBS-T). Sections were incubated with primary
antisera for 40-68 hr at 4°C followed by a 40 min wash with two changes of PBS-T at
room temperature. Tissue processed by the PAP method was incubated for two hours in
secondary media consisting of goat anti-rabbit IgG (Sternberger-Meyer) diluted 1:20 in
PBS-T and 1% bovine serum albumin (BSA). They were then washed for 40 min in two
changes of PBS-T, incubated for two hours at room temperature in rabbit PAP (1:100;
Sternberger-Meyer) diluted in PBS-T and 1% BSA and again washed for 40 min.
Peroxidase activity was then visualized by reacting the sections in 50mM Tris-HCI buffer
containing 0.005% hydrogen peroxide and 0.02% diaminobenzidine for 5-10 min. The
sections were then dried, dehydrated and coverslipped with Permount. For
immunofluorescence, sections incubated with primary antibody were washed and then
incubated for 40 min to one hour with fluorescein isothiocyanate-conjugated donkey
anti-rabbit IgG (Amersham) at a dilution of 1:20 in PBS with 1% BSA. Sections were
then washed for 30 min in PBS and coverslipped with anti-fade medium. All primary
antibodies used were generated in rabbit and have been characterized as previously
described (5,16) (CGRP, Peninsula). The recognition of PV or CaBP epitopes by these
antibodies appears not to be dependent on the presence of calcium which was therefore
not included at any stage of tissue processing. It should also be noted that although other
antibodies against CaBP recognize CaBP-related proteins in rat brain (19) the present
CaBP antiserum reacts only with a single protein corresponding to Calbindin D28k (16).
Comparisons of cellular localization of PV and CaBP were undertaken using adjacent
cryostat sections collected onto separate slides. Analysis of the colocalization of the two
calcium binding proteins with CGRP was conducted using either adjacent or sequentially
processed sections. Sections processed sequentially were reacted for CGRP by the
immunoperoxidase method and then processed for PV or CaBP by immunofluorescence.

Photomicrographs of peroxidase reaction product or immunofluorescence in
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corresponding areas of adjacent or sequentially processed sections were examined for
determinations of coexistence. Microscope counts of PV- and CaBP-immunopositive
cells were undertaken on immunofluorescent sections counterstained with ethidium
bromide to allow counts of cells displaying nucleoli. Quantification of cell sizes was
undertaken using an image analysis system (Amersham RAS-1000) on
immunoperoxidase reacted sections counterstained with toluidine blue to allow
visualization of the nucleoli (7). Following cell size analysis, the data was categorized
into small (<1000 um2), intermediate (>1000 ym?2 and <1800 pm2) or large (>1800
um?2) cell size classes according to Carr et al. (7).
RESULTS

Dorsal root ganglion cells displaying CaBP-immunofluorescence are shown in Figure
1 (A,C) with corresponding adjacent sections stained for PV by either immunoperoxidase
(B) or by immunofluorescence (D) methods. Both CaBP- and PV-positive cells of
various sizes exhibited nuclear and diffuse, cytoplasmic staining with varying degrees of
intensity and could easily be distinguished from non-immunoreactive cells. Very light
CaBP immunoreactivity associated with what appeared to be the Golgi apparatus was
seen in a small number of cells which were not included in the analysis due to the
variability and consistently low intensity of this type of staining. No reaction product was
seen in satellite cells or blood vessels although some axons appeared immunoreactive.
From counts of 680 cells, 22% were positive for CaBP and from counts of 768 cells,

13.9% were positive for PV.

PV-positive cells ranged in size from 558 um?2 to 3489 pm?2 and accounted for 12.5%
of all intermediate and large size cells (Figute 2). CaBP-immunoreactive (IR) cells
ranged in size from 251 um? to 3091 um? and accounted for 16% of all intermediate and
large cells. In cells of very large size, with areas greater than 2500 umZ2, the two calcium

binding proteins are expressed in almost equivalent proportions of cells (CaBP, 4.2%:;
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PV, 4.6%). In smaller cells (less than 1000 pm2), the percentage of CaBP-positive
neurons (6%) was greater than PV-positive cells (1.3%). In fact, no PV-positive cells
with areas less than 500 um?2 were observed. Viewed as a whole, the population of
CaBP-IR cells comprised a higher proportion of DRG neurons and were distributed in a
slightly larger size range than cells containing PV. Within the PV- and CaBP-positive
populations (Table 1), it was found that greater than 90% of cells containing PV are of
intermediate to large size (greater than 1000 prnz) while cells containing CaBP were
distributed among all the size categories with about 75% of CaBP-positive cells

belonging to the intermediate and large size category.

The relationship between PV- and CaBP-containing cells is demonstrated in Figure 1.
From 346 PV-IR cells examined, greater than 99% were found to be positive for CaBP.
A slightly lower percentage (97%) of 353 CaBP-positive cells examined were also
positive for PV. These percentages apply to a population consisting of mostly large and
intermediate cells and perhaps some small cells. Technical limitations inherent in the
analysis of adjacent sections of the thicknesses employed here preclude an accurate
analysis of small cells some of which may not appear in both of a pair of adjacent

sections.

Examples of comparisons between CGRP-immunopositive neurons and CaBP- and
PV-positive cell populations are shown in Figure 3 and Figure 4. The different cellular
localizations of CGRP and the calcium binding proteins allowed sequential processing of
sections using two primary antibodies from the same species, as previously described
(21). Punctate CGRP-immunoreactivity associated with the Golgi apparatus was
visualized first by immunoperoxidase followed by immunofluorescence visualization of
diffuse, cytoplasmic PV and CaBP immunostaining (Fig. 3c,d; Fig. 4c,d). As
confirmation of this procedure, additional PV-CGRP and CaBP-CGRP studies were
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conducted using adjacent sections (Fig. 3a,b; Fig. 4a,b). Results with either adjacent and
sequentially processed tissue were similar and indicated that colocalization of both
calcium binding proteins with CGRP was minimal. From 906 CaBP-positive cells
examined 9% also exhibited CGRP-immunoreactivity and from 286 PV-positive cells
examined less than 1% were stained for CGRP.
DISCUSSION

It was previously reported that the PV-positive subpopulation of rat DRG consists
entirely of what was classified as large cells (8). The CaBP-positive subpopulation of
chick DRG was reported to comprise 20% of the total cell population and by
ultrastructural categorization this population was shown to consist of 30% large cells and
70% small cells (18). These results differ somewhat from our findings, which may be
due to the different cell measuring techniques, fixations, tissue processing procedures or

species employed.

Our demonstration of the almost complete colocalization of PV with CaBP in DRG is
remarkable insofar as such coexistence has not been widely described in the mature
central nervous system where the distribution of PV is, for the most patt, distinctly
different from that of CaBP (10,11,12). It should be noted, however, that the amount of
coexistence of PV with CaBP in small cells could not be determined accurately, but due
to the greater number of CaBP-IR than PV-IR small cells, and the fact that almost all
PV-IR cells are also CaBP-IR, it would appear that the small CaBP-positive cells do not
contain PV. This would suggest that at least two subpopulations of CaBP-positive DRG
neurons exist; those containing and those lacking PV. On the basis of their differential
distribution in brain, their colocalization within certain populations of DRG neurons, and
the absence of PV in some CaBP-containing DRG neurons, it might be speculated that
PV and CaBP have somewhat different functions and that some ganglia cells have a

functional requirement for both proteins.
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In both the central nervous system (4) and DRG (6), PV has been colocalized in
neurons displaying dense cytochrome oxidase reaction product, which implies that PV is
expressed by cells which have a high level of activity. In numerous brain areas PV has
also been demonstrated in rapidly firing cells containing gamma-aminobutyric acid
(GABA) (9,14). However, neither GABA nor its synthetic enzyme marker, glutamic acid
decarboxylase, have been demonstrated in DRG. Thus, primary sensory neurons
represent a clear dissociation of the relationship between GABAergic transmission and
the presence of PV in what may be considered highly active cells based on their

cytochrome oxidase content.

CGRP-immunoreactivity has been demonstrated in a high proportion of small,
intermediate and large size classes of DRG neurons (13,15). We have demonstrated that
CGRP-positive cells rarely contain PV and only a small percentage contain CaBP in the
rat lumbar DRG. Since it has been reported that 50% of DRG cells contain CGRP (13)
together with our observation that 22% contain CaBP, it appears that approximately 70%
of all DRG neurons can be accounted for as containing either CGRP or CaBP.
Consideration of the functional implications of the minimal coexistence of PV and CaBP
with CGRP must await detailed information regarding the peripheral tissue innervated by
sensory afferents containing these markers. However, this minimal colocalization may be
considered in light of other findings from peripheral nervous tissue. It has been reported
that most galanin-, somatostatin-, and substance P-IR cells in rat lumbar DRG also
contain CGRP (13) and that CaBP-IR enteric neurons in rat lack galanin, somatostatin or
substance P (5). If substance P, somatostatin and galanin in the enteric nervous system
have the same relationship to CGRP as they do in DRG, then on the basis of minimal
CaBP colocalization with CGRP in ganglia, we would predict that these three peptides
are rarely expressed by CaBP-IR DRG neurons.
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FIGURE LEGENDS

Fig. 1. Photomicrographs of sections showing CaBP and PV in neurons of lumbar DRG.
(A,B) Photomontage of adjacent sections stained for CaBP by immunofluorescence (A)
and for PV by immunoperoxidase (B). (C,D) Adjacent sections in which CaBP (C) and
PV (D) ate demonstrated by immunofluorescence. Arrows indicate corresponding cells
in each pair of micrographs. Note that large (L) and small (S) cells are both PV- and
CaBP-IR. Very light immunofluorescence for CaBP associated with what appears to be

Golgi apparatus is seen in a small proportion of cells (arrowheads). Bars = 100 pm.

Fig. 2. A bar graph showing the percent of all DRG neurons of various size categories
displaying PV- or CaBP-immunoreactivity. The dotted line indicates the size frequency
distribution of all DRG neurons with regard to the area categories (7), but is not to scale

for the y-axis.

Fig. 3. Photomicrographs of sections of lumbar DRG showing CaBP- and CGRP-IR
neurons. (A,B) Montage of serial sections stained for CaBP by immunofluorescence (A)
and CGRP by immunoperoxidase (B). (C,D) The same section stained first for CGRP by
immunoperoxidase (D) and then for CaBP by immunofluorescence (C). Arrowheads
indicate examples of corresponding cells containing either CGRP or CaBP but not both.

Arrows indicate cells containing both CaBP and CGRP. Bars = 100 um.

Fig. 4. Photomicrographs of DRG sections showing PV- and CGRP-IR neurons. (A,B)
Photomontage of adjacent sections showing PV-IR (A) and CGRP-IR cells (B) by
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immunoperoxidase. (C,D) The same section stained first for CGRP by
immunoperoxidase (D) and then for PV by immunofluorescence (C). Corresponding
cells in paits of photomicrographs are indicated by arrows. Neurons containing PV lack

CGRP. Bars = 50 um (A,B), 100 um (C,D).
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Table 1. Percentages of PV-IR and CaBP-IR DRG neurons within particular size
categories. The distribution of all DRG neurons according to percentages within the size
categories is also indicated.

Cross Sectional Area (um?2)

Small* Intermediate Large
Neuronal Population <500 >500 to <1000 >1000 to <1800 >1800
All DRG neurons 13.7 37.6 20.9 27.9
CaBP-IR neurons 9.0 18.0 41.0 32.0
PV-IR neurons 0 9.3 46.8 43.9

*Small cells are subdivided into two size categories.

Values for CaBP- and PV-positive DRG neurons indicate the percentage of positive cells
in each size category of all CaBP-IR and PV-IR DRG neurons, respectively.
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Part I[

Quantitative histochemical analysis of cytochrome oxidase in rat dorsal root ganglia and

its colocalization with carbonic anhydrase

P.A. Carr, T. Yamamoto, W.A. Staines, M.E. Whittaker and J.I. Nagy

Neuroscience (1989) 33; 351-362
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Abstract--A quantitative histochemical method was developed and standardized and then
used to characterize the heterogeneity of cytochrome oxidase activity among primary
afferent neuronal cell bodies in dorsal root ganglia of rat. In addition, the relationship
between cytochrome oxidase and carbonic anhydrase activities in these neurons was
determined. In tests of the procedure, the density of cytochrome oxidase reaction product
evaluated repeatedly in individual neurons within sections of ganglia was found to
increase linearly over incubation periods of up to 6 hours. The heterogeneity in
cytochrome oxidase activity in ganglia was not simply a reflection of the heterogeneity in
ganglion cell sizes. On the whole, each class of ganglion cell exhibited the full range of
staining densities encountered but intense staining was observed in many more large type
A cells than small type B cells. The latter, together with their termination fields within
the substantia gelatinosa of the spinal cord, were lightly stained. A significant positive
correlation was found between neuronal size and staining density (r=0.43). However, the
large scatter in the plot of these two variables suggests that the expression of cytochrome
oxidase in sensory neurons is governed to a considerable extent by properties of these
neurons that are unrelated to their size. Analysis of cytochrome oxidase and carbonic
anhydrase activities in the same ganglion cells revealed that all neurons with dense
staining for the oxidase were anhydrase positive. Conversely, however, some intensely
anhydrase-positive cells exhibited only light staining for cytochrome oxidase.

The heterogeneity of cytochrome oxidase activity among neurons in dorsal root
ganglia may be related to the steady state electrophysiological activity of distinct
populations of sensory neurons which in turn may be related to the specific sensory
modalities these populations transmit. The observation that some neurons with the
greatest abundance of carbonic anhydrase do not contain high or even moderate levels of
cytochrome oxidase suggests some degree of dissociation between the functional
requirement for carbonic anhydrase in sensory neurons and the rate of energy

expenditure in these cells.
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Neurons in dorsal root ganglia (DRG) are classically divided into two groups on the
basis of cell size; large type A and small type B cells (2,16). Major goals regarding the
neurochemical characterization of these cells have been to identify the transmitters and/or
neuromodulators they utilize, to determine which transmitter substances might coexist in
the same cells and to establish whether putative transmitter content is related to
transmission of particular sensory modalities. Progress along these lines has led to the
subdivision of type B cells based on certain of the cytochemical features they display.
Subpopulations of these cells have been found to contain the peptides substance P (SP) or
somatostatin (SOM), or the enzymes tyrosine hydroxylase (TH) or fluoride resistant acid
phosphatase (FRAP) (10,22,26). These markers appear to represent four separate
populations of cells with slightly different morphological characteristics (26). Various
other neuroactive peptides and transmitter-related enzymes have been found within
heurons encompassing one or more of these four populations such that different
neurochemical markers may define the same or separate subpopulations of type B
neurons. Investigations of the functions of these markers have not as yet allowed firm
conclusions regarding relationships between their presence in DRG neurons and the

sensory modalities these neurons transmit (7,15,18,38,39).

Recently, attention has been drawn to the classification of DRG neurons according to
another class of cytochemical feature, namely histochemical demonstration of enzymes
related to cellular metabolism. One of these, cytochrome C oxidase (CO), has in a
number of systems allowed histochemical visualization of regional differences in normal
metabolic activity and this metabolic parameter has been shown to change subsequent to
experimental manipulations (42). The utility of CO histochemistry has been validated by
evidence indicating that electrical activity and energy demands of neurons are closely
coupled to the activity of this respiratory chain enzyme (11,12,32,42-44,47-49). The

remarkably uneven distribution of CO activity observed in the CNS has also been found
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among primary sensory neurons in DRG of various species (50). This heterogeneity was
interpreted as reflecting the activity patterns of subclasses of ganglion cells that transmit
different sensory modalities. Histochemical demonstrations of the metabolic enzyme
carbonic anhydrase (CA) in a subpopulation of DRG neurons (14,30,34,40) has led to
similar proposals wherein functional demands reflected by CA activity were related to
the fransmission of particular sensory modalities by sensory neurons that maintain

relatively tonic patterns of activity (24,25,29).

With the ultimate aim of establishing whether CO histochemistry can be used to
investigate relationships between the neurochemical features and the sensory modalities
transmitted by DRG neuronal subpopulations, we report here the quantitative
densitometric characterization of CO histochemical reaction product in DRG neurons of
normal animals. In addition, the similarity of views regarding the involvement of CO
and CA in energy metabolism in DRG neurons prompted us to compare the

histochemical staining pattern produced by CO with that produced by CA.

92



METHODS

Tissue preparation

Adult, male Sprague Dawley rats (250-300g) were deeply anesthetized with chloral
hydrate and perfused transcardially with cold (4°C) 0.9% saline containing 0.1% sodium
nitrite and 100 units of heparin. For CO histochemistry this was followed by 200 to 300
ml of cold, freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
containing 0.16% picric acid (51). Some animals were perfused with this same fixative
containing 0.2% glutaraldehyde. Lumbar sensory ganglia (L4 and L5) and spinal cords
were removed and post-fixed for 2 or 16 hr in fixative without glutaraldehyde. The
spinal cords were cryoprotected in 50 mM sodium phosphate buffer, pH 7.4, containing
25% sucrose and 10% glycerol for 24 hr. Transverse sections were cut on a sliding
microtome at a thickness of 20 um and collected in 0.1 M sodium phosphate buffer, pH
7.4, (PB) containing 0.9% saline (PBS). Dorsal root ganglia were stored for a minimum
of 24 hr in PB containing 15% sucrose. Sections were cut on a cryostat (Leitz) at
thicknesses of 5 to 15 pm, thaw mounted onto gelatin-coated slides, washed for 15
minutes in two changes of PB, and then processed for CO histochemistry. For CA
histochemistry, animals were perfused with the 0.2% glutaraldehyde-containing fixative
and ganglia were then post-fixed for 2 hr at 4°C in the same fixative without
glutaraldehyde. Ganglia were then immersed in appropriate cryoprotectant solution for

cryostat or sliding microtome sectioning.

Histochemistry for cytochrome oxidase

The method of Wong-Riley (42) or a slightly modified procedure was used to

demonstrate CO activity. The standard reaction medium contained 0.03% cytochrome C
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(Sigma, type IH), 0.025 or 0.05% diaminobenzidine (DAB) and 4% sucrose in PB.
Although in preliminary experiments, reaction times were varied from 0.5 to 6 hr,
standard incubations were conducted at 37°C for 2 to 4 hr in the dark. Control
incubations were run for equivalent times and consisted of four types. One utilized
medium without cytochrome C. In othets potassium cyanide, an inhibitor of CO activity
(13) was added at concentrations of 0.01 or 1.0 mM. Finally, some sections were reacted
in medium with 0.01 mM potassium cyanide but without cytochrome C. The reaction
was terminated by rinsing the sections for 20 min in PB or in PB followed by a rinse in
distilled water. Free-floating spinal cord sections were mounted from gelatin-ethanol or
50 mM Tris-HC] buffer. After drying, sections were either coverslipped with a 3:1
glycerol-water solution or dehydrated in alcohol, cleared in xylene and coverslipped with

Permount.

Densitometric measurements

Quantitative determinations of CO reaction density were conducted with an
Amersham RAS-1000 image analysis system linked by a video camera to a Nikon
Optiphot microscope with a constant current power source. The microscope illumination
and camera gain control were adjusted to encompass the optimal range of gray scales
detected by the camera and a reference image was generated for a subtractive
illumination correction to simulate even illumination. At the final working
magnification, the system was then calibrated for optical density with a film of density
standards and for dimensions with a stage graticule. The image of an area within a given
DRG section containing many cells and largely free of fiber bundles was digitized and
the image stored on 1.2 megabyte floppy disks. Typically, X40 objective magnification
was used and the field in each digitized image contained up to 15 neurons. To avoid cell

selection bias in ganglion sections, every eligible cell in a field was analyzed. The whole
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of the substantia gelatinosa was sampled on each side of spinal cord sections. Following
digitization, sections were counterstained with toluidine blue to facilitate the
visualization of cells containing nucleoli. The images of CO-reacted cells in non-
counterstained sections were later recalled for size and density measurements. Eligibility
for inclusion in analysis was determined by comparing displays of the stored CO-reacted
images with simultaneous displays of the live images of the same section after
counterstaining. Only cells with nucleoli within the plane of the section were used for
cell counts, cell area measurements and the determination of cellular optical density.
Area was determined from the video display of stored images by cursoring around the
perimeter of cells. Initial studies revealed less than 5% variation in values obtained from
repeated area measurements of the same cell. The optical density of cells was obtained by
sampling around the perimeter of a cell and then encircling the nucleus to exclude it from

input.

Data analysis

Recorded and compiled data on optical density, cell number and cell size were
analyzed with the aid of a Stata (The Computing Resource Center, California) statistics
package. Analysis of size/density profiles was conducted on data from a single ganglia,
or pooled from sections obtained from several L4 ganglia from the left and right sides of
individual animals; data from separate animals were not pooled in the present study.
Preliminary data on the frequency distribution of area and OD in the DRG of a number
of rats revealed similar size and density distribution between individual animals,
although there were some differences in the absolute range of densities. In order to avoid
obscuring fine details in density distribution by variations between animals or technical
factors, our indepth study thus focussed on the relationship of neuronal cross-sectional

area and CO reaction density in a single L4 dorsal root ganglion from a
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paraformaldehyde-picric acid fixed animal. The ganglion was sectioned at 15 ym and
OD and areal analysis of 1271 CO-reacted cells displaying toluidine blue counterstained

nucleoli was conducted.

For descriptive purposes, OD values were categorized into three bins and areal values
into either three or four groups. These categories were intended to ease comparison of
the data and are not functional classifications. Cells classified into four groups according
to their neuronal cross-sectional atea consisted of very small cells with areas less than
500 um2, small cells with areas between 500 and 1000 um?2, intermediate or medium
size cells with areas between 1000 and 1800 um?2 and large cells with areas greater than
1800 um2. The small neurons (<1000 pm?2) were divided into two groups to determine
if CO intensity was related to size category as has been previously seen for other
neurochemical markers of these cells (26). For graphical presentation of the data, all
cells with areas less than 1000 umZ2 were combined to form one bin of small cells. Since
there appears to be some ovetlap between the large type A cells and small type B cells
both in size and function (8,9,17,26,27), our selection of size categories was chosen to
ensure confidence of designation of small cells as type B and large cells as type A cells.
The intermediate cell size bin (1000-1800 pm?2) very likely includes both of these
populations.

Optical density categories were generated by dividing the range of OD values into
equal thirds over the full range of densities and designating the first category of cells
with OD values less than 0.094 as lightly stained cells, the second category with OD
values between 0.094 and 0.156 as moderately stained cells, and the third category with
OD values greater than 0.156 as densely stained cells. Frequency distributions of both
area and optical density were plotted after creating 15-20 bins for the abscissa. The
results of optical density and area measurements of DRG neurons are presented as the

percent of cells exhibiting light, moderate, or dense staining with respect to all the cells
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within a size category and also with respect to all the cells analyzed.

CO reaction linearity with time

A different procedure was required for the determination of the CO reaction time
course. This technique involved repeated density measurements of either individual
DRG neurons or the substantia gelatinosa of the spinal cord. Sections, just prior to
incubation in standard medium and every hour from 1 through 4, 6 and 8 hr, were
removed from the incubation medium, coverslipped with PB containing 4% sucrose, and
selected fields were then digitized and stored. This was usually accomplished within 10
min. The coverslips were then removed, and the sections returned to the medium to
continue the reaction. Stage micrometer coordinates allowed the field of interest in each
spinal cord and ganglion section to be approximately re-located for each consecutive
reading. Precise correspondence of cells in DRG and fields in spinal cord was achieved
by superimposing the live video image onto the simultaneously displayed stored image
from the previous hour. Distortion of sections was minimal even after repeated
coverslipping and any misalignment was made negligible by using the image from the
immediately previous incubation period to re-align sections. This precise
superimposition of sections allowed transposition of a computer generated map of
identified cells from section to section. This map permitted the same cells or fields to be
sampled for density and area measurements at all time points on the basis of those
cursored on the image obtained at the last incubation time. An illumination correction
was performed on a blank area of each slide at each time interval to control for possible
non-specific deposition of DAB or inadvertent change in microscope adjustment. At the
zero time point, a random field within the section was taken for measurement since the
borders of individual cells in DRG or lamina in spinal cord in these very light sections

could not be accurately identified.
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Carbonic anhydrase histochemistry

Histochemistry for CA was conducted essentially as described by others (28,29,40).
It should be noted that although fixatives containing high concentrations of
glutaraldehyde are usually employed for CA histochemistry, the present studies utilized

a weaker fixation compatible with procedures used for CO histochemistry. The
incubation medium consisted of 1.75 mM CoSOy4, 11.7 mM KHpPOy4, 157 mM

NaHCO3, and 53 mM HpSOy4, pH 6.5 (40). As a control for histochemical specificity,

some sections were processed in incubation medium containing 0.01 mM acetazolamide,
an inhibitor of CA (6). This was found, in the present study, to eliminate all but a small
amount of nuclear CA staining. Two approaches were used for the histochemical
demonstration of CO and CA in the same cells. In the first, adjacent cryostat sections of
lumbar ganglia (L4 or LS) were cut at a thickness of 5 pm and collected on separate
gelatin-coated slides. One section was reacted for CO as described above and the
adjacent section for CA. Slide mounted sections were washed in cold PB for 1 hr and
then dipped into incubation medium for 5 sec followed by exposure to the atmosphere
for 30 sec and this was repeated for 30 min. Sections were then dipped in an aqueous
solution of 0.5% ammonium sulphate for 3 min, washed in PB for 5 min and
coverslipped with a mixture of glycerol and 10 mM PB (3:1). In the second procedure,
sections were processed sequentially, first for CO then for CA. Sections cut on a sliding
microtome at a thickness of 20 um, were processed free floating for CO histochemistry
as described above, photographed and then gently immersed into CA incubation medium
in a manner that would allow the sections to float on the surface of the medium. After 30
min the sections were collected onto glass slides, floated again on the surface of a 0.5%
ammonium sulphate solution for 3 min, washed in PB for 5 min and finally mounted
onto gelatin-coated slides and coverslipped with a mixture of glycerol and 10 mM PB

(3:1).
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RESULTS

General observations

Within the L4 and L5 DRG, CO reaction could be seen in both neuronal and non-
neuronal elements. Neuronal cell populations exhibited very heterogeneous CO staining
(Fig. 1A,C), while uniform densities of CO reaction product were observed within
satellite cells populations (Fig. 1A). The subtle gradations in CO staining intensities
among DRG neurons were more apparent in tissues fixed with paraformaldehyde and
picric acid (Fig. 1A,C), than in tissue fixed with glutaraldehyde (Fig. 1B). As noted by
others (32), glutaraldehyde fixation appeared to reduce CO activity and raise the
histochemical detection threshold of this enzyme. In paraformaldehyde-picric fixed
DRG sections, many neurons showing high CO activity were of medium to large size
(>1200 pm?2) with relatively few small type B neurons exhibiting dense reaction product
(Fig. 1C). However, cells of all sizes in the same section could be seen to exhibit light,
moderate or dense CO staining (Fig. 1C). Heterogeneity in the patterns of intracellular
CO reaction product deposition was also observed among DRG neurons. Homogeneous
intracellular staining was the most common and consisted of evenly dispersed CO
reaction product (Fig. 1C). Perinuclear staining was observed in a small number of cells
and was characterized by more intense reaction product deposition near the nuclear
envelope (Fig. 1F). Eccentric staining was also observed in a small number of cells and
was characterized by dense CO product deposition in one region of the cytoplasm while
the rest of the cell body was less intensely stained (Fig. 1B,C,D). These staining
patterns and densities were found to be reproducible between animals and between

sections through the same cells (compare Fig. 1D and E).

The pattern of CO staining within the dorsal horn of the L4 spinal cord segment is

shown in Fig. 1G. Whereas the staining in most of the dotsal horn could be described in
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relative terms as moderate, that in the substantia gelatinosa (SG) and marginal zone was
noticeably less dense. A few cells intensely-stained for CO were occasionally seen
within the marginal zone or outer SG. Generally these cells had diameters ranging from
10 to 15 pm, and although present throughout the L4 segment, were rare enough that
they were not seen in every section. These neurons appear to be too small to be marginal
cells, and from their size and position, are more likely to be members of the SG cell
population termed limiting cells (3). Somewhat more numerous were small, very lightly
stained neurons which were distributed throughout the SG. The differences in staining
intensities between the SG and the rest of the dorsal horh was most evident in material

post-fixed for 2 hr rather than for longer times.

In control incubations without cytochrome C, ganglion cells displayed a greatly
attenuated reaction after incubation times of 2 and 5 hr but the general pattern of staining
was the same as that seen with complete medium (Table 1). The petsistence of staining
in DRG neurons may be attributable to the presence of some functional endogenous
cytochtome C. The intensity of CO staining in both DRG neurons and satellite cells
showed concentration dependency for inhibition by cyanide. Reactivity in both types of
cells was completely abolished with concentrations of 0.01 and 1.0 mM cyanide in the
complete incubation medium but was still marginally apparent in the presence of 1 uM
cyanide. The relatively low level of activity seen in the absence of cytochrome C was
abolished with 10 uM cyanide (Table 1).

To allow the interpretation that the staining intensities seen reflected proportional
differences in the activity of CO within different cells required that the rate of reaction
product deposition be linear over the time periods at which comparisons were made.
This should be reflected by the linear increase of optical density per time of incubation
for all density ranges observed. In repeated density measurements of the same DRG

neurons and spinal cord sections, this was found to be the case. The activity of CO was
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very nearly linear for up to 4 hours in 110 of the DRG cells followed, for up to 6 hours in
another 479 cells, and for up to 8 hours in 8 sepatate regions of the substantia gelatinosa
in L4 spinal cord sections. Examples of time density curves for 5 individual ganglion
neurons exhibiting a range of CO activities is shown in Fig. 2A. The extrapolated
intersection of these lines at or near the origin is consistent with the negligible optical
densities (<0.001) seen in unreacted sections, i.e. at the zero incubation time. As shown
in Fig. 2B, a linear time/density behavior was also observed for the population as a

whole.

Quantitative Analysis

Area and OD measurements of DRG neuronal cell bodies showed that values
formed continuums across the entite range of area and CO reaction densities
encountered. Optical density values for 99% of the cells ranged from 0.032 to 0.19 OD
units and cell cross-sectional area ranged from 131 to 4738 um2. As shown in Tables 2
and 3, the population of cells comprising the very small and small size categories
contained a relatively high percentage of light staining cells. The very small size group
had no densely stained cells while the small size category had very few. The cells in
these two size bins accounted for 50% of all cells analyzed and the frequency distribution
of these cells (Fig. 3B) concurs with previous work (26) in that cells ranging in size from
200 pm?2 to 1000 um?2 constitute the bulk of the small B-type cell population of the
dorsal root ganglion. Cells greater than 1000 pm?2 were divided into two size bins (1000
to 1800 pm2, medium size; >1800 pm2, large size) for reasons given under Data
Analysis in the Methods section. The medium size cell category represented 19% of all
cells and contained an equal percentage of both lightly and moderately stained cells with
a lesser, though not insignificant, number of densely stained cells. The large cell

population had the lowest percentage of light cells and the highest percentage of both
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moderately and densely stained cells of the three areal categories. The large size cells

represented 31% of the analyzed cell population.

Area frequency distributions of absolute numbers for the three OD categories
revealed that a relatively large number of lightly stained cells were of small size while
moderately stained cells were found in similar numbers in both large and small size
categories. Relatively few cells of any size exhibited dense CO reaction product (Fig.
3A). Examination of the OD frequency distribution for each of the three size categories
revealed that many small cells contained little CO reaction product, while medium and
large cells were fewer in number and displayed CO intensities covering a broader range
of OD values. The large size category had the highest numbers of densely stained cells
(Fig. 3C). The plots of the number of cells against OD units shown in Fig. 3C were
generated using three cell size bins after it was determined that the two smallest size

categories (less than 500 um2 and 500 to 1000 um2) were distributed similarly (Fig. 3D).

In a scatter plot of OD value against cross-sectional area of the 1271 neurons (Fig. 5),
analysis of the linear regression demonstrated a line with a positive slope. The data,
analyzed by Spearman’s rank correlation, indicated a significant positive association

(r=0.43) between OD and neuronal cross- sectional area (p<.001).

Colocalization of CA and CO

In contrast to CO, the CA reaction within DRG did not appear to vary discreetly
across the range of product densities present; most cells were either densely stained or
not reactive at all, although a very few did demonstrate moderate staining. Those which
were positive were predominantly large cells, although some small cells were clearly

stained as well (Fig. 5B,D,F). Positive CA staining was seen in some axons and in many

102



neuronal nuclei regardless of the intensity of the reaction product in the cell cytoplasm.

The levels of CO staining density in CA stained neutons as determined in both
adjacent or sequentially processed sections is shown in Fig. 5A,B and Fig. 5C-F,
respectively. Some individual DRG cells could be identified in adjacent sections as both
densely stained for CO (Fig. 5A) and positive for CA (Fig. 5B). In serially processed
tissue it can be seen that all neurons with dense CO staining (Fig. 5C) are consistently
positive for CA (Fig. 5D). However, some CA-positive cells (Fig 5F) are seen with light
staining for CO (Fig. 5D). This agrees with our visual estimates indicating a greater

number of CA-positive cells per section compared with those densely stained for CO.

It is important to note that in black-and-white photomicrographs of sequentially
processed sections, some cells showing a dense CO reaction are seen to be only
marginally more densely stained after the CA reaction giving the impression that it may
have been difficult to discern CA-staining in such cells. However, in the light
microscope, brown reaction product in sections reacted first for CO was clearly
distinguishable from black or gray reaction product subsequently generated in sections
reacted for CA. Moreover, in control sections processed first for CO and then for CA in
the presence of acetazolamide, no black or gray cytoplasmic staining was evident even in
dense CO-reacted cells indicating that what was judged to be CA staining was not simply
due to intensification of CO reaction product in these cells by the cobalt present in the

CA incubation medium.
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DISCUSSION

The present results confirm previous histochemical observations showing a
heterogeneous distribution of CO activity in the primary afferent neuronal cell population
in DRG of rat (50) and extend these observations to an analysis on a quantitative basis.
Our results can be summarized as follows: 1.) The densitometric technique used to
demonstrate CO heterogeneity was shown to be quantitative by the linear increase in CO
reaction product deposition over time within individual neurons. Linear increases were
seen within cells over a wide range of staining densities and this observation indicates
that the proportional optical densities measured truly reflect proportional cellular
activities of this enzyme; 2.) The staining intensity in most small type B cells (over 75%)
fell within the most faintly reactive quadrant. The remaining 25% of the type B cells
showed densities which matched the heterogeneity and range of staining intensities
displayed by the rest of the population of DRG cells; 3.) Although there was a trend
towards higher CO activity in larger cells, the data suggests that cell size is only a minor
determinant of CO content; and 4.) The presence of high CO activity is invariably
accompanied by positive staining for CA, but the presence of CA is not always

accompanied by high CO activity.

Cytochrome oxidase

The feasibility of quantitative densitometric measurements of CO reaction product in
individual cells and neurons has been demonstrated previously in a number of systems
(21,36,50). Differences with regard to the present method and its characterization are,
however, noteworthy. Repeated determination of CO product deposition in the same
cells was undertaken as the most rigorous possible evaluation of linearity of the reaction

over time. It allowed comparative characterization of the linearity in both light and dark-
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staining neurons and provided data on the progression of staining in the selected cells.
The neuronal nucleus was excluded from measurements since it is unstained and would
therefore lower the average OD of small cells to a greater extent than it would large cells.
The whole cytoplasm of the neuronal cell body was selected for density determination,
thereby averaging out the non-homogeneous cytoplasmic staining observed in some cells.
Finally, we used tissues which were fixed with paraformaldehyde-picric acid fixative.
Under these conditions, the population of CO reacted cells presented a more
heterogeneous staining pattern than with glutaraldehyde fixation and allowed analysis of
cells falling into a greater number of discrete optical density categories. The data
presented here argue for the validity of proportional measures of CO activity obtained
following this fixation procedure. Moreover, unlike the stronger fixatives more generally
used for CO, this fixation is compatible with histochemistry and immunohistochemistry
for a wide range of substances that may be simultaneously examined in tissues prepared

for CO histochemistry.

Our results are consistent with reports by others (45,46,50) that CO activity is also
heterogeneously distributed within the dorsal horn of the spinal cord. It is likely that the
light CO staining observed in the SG reflects relatively low activity in both intrinsic
neuronal elements and primary afferent terminals within this area. The SG receives most
of its primary afferent projections from type B cells, the majority of which displayed low
levels of CO activity, whereas a higher proportion of large cells known to innervate
mainly the more intensely staining deeper dorsal horn laminae, showed moderate or high
levels of activity. It appears then from these examples that the CO-staining within the
terminal fields of different classes of primary afferents correlates reasonably well with

that of their cell bodies in DRG.

In view of the role of CO in cellular energy production, the large scatter observed in
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the profile of CO density versus DRG cell size suggests that factors other than merely
cell size must exert a more powerful influence on the energy demands of these neurons.
Given demonstrated correlations between neuronal CO and the long-term functional
activity of neurons (33), it is likely that CO levels reflect patterns of electrical activity in
DRG neurons as has been previously suggested (50). Thus, cells with high CO activity
may exhibit either frequent bouts of high firing rates or continuously maintained but

more moderate rates of firing.

The present study focussed on the 4th lumbar (L4) ganglion containing the cell
bodies of cutaneous and muscle afferent fibers carried within the sciatic netve.
Presumably the pattern of CO activity in this ganglion is a reflection of impulse traffic in
L4 afferents and may not necessarily relate to any other ganglia. For instance,
differences might be encountered due to divergent levels of activity seen in various
muscle afferents (19). Thus, if CO staining densities in distinct DRG neuronal
populations reflect largely the characteristic firing patterns required for the transmission
of particular sensory modalities, then it would not be unreasonable to expect that cell
number versus CO density profiles in other ganglia may be different from those observed
here in L4 DRG. The present quantitative data may not necessatily be extrapolated to

ganglia at other spinal levels.

It remains to be determined whether a particular level of CO intensity within DRG
neurons reflects the electrophysiological activity of distinct subpopulations of DRG cells
that have common neurochemical characteristics and transmit common sensory
modalities.  The histochemical procedures outlined for CO in this report allow
investigation of the former issue since the procedures ate readily compatible with
simultaneous determination of other histochemical and immunohistochemical features of

individual DRG cells. The issue concerning relationships between the neurochemical
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features of DRG neurons and the sensory modalities they transmit may also be
approached by an extension of the present methods to analyses of CO in experimental
animals. For example, increases in CO staining intensity in neural structures have been
reported to occur after relatively short periods of stimulation (19,35). Thus, quantitative
examination of neuronal CO staining densities in ganglia of animals subjected to stimuli
that selectively activate specific classes of sensory nerve fibers may reveal increased
staining in distinct subpopulations of DRG neurons. These subpopulations may then be

identified according to their neuropeptide or enzyme content.

Carbonic anhydrase

As shown by others (24,25,34,40,41), most CA positive DRG neurons were of the
largest class. However, in contrast to previous reports, some small cells were also found
to be CA-positive and we presume that this may be due to the different fixatives utilized.
Since strong tissue fixation inactivates a fair proportion of CA activity (29,35), the
weaker fixative used here may have led to greater CA activity. Indeed, our estimate of
total CA-positive cells in the L4 DRG was 40%. Previous estimates of the proportion of
all neurons containing CA in lumbar DRG have ranged from 20 to 38% (24,25,34,40,41)
and that of all intermediate to large cells from 38 to 55% (24,25,41). It should be noted
that accurate cell size measurements of CA reacted cells may need to take into account
the uniformly and intensely CA-stained satellite cells surrounding CA-positive DRG

neurons (34) which may give these neurons a larger appearance.

From the presence of CA in all cells showing high CO activity and given the
participation of CA in promoting the transport of carbon dioxide in metabolically active
cells, it may be reasonable to consider that it too is present in proportion to cellular

energy requirements. However, this assumed relationship remains to be proven,
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particularly given our observation that CA-containing DRG neurons outnumber those
densely stained for CO. The proportions of CA-positive cells cited above were higher
than the percentages of all cells, large cells or large plus medium size cells that were
classified here as containing dense CO staining. Thus, not all cells with dense CA
staining exhibit dense or even modetate CO staining. This is dramatically illustrated by

the presence of CA-positive cells that in fact were clearly light for CO staining.

These results suggest that the role of CA may not be related entirely to energy
metabolism within DRG neurons. This possibility has been noted and discussed by
others (24,25,29,40) in relation to other known functions of CA {(6). One role speculated
on here concerns the reportedly high chloride ion levels in DRG neurons (23) and the
relationship between CA and chloride transport that has been demonstrated in other cell
types (4,31). Given the possibility that transmembrane movements of this ion in the
central terminals of some sensory neurons may be responsible for generating presynaptic
inhibition manifested as primary afferent depolarization (5), CA-positive DRG neurons
may represent those subject to presynaptic inhibition by this ionic mechanism.
Alternatively, CA may participate in maintaining appropriate chloride ion distributions
across membranes at some peripheral sensory endings where transmembrane fluxes of
this ion may be involved in the production of receptor potentials. The presence of CA in
DRG neurons with light CO staining does not exclude the pteviously suggested
possibility that CA is localized to a very large extent in muscle afferents (1,24,25,29,41),
but does cast doubt on the suggestion that all CA-positive DRG neurons, be they muscle

afferents or not, are tonically active.
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FIGURE LEGENDS

Fig. 1. Photomicrographs showing the histochemical localization of CO activity in
sections of lumbar DRG and spinal cord. (A) A 5 um section showing the heterogeneity
of CO activity among DRG neurons. Non-neuronal CO staining is seen in satellite cells
(arrows). (B) A section of DRG which was fixed in a glutaraldehyde-containing fixative.
Note the reduced CO staining heterogeneity among neurons compared with A and C (&)
Higher magnification of the section shown in (A) in which the three descriptive
categories of CO staining intensity used in the text are indicated by L for light staining,
M for moderate staining and D for dense staining. (D,E) Two adjacent sections
showing the reproducibility of staining densities from section to section in corresponding
neurons indicated by numbers. (F) Cells showing perinuclear deposition of CO reaction
product (atrows). In B, C, and D note the eccentrically located region of dense staining
in some neurons (arrowheads). (G) A spinal cord section showing much lighter staining
in the substantia gelatinosa than the subjacent laminae. Note the mediolateral gradient in
staining intensity which was a consistent observation. Very few neurons display a dense
CO reaction (arrow). Magnifications: (A,C) X 140; (B) X 240; (D,E) X 430, (F) X 340;
(G) X 125.

Fig. 2. (A) Time course of CO histochemical staining density in each of five individual
neuronal cell bodies in sections of DRG. The five cells illustrate linearity of reaction
product deposition at different staining densities. (B) Time course of CO histochemical
staining density in populations of DRG neurons. The optical densities of the 479 cells
reacted for 6 hours were divided into five bins of cells sharing common group densities
and the average density in each bin was then plotted against time. The densities of cells

in each group were averaged for each time point. Standard errots are encompassed by
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the symbols at each data point. Fig. 3. Frequency distributions of CO reacted neurons in
a dorsal root ganglion. (A) Frequency distribution of neuronal cross-sectional atea for
classes of cells designated as exhibiting light, moderate or dense CO reaction product.
(B) Frequency distribution of the size of all analyzed cells expressed as percentage of
total cell number. (C) Plot of number of cells against optical density of CO reaction
product for three size categories of cells (small, medium and large). (D) Frequency
distribution of CO reaction density in the two smallest size categories of cells expressed
as percent of total cells in each size category. (<500 pm2, circles; >500 to <1000 pm2,

squares)

Fig. 4. A scatter plot of neuronal cross-sectional area and CO reaction density for all
analyzed cells including the plot of linear regression. Artows on the right indicate
densities at which cells were subdivided into the three CO staining categories light (L),
moderate (M), or dense (D) depicted in Fig. 3A. Arrows above the plot indicate size

limits for designation of cells as small, medium or large.

Fig. 5. Photomicrographs of DRG sections showing the relationship between CO and
CA activity in neurons. (A,B) Adjacent sections reacted for CO (A) or for CA (B). Note
that most cells with dense CO staining are also positive for CA (cortesponding cells
indicated by arrows). (C,D) Photomicrographs of the same section processed
histochemically for CO (C), photographed, and then processed histochemically for CA
(D). Virtually all cells designated as densely stained for CO (arrows) also exhibit CA
reaction product (D, corresponding arrows). (E,F) Higher magnification of sections
shown in (C,D). Note that some CA- positive cells (F, arrows) are lightly stained for CO

(E, arrows). Magnifications: (A,B) X 145; (C,D) X 70; (E,F) X 140.
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Table 1. Optical density measurements of CO reaction product in DRG neutons under
standard and various control incubation conditions.

Optical density

Reaction Time Reaction Time
Treatment 2 hours n 5 hours n
normal medium (NM) 0.035 +0.001 (100) 99 0.08 + 0.0019 (100) 120
NM + 10 uM KCN 0.005 + 0.0006 (14) 13 0.023 + 0.0008 (29) 85
NM + 1 mM KCN 0.001 0.001
NM -cytochrome C 0.002 (5) 0.017 + 0.0008 (21) 87
NM -cytochrome C + 0.001 0.001

10 ytM KCN

Values represent means + S.E.M. of the indicated number (n) of cells analyzed for each
condition. Values in parentheses indicate optical densities expressed as a percentage of
those obtained in normal medium. For densities less than or equal to 0.002, the density
in a single random field within a ganglion section is given since cell borders were not
readily identifiable. KCN, potassium cyanide.
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Table 2. Number of small, medium and large DRG neurons exhibiting light, moderate
or dense CO reaction product as a percentage of all neurons within each size category.

Cross Sectional Area (um?2)

Small* Medium Large
Optical Density™* <500 >500 to <1000 >1000 to <1800 >1800
Light 77.0 74.8 43.3 32.7
Moderate 23.0 23.2 43.3 51.8
Dense 0 1.9 13.4 15.5

* Small cells are subdivided into two size categories.

* Quantitative optical density designations of light, moderate and dense CO reaction
product are indicated in the text under Data Analysis in Methods section.

Values indicate the percentage of cells in each size category exhibiting a particular
staining density.
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Table 3. Number of small, medium and large DRG neurons exhibiting light, moderate
or dense CO reaction product as a percentage of all neurons analyzed.

Cross Sectional Area (um?2)

Small* Medium Large Total%

<500 >500to <1000 >1000 to <1800 >1800 by
Optical optical
Density* density
Light 9.8 27.6 8.4 10.1 55.9
Moderate 2.9 8.6 8.4 16.0 36.0
Dense 0 0.7 2.6 4.8 8.1
Total % 12.7 36.9 19.4 30.9
by size

* Small cells are subdivided into two size categories.

* Quantitative optical density designations of light, moderate and dense CO reaction

product are indicated in the text.

Values indicate the number of DRG cells exhibiting a particular size and CO staining
density as a percentage of all the cells analyzed. Total % by density indicates the
percentage of all size categories exhibiting a particular staining density. Total % by
size indicates the number of cells in each size category as a percentage of all the cells

analyzed.
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Part 111

Analysis of parvalbumin and calbindin D28k-immunoreactive neurons in dorsal root

ganglia of rat in relation to their cytochrome oxidase and carbonic anhydrase content

P.A. Carr, T. Yamamoto, G. Karmy, K.G. Baimbridge and J.I. Nagy

Neuroscience (1989) 33; 363-371

127



Abstract--Histochemical and immunohistochemical techniques were used to determine
relationships between the parvalbumin or calbindin D28k content and the cytochrome
oxidase or carbonic anhydrase activity of neurons in lumbar dorsal root ganglia in rat.
Subpopulations of dorsal root ganglion neurons that displayed parvalbumin- or calbindin
D28k-immunoreactivity were classified as containing either light, moderate or dense
histochemical reaction product for cytochrome oxidase and either a positive or negative
reaction for carbonic anhydrase. It was found that approximately 90% of all
parvalbumin and calbindin D28k-immunoreactive cells exhibited dense staining for
cytochrome oxidase and that 87% of parvalbumin- and 76% of calbindin D28k-
immunoreactive cells were positive for carbonic anhydrase. Conversely, 85% of all cells
with a dense cytochrome oxidase reaction contained parvalbumin and calbindin D28k.
Although not quantified, it appeared that many, but not all, carbonic anhydrase positive

cells contained parvalbumin or calbindin D28k.

These results indicate the existence of a subpopulation of primary sensory neurons
that contains parvalbumin and calbindin D28k and that expresses high levels of
cytochrome oxidase and carbonic anhydrase activity. It is suggested that primary
afferent neurons with this cytochemical profile transmit a sensory modality that requires
them to discharge rapidly andfor frequently. The existence of a subpopulation of
carbonic anhydrase-positive cells that lack immunoreactivity for parvalbumin or
calbindin D28k suggests that the role of carbonic anhydrase in some sensoty neurons is

unrelated to functions requiring these calcium binding proteins.
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The identification of an increasing number of calcium binding proteins that are
selectively expressed in different cell types has allowed conceptualization of how
calcium is able to serve as a second messenger for an immense range of intracellular
events and how specificity of calcium actions are achieved. However, the proliferation
of these proteins has generated the problem of deciphering the mechanism whereby each
promotes or regulates the actions of calcium. Two such proteins that have recently
received considerable attention are calbindin D28k (CaBP), originally referred to as
vitamin D- dependent calcium binding protein (37), and parvalbumin (PV). Both PV and
CaBP have been found in a wide variety of peripheral tissues (5,14,15,24) as well as in
the central nervous system (CNS) where, although both PV and CaBP are again widely
distributed, they occur only in discrete populations of neurons within any particular
structure (1,2,8,9,13,16,18,33). The diverse distributions of PV and CaBP suggest their
involvement in calcium-dependent processes that are common to functionally disparate
types of cells and neurons. One possible role postulated for both proteins, partly on the
basis of such commonality of cellular function, is that they serve to buffer or sequester
calcium in cells that are highly metabolically or electrically active (2,9,15,18). Thus, in
the CNS both PV and CaBP are often, though not always, found in neurons that are
characterized by their high firing rates. It remains to be determined, however, whether
the putative buffering capacity of either PV or CaBP is generally required in all neurons
that maintain high levels of electrical activity or whether their presence is a reflection of

more subtle requirements for calcium regulation in some very active neurons.

As in neurons elsewhere, calcium has a host of complex functions in primary sensory
neurons within dorsal root ganglia (DRG) including mediation of transmitter or
modulator release at central and peripheral sensory terminals, production of calcium
spikes and regulation of intracellular energy metabolism (12,19,23,30,44). The presence

of PV and CaBP in DRG neurons, as recently described (6,14,27), provides the
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opportunity to correlate the suggested roles of these proteins in calcium regulation with
emerging knowledge of the electrical, biochemical and neurochemical properties of
various subpopulations of these neurons. Histochemical studies have shown that these
properties include remarkably heterogenous levels of the enzymes cytochrome oxidase
(CO) (7,43) and carbonic anhydrase (CA) (17,25,28,32,38,39) among DRG neurons. In
most neural systems, histochemical staining density for CO is now a well established
indicator of long-term patterns of neuronal electrical activity (43). In the case of CA, at
least one of its many proposed roles is to facilitate removal of carbon dioxide generated
in active cells (11). In view of evidence and speculations suggesting the preferential
localization of PV and CaBP in neurons that are prone to relatively rapid or frequent
discharge, we have investigated the relationships between the PV or CaBP content of

DRG neurons and their levels of CO or CA.

METHODS

Tissue Preparation

Adult, male Sprague Dawley rats weighing 250-350 g were anesthetized with chloral
hydrate and petfused transcardially with cold (4°C) 0.9% saline containing 0.1% sodium
nitrite and 100 units of heparin. This was immediately followed by cold (4°C) freshly
prepared fixative consisting of 4% paraformaldehyde and 0.16% picric acid in 0.1 M
sodium phosphate buffer, pH 7.4, (pata-picric fixative) (46) or 0.2% glutaraldehyde,
0.16% picric acid and 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (para-
picric-glu fixative). After perfusion, the L4 and LS5 dorsal root ganglia (DRG) were
removed and immersed in cold para-picric fixative for 2 hr. The ganglia were then
stored in eryoprotectant solutions containing 15% sucrose and 0.001% sodium azide in
0.1 M phosphate buffer, pH 7.4, or 25% sucrose with 10% glycerol in 50 mM phosphate

buffer, pH 7.4, for cryostat or freezing microtome sectioning, respectively. Dorsal root
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ganglia sections were cut either on a cryostat (Leitz) at thickness of 5-15 pm and thaw-
mounted onto gelatinized slides, or on a freezing microtome at a thickness of 20 um and

collected into cold 0.9% saline in 0.1 M sodium phosphate buffer, pH 7.4, (PBS).

Colocalization

Sections of DRG were processed immunohistochemically for PV or CaBP and
histochemically for CO or CA. Determination of the relationship between the PV or
CaBP content and the CO or CA content of DRG neurons was undertaken by analysis of
adjacent or sequentially processed sections. Adjacent cryostat sections were cut from
para-picric fixed tissue and collected on separate slides. Preliminary data was obtained
from sections cut at a thickness of 5-8 um; all data presented here were derived from
sections cut at 7 um. Pairs of slides were generated for the localization of PV- or CaBP-
positive cells in sections on one slide and estimation of CO or CA reaction product in
adjacent sections on another slide. All immunohistochemical processing of adjacent
sections was carried out using the peroxidase-antiperoxidase (PAP) method for
convenience of photography. Reacted sections were coverslipped with glycerol-water
(3:1) and corresponding areas of adjacent sections wete photographed to enable precise

alignment of the same cells in photomicrographs.

Sections processed sequentially were reacted first for PV- or CaBP-
immunofluorescence, coverslipped with anti-fade medium (36) and then photographed.
The coverslips were then removed in either 0.1 M sodium phosphate buffer, pH 7.4, (PB)
or PB containing 4% sucrose, and the tissue washed for 20 min in two changes of PB.
Following the wash, the sections were reacted for CO or CA histochemistry.
Immunofluorescence was used for all immunohistochemical procedures in sequentially

processed tissue to allow subsequent visualization of CO or CA histochemical reaction
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product. In photomicrographs of the same areas in either adjacent or sequentially
processed sections, only cotresponding cells identifiable in both photographic prints were

included in the analysis.

Immunohistochemical techniques

All immunohistochemistry was conducted on slide-mounted sections except those
taken for combination with free-floating carbonic anhydrase histochemistry as described
below. Well characterized polyclonal antibodies against PV or CaBP were generated in
rabbit (5,21) and used at dilutions of 1:400-1:2000 in PBS containing 0.3% Triton X-100
(PBS-T) for adjacent sections processed by immunoperoxidase and in PBS alone for
sections sequentially processed by immunofluorescence. Sections were incubated with
primary antisera for 40-68 hr at 4°C followed by a 40 min wash with two changes of
PBS-T at room temperature. Triton X-100 was excluded from all washes of sequentially
processed tissues. Sections processed by the PAP method were incubated for two hours
in secondary media consisting of goat anti-rabbit IgG (Sternberger-Meyer) diluted 1:20
in PBS-T and 1% bovine serum albumin (BSA). They were then washed for 40 min in
two changes of PBS-T and incubated for two hours at room temperatute in rabbit PAP
(1:100) (Sternberger-Meyer) diluted in PBS-T and 1% BSA. The sections were then
washed in PBS-T for 20 min and washed for a further 20 min in 50 mM Tris-HCl buffer,
pH 7.4. Peroxidase activity was then visualized by reacting the sections in 50 mM Tris-
buffer containing 0.005% hydrogen peroxide and 0.02% diaminobenzidine for 5-10 min.
The sections were then dried and coverslipped with glycerol-water (3:1). For
immunofluorescence, sections incubated with primary antibody were washed and then
incubated for 40 min to one hour with fluorescein isothiocyanate-conjugated donkey
anti-rabbit IgG (Amersham) at a dilution of 1:20 in PBS with 1% BSA. Sections were

then washed for 30 min in PBS and coverslipped with glycerol-water (3:1) or anti-fade
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medium. The sections were then photographed, the coverslip removed, and the tissues

prepared for sequential histochemical processing as described below.

Cytochrome Oxidase Histochemistry

Cytochrome oxidase histochemistry was conducted using a slight modification of the
Wong-Riley method (40) in which the reaction medium contained one half the
concentration of diaminobenzidine (0.025%) in PB with 4% sucrose and 0.03%
cytochrome C (Sigma, type IIT). All incubations were conducted in the dark in a 370C
constant temperature water bath for 2-5 hr. Adjacent sections or sections which had
previously been reacted for immunofluorescence were washed for 30 min in two changes
of PB before immersion in the CO incubation medium. The reaction was terminated by
two 15 min rinses of the sections in PB. The sections were then dried and coverslipped

with glycerol-water (3:1).

Histochemistry of carbonic anhydrase

Histochemistry for CA was conducted essentially as described by others (28,38)
except that weaker tissue fixatives (paraformaldehyde-picric acid) were used to allow

compatibility with CaBP or PV immunohistochemistry. The incubation medium
consisted of 1.75 mM CoSOy4, 11.7 mM KH5PO4, 157 mM NaHCO3, and 53 mM

HpS804, pH 6.5, and was freshly made with each use (38). Some sections were

processed in incubation medium containing 0.01 mM acetazolamide, an inhibitor of CA
(11,20), which was found to eliminate cytoplasmic CA staining in the present studies.
Two procedures were used for CA histochemistry in combination with PV or CaBP
immunohistochemistry. In the first case, adjacent cryostat sections of lumbar ganglia (L4

or L5) were cut at a thickness of 5 um and collected on separate gelatin-coated slides.
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One section was reacted for CA and the adjacent section for CaBP or PV by the
immunoperoxidase method as described above. Slide mounted sections were washed in
cold PB for 1 hr and then immersed into incubation medium for 5 sec followed by
exposure to the atmosphere for 30 sec. This immersion sequence was repeated for 30
min. Sections were then dipped in an aqueous solution of 0.5% ammonium sulphate for
3 min, washed in PB for 5 min, and coverslipped with a mixture of glycerol and 10 mM
PB (3:1). In the second procedure, sections were processed sequentially first for PV or
CaBP and then for CA. Sections wete cut on a sliding microtome at a thickness of 20
pm, collected and washed for 1 hr in PB, and then processed free floating for PV or
CaBP immunofluorescence as described above. The sections were then mounted onto
slides (not gelatin-coated) from a 25% suctose and 10% glycerol solution in 10 mM PB
(pH 7.4), allowed to dry slightly, coverslipped with this same solution and photographed
using a Dialux 20 microscope (Leitz) equipped with a L3 Phloemopak filter cube. The
coverslips were then removed, the sections were carefully teased off the slides in PB, re-
mounted onto slides, and dried for 30 sec. The slide was then gently immersed into the
CA incubation medium in a manner that would allow the sections to float on the surface
of the medium. After 30 min the sections were collected onto slides, floated again on the
surface of 0.5% ammonium sulphate solution for 3 min, washed in PB for 5 min and
finally mounted onto gelatin-coated slides and coverslipped with a mixture of glycerol

and 10 mM PB (3:1).

RESULTS

General considerations

Dorsal toot ganglion sections immunostained for PV or CaBP by either
immunoperoxidase or immunofluorescence methods resulted in various intensities of

nuclear and cytoplasmic staining in neuronal cell bodies. Nevertheless, cells were clearly
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identifiable as being immunopositive or negative for these proteins. In comparisons of
tissues fixed with or without glutaraldehyde, no readily discernible differences were
evident in the distribution or intensity of PV- or CaBP-immunoreactivity in DRG
neurons. As desctibed in more detail elsewhere (6), most PV-immunoreactive (PV-IR)
and CaBP-immunoreactive (CaBP-IR) neurons were large, presumably type A cells, but
a small number of these were clearly small type B neurons. Thorough analysis of the CO
and CA content of these small cells was not conducted in this study since they could not
be identified with confidence and in sufficient numbers in adjacent sections which was
deemed necessary to confirm results obtained from sections processed sequentially. In
this regard, the similar results derived, at least for large cells, from adjacent and
sequentially processed sections indicates that prior processing of sections for
immunohistochemistry did not interfere with subsequent histochemical detection of CO
or CA. In addition, it should be noted here that since PV appears to be contained almost
entirely in a subpopulation of DRG neurons containing CaBP (6), observations with

respect to PV can be considered to be, in part, confirmatory of those pertaining to CaBP.

Examples of CO staining density in PV-IR or CaBP-IR neurons are presented with
both para-picric fixed and para-picric-glu fixed tissues. The patra-picric-glu fix was
preferred for sections processed sequentially since it more consistently maintained CO
activity in sections previously processed for PV or CaBP immunofluorescence.
However, while this fix preserved activity in cells heavily stained for CO, it substantially
reduced CO reaction product in lightly or moderately stained cells, thus limiting
comparisons of CO density in these cells with PV or CaBP content. Although
quantitative documentation of CO density in PV- and CaBP-IR cells would have been
feasible, this was not conducted since cells densely stained for CO with either fixative
were easily distinguished and the results concerning the colocalization of PV and CaBP

in these cells were sufficiently clear.



Correlation of PV-IR and CaBP-IR neurons with CO activity

Compatison of CaBP-IR cells with their CO staining density in adjacent sections
obtained from para-picric fixed tissue is shown in Fig. 1A,B. In most cases where
corresponding cells were confidently identified as such, CaBP-IR cells (Fig. 1A) were
consistently the most densely stained for CO (Fig. 1B). Most cells considered to be
moderately stained for CO were devoid of CaBP. Similar results were obtained in
sections fixed with para-picric-glu and processed sequentially for CaBP (Fig. 1C)
followed by CO (Fig. 1D). In this example, it can be seen that some small type B CaBP-
IR neurons follow the CO staining pattern of their large cell counterparts. From a count
of 532 CaBP-IR neurons compiled from both adjacent and sequentially processed
sections, approximately 90% of the CaBP-IR cells exhibited the densest CO reaction seen
among DRG neurons. The corresponding percentages obtained independently from

adjacent or sequentially processed sections were 95% and 84%, respectively.

Demonstrations of CO reaction densities in PV-IR cells are shown in Fig. 2. In
adjacent sections obtained from ganglia fixed with para-picric most large PV-IR neurons
(Fig. 2A) contained dense CO reaction product (Fig. 2B). This is also shown in Fig.
2C,D for large cells and in addition illustrates relatively rare examples of adjacent
sections through small DRG neurons which happened to be immunopositive for PV;
these were also found to exhibit a dense CO reaction. In sequentially processed sections
(Fig. 2E,F) from para-picric fixed tissue the correspondence between PV-IR cells and
cells densely stained for CO is still evident but less striking due to loss of CO activity
with the weaker fix. This illustrates the degree of CO activity loss that occurs when
sections are sequentially processed for immunofluorescence followed by CO without at

least a low concentration of glutaraldehyde in the perfusion fixative. For comparison,
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sequentially processed sections of para-picric-glu fixed tissues are shown in Fig. 2G and
H. From a count of 327 PV-IR neurons analyzed in sequentially processed and adjacent
sections, 89% of these displayed robust staining for CO. The corresponding percentages
obtained independently from adjacent or sequentially processed sections were 88% and

90%, respectively.

Correlation of PV-IR and CaBP-IR neurons with CA activity

Our results concerning the appeatance and localization of CA reaction product in
DRG were similar to those described by others (25,26,28,38,39). In tissue fixed with
para-pictic-glu, DRG neurons displayed more intense CA staining than those in tissue
fixed with para-picric. In the present study, the deposition of uniform gray or black CA
reaction product was considered to be indicative of those cells positive for CA.
Comparisons of DRG neurons immunoreactive for PV or CaBP with those positive for
CA are shown in Fig. 3. In adjacent sections of ganglia fixed with para-picric, most
CaBP-IR cells (Fig. 3A) were found to be CA-reactive. Similar results were obtained in
adjacent sections taken for comparison of PV with CA (not shown). In sections of
ganglia fixed with para-picric-glu and taken for sequential processing for CaBP or PV by
immunofluorescence followed by CA histochemistry, most CaBP-IR neurons (Fig. 3C)
were CA-positive (Fig. 3D) and similarly most PV-IR cells (Fig. 3E) were CA-positive
(Fig. 3F). From a count of 272 CaBP-IR neurons and 104 PV-IR neurons of all sizes,
76% and 87% of these, respectively, were found to be CA-positive. Quantification of the
number of cells with CA reaction product but no immunoreaction for PV or CaBP was
not undertaken in the present study. However, many, but not all, CA-positive cells

contained PV or CaBP.
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DISCUSSION

The main findings of the present report are that the majority of PV- andfor CaBP-IR
neurons in lumbar DRG of rat contain CA and consistently exhibit dense staining for CO
and that PV- and CaBP-positive neurons represent a subpopulation of cells containing
CA. The similarities between PV-IR and CaBP-IR neurons with respect to their CO and
CA content is consistent with our previous demonstrations of the colocalization of PV
within a subpopulation of CaBP-positive DRG neurons and with the observation that
nearly all DRG neurons that exhibit dense staining for CO also contain CA (6,7). These
results taken together indicate the existence of a distinct subpopulation of DRG neurons
that is distinguished by its parvalbumin [P], oxidase [O], calbindin D28k [C], and
anhydrase [A] content. For convenience, these will be referred to henceforth as POCA-
positive, POCA-containing or simply POCA neurons. In considering this nomenclature,
we appreciate that the terms positive and containing imply presence or absence with
respect to CO and CA, but recognize that all cells contain CO activity and that probably
most DRG neurons and indeed most cell types express some level of CA (35) which is
not visualized histochemically in fixed tissue (34). Nevertheless, it appears that some
DRG neurons possess a far greater abundance of CO and CA compated with their
neighbors and our proposed terminology is meant in reference to these relative

differences.

The elevated rates of production of CO and CA in POCA neurons is assumed to have
functional relevance. Four points that may be pertinent in this regard include: 1)
correlations between the electrical activity of neurons and their CO content (40,41,42); 2)
correlations between the high PV and CO content of some nuclei in brain 3,4); 3)
observations that PV-IR and CaBP-IR neurons in the CNS are often those with the

greatest firing rates (2,9,15,18); and 4) suggestions that some, though perhaps not all,
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CA-containing neurons in DRG are likely to be tonically active (7,25,26,28). On the
basis of these points and the present findings, we suggest that the subpopulation of DRG
cells displaying POCA are among the most electrically active primary sensory neurons.
Conversely, our observation that the vast majority (over 85%) of DRG neurons with
dense staining for CO also contained PV and CaBP would support the suggestion that
these calcium binding proteins may be required for their capacity to buffer heavy calcium
loads in neurons that fire rapidly andfor exhibit calcium spikes (8,9,14,15). The
requirement of these proteins in DRG neurons that produce calcium currents (12,23,45)
remains uncertain since most POCA neurons were large type A cells whereas calcium
curtents in sensory neurons have been observed largely in somas with either
unmyelinated fibers (45), which arise mostly from small type B cells, or with fibers
ending in high threshold sensory receptors (29) which are unlikely to be tonically active.
However, the possible requirement of PV andfor CaBP in such neurons is not excluded

given the presence of these proteins in a subpopulation of small DRG neurons (6).

The occurrence of PV and CaBP in a very small proportion of DRG neurons that
exhibited light or moderate CO activity (<10%) suggests either roles for these proteins
additional to calcium buffering in active cells or, alternatively, their constitutive
expression in POCA cells that have somewhat reduced CO activity during periods of
electrical quiescence. In any case these cells and those densely stained for CO but
apparently lacking PV or CaBP (15%) are exceptions that tend to negate our
interpretations and suggest instead that POCA neurons represent a rather large, but
distinct subpopulation of cells containing either high CO activity or these calcium
binding proteins. However, several technical considerations need to be emphasized
regarding these exceptions. First, it should be noted that histochemistry and
immunohistochemistry are seldom totally reliable. Second, there is likely a small error

associated with the identification of corresponding cells in adjacent sections. Third,
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compared with the density of CO or CA staining in a cell represented in the full thickness
of a section, the staining density in a cell only partially present in a section is likely to be
lower and such cells would have been included in the present counts. Finally, based on
densitometric analysis of CO staining in over 1000 DRG neurons (7), judgements of
those presently designated as densely stained were considered to be conservative. Thus,
our observation of about 90% colocalization of CaBP or PV in cells densely stained for
CO and 76 to 87% colocalization of these proteins in cells positive for CA is probably an
underestimate of the true correspondence. Indeed, in optimal material we found that the
correspondence between neurons densely stained for CO and those positive for PV or
CaBP approached 98%. The degree to which such a correspondence between high CO

activity and CaBP or PV content exists among central neurons remains to be determined.

Carbonic anhydrase has a variety of complex functions related to cell metabolism and
maintenance of ion homeostasis (10,11,22,31,35). Functions that may be most pertinent
to its CO9-hydrating activity in DRG neurons include facilitation of carbon dioxide
transport in metabolically active cells andfor promotion of calcium sequestration within
intracellular organelles. Given the relationship between CO activity and neuronal energy
requirements, our observation, reported elsewhere (7), that very nearly all DRG neurons
with dense CO histochemical staining also contain CA could be considered as evidence
for these two possible roles of CA in at least some DRG neurons. This is now
particularly reinforced by the proposed roles of PV and CaBP in electrically very active
cells and the colocalization of these two proteins in CA-positive DRG neurons that also
exhibit dense staining for CO. However, there appear to be significant numbers of CA-
containing cells that exhibit very light CO reaction product which may indicate other
functions for this enzyme (7). In this context, it has been previously suggested that CA is
localized to a very large extent in, and may have some function related to, muscle

afferents (25,26,28,39). Notwithstanding the possibility that POCA cells may represent a
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subpopulation of such afferents, the peripheral projections of, and sensory information

conveyed by, POCA neurons remains to be determined.
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FIGURE LEGENDS

Figure 1. Photomicrographs of sections showing the relationship between the CaBP
content and CO activity of neurons in lumbar DRG. (A,B) Adjacent sections stained
immunohistochemically for CaBP by immunoperoxidase (A) or histochemically for CO
B). (C,D) Photomicrographs of the same section stained for CaBP by
immunofluorescence (C), photographed, and then stained histochemically for CO (D).
Arrows in each pair of micrographs indicate examples of corresponding cells. Note the
CO staining density in CaBP-IR neurons. A and B depict sections from para-pictic fixed
tissue, and C,D depicts a section from para-picric-glu fixed tissue. Magnifications:

(A,B) X 110; (B,C) X 150.

Figure 2. Photomicrographs of sections showing the relationship between the PV content
and CO activity of neurons in lumbar DRG. (A,B,C,D) Adjacent sections stained
immunohistochemically for PV by immunoperoxidase (A,C) or histochemically for CO
(B,D). (A) corresponds to (B) and (C) with (D). Note the CO staining density in both
large and small PV-IR neurons indicated by arrows in corresponding sections. (E,F) are
the same section and (G,H) are the same section stained for PV by immunofluorescence
(E,G), photographed, and stained histochemically for CO (F,H). (E,F) and (G,H) depict
sections from para-picric or para-picric-glu fixed tissue, respectively. Note the CO
staining density in PV-IR neurons indicated by arrows in corresponding sections.

Magnifications: (A,B) X 120; (C,D) X 180; (E,F) X 145; (G,H) X 150.



Figure 3. Photomicrographs of sections showing the relationship between the PV or
CaBP content and CA activity of neurons in lumbar DRG. (A,B) Adjacent sections
stained immunohistochemically for CaBP by immunoperoxidase (A) or histochemically
for CA (B). (C,D) are the same section and (E,F) are the same section stained for CaBP
(C) or PV (E) by immunofluorescence, photographed and then stained histochemically
for CA (D,F). Note that most, though not all, CaBP-IR and PV-IR neurons are CA-
positive.  Immunopositive and CA-positive cells are indicated by arrows in

corresponding micrographs, Magnifications: (A,B) X 210; (C,D) X 90, (E,F) X 75.
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Part IV

Calcitonin gene-related peptide in primary afferent neurons of rat: coexistence with

fluoride-resistant acid phosphatase and depletion by neonatal capsaicin

P.A. Carr, T. Yamamoto and J.I. Nagy

Neuroscience (1990) 36; 751-760
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Abstract--Immunohistochemical and histochemical techniques were used to re-examine
the extent to which neonatal capsaicin treatment depletes calcitonin gene-related peptide
in the dorsal horn of the spinal cord, to determine the localization of calcitonin gene-
related peptide in relation to that of fluoride-resistant acid phosphatase in lumbar dorsal
root ganglia, and to compare the distribution of these primary afferent markers in the

dorsal horn.

A substantial depletion of calcitonin gene-related peptide was observed in the dorsal
horn of adult animals treated neonatally with capsaicin suggesting that a large proportion
of this peptide in the dorsal horn is contained within capsaicin-sensitive primary afferent
fibers. In dorsal root ganglia 30% of all or 44% of small and medium sized calcitonin
gene-related peptide-immunoreactive cells were positive for fluoride-resistant acid
phosphatase. ~Conversely, 50% of cells positive for the phosphatase enzyme also
displayed immunoreactivity for the peptide. In lamina II of the dorsal horn calcitonin
gene-related peptide and fluoride-resistant acid phosphatase were found to have an
overlapping distribution. The presence of fluoride-resistant acid phosphatase in a
substantial proportion of neuropeptide-containing primary sensory neurons suggests a
lack of segregation of sensory neuronal populations into peptide and non-peptide
containing subgroups at least on the basis of non-peptide neurons defined as those

containing fluoride-resistant acid phosphatase.
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The distribution of calcitonin gene-related peptide (CGRP) in both the central and
peripheral nervous system has been well documented (8,10,14,16,17,19,27,30,31)
considering its recent description (27). The relationship of this peptide with other
cytochemical markers has been particularly well defined in the sensory ganglia and spinal
cord of a number of species (8,10,11,13,14,31,33). In sensory ganglia of rat, up to 50%
of all neurons contain CGRP-immunoreactivity (10,14,19) and a large proportion of
these also contains substance P, somatostatin, galanin and various other peptides
(5,8,9,10,13,14,18,31). In the spinal cord, CGRP-immunoreactivity in fibers that are
thought to be largely of primary afferent origin are found distributed within the
superficial dorsal horn in lamina I and lamina II although there also appear to be a
number of CGRP-immunoreactive (CGRP-IR) fibers extending into lamina III and
deeper layers (1,2,10,29,31,32,33). Despite this wealth of documentation a number of

points concerning primary afferent CGRP remain uncertain.

First, variable results have been obtained concerning the degree to which neonatal
capsaicin treatment depletes CGRP-IR fibers in the spinal cord dorsal horn of rat. For
example, CGRP immunoreactivity following this treatment has been reported to be either
significantly reduced (31), slightly diminished (5), or even increased in certain areas of
the dorsal horn (11). Second, it has been suggested that primary sensory C-fiber
afferents may be divided into two subgroups consisting of peptide and non-peptide-
containing neurons (12). Much of the support for this notion is derived from previous
demonstrations that peptides such as substance P and somatostatin are not found (23) or
only found rarely (4) within nonpeptide sensory neurons represented by those containing
fluoride-resistant acid phosphatase (FRAP). Although a reasonable suggestion on the
basis of available data, a large number of peptides have been described and new peptides
continue to be found in primary sensory neurons. Thus, analyses of coexistence

possibilities have not been exhausted. Third, the populations of peptide and non-peptide
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containing primary sensory neurons are proposed to have somewhat different laminar
distributions in the superficial dorsal horn. For example, the localization of substance P
and somatostatin in this region has been described to be different than that of FRAP (12;
see however, 23). However, the results of various studies that have mapped the
distribution of FRAP or peptides such as CGRP (3,10,23,26,31,33) in the superficial
dorsal horn of rat suggest that the ramifications of sensory fibers containing these
markets may partially overlap, although a direct comparison of the distributions of FRAP
and CGRP in this region has not been conducted.

In an attempt to clarify these issues, we examined the effect of neonatal capsaicin
treatment on CGRP-IR fibers in the dorsal horn and compared the localization of CGRP

and FRAP in both dorsal root ganglia (DRG) neurons and the supetficial dorsal horn.

METHODS

Tissue preparation

Adult, male Sprague-Dawley rats weighing 240-380 g were anesthetized with chloral
hydrate and perfused transcardially with cold (4°C) 0.9% saline containing 0.1% sodium
nitrite and 100 units of heparin followed by cold (4°C) freshly prepared fixative
consisting of 4% paraformaldehyde and 0.16% picric acid in 0.1 M sodium phosphate
buffer, pH 7.4 (34). After perfusion, the spinal cord and lumbar dorsal root ganglia were
immediately removed and post- fixed for 2 or 4 hr in cold fixative. The ganglia were
then stored in cold 15% sucrose with 0.001% sodium azide in 0.1 M phosphate buffer
(pH 7.4) and the spinal cords in a solution of 25% sucrose and 10% glycerol in S0 mM
phosphate buffer (pH 7.4) for at least 2 days. Transverse and horizontal sections of the
lumbar enlargement of the spinal cord were cut on a sliding microtome at a thickness of

20 um and collected into cold 0.9% saline in 0.1 M phosphate buffer (pH 7.4) (PBS).
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Sections of the fourth lumbar dorsal root ganglia were cut on a cryostat (Leitz) at a
thickness of 15 uym and thaw-mounted onto gelatinized slides. Sections of spinal cord
were also obtained from similarly prepared tissues of 12-13 week old adult rats that had
been injected neonatally with either capsaicin or vehicle as described elsewhere (20,22).
In brief, 48 hours after birth three male rats from the same litter received a single
subcutaneous injection of capsaicin (50 mg/kg) in 10% ethanol, 10% Tween-80 and
0.9% sterile saline. Three control littermates received equal volumes of vehicle. The
effectiveness of this treatment was confirmed in similarly treated littermates that showed

a greater than 65% reduction in the number of FRAP-containing neurons in the DRG.

To determine the effect of neonatal capsaicin on the distribution of CGRP-IR fibers
in the spinal cord, tissue from both capsaicin and vehicle-injected animals were
processed by the peroxidase anti-peroxidase method. The relationship of CGRP to FRAP
in both DRG and the spinal cord was examined using tissue processed sequentially first
for CGRP-immunofluorescence and then for FRAP histochemistry. Following the
immunofluorescence reaction, sequentially processed sections were coverslipped with 1-
5% suctose in 20 mM Tris-maleate buffer (pH 5.0). The tissue was then photographed,
the coverslips removed, and the slides washed for 14-18 hr in cold (4°9C) Tris-maleate
buffer (pH 5.0). The sections were then reacted for FRAP histochemistry as described
below, coverslipped with glycerol-water (3:1) and rephotographed. In some instances,
CGRP-immunofluorescence as well as FRAP histochemical reaction product in spinal

cord sections was photographed after completion of FRAP histochemistry.

Immunohistochemical techniques

All sections were incubated with rabbit antiserum to CGRP (Peninsula) at a dilution

of either 1:1000 or 1:2000 in 0.1 M phosphate buffer containing 0.9% saline, 0.3%
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Triton X-100 and 1% bovine serum albumin (PBS-T/BSA) for 40-68 hr at 4°C. The
sections wete then washed for 40 min in two changes of PBS, either with 0.3% Triton X-
100 (PBS-T) for peroxidase reacted sections or without Triton X-100 for
immunofluorescence reacted sections which were subsequently taken for FRAP
histochemistry. Sections to be reacted by immunofluorescence were incubated with
Texas Red conjugated donkey anti-rabbit IgG (Amersham) (1:50) in PBS for 1.5 hr at
room temperature followed by two 45 min washes in PBS. The sections were then
coverslipped, photographed and prepared for FRAP histochemistry as described above.
Sections reacted by the peroxidase anti- peroxidase method were incubated in goat anti-
rabbit IgG (Sternberger-Meyer) diluted 1:20 in PBS-T/BSA, washed for 40 min in two
changes of PBS-T and then incubated in rabbit PAP (1:100) (Sternberger-Meyer) in
PBS-T/BSA. The sections were then washed for 20 min in PBS-T and a further 20 min
in 50 mM Tris-HCI buffer (pH 7.4) after which they wete reacted for the visualization of
peroxidase activity using 0.02% diaminobenzidine and 0.005% hydrogen peroxide in 50
mM Tris-HCI buffer. All peroxidase reacted tissue was mounted on slides, and then
dehydrated in alcohol, cleared in xylene and coverslipped with Lipshaw mounting

medium.

Fluoride-resistant acid phosphatase

Histochemical detection of FRAP was conducted according to a modification of
methods previously described (20,23). Following an overnight wash in cold 20 mM
Tris-maleate buffer (pH 5.0), the tissue was incubated for 14-18 hr at room temperature
in 20 mM Tris-maleate buffer (pH 5.0) containing 12 mM sodium glycerophosphate, 1.5
mM lead nitrate and 0.5 mM sodium fluoride. Sections were then quickly rinsed in
distilled water, incubated for 30 sec in 2% ammonium sulfide, again rinsed in water, and

then coverslipped with glycerol-water (3:1) and photographed.
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RESULTS

Capsaicin treatment

The appearance of CGRP immunochistochemical staining in spinal cord sections from
vehicle- and capsaicin-injected animals is shown in Figures 1 and 2. In transverse
sections of the lumbar spinal cord from control animals (Fig. 1A), CGRP-IR fibers were
concentrated in Lissauer's tract and in lamina I and II of the dorsal horn with individual
or conglomerates of several short stretches of fibers extending into the dorsal portion of
lamina ITI. Fine CGRP-IR fibers were also observed throughout the remainder of the
dorsal horn. More prominent in many but not all sections were CGRP-stained fiber
bundles seen traversing lamina ITI, IV and V with some extending in a ventromedial
orientation toward lamina X. Densely stained collections of fibers were occasionally
observed in the dorsolateral funiculus while lightly stained fibers of a smaller calibre
were often visible in the dorsolateral portion of the dorsal column adjacent to the dorsal
horn. When seen individually most of the CGRP-IR elements in the dorsal horn were
varicose, moderately stained fibers interspersed with an abundance of immunoreactive
puncta. Some of the larger more densely stained fibers tended to exhibit a homogeneous
non-varicose staining pattern. The appearance of CGRP-immunoreactivity in transverse
sections from capsaicin-treated animals (Fig. 1B) is noticeably different from that seen in
control tissue. There was a substantial reduction in the density of staining for CGRP
throughout the dorsal horn with the greatest change occutring in the mid to ventral
portion of lamina II and the whole of lamina IIl. A band of dense staining remained in
lamina I and the most dotsal portion of lamina II although the number of fibers within,
and staining density of, the band was considerably reduced. Immunoreactive fibers in
the dorsolateral funiculus were almost totally depleted as were the majority of lightly
stained fibers in the more ventral portions of the dotsal horn. The CGRP-IR fiber
bundles traversing lamina III, IV and V were also absent in many, but not all sections;

where present, their humbers were reduced.
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The effect of neonatal capsaicin treatment on CGRP immunoreactivity is most
evident in horizontal sections through superficial layers of the dorsal horn (Fig. 2). Just
supetficial to and possibly within lamina I in sections from control animals (Fig. 2A), an
extensive and densely stained plexus of CGRP-IR fibers was observed traversing
mediolaterally or rostrocaudally and in many cases appeared to be connected with
rostrocaudally oriented fibers in Lissauer’s tract and those in the superficial portion of
lamina II. After capsaicin treatment, the largest of the CGRP-IR fiber plexi were no
longer present and the number of rostrocaudally oriented fibers in Lissauer’s tract was
greatly decreased (Fig. 2B). The remaining CGRP-IR fibers were seen individually or in
disorganized clusters displaying tortuous configurations. In horizontal sections through
lamina II of control tissue (Fig. 2C), densely stained varicose fibers having largely a
rostrocaudal orientation predominated. After capsaicin treatment these fibers were
almost totally absent (Fig. 2D) leaving a disorganized arrangement of CGRP-IR fibers
similar to that seen in lamina I of treated animals. The staining that persisted was

localized to individual puncta or to varicose or non-varicose fibers.

CGRP-FRAP colocalization

The localization of CGRP in relation to that of FRAP in DRG neurons is shown in
Figure 3. In sections stained for CGRP (Fig. 3A) large numbers of cells demonstrated
either homogeneous cytoplasmic staining or punctate immunofluorescence which is
generally considered to be associated with the Golgi apparatus. These staining patterns
varied in intensity from light to very brilliant. From estimates of the size of the CGRP-
positive cells based on visual compatisons with FRAP-containing neurons known to be
of the small type B category, it was determined that approximately 68% of the CGRP-IR

neurons were of approximately the same size as FRAP containing cells. This is in
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agreement with previous findings that 70% of CGRP- and all FRAP-positive cells have
sizes within the range of type B cells (14). However, in view of uncertainties regarding
the classification of intermediate size cells as type A or type B, it can not be concluded
that this percentage of CGRP-positive cells represents exclusively the type B cell
population. Thus we refer to this population of CGRP-positive cells (68%) as small or
medium size cells without implying cell type. In the same section subsequently
processed for FRAP histochemistry, many small cells containing FRAP (Fig. 3B)
exhibited a dense cytoplasmic reaction product while most unreacted cells displayed
minimal background staining. In some cases variability in the quality of FRAP
histochemistry was evident between sections and between animals. However, cell counts
indicated that the intensity of staining, rather than the number of cells judged to be
positive, was most affected by a poorer reaction. Analysis of paits of micrographs of the
same sections processed for CGRP and FRAP revealed that 50% of 1672 FRAP-positive
cells counted were immunoreactive for CGRP. From a count of 2812 CGRP-positive
cells, 30% contained FRAP reaction product. Using the proportion of small and medium
CGRP cells that had been estimated to be approximately 68%, it was calculated that 44%
of these were also stained for FRAP. When the results from four animals were examined
separately it was found that the percentage of FRAP-positive cells displaying CGRP
ranged from 36-71% and the percentage of CGRP-positive cells containing FRAP ranged
from 26-33%. These variations between animals were likely due to the quality of CGRP-
and FRAP-staining rather than differences inherent in the animals since in tissues
exhibiting a high quality reaction the values obtained for the percentage of FRAP-

positive cells containing CGRP (55%) correspond closely to the overall average (50%).

The distribution of CGRP and FRAP positive fibers in the supetficial dorsal horn is
shown in Figure 4. In figure 4A and 4B, CGRP immunofluorescence (Fig. 4A) was
photographed before the section was reacted for FRAP histochemistry (Fig. 4B). Visual
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inspection of these micrographs indicates that CGRP and FRAP staining overlap. This is
better illustrated in Figure 4C and D where the same fields within these micrographs are
closely opposed to allow comparison of localization. The higher magnification
micrographs shown in Figure 4E to H are similar to those in Figure 4A to D except that
the section was photographed after it had been stained for both CGRP and FRAP. In
both these sets of micrographs it can be seen that the FRAP staining overlaps with the
most ventrally located CGRP immunofluorescence.  The density of CGRP-
immunoreactivity in the region of overlap, however, was obviously lower than that seen
dorsal to the layer of FRAP staining. From comparisons of micrographs where CGRP
was photographed before or after completion of the FRAP reaction, we were unable to
estimate the degree to which CGRP-immunofluorescence may have been obscured by the

FRAP reaction product in the regions where they overlapped.

Technical points

Certain procedures were determined to be necessary to allow sequential processing of
DRG and cord sections first for CGRP immunofluorescence and then for FRAP
histochemistry.  Following the immunofluorescent reaction it was found that
coverslipping with anti-fade medium or glycerol substantially reduced the FRAP
reaction. This difficulty was circumvented by coverslipping with 1-5% sucrose in 20
mM Tris-maleate buffer (pH 5.0). However, the absence of an anti-fade agent in the
coverslipping medium necessitated the use of a second antibody conjugated
fluorochrome that undergoes minimal quenching during photography. Texas Red was
found to be suitable in this respect. Despite collection of ganglion sections on gelatinized
slides, some sections covetslipped with the Tris-sucrose medium adhered and remained
attached to the coverslip upon coverslip removal. This did not effect the FRAP reaction

and it did not preclude photography of the same ganglion fields as were previously
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photographed for CGRP immunofluorescence. An overnight wash in cold 20 mM Tris-
maleate buffer (pH 5.0) after tissues had been processed for CGRP immunofhiorescence
was found to increase the intensity of the FRAP reaction compared with that seen in

tissue washed for shorter times.

DISCUSSION

Widely disparate results regarding the effects of neonatal capsaicin on CGRP in the
dorsal horn of the spinal cord as determined by immunochistochemical staining or
radioimmunoassay (5,11,31) were obtained from rats injected with similar doses of
capsaicin. The present qualitative study, which employed the same capsaicin dosage as
used in these earlier repotts, demonstrates that there is a substantially lower density of
CGRP-IR elements in the dorsal horn of capsaicin-treated compared with control
animals. In this regard, our data agrees with the report of Skofitsch and Jacobowitz (31).
The reasons for the differences between our results and those of some othets is not clear
although strain of animals used and their age after capsaicin treatment may have been
contributing factors in some cases. With respect to the CGRP-IR fibers remaining in the
dorsal horn following neonatal capsaicin treatment, previous findings that the dosage of
capsaicin treatment used here caused up to 90% depletion of unmyelinated primary
afferent fibers in dorsal roots with a minimal effect on myelinated afferents (22,24)
coupled with observations that virtually all CGRP in the dorsal hotn of the spinal cord is
of primary afferent origin (2,10) suggest that the remaining CGRP is localized to the
central termination of myelinated primary afferent fibers. Such fibets appear to be
concentrated in lamina I, the dorsal portion of lamina II, and in fiber bundles penetrating
to deeper layers. However, we can only tentatively conclude that this represents the
distribution of CGRP-positive myelinated afferents in normal animals since an

anatomical rearrangement (21,25) or an altered production of CGRP in fibers surviving
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neonatal capsaicin treatment cannot be excluded.

The occurrence of CGRP in DRG and its colocalization with various other peptides
has been previously described in a number of species (8,10,13,14,18,31). In rabbit DRG,
the localization of CGRP in relation to FRAP has also been examined and these have
been determined to be present largely in separate neurons (28). Although a detailed
study of the relationship between CGRP and FRAP has not been reported in rat, the lack
of coexistence of FRAP with this widely occurring peptide in sensory neurons would
strengthen the postulated classification of primary afferents into peptide and non-peptide
subgroups as may be represented by CGRP and FRAP, respectively (12). This
classification system was based largely on earlier observations that DRG neuronal
populations containing FRAP are separate from those containing substance P or
somatostatin (4,23) and that substance P- and FRAP-containing primary afferents have
somewhat different distributions in the dorsal horn (23). However, FRAP has been
obsetved to coexist almost entirely with another peptide found in DRG, namely, arginine
vasopressin (15). In addition, there are some indications that there may be a very small
degree of coexistence between FRAP and substance P (4,6). With regard to FRAP and
CGRP, some possibility for their coexistence is provided by estimates that FRAP is
contained within up to 70% of small DRG neurons (6,7,15,28) and CGRP within
approximately 50% of all small cells (14). Moreover, it has been suggested that FRAP
and CGRP may coexist in primary sensory fibets of the greater splanchnic nerve (19) and
in both rabbit and rat lumbar DRG the occasional cell containing both FRAP and CGRP
has been previously observed (28,29). Our results show that there is indeed a substantial
population of primary afferent neurons that contain both a peptide (CGRP) and FRAP.
Staining for FRAP was observed in 30% of CGRP positive neurons (44% of CGRP-
positive small and medium size neurons) while 50% of the neurons containing FRAP

displayed CGRP immunoreactivity. If the previous estimate that 50% of all small and
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medium DRG cells contain CGRP (14) is applicable to our data, then 22% of all small
and medium cells in lumbar DRG contain both CGRP and FRAP.

Our finding that CGRP and FRAP have an overlapping distribution in the dorsal horn
is consistent with their colocalization in DRG particularly since both of these markers
within the dorsal horn are thought to be contained entirely within primary afferents.
Further support for the suggestion that FRAP staining is totally encompassed within the
CGRP-IR layer in the dorsal horn is provided by observations that FRAP is present
within the ihtermediate third of lamina II (3,23,26) and CGRP-immunoreactivity within
lamina I, II (19,31,33) and the superficial portion of lamina III (10). Our results suggest
that there are not two wholly separate subclasses of peptide and non-peptide primary
afferent neurons at least on the basis of non-peptide neurons defined as those containing
FRAP. Inasmuch as FRAP, SP and somatostatin are present within largely separate
populations of DRG neurons (23) and SP has been found in many CGRP-positive DRG
cells (8,10,14,18,31,33), our results further suggest the existence of three largely separate
populations of primary sensory DRG neurons, namely, those which contain either CGRP
plus FRAP, CGRP plus SP, or CGRP plus somatostatin. The relationship of these
populations to the transmission of sensory modalities and the peripheral effector

functions of sensory neurons remains to be determined.
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FIGURE LEGENDS

Figure 1. Photomicrographs showing CGRP-immunoreactivity in transverse sections of
the lumbar dorsal horn from control (A) and capsaicin-treated rats (B). (A) In control
material, intense staining is present within Lissauer’s tract (arrowhead) and in lamina LI
and the dorsal portion of lamina I (small arrows). Bundles of fibets are seen extending
ventromedially across lamina II, IV and V (large arrow) and in the dorsolateral
funiculus. (B) Depletion of staining is seen throughout lamina IT and the dorsolateral
funiculus. Remaining superficial fibers are concentrated in a narrow band within lamina
I and the outer portion of lamina I The number of CGRP-IR fibers in the intermediate

dorsal horn is also reduced. Magnifications: A,B, X 215.

Figure 2. Photomicrographs showing CGRP-IR fibers in horizontal sections through
lamina I (A,B) and II (C,D) of the dorsal horn from control (A,C) and capsaicin-treated
animals (B,D). Note the intensely stained fiber plexus (arrows) in lamina I of control
material (A) and its absence after capsaicin treatment (B). In lamina II of the dorsal horn,
the number and intensity of rostrocaudally oriented CGRP-IR fibets seen in controls (&)

are largely eliminated after capsaicin treatment (D). Magnifications: A,B,C,D, X 230.

Figure 3. Photomicrographs showing CGRP-IR and FRAP-positive neurons in the same
section of lumbar dorsal root ganglion. The section was stained for CGRP by
immunofluorescence (A), photographed and then stained histochemically for FRAP (B).
Arrows indicate examples of cells containing both CGRP and FRAP. Arrowheads
indicate corresponding small cells containing either CGRP or FRAP but not both.
Magnifications: A,B, X 130.
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Figure 4. Photomicrographs of transverse sections through the dorsal horn of the spinal
cord showing the comparative distribution of CGRP-immunoreactivity and FRAP
reaction product. (A,B) The same section reacted first for CGRP by immunofluorescence
(A), photographed and then stained histochemically for FRAP (B). (C,D) CGRP- and
FRAP-staining in the same area of the dorsal horn indicated between the arrows in A and
B. (E,F) The same section stained first for CGRP (D) and then for FRAP (E) followed by
photography of both CGRP immunofluorescence and the FRAP reaction produet. (G,H)
CGRP- and FRAP-staining in the same area of the dorsal horn as indicated between the
atrows in E and F. Note the overlap between the FRAP reaction product and the ventral
portion of CGRP immunofluorescence. Magnifications: A,B,C,D, X 170; E,F,G,H, X
335.
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Part V

Cytochrome oxidase immunohistochemistry in rat brain and dorsal root ganglia:

visualization of enzyme in neuronal petikarya and in parvalbumin-positive neurons
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Abstract--Histochemical detection of cytochrome oxidase activity has been widely used
to deduce patterns of neuronal electrical activity in the CNS. Here we investigated the
utility of cytochrome oxidase localization by immunohistochemistry and compared
immunostaining with histochemical staining patterns in dorsal root ganglia. In addition,
a limited survey of cytochrome oxidase immunostaining density within what are thought
to be highly active parvalbumin-immunoreactive neurons was conducted. The
immunohistochemical approach produced granular cytoplasmic immunolabelling in
neuronal cell bodies and allowed identification of individual labelled cells in all brain
regions including those within dense immunoreactive networks of neuropil. Neuronal
somata exhibited a wide range of staining densities which were particularly evident in the
hippocampus and dorsal root ganglia.  The distribution of neurons intensely
immunoreactive for cytochrome oxidase within various structures was consistent with
previous histochemical descriptions of enzyme activity. Densitometric measurements of
immunohistochemical reaction product in individual neurons of hippocampus, substantia
nigra, cerebellum and dorsal root ganglia showed that the rate of product deposition was
linear with time under conditions chosen for comparisons of staining density.
Quantitative analysis of cytochrome oxidase immunohistochemical and histochemical
staining densities within the same cells in adjacent sections of dorsal root ganglion gave a
correlation  coefficient of 1=0.75 (p <0.001). In sections processed
immunohistochemically for both cytochrome oxidase and parvalbumin, most but not all
parvalbumin-containing cells displayed dense cytochrome oxidase immunolabelling.
Conversely, many examples were found of neurons that were densely stained for

cytochrome oxidase, but lacked parvalbumin.

Immunohistochemistry for cytochrome oxidase reveals the enzyme in neuronal cell
bodies with a clarity not usually seen with the histochemical method. Combination of

this immunohistochemical approach with simultaneous immunolabelling of other
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neuronal markers, as shown here in the case of parvalbumin, is expected to assist the

elucidation of patterns of activity in neurochemically identified cell types and

anatomically defined neural systems.
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A number of anatomical approaches have been developed to study normal or
experimentally altered patterns of electrical activity in neurons. These include
autoradiographic localization of radiolabelled 2'-deoxyglucose uptake (37) and
immunohistochemical visnalization of c-fos protooncogene induction (21,34) which
detect short-term patterns of neuronal activity and histochemical determination of
cytochrome oxidase (CO) activity which reveals long-term patterns of activity (49). The
latter method is based on the premise that CO activity in the mitochondrial oxidative
pathway parallels cellular energy demands for ATP and that maintenance of ionic
gradients across plasma membranes represents a significant energy expenditure in
neurons (29,36). Rather indirect support for the view that densities of histochemical
staining for CO in neurons reflects their average level of electrical activity includes such
considerations as the source, strength and placement of their synaptic input
(13,25,42,48). Further support is provided by observations that the CO staining intensity
of certain neuronal populations within structures such as the lateral geniculate nucleus,
hippocampus, reticular thalamic nucleus and substantia nigra appears to correspond to
their spontaneous firing rates (see 24,43,49). Stronger evidence for a close coupling
between CO and neuronal activity originates from studies showing changes in CO
histochemical staining densities in response to experimental manipulations which alter
neuronal activity. For example, decreases in CO staining intensity have been observed in
the lateral geniculate nucleus and visual cortex after intravitreal injection of tetrodotoxin
or enucleation (45,47), and in the ventral cochlear nucleus, trapezoid body, inferior
colliculus and several other auditory relay nuclei following blockade of auditory stimuli
(44). Increases in staining density have been observed in myenteric ganglia after
depolarization with veratridine (31) and in auditory relay nuclei after chronic electrical
stimulation of the cochlear nerve (46).

Despite the ease, reliability and widespread use of CO histochemistry, this method

has not been extensively applied to studies of CO activity in neurons identified according
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to their morphological or transmitter characteristics. Such studies may have been
impeded by the difficulty of visualizing CO reaction product in neurons embedded in
regions of densely stained neuropil and, in some instances, by the incompatibility of
technical conditions used for CO histochemistry and those wused for
immunohistochemical localization of other substances. Information regarding relative
CO content of morphologically or chemically homogeneous neuronal populations could
be of value in establishing relationships between their anatomical connections and overall
level of activity. One widely distributed population of neurons suggested to be
homogeneous with respect to properties that allow high frequencies of firing contains the
calcium binding protein parvalbumin (PV). That the presence of PV is in fact one of
these properties is suggested by the known role of calcium in regulating neuronal
excitability (30,32), the proposed role of PV in buffering intracellular free calcium
(9,19,39) and the expression of PV in neurons that are generally considered to be highly

active or those that exhibit high frequency bursts of activity (3,4,9,27).

In order to extend the use of CO as an indicator of metabolic and electrical activity in
neurons, the present study was undertaken to determine the utility of an
immunohistochemical approach to enzyme localization and to investigate whether
relative quantities of immunohistochemically detected CO protein correspond to the
distribution of CO activity demonstrated by histochemistry. In addition, a general survey
of CO immunostaining intensities in PV-containing neurons was conducted in sections

simultaneously immunolabelled for both CO and PV.
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METHODS

Tissue Preparation

Adult, male Sprague-Dawley rats weighing 250-360 g wete anesthetized with chloral
hydrate and perfused transcardially with cold (4°C) 0.9% saline containing 0.1% sodium
nitrite and 100 units/100 ml of heparin followed by cold (4°C) freshly prepared fixative
consisting of 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Some
animals were perfused with fixative consisting of 4% paraformaldehyde and 0.16% picric
acid in 0.1 M sodium phosphate buffer, pH 7.4. Brains and L5 dotsal root ganglia were
removed and postfixed in cold fixative for 2-24 hr for brain tissue and overnight for
ganglia. The tissue was then transferred into cryoprotectant solutions consisting of either
25% sucrose and 10% glycerol in 0.05 M sodium phosphate buffer (pH 7.4) or 15%
sucrose in 0.1 M sodium phosphate buffer (pH 7.4) for sliding microtome or cryostat

sectioning, respectively. All tissues were cut at thickness of 7-10 pm.

CO Immunochistochemistry

Sections were incubated for 40-72 hr with a previously characterized rabbit
polyclonal antibody against whole CO (10,16,17), with the polyclonal antibody
preadsorbed with purified beef heart CO, or with preimmune serum on immunoblots the
polyclonal antibody was found to react with all of the subunits of rat brain and heart
mitochondrial CO (unpublished observations). Antibody dilutions ranged from 1:500 to
1:4000 in 0.1 M sodium phosphate buffered 0.9% saline (PBS, pH 7.4) containing 1%
BSA alone or 1% BSA with 0.3%, 0.6% or 1% Triton X-100. Optimum results were
obtained with primary antibody dilutions of 1:500 in 0.3% Triton X-100. Following the
primary incubation, sections were washed for 40 min in PBS containing 0.3% Triton X-

100 (PBS-T), incubated for 2 hr in secondary incubation medium consisting of goat anti-
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rabbit IgG (Sternberger-Meyer) diluted 1:20 in PBS-T with 1% BSA (PBS-T/BSA) and
again washed for 40 min in PBS-T. The tissue was then incubated in rabbit PAP
(Sternberger-Meyer) diluted 1:100 in PBS-T/BSA for 2 hr followed by a 20 min wash in
PBS-T and a further 20 min wash in 50 mM Tris-HCl buffer, pH 7.4. The sections were
then reacted in 50 mM Tris-buffer containing 0.005% hydrogen peroxide and 0.02%
diaminobenzidine (DAB), washed in 50 mM Tris for 40 min, mounted onto slides from

gelatin-alcohol, dehydrated and coverslipped with Permount.

CO Histochemistry

Cytochrome oxidase histochemistry was conducted as previously described (7)
following a slight modification of the method of Wong-Riley (45). In brief, sections
were incubated for 4-6 hr in the dark at 37°C in 0.1 M sodium phosphate buffer, pH 7.4,
containing 0.03% cytochrome C (Sigma, type III), 0.025% diaminobenzidine (DAB) and
4% sucrose. Following the reaction, sections were washed for 20 min in 0.1 M sodium

phosphate buffer, pH 7.4, and coverslipped with 3:1 glycerolfwater.

Densitometric Measurements

Densitometric measurements of individual cells following both histochemical and
immunohistochemical CO reactions were used to demonstrate the linearity of DAB
reaction product deposition with time. This allowed a statistical correlation analysis
between the densities obtained with the histochemical and immunocytochemical
methods. Quantitation of reaction product densities within cells was undertaken with an
Amersham RAS-1000 image analysis system linked by a video camera to a Nikon
Optiphot microscope. Before each session of quantitation, the microscope illumination

and camera gain control were adjusted to encompass the optimal range of gray scales
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detected by the camera. Transient fluctuations in illumination intensity were corrected
by digitizing a blank area of a slide adjacent to reacted tissue and subtracting its density
from all subsequent measurements. Optical density scales and linear dimensions were
calibrated at the objective magnifications routinely employed for tissue visualization.
Digitized images were captured and stored on either 1.2 megabyte floppy disks or
directly onto hard disk prior to selection and analysis of cells in the digitized fields.
Optical densities and areas of individual cells were obtained by maneuvering a cursor
around the perimeter of a cell. Nuclei were excluded from the density measurements of
all cells taken for CO histochemical/immunohistochemical correlation analyses. Whole
cell measurements including the nucleus were taken for tests of the linearity of reaction
such that repeated digitization of the same cell gave a constant relative contribution of
density within the nucleus and cytoplasm in each image. Small cells were selected for
analysis from a magnified area of the digitized image to enable accurate determination of

cellular boundaries.

Immunoreaction Linearity

Determination of CO immunchistochemical DAB reaction linearity with time was
undertaken using sections that were processed up to the DAB reaction step as outlined
above. The slides were then transferred to the microscope stage of the image analysis
system and the sections wete covered with 50 mM Tris-HC! buffer, pH 7.4. An area
within the section containing many cells was then selected for an initial time zero density
measurement. The Tris-buffer was then replaced with DAB solution and the progress of
the reaction was monitored by digitization of the same area every 30 seconds for periods
of up to 30 min. During this time the DAB solution was replenished every 4 min. An
average of 15 cells per image, stored on floppy disks, were later randomly selected for

analysis of optical density in each cell over the duration of the reaction.
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CO immunohistochemistry-CO histochemistry correlation

Neurons in DRG were chosen for comparisons of the localization and density of CO
immunohistochemical and histochemical reaction product for several reasons. First,
DRG cell populations exhibit highly heterogeneous levels of histochemically detected
CO thus allowing more stringent tests of correspondence with immunohistochemical
detection. Second, the absence of neuropil permits unobstructed visualization of staining
intensities within cell bodies and accurate quantitation of staining densities. And third,
histochemical deposition of CO reaction product in DRG cells has been previously
demonstrated to be linear under the conditions employed in the present study (7).
Adjacent cryostat sections (7 pm) of DRG were collected on separate slides and one
section of each pair was processed for CO immunohistochemistry and the other for CO
histochemistry. Images of the same field within adjacent sections were recorded on
computer and the optical densities of corresponding cells within these fields were
determined. Photographs of adjacent sections were used to aid the identification of
corresponding cells in each pair of sections. Cells which differed extensively in size or
which appeared to have undergone processing damage were excluded from analysis.
Statistical analysis of the correlation between densities obtained with histochemical and
immunohistochemical methods was performed with the aid of a Stata (The Computing

Resource Center, California) statistics package.

Simultaneous Immunohistochemistry for CO and PV

Sections of brain or DRG were processed first for CO immunohistochemistry as
outlined above and then incubated for 40-72 hr at 4°C with a previously characterized

rabbit polyclonal antibody against PV diluted 1:500 in PBS-T/BSA (33). Following the

187



primary incubation the sections were washed for 40 min in PBS solution containing 0.3%
Triton X-100 and incubated for 2 hr at room temperature with fluorescein isothiocyanate-
conjugated donkey anti-rabbit IgG (Amersham) diluted 1:20 in PBS-T/BSA. The
sections were then coverslipped with anti-fade medium (40) and photographed.
Although antisera against PV and CO were produced in the same species, cross-reactions
between the various antibodies involved in the sequential double-labelling procedure was
prevented by deposition of DAB precipitate and blockade of the series of antibodies used
initially to visualize CO. While this precipitate also largely obscured visualization of
PV-immunofluorescence in the cytoplasm, the presence of PV in the nucleus of PV-IR
neurons and the absence of nuclear CO permitted visualization of PV in cells cut through
the nucleus even when they contained dense cytoplasmic staining for CO. However, in
order to aid visualization of PV-immunofluorescence, the concentration of anti-CQO
antisera was reduced to 1:1000; this together with glycerol coverslipping rather than
dehydration of sections led to a less than optimal appearance of CO-immunostaining but

produced relative density distributions similar to that seen under optimal conditions.

Given the availability of antisera from different species for CO and another substance
to be localized, it would have been equally possible to react sections first for a substance

by fluorescence, photograph the section and then process for CO by the PAP-method.

RESULTS

General observations

Under optimal conditions qualitative patterns of immunohistochemical staining for
CO were found to be reproducible between animals. Under suboptimal conditions,
reaction product in lightly stained cells approached background levels resulting in a loss

of the overall heterogeneity of staining densities. The quality of staining was dependent
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to various degrees on fixation and post-fixation conditions as well as on primary
antibody and detergent concentrations in the antibody incubation media. Tissue fixed
with 4% paraformaldehyde and post-fixed in this same fixative for 2-6 hr exhibited what
was considered to be optimal staining of neuronal cell bodies. Tissue fixed with 4%
paraformaldehyde containing 0.16% picric acid and post-fixed for 2-24 hr gave increased
intensities of staining in ateas of neuropil compared with that seen within cell bodies. An
antibody dilution of 1:500 produced robust staining and as the antibody was stepwise
diluted to 1:4000, only cell groups most intensely stained at 1:500 were visible. Sections
incubated in medium containing 0.3% Triton X-100 displayed consistent staining
patterns in all brain regions examined. Higher concentrations of Triton X-100 (0.6 and
1.0%) noticeably reduced staining density and omission of Triton X-100 gave
remarkably low levels of staining. No immunochistochemical staining was obtained with
antibody preadsorbed with purified CO and only light background staining was seen with

preimmune serum at dilutions of 1:500.

Immuno-peroxidase Reaction Linearity

Tests of the linearity of immunoperoxidase reaction product deposition (Fig. 1) were
conducted on CO-immunostained sections of DRG similar to those shown in Fig. 2A,C,E
and in fields of hippocampal, nigral and cerebellar sections similar to those shown in Fig.
4. The progress of the reaction is shown for 5 cells in sections of DRG and 2 cells in
each of the other areas. However, similar results were obtained from density
measurements of a total of 105 cells in DRG, 30 cells in hippocampus, 30 cells in
substantia nigra pars reticulata and 45 Purkinje cells in cerebellum. Repeated optical
density measurements within individual cells in each of these regions indicated that the
rate of DAB deposition in cells exhibiting different staining densities was linear with

time for up to about 10 min after which it began to plateau. A standard reaction time of
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8 min was chosen based on these results. The failure of linear portions of the curves to
intersect the origin may be related to our use of Tris-buffer to set background levels and

the replacement of this solution with the Tris-HC buffer DAB-H0 mixture which may

have exhibited some slight absorbance.

Dorsal Root Ganglia

Sections of DRG reacted by either histochemistry or immunohistochemistry for CO
are shown in Fig. 2. Immunostained neurons exhibited a wide range of staining
intensities and were classified as dense, moderate or light (Fig. 2A,C,E). Densely stained
cells represented a minority of the neuronal population and included large type A and
less often small type B cells. The majority of both type A and B cells displayed staining
in the moderate to light range. Immunoreaction product had a granular appearance (Fig.
2C,E) and was uniformly distributed within the somal cytoplasm of most cells except on
rare occasions where it tended to aggregate at one pole of the cell body (Fig. 2E). No
reaction product was observed in the nucleus and very little was seen in fibers coursing
through the section. In DRG sections processed by CO histochemistry (Fig. 2B,D,F),
cells exhibited what appeared to be a narrower range of staining densities than seen
immunohistochemically. Densely stained cells were mainly large type A neurons and the
majority of the remaining cells were moderately or lightly stained. The appearance of
staining within cell bodies was generally diffuse with some granularity and in most
neurons was uniformly distributed throughout the cytoplasm (Fig. 2D,F). Accumulation
of CO reaction product in subregions of the cytoplasm (Fig. 2D) was seen more often by
histochemistry than by immunchistochemistry, but this may have been due to the greater
staining density produced by the latter method and, consequently, failure to visualize

such accumulation.
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In visual comparisons of staining within the same cells in adjacent sections, the
different range of densities given by the two procedures was such that in
immunohistochemically processed sections maximally stained cells exhibited greater
staining densities than their counterparts in the adjacent histochemically processed
sections. With this consideration in mind, a correspondence of immunohistochemical
and histochemical staining densities was found within many large type A neurons (Fig.
2). Comparison of densities within small neurons was more difficult due to the lower
frequency with which the same neuron appeared in adjacent sections, but examples of
correspondence were found (Fig. 2E,F). In order to facilitate reference to staining
patterns for CO by the two methods, cells densely stained by immunohistochemistry and
histochemistry will be referred to as CO-immunodense and CO-histodense, respectively.
From counts of 190 neurons that exhibited dense staining by either method in adjacent
sections, it was judged that 92% of CO-histodense neurons were also immunodense and
76% of the immunodense neurons were histodense. Counts were conducted of what
were designated the densely stained populations as these could be readily distinguished

from the more lightly stained populations.

Quantitative comparisons of CO immunohistochemical and histochemical staining
densities in the same neurons in adjacent sections are shown in Fig. 3. Linear regression
analysis of a total of 89 cells plotted in Fig. 3A revealed a correlation coefficient of
1=0.75 (p<0.001). An attempt was made to exclude the possibility that some cells,
particularly those of small sizes, may not span the full thickness of the 7 um sections
employed thereby giving etrroneously low levels of staining density in corresponding
cells. To this end, 25% of pairs of corresponding cells that had the greatest difference in
cross sectional area in adjacent sections were eliminated from the correlation analysis
(Fig. 3B). This maneuver made a negligible difference in the correlation obtained

(r=0.79; p<0.001).
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CO-immunolabelling in Brain

A detailed description of CO-immunolabelling patterns throughout the brain is
beyond the scope of the present report, but a summary of our observations in various
regions are as follows. The appearance of CO immunostaining within neurons in brain
was similar to that described in DRG; the staining had a granular appearance and was
localized in somal cytoplasm. In cerebral cortex (not shown), CO staining was
heterogeneous among areas as well as between lamina. The most intense CO-
immunoreactivity was seen in subpopulations of neurons in all layers of the cingulate
cortex except layer 1. In other cortical areas immunodense neurons were observed in
layers IT to VI and those in layer V wete most heavily labelled. In the hippocampus (Fig.
4A) immunodense neurons were scattered mainly in the stratum pyramidale and stratum
oriens. Immunoreactive processes emerging from some somata in these layers could be
followed for distances of up to 300 um. The majority of neurons in the pyramidal cell
layer exhibited moderate staining. In the dentate gyrus immunodense cell bodies were
located predominantly in the hilus and less so in the granule cell layer. In the basal
ganglia, the globus pallidus and substantia nigra pats reticulata (Fig. 4B) contained many
large intensely stained neurons and some immunoreactive neuropil, and the striatum
displayed a greater degree of neuropil staining than seen in most other brain regions and
only a few moderately stained cells per section. In the cerebellum, moderate staining
was seen in Purkinje cells and dense staining was seen in some interneurons (Fig. 4C).
Examples of other regions containing intensely stained neurons included the red nucleus,

ventral cochlear nucleus, nucleus of lateral lemniscus and the pontine nucleus.

i92



CO-immunoreactivity in PV-positive Neurons

Relationships between CO-immunodense neurons and those immunoreactive for PV
in DRG and some brain regions are shown in Figures 5, 6 and 7. Neurons were
designated as CO-immunodense by comparing staining densities among cells within
andfor between brain regions. Analyses were restricted to those neurons with a clearly
visible nucleus that contained PV or displayed dense CO immunostaining, A small
percentage of cells that may have been PV-positive, but exhibited very weak
immunofluorescence were excluded from analyses. Figure 5 shows sections of DRG
processed first by PAP for detection of CO and subsequently by immunofluorescence for
visualization of PV. In PAP reacted sections (Fig. 5A) illuminated for fluorescence
observations (Fig. 5B), the intensity of nuclear PV-immunofluorescence varied, but was
sufficiently bright to permit unambiguous identification of PV-positive neurons. In
control procedures where one of a pair of adjacent sections was processed for both CO
and PV and the other for PV alone, all PV-IR cells identified in the latter section (Fig.
SE) displayed nuclear fluorescence in the former when cut through their nuclei (Fig. 5D)
showing that the PAP procedure for CO (Fig. 5C) does not interfere with PV-
immunofluorescence in the nucleus. In the cytoplasm of CO-immunodense cells (Fig.
5C), fluorescence was largely obscured (Fig. 5D) but could be observed between
granules of DAB precipitate at higher magnification (Fig. 5F,G). In sections processed
for both CO and PV but with omission of antibody against PV, no fluorescent staining
was observed (not shown) indicating lack of crossreaction between the set of antibodies
used to visualize PV and those used to visualize CO. As we have previously shown (5),
about 14% of cells in DRG are PV-IR and the vast majority of these are large type A
cells. A proportion of both large and small cell types appeared to be intensely
immunostained for CO and visual inspection of 205 DRG cells showed that 93% of PV-

IR neurons were CO-immunodense and 70% of immunodense neurons contained PV.
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In brain CO-immunostaining density was assessed in certain populations of PV-IR
neurons (Fig. 6,7) which overall were seen to be distributed in patterns similar to those
previously described (8,12,14,18,20). From an inspection of 473 cells in cerebral cortex
(Fig. 6A,B) it was found that 70% of PV-IR cells in layers I to IV were CO-
immunodense and 83% of CO-immunodense neurons contained PV. In layers V and VI,
60% of PV-IR cells were CO-immunodense and 43% of CO-immunodense cells
contained PV. From an analysis of 356 hippocampal neurons it was found that 80% of
PV-IR cells in the CA3 region (Fig. 6C-F) were CO-immunodense and 30% of CO-
immunodense neurons were PV-positive. In the CAl region (Fig. 6G,H) 93% of the PV-
IR neurons were CO-immunodense and 66% of CO- immunodense cells were
immunoreactive for PV. In the dentate gyrus 90% of PV- IR cells were CO-
immunodense and 10% of CO-immunodense cells contained PV. From counts of 133
cells in the substantia nigra pars reticulata (Fig. 7A,B), all PV-IR cells were CO-
immunodense and 89% of CO-immunodense neurons contained PV. In globus pallidus
all PV-containing cells were CO-immunodense (Fig. 7C,D) and virtually all CO-
immunodense cells contained PV. In the striatum most PV-IR neurons exhibited
relatively light CO-immunostaining (Fig. 7E,F). In the reticular thalamic nucleus all PV-
IR cells exhibited dense staining for CO and in cerebellum PV-IR Purkinje cells were

moderately immunostained.

DISCUSSION

The present results show the feasibility of an immunohistochemical approach to the
detection of CO in neurons and demonstrate the application of this approach to
investigations of relationships between the neurochemical characteristics of cells and

their CO content. Our results are consistent with recent reports by Hevner and Wong-

194



Riley (20a) and Luo et al. (29a) who have also detected CO in the CNS by
immmunohistochemistry and  have shown a cotrespondence  between
immunohistochemical and histochemical staining patterns, although it was noted by these
authors that neuronal cell bodies were sometimes more intensely labelled by the former
than the latter method (20a). The overall higher level of neuropil immunolabelling
obtained by Hevner and Wong-Riley (20a) than found here may be due to their use of a 4
to 6 hr immersion fixation of tissues which is consistent with our observation that weaker

fixation produced heavier neuropil labelling.

In need of consideration are several technical factors related to the validity of
qualitative or quantitative comparisons of CO immunohistochemical staining densities
among cells as well as to the reliability with which immunolocalization of CO reflects
either in vivo CO enzyme activity or that visualized histochemically. The first concerns
the standard practice of insuring that staining density comparisons are made in tissue
sections where the rate of reaction product deposition is linear with time over the full
range of densities encountered (1). In the case of protocols involving deposition of DAB
polymer, linearity is a particularly important issue in view of previous observations that
accumulation of this reaction product at or near the site of its formation can potentially
result in inactivation of the reaction process (38). This may lead to saturation of DAB
deposition in cells with high levels of CO when, at similar reaction times, the deposition
continues to proceed lineatly in cells with low CO levels. We have previously shown
that the conditions used here for histochemical localization of CO in individual cells of
DRG led to a linear rate of product deposition with time (7), and now show that
conditions can be chosen to produce similar linearity for CO detection by
immunohistochemistry in individual cells of DRG and several brain regions, thus
allowing assessment of the relative cellular content of the enzyme. It should be noted

that the time period over which the peroxidase reaction is linear depends on the antibody

195



concentration in the primary incubation and therefore must be determined for each new

antibody preparation.

A second concern is whether total enzyme content as reflected by immunostaining
density necessarily parallels CO activity. This point warrants attention in view of
evidence that CO activity may not only be regulated by enzyme production, but also by
other equally important mechanisms involving activation of the enzyme (2,15,22).
Moreover, since CO is a complex protein consisting of many subunits (11,23), results
obtained by immunohistochemistry may be highly dependent on the relative
representation of the specific subunits against which particular anti-CO antibody
prepatations are directed. Particular subunits may be present in a disassembled (41), but
immunohistochemically detectable form either in the cytoplasm or within mitochondria.
Finally, tissue preparation conditions may differentially affect the stability of portions of
the enzyme necessary for catalytic activity and those that serve as antibody epitopes thus
leading to possible discrepancies between staining densities produced by histochemical
and immunohistochemical methods.  Notwithstanding these potential sources of
ambiguity, and despite variabilities inherent in extracting densitometric data from
adjacent tissue sections processed by what sometimes can be capricious anatomical
methods, we did obtain in individual cells of DRG a reasonably high correlation between
the staining densities produced by histochemical and immunchistochemical detection of
CO. Moreover, in various brain regions examined the densities of CO-immunoreactivity
in neuronal cell bodies was qualitatively similar to previously reported CO staining
patterns derived histochemically (13,24,43). This further suggests that immunostaining
density is a valid indicator of at least perikaryal enzymatic activity; we have not yet
completed a thorough analysis of tissues reacted optimally for demonstrating neuropil
immunoreactivity. Some of the complications involving CO subunit structure may have

been minimized by our use of a polyclonal antibody and its production against the
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holoenzyme. However, it should be noted that despite the close correspondence between
histochemical and immunohistochemical staining density, some small type B DRG cells
appeated to display intense CO-immunoreactivity without correspondingly high
histochemical enzyme activity. Since immunohistochemical staining density was
generally much more robust, this discrepancy may be more apparent than real. On the
other hand, positive identification of the same small cells in adjacent sections occurs less
frequently than that of large cells and for this reason we cannot rule out the possibility
that small cells were undet-represented in our correlation analysis and consequently that

a subpopulation of these cells contain some form of CO with low activity.

Two advantages offered by CO-immunohistochemistry over histochemistty are
noteworthy. The first is that unlike the histochemical technique where label is found
largely in neuropil, immunohistochemical fixation conditions can be chosen to produce
immunolabelling predominantly of neuronal somata thus allowing identification of
neurons which are normally obscured in histodense neuropil. Weak immunolabelling of
neuropil after relatively strong tissue fixation is likely due to differential penetration rates
of large molecular weight immunoreagents into cell soma compared with their processes,
whereas the smaller histochemical reagents appear to penetrate into somata and processes
equally well. The second is the compatibility of CO-immunohistochemistry with the
inclusion of Triton X-100 in the incubation medium. Treatment with Triton X-100 may
disrupt CO (35) and reduce histochemically detectable activity (6). From our experience
this has been a considerable obstacle in colocalization studies of CO with other

substances which require Triton X-100 for optimal immunohistochemical visualization.
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Neuronal PV and CO Content

Parvalbumin is a calcium binding protein that, among other possible roles, has been
proposed to contribute to calcium buffering in neurons which have characteristically high
firing rates (for review see 9,19,20). This proposal is supported by several lines of
evidence. In zebra finch the distribution of PV in auditory, visual and vocal motor
systems was found to parallel that of dense histochemical staining for CO in these
regions. In some of these systems neurons also exhibited high basal rates of 2-
deoxyglucose uptake (3,4). In mammals evidence suggesting a relationship between
neuronal expression of PV and firing capacity includes the presence of PV in many
GABAergic systems that are highly electrically active (9,28,39) and the observation that
kindling via stimulation of the Schaffer/commissural fiber system increases the number
of PV-IR neurons in the hippocampus (26). More direct evidence has been obtained in
rat hippocampus where intracellular recordings of PV-IR neurons demonstrated that they
belong to the fast spiking class of hippocampal interneurons (27). Insofar as firing rates
of PV-IR neurons may be indicated by their CO content, the present results are consistent
with these findings in hippocampus and demonstrate that most PV-IR neurons are CO-
immunodense in many regions of the brain including cortex, reticular thalamic nucleus,
globus pallidus, and substantia nigra. Moreover, the finding that a high percentage of
PV-containing neurons in DRG are CO-immunodense is consistent with our previous
study in which histochemistry for CO was used to demonstrate high CO activity in PV-
IR DRG neurons (6). Exceptions, however, were found as in the case of the cerebellum
where PV-IR Purkinje cells were moderately CO-immunostained and the striatum where
only a few PV-IR neurons were moderately stained and most had relatively light CO
immunostaining. In addition, several structures contained some proportion of PV-IR
neurons that were clearly not among those most densely stained for CO. The role of PV

in Ca*2 buffering and its requirement in fast-spiking neurons remains uncertain, but has
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been suggested to be related to prevention of activation of Ca*2 gated K+ channels
thereby decreasing the duration or amplitude of afterhyperpolarization and the length of
the refractory period (9). Our results indicate that while most PV-IR neurons have high
levels of CO and therefore high electrical activity, it appears that high CO content is not
a prerequisite for other electrical properties, such as fast-spiking capability, that may be

endowed by PV.

Conclusions

Cytochrome oxidase immunohistochemistry, which combines the high resolution
of immunolabelling methods with the previously demonstrated reliability of monitoring
metabolic requirements by the histochemical method is a potentially powerful means of
studying patterns of neuronal activity. The improved visualization of neuronal somata
and the ability to colocalize CO with substances by double immunchistochemical
labelling methods will enable determination of relative CO content in biochemically
defined cell populations. Whether immunostaining patterns can be altered following the
kind of experimental manipulations that have been shown to produce changes in

histochemical staining patterns remains to be determined.
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FIGURE LEGENDS

Fig. 1. Relationship between immunohistochemical reaction product deposition and
reaction time in sections of DRG and brain processed for CO immunohistochemistry by
the PAP method. The points on each curve represent repeated optical density
measurements in the same neuron and each curve represents an individual neuron in
lumbar DRG (A), hippocampus (B) substantia nigra pars reticulata (C) and cerebellum
(D).

Fig. 2. Photomicrographs of pairs of adjacent sections of lumbar DRG processed
immunohistochemically (A,C,E) or histochemically (B,D,F) for CO. A is adjacent to B,
Cto D, and Eto F. Low (A,B) and high (C,D) magnification showing correspondence of
staining intensities in large cells. Cottesponding lightly stained cells are indicated by
arrowheads and densely stained cells by arrows in A,B and C,D. (E,F) Higher
magnification showing correspondence of staining intensities in some small cells

(arrows). Magnifications: A,B, X85; C-F, X205.

Fig. 3. Cortelation between CO content and CO activity in neurons of adjacent DRG
sections. Each point represents the optical density of a neuron stained histochemically
for CO and the optical density of the same neurons stained immunohistochemically for
CO in adjacent sections. The line through the data points was derived by linear
regression analysis. (A) Data from all of the 89 neurons that were analyzed. (B) The
same data as in A but with exclusion of 25% of corresponding neurons in adjacent

sections exhibiting the greatest difference in area.
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Fig. 4. Photomicrographs showing immunohistochemical localization of CO in neurons
of hippocampus (A), substantia nigra pars reticulata (B), and cerebellum (C). (A,B)
Immunolabelling is seen within processes of some densely stained hippocampal and
nigral cells (arrows). (C) Immunoreactivity is seen largely within Purkinje cell bodies
(arrows) and neurons located in the molecular layer (atrowheads). Abbreviations: SR,
stratum radiatum; SP, stratum pyramidale; SO, stratum oriens; GCL, granule cell layer;

PCL, Purkinje cell layer; ML, molecular layer. Magnifications: A,B,C X250.

Fig. 5. Photomicrographs showing CO- and PV-immunoreactivity in neurons of lumbar
DRG. All sections except that in E were processed first for CO- immunohistochemistry
by PAP and then for PV by immunofluorescence. (A,B) Low magnification of the same
section showing CO-immunolabelling in neuronal cytoplasm (A) and PV-
immunofluorescence in neuronal nuclei (B). Neurons densely stained for CO
(arrowheads) exhibit PV-IR nuclei (arrows). (C,D,E) Photomicrographs of the same
section (C,D) showing CO-immunolabelling (C) and PV-immunofluorescence (D) and an
adjacent section (E) showing PV- immunofluorescence. Neurons with dense CO-
immunostaining (arrows in C) exhibit PV-IR nuclei (arrows in D) and PV-IR cytoplasm
(arrows in E). (F,G) Higher magnification showing CO-immunolabelling (F) and PV-
immunofluorescence (G) in the same section. Note that faint cytoplasmic PV-
immunofluorescence is evident in densely CO-immunostained cells (arrows) and that
those cut through the nucleus exhibit PV-IR nuclei (arrowheads). Magnifications: A,B,

X185; C,D,E, X150; F,G, X330.
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Fig. 6. Pairs of photomicrographs of the same section showing PV-immunofluorescence
(B,D,F,H) and CO-immunostaining (A,C,E,G) in cortex and various regions of the
hippocampus. The sections were processed immunohistochemically for CO by PAP and
then for PV by immunofluorescence. (A, B) Cingulate cortex. (C,D) Hippocampal CA3
region. (E,F) Higher magnification of the CA3 region. (G,H) Hippocampal CAl region.
Note that neurons densely stained for CO exhibit PV-immunoreactivity (arrows).

Magnifications: A,B, X135; C,D, X70; E,F, X145; G,H, X175.

Fig. 7. Pairs of photomicrographs of the same section showing CO immunostaining
density (A,C,E) in PV-IR neurons (B,D,F) in various structures of the basal ganglia.
(A,B) Substantia nigra pars reticulata. (C,D) Globus pallidus. (E,F) Striatum. Note the
relatively light CO-immunostaining in PV-IR striatal cells.  Arrows indicate
corresponding cells in each pair of photomicrographs. Magnifications: A,B, X205; C,D,
X130; EF, X125.
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Part VI

Cytochemical relationships and central terminations of a unique population of primary

afferent neurons in rat

P.A. Carr, T. Yamamoto, G. Karmy, and I.L. Nagy

Brain Research Bulletin (1991) 26; 825-843
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Abstract--Light and electron microscopic immunohistochemical techniques were used to
investigéte the central projections and colocalization relationships of a subpopulation of
primary afferent neurons that were immunolabelled with an antibédy (AB893) against rat
liver gap junctions. In lumbar dorsal root ganglia AB893-immunoreactivity was seen in
14.5% of all cells and in both small and large size neurons. Colocalization analysis
showed that 78% of all AB893-immunoreactive (AB893-IR) neurons contained
calcitonin gene-related peptide, while only 7 to 10% contained the calcium binding
proteins parvaibumin or calbindin D28k. Among small type B AB893-IR ganglion cells,
it was calculated that over 90% contained fluoride-resistant acid phosphatase, while only
1 to 2% contained substance P or somatostatin. Cytochrome oxidase histochemistry
revealed light staining in the vast majority of AB893-IR cells. In the dorsal horn of the
spinal cord the antibody labelled fibers in the dorsal root, Lissauer's tract, lamina I and
lamina II. Isolated jmmunoreactive fiber bundles were arranged in sheets spanning most
of lamina I Tmmunoreactive fibers were depleted from the dorsal hom aftcf ‘dorsal
thizotomy or neonatal capsaicin treatment. Ultrastructural examination showed that
AB893-IR fibers were composed of closely associated clusters of 2 to 5 unmyelinated
fibers each ranging from 0.1-0.4 pm in diameter. Immunoreactivity was distributed
intermittently along the cytoplasmic membrane of axons and en passant sinusoid
terminals located centrally within the fiber clusters, as well as along axonal membranes
adjacent to the central axon or terminal. The results suggest that the immunoreactive
fibers in lamina II of the dorsal horn originate from a subpopulation of AB893-IR

neurons that contain FRAP and give rise to unmyelinated axons.
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Ultrastructural, electrophysiological and dye-transfer studies conducted over the past
two dec;ades have provided a steady accumulation of evidence for the presence of gap
junctions between neurons in many major structures of the mammalian central nervous
system (CNS) (11). This evidence together with the establishment of gap junctions as
the morphological correlate of electrotonic coupling between excitable cells, has led to a
recent resurgence of interest in electrical synapses and electrotonic communication
between central neurons in higher vertebrates. Attention in this area has been further
aroused by ﬂ;e identification of the structural protein constituents of gap junctions,
namely connexins, and by the availability of anti-connexin antibodies that allow
immunohistochemical analysis of connexin expression and localization in neural tissues.
Tn such studies of the CNS of several species, we have found that while antibodies
against some of the known connexins (connexin32 and connexind3) clearly recognize
gap junctions between a variety of cell types (27,36,40,42,43), a few antibodies against
connexin32 also recognize cellular structures that are currently not thought to have
morphological or functional features traditionally associated with gap junctions
(27,28,36,40-42). Moreover, on Western blots some recognize potentially novel proteins
the nature of which remain to be determined. In the course of a systematic
immunohistochemical survey of the rat CNS, we found that a polyclonal antibody,
designated AB893, against rat liver gap junctions labelled a subpopulation of neurons in
dorsal root ganglia (DRG) as well as fibers in the dorsal horn of the spinal cord.
Although the proteins recog:ﬁzcd by this antibody have yet to be characterized, the
appearance of AB893-immunoreactive (AB893-IR) fibers in the spinal cord was
remarkable in that it resembled primary afferent arborization patterns previously revealed
by classical anatomical methods and by studies of functionally identified single fibers,
but did not correspond to any known cytochemically visualized primary afferent

termination patterns in the dorsal horn.
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In sensory ganglia the population of neurons labelled with the AB893 antibody may
repre.;,cnt a novel class of afferents, or they may correspond to DRG neuronal
subpopulations previously identified by histochemical or immunohistochemical
localization of various endogenous markers. Such markers include the neuropeptides
substance P (SP), somatostatin (SOM) and calcitonin gene-related peptide (CGRP) (10),
the enzymes fluoride-resistant acid phosphatase (FRAP), cytochrome oxidase (CO) and
carbonic anhydrase and the calcium binding proteins parvalbumin (PV) and calbindin
D28k (CaBP) (3-5,9,24). Although several of these markers are colocalized within DRG
neurons indicating considerable overlap of the various populations they individually
define, those markers that are found to a considerable extent within separate sets of cells
are of particular interest. Thus, SP, SOM and FRAP have been found largely, if not
exclusively, in separate populations of small type B DRG cells (24). Among large type
A cells, we have described a population that have high levels of CO and contain PV and
CaBP, and a somewhat separate population that contains CGRP (3,4). One of the goals |
of studies designed to categorize DRG neurons according to their cytochemical profiles is
to establish whether a relationship exists between certain characteristic profiles that cells
display and the sensory modalities they transmit, ie. a relationship between cytochemical
organization and function. The distinct pattern of AB893-IR fibers in the dorsal homn

may provide an opportunity to deduce such relationships.

In order to determine which of the previously characterized DRG neuronal
populations give rise to AB893-IR fibers in the dorsal horn and whether the anatomical
arrangement of these fibers can be correlated with that of functionally-identified primary
afferents, the aim of the present study was to identify the cytochemical markers
contained in AB893-IR lumbar DRG neurons and to document the central distribution
and morphology of AB893-IR primary afferent fibers. The results are considered

primarily in relation to known organization patterns of primary afferents in the spinal
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cord dorsal horn (12).

METHODS

Tissue Preparation

For light microscopy, a total of 50 male Sprague-Dawley rats (Charles River)
weighing 220-320 g were anesthetized with chioral hydrate and perfused transcardially
with 60 ml of cold (4°C) 0.9% saline containing 0.1% sodium nitrite and 60 units of
heparin, This was followed by 400 ml of cold freshly prepared fixative consisting.of
either 4% paraformaldehyde or 4% paraformaldehyde and 0.16% picric acid in 0.1 M
sodium phosphate buffer, pH 7.4 (44). The medulla and spinal cord along with sensory
ganglia from the trigeminal, cervical, thoracic, lumbar and sacral levels were removed
immediately after perfusion and post-fixed for 2 or 18 hr in cold fixative. Ganglia were
then stored in cryoprotectant consisting of 15% sucrose and 0.001% sodium azide in 0.1
M sodium phosphate buffer (pH 7.4) and brain stem/spinal cord samples in 25% sucrose
and 10% glycerol in 50 mM sodium phosphafe buffer (pH 7.4) for at least two days.
Sections of DRG were cut on a cryostat (Leitz) at a thickness of 7-10 pm and thaw-
mounted onto gelatinized slides. Transverse, sagittal or horizontal sections of spinal cord
and medulla were cut on a sliding microtome at a thickness of 20 um and collected in

cold 0.1 M sodium phosphate buffer, pH 7.4, containing 0.9% saline (PBS).

Experimental Manipulations

The contribution of unmyelinated primary afferent fibers to AB893-IR structures in
the spinal cord was determined in animals treated with the sensory neurotoxin capsaicin.
Tissue was obtained from three 10 to 12 week old rats that had been injected 48 hr after
birth with a single subcutaneous dose of capsaicin (50 mg/kg) in 10% ethanol, 10%
Tween-80 and 0.9% sterile saline. Three control littermates received equal volumes of

vehicle (25,26). The effectiveness of the capsaicin treatment was confirmed by counts of
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FRAP-positive neurons remaining in DRG of capsaicin injected rats compared with the
number-s present in vehicle treated controls. The total primary afferent contribution of
AB893-IR fibers in the dorsal horn was examined in 3 animals given unilateral dorsal
thizotomy of the 1st to 4th lumbar roots as previously described (13). In brief, three adult
male rats were deeply anaesthetized with 2 ml/kg equithesin (4.2% chloral hydrate, 1%
pentobarbital and 2.2% magnesium sulfate in 11.5% ethanol and 43% propylene glycol).
A dorsal rostrocaudal incision medial to the iliac crest was then performed to permit
partial laminectomy of the 3 lower lumbar vertebrae. The first to fourth lumbar roots
caudal to their spinal cord dorsal root entry zone were then exposed on one side of the
spinal cord, transected with fine surgical scissors and the wound closed. Animals were

allowed to survive 12 to 15 days after surgery.

Immunohistochemistry

Sections were incubated with a polyclonal sheep antibody generated against isolated
rat liver gap junctions. This antibody has been characterized as previously described (16-
19,27,36,40). Tmmunohistochemical controls included sections processed with either
preimmune serum or preadsorbed antibody at the same concentration as the primary
antibody or omission of the first antibody (40). Spinal cord, brainstem and DRG sections
processed by the biotin/streptavidin-peroxidase method were incubated for 40-68 hr at
40C with primary antibody diluted 1:350 to 1:2000 in PBS containing 0.3% Triton X-
100 (PBS-T), washed for 40 min in PBS-T, and incubated for 1.5 hr at room temperature
with biotin-conjugated donkey anti-sheep antibody (1:100 in PBS-T). The tissue was
then again washed for 40 min in PBS-T, incubated for 1.5 hr with horseradish
peroxidase-conjugated streptavidin (1:150 in PBS-T) and washed for 20 min in PBS-T
followed by 20 min in 50 mM Tris-HCl buffer (pH 7.4). Peroxidase activity was
visualized by reaction of the tissue in 50 mM Tris-buffer (pH 7.4) containing 0.005%

hydrogen peroxide and 0.02% diaminobenzidine tetrahydrochloride. Free floating spinal
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cord sections were mounted on slides from gelatin-alcohol and dehydrated in alcohol,
cleared in xylene and coverslipped with Lipshaw mounting medium. For DRG sections
processed by immunofluorescence, sections were incubated with primary antibody as
described above, washed and then incubated for 1.5 hr at room temperature with Texas
Red-conjugated avidin diluted 1:50 in PBS-T. The tissue was then washed for 40 min in
PBS-T and either taken directly for the next immunofluorescence procedure or
coverslipped, photographed and washed again prior to the next histochemical procedure.
Triton X-100 was excluded from the incubation media and all washes for tissue to be

subsequently processed for CO.

Colocalization analyses in DRG

The relationship of AB893-IR DRG neurons to sensory neurons immunoreactive for
CGRP, PV or CaBP as well as the CO histochemical staining density displayed by
AB893-IR ganglion cells were examined in both adjacent and double-stained sections.
Analysis of adjacent sections served, in part, as controls for the double labelling
procedures which allow rapid examination of a large number of cells. Due to technical
limitations in examining sufficient numbers of corresponding small cells in adjacent
sections, all analyses of colocalization of AB893-immunoreactivity with the small cell
cytochemical markers SP, SOM and FRAP were conducted using only double- labelled

sections of DRG.

Adjacent Section Procedures. Adjacent cryostat sections were cut at a thickness of
7 or 8 um and alternate sections were collected on separate slides. One set of an adjacent
series of sections was processed by the biotin/streptavidin-peroxidase method for
detection of AB893-IR cells as described above and the other was processed either by
immunohistochemistry for CGRP, PV or CaBP or by histochemistry for CO as

previously described (4). Following the immunohistochemical procedures, the sections
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were dehydrated in alcohol, cleared in xylene and coverslipped with Lipshaw mounting
medim-n. Histochemistry for CO on one set of adjacent sections was conducted as
previously described (5). Both cytochrome oxidase reacted and their adjacent sections
were dried and coverslipped with 3:1 glycerol-water. Corresponding areas in adjacent
sections were then photographed to allow identification of the same cells in

photomicrographs.

Double-labelling Procedures. All double immunofluorescence was conducted by
sequential processing of sections rather than simultaneous incubation with primary
antibodies. The sequential method gave a somewhat higher quality of staining. Sections
were reacted initially to reveal AB893-IR neurons by immunofluorescence. Subsequent
immunoflucrescence localization of SP, SOM, CGRP, PV or CaBP was then undertaken
using previously described (3,4,26) primary antisera to these in PBS-T at dilutions of
1:1000, 1:1000, 1:500-1:4000, 1:400-1:2000 and 1:400-1:2000, respectively. The tissue '
was incubated for 40-68 hr at 49C, washed for 40 min in PBS-T and then incubated for
1.5 hr with fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG
(Amersham) at 1:20 in PBS-T. Sections processed by double immunofluorescence were
then washed for 40 min in PBS-T, coverslipped with anti-fade medium (38) and
photographed. Sections taken for subsequent histochemical procedures for CO or FRAP
were first coverslipped, photographed, and then the coverslips were removed. Sections
to be reacted for CO were coverslipped with 3:1 glycerol-water and after photography,
the coverslips were removed in 0.1 M sodium phosphate buffer, pH 7.4, (PB) and the
sections washed for 40 min in PB prior to CO histochemistry (5). Following the CO
reaction, the sections were coverslipped with 3:1 glycerol-water and rephotographed.
Sections taken subsequently for FRAP histochemistry were coverslipped with 5%
sucrose in 20 oM Tris-maleate buffer (pH 5.0) and after photography the coverslips

were removed in the same medium without sucrose and the sections were washed
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overnight in cold (4°C) Tris-maleate buffer. The tissue was then reacted for FRAP as

previously described (6), coverslipped with 3:1 glycerol-water and rephotographed.

Data analysis

Although immunoreactive cells were observed at all levels, detailed analysis of the
number and size distribution of AB893-IR neurons and the colocalization of
immunoreactivity with other cytochemical markers was undertaken using sections of 4th
or 5th lumbar DRG. Documentation of colocalization was conducted from inspection of
photomicrographs of both adjacent and sequentially processed sections. Some
peroxidase reacted spinal cord sections were counterstained with thionin or luxol fast
bluejeresyl violet and examined by brightfield or darkfield illumination to allow
assessment of the laminar localization of immunoreactivity. Analysis of the size
distribution of AB893-IR of DRG cells was undertaken by image analysis (Amersham
. RAS-1000) of immunoperoxidase reacted sections that had been counterstained with
toluidine blue to allow visualization of cellular nucleoli (5). Only cells with visible
nucleoli were selected for areal quantification. Cells were categorized as very small
(<500 pmz), small (>500 to <1000 pm.2), intermediate (>1000 to <1300 pmz) or large
(>1800 um?2) as previously described (5). Microscope counts of AB893-IR DRG cells
were undertaken on fluorescent sections counterstained with ethidium bromide to allow

selection of only those cells displaying nucleoli.

Electron microscopy

A total of six animals were perfused with saline wash as described above and then
with 4% paraformaldehyde containing 0.2% picric acid, 0.2% glutaraldehyde and 0.1 M
sodium phosphate buffer (pH 6.9). This was followed by postfixation of the spinal cord
for 2 hr at 49C in the same fixative without glutaraldehyde. Transverse or sagittal

sections of the lumbar spinal cord wete cut on a vibratome at a thickness of 20-30 pm
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and washed overnight at 4°C in 0.1 M sodium phosphate buffer, pH 7.4. The sections
weré processed for immunohistochemistry by the biotin/streptavidin-peroxidase method
as described above except that 0.15% Photo-Flo 200 (Kodak) instead of 0.3% Triton X-
100 was used in all incubation and wash steps. Immunostained sections were then
further fixed for 2 hr at room temperature in 2% osmium tetroxide diluted in 0.1 M
sodium phosphate buffer, pH 7.4, dehydrated in ethanol, infiltrated with propylene oxide,
and ﬂat—ergbedded in resin (Jembed) between coated (Sigma-coat) glass slides. The
desired areas of the dorsal horn were trimmed and glued onto resin blocks. Ultrathin
sections were mounted on slit or mesh grids, counterstained with lead citrate for 0.5-1

min, and examined using a Philips-201 electron microscope.

RESULTS
General observations .

All animals gave qualitatively reproducible AB893-IR patterns of staining at all
medullary and spinal cord levels and in DRG sections processed by either peroxidase or
fluorescence methods. In each of these areas, neuronal elements exhibited the most
intense immunoreactivity. In no instances were immunoreactive neuronal cell bodies
observed in the dorsal spinal cord, although lightly stained glial cell bodies and processes
were seen dispersed in regions of white matter at some brain stem and spinal cord levels.
On occasion, smooth homogeneous staining of the walls of blood vessels was seen in

both spinal cord and DRG. This appeared to be an animal-specific phenomena as it was

present in tissue of some animals, but was totally absent in others.

The results of tests for antibody specificity were similar to those we previously
described in studies of AB893-IR structures in hippocampus (40); no staining was seen
‘with preimmune serum or after omission of primary antibody; preadsorption of the

antibody with purified rat liver gap junctions resulted in a substantial reduction of
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immunostaining in both DRG (Fig. 2C,D) and spinal cord (not shown). Specificity tests
by other methods have been previously discussed (27,36,40). In controls conducted for
double immunofluorescence labelling, no cross-reactions were seen between the various

primary antibodies used and inappropriate secondary antibodies.

AB393-IR DRG neurons

Two distinct forms of intracellular AB893-immunoreactivity were seen within
neuronal cell bodies in trigeminal (Fig. 1A), cervical (Fig. 1B), thoracic (Fig. 1C),
lumbar (Fig. 2A,B) and sacral (Fig. 1D) sensory ganglia. Granular immunoteactivity
characterized by punctate or globular structures was seen in both large and small cells
and was likely associated with the Golgi apparatus (Fig. 2A,B). Some small cells
contained granular as well as dense, diffuse staining that filled much of the cytoplasm
(Fig. 2B). Cellular nuclei were unstained. Occasionally, immunoreactive fibers arose
from cells with either type of staining (Fig. 2A,B). From an examination of 4165
neurons in L4 and L5 DRG, the proportion found to be AB893-IR was 14.5%. Positive
neurons ranged from 340 pm2to 4577 pm? in area which encompassed the size
distribution of the entire DRG cell population. However, a lower percentage of AB893-
IR cells fell in the very small (<500 pm?2) size range than in the large (>1800 um?) and
intermediate (>1000 pmzand <1800 pmz) size ranges (Table 1). Of 421 AB893-IR cells
analyzed for size, 2.9% were very small, 32.3% were small, and 32.8% were found in
each of the intermediate and large size categories. We are uncertain of the extent to
which these quantitative results are representative of sensory ganglia at other levels.

Colocalization with PV, CaBP, CGRP and CO. Analyses of adjacent and double-
labelled sections for the presence of PV or CaBP or for the levels of CO activity in
AB893-IR DRG cells gave similar results and therefore all data obtained by the two
procedures were combined. A small number (Table 2) of both large type A and small
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type B AB893-IR neurons contained either PV (Fig. 3A,B) or CaBP (Fig. 3C,D).
Neuroﬁs containing AB893-immunoreactivity consistently displayed what was
considered to be the lightest CO staining seen in DRG neurons (Fig. 3E,F, Table 2).
Comparison of the AB893-IR DRG cell population with CGRP-IR cells in adjacent
immunoperoxidase reacted sections (Fig. 4A,B) and in double immunofluorescence
labelled sections (Fig. 4C,D) showed that a large number of various sized AB893-IR cell
bodies conta‘ined CGRP (Table 2). Conversely, 34.5% of the CGRP-IR cells were
AB893-IR. Occasionally, doubled-labelled axons were also observed.

Colocalization with SP, SOM and FRAP. In comparisons of the AB893-IR small
type B cell population with the markers SP (Fig. 5A,B), SOM (Fig. 5C,D) and FRAP
(Fig. 5E,F), it was found that very few AB893-IR cells contained SP or SOM
immunoreactivity, while nearly all such cells contained FRAP (Table 2). A much
smaller percentage (22%) of FRAP-containing cells were ABB893-IR; this was expected

since the former far outnumber the latter.

Brainstem and spinal ecord

In the medulla and spinal cord the AB893 antibody gave distinctive labelling of
fibers in the nucleus of the solitary tract (Fig. 6A), in the spinal trigeminal subnucleus
caudalis (Fig. 6B) and in the superficial regions of the cervical, thoracic and lumbar
spinal cord. At brainstem (Fig. 6C) and at thoracic (Fig. 6D) and other spinal cord levels
immunoreactive fibets were seen in isolation or in bundles. Fiber staining was
characterized by robust immunoreactivity that resembled Golgi-impregnated preparations
thereby revealing fine morphological details. Many fibers and their branches could be
followed for long distances in a section with no apparent reduction in staining density

along their length.
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Fiber organization. Detailed analysis of the organization of AB893-IR fibers was
undcﬁkcn at midlumbar levels in transverse, sagittal and horizontal sections. In each
plane of section, AB893-IR fibers were seen in various superficial regions of the dorsal
spinal cord including dorsal roots, Lissauer's tract, Jlamina I and lamina II. In dorsal roots
located adjacent to the spinal cord, individual non-varicose AB893-IR fibers
approximately 0.7-1 pm in diameter could be followed for considerable distances in
sagittal sections (Fig. 7A,B) and, on occasion, could be seen coursing toward or into
Lissauer's tract or lamina I (Fig. 7A). In Lissauer’s tract AB893-IR smooth fibers of
similar diameter were seen as rostrocaudally coursing axons in sagittal sections (Fig. TA)
and as short cross-cut segments in transverse sections (Fig. 7C). Some fibers emerged
from Lissauer's tract and were spread across lamina I (not shown), while others
penetrated ventrally into lamina II (Fig. 7C). In most instances, fibers in lamina I did not
appear to give rise to ventrally directed processes. Solitary fibers oriented dorsoventrally
were seen interspersed between lamina II fiber bundles (Fig. 7D,E) and these may have
originated from either ventrally directed superficial fibers or dorsally directed ventral

fibers (Fig. 7D).

In lamina I, AB893-IR fibers were arranged in discrete bundles or plexi. In
transverse sections 1-15 bundles were observed on each side of the cord (Fig. 7F,G) with
a more frequent occurrence in lateral than medial dorsal horn regions. The long axes of
these plexi were arranged perpendicular to the curvature of the dorsal horn surface such
that they had a dorsoventral orientation medially and a horizontal orientation laterally.
Determination of the position of the fiber bundles in relation to the dorsal horn lamina in
either thionin (Fig. 7F) or luxol fast bluejcresyl violet counterstained sections indicated
that they reached the lamina I/ border and were situated largely within lamina IT inner
(IIi) and partially in lamina II outer (o). In the exireme lateral portion of the dorsal

horn, bundles closely approaching the dorsal horn surface occupied a greater extent of
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lamina Ho.

In sagittal and horizontal sections the radial bundles of lamina II fibers were seen to
comprise aggregates of axons interwoven in complex longitudinally organized plexi (Fig.
8A,B). It was also apparent in horizontal sections (Fig. 8B) that longitudinally adjacent
fiber plexi abutted each other and therefore were contained within discrete and much
longer rostrocaudally organized sheets distributed across the mediolateral plane. Despite
such abutIIch'ItS individual plexi were recognized by the mediolateral tapering of their
extremities. From measurements in the three planes of section, individual plexi were
situated 12-100 pm from the dorsal horn dorsal border with the lateral arbors more
superficial and slightly smaller than those located medially. The bundles were composed
of 20-35 fibers and spanned an average distance of 70 pm dorsoventrally (range 35-120
um), 26 pm mediolaterally (range 12-50 ym) and 400 um rostrocaudally (range 200-600
pm). They were mediolaterally separated by an average distance of 20-25 pm.
Individual plexi were composed of fibers with diameters distributed over a continmum
ranging from <0.5 pm up to about 1.0 ym and were characterized by a dorsal and ventral
zone of more or less rostrocaudally oriented smooth fibers and a central zone of highly
convoluted fibers with associated boutons that appeared to be concentrated within a

narrow region in the middle of the plexus (Fig. 8A).

Fiber_morphology. Varicosities and presumed terminal boutons were seen in
association with fibers in lamina II in all three planes of section, but were most evident in
sagittal or horizontal sections due to the rostrocaudal orientation of fiber plexi. Four
common types of axonal enlargements were recognized. Least prevalent were axonal
varicosities (Fig. 9A). These had average lengths of 2-4 pm and widths of 1-2 pm and
were, in general, smaller than bouton endings. Round or oval enlargements were seen at

the ends of long fibers (fiber boutons) and at the ends of short stalks arising from larger
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fibers (stalk boutons) (Fig. 9B). Boutons at both locations had similar morphology and
comprised two broad size classes; the average maximum and minimum diameters of
small terminals was 1x1.5 pm and that of large terminals was 2 x 4 ym. On occasion,
varicosities were seen at the origin of fiber stalks which themselves gave rise to stalk
boutons (Fig. 9C). Multiple stalk- type boutons similar in morphology to solitary stalk
elements were seen grouped in what was termed cluster boutons (Fig. 9D). Less
commonly seen were large, amorphous boutons with dimensions of 2-3 um and 7-8 pm

along their short and long axis.

Many examples were found of large and medium diameter AB893-IR fibers that
exhibited what appeared to be perforated expansions or bubble-shaped structures
approximately 2-4 pm in diameter. The inner area of these elements were devoid of
staining and their walls were usually smaller in diameter than the parent fiber from which
they arose (Fig. 9E). The expansions were quite numerous in some plexi and
occasionally several were seen aloﬁg a single fiber. Also visible under high
magnification were small, very lightly stained fibers less than 0.3 pym in diameter
(Fig.9F). Although the light staining of these fibers precluded detailed analysis, their

morphology appeared to be similar to the larger more densely immunoreactive fibers.

Capsaicin treatment and dorsal rhizotomy

In lumbar ganglia of capsaicin treated compared with littermate vehicle- injected
animals there was a 67% reduction in the number of AB893-IR small cells (<1000 um?2)
and this coincided with a 56% reduction in the number of FRAP-containing cells. In
spinal cord sections of animals that received neonatal capsaicin treatment, AB893-IR
fibers were depleted at both thoracic (Fig. 10A) and lumbar (Fig. 10B) spinal cord levels.
As shown in transverse (Fig. 10C) and sagittal sections (Fig. 10D), immunoreactive

fibers were also eliminated in the upper lumbar dorsal horn of rhizotomized animals.
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EM Observations

Tn vibratome sections of dorsal horn prepared for electron microscopy and viewed by
LM, the configurations of AB893-IR fibers seen in lamina I were similar to those
observed in LM preparations described above. In ultrathin transverse sections, AB893-
IR fibers in laminae II were seen among sparsely distributed myelinated fibers. They
were arranged in clusters composed of 2 to 5 cross-sectioned unmyelinated fibers ranging
from 0.2-0.3; pm in diameter (Fig. 11A). A large axon terminal about 1.0 pm in diameter
was often seen near the center of an immunoreactive cluster. These terminals contained a
few mitochondria and large clear vesicles, and many spherical agranular synaptic vesicles
30-50 nm in diameter (Fig. 11A). They occasionally extended thin (0.1-0.2 pm) short
processes that partially enveloped the more peripherally located fibers (Fig. 11C) or were
interdigitated with these fibers (Fig. 11B). Various types of neuronal processes
surrounding the central terminal included: 2-4 small, generally round fibers (0.1-0.2 pm)
containing several microtubules; 1-3 comparatively large fibers 0.5-1.0 pm in diameter
containing endoplasmic reticulum, microtubules and a few mitochondria; and axon
terminals 0.4-0.6 pm in diameter containing sparsely distributed spherical synaptic
vesicles 30-50 nm in diameter. Large fibers frequently indented central terminals at sites
of typical asymmetric synaptic contacts (Fig. 11A). In addition to these components,
dendritic spines were occasionally seen in apposition to the central and peripherally

located terminals (Fig. 12A).

In sagittal sections the arrangement of immunolabelled unmyelinated fibers (Fig.
12A) was similar to that seen in transverse sections. Although individual longitudinally
running fibers varied from 0.1-0.4 um in diameter, they were clustered in bundles that
had a roughly constant diameter of about 1.0 pm. Along their course within the bundles,

single fibers frequently became enlarged to form en passant terminals at sites where
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adjacent fibers narrowed in calibre to about 0.1 pm. AB893-immuncreactivity in these
fiber bundles was distributed on very nearly the entire cytoplasmic membrane of the
centrally located axon including sites where it formed en passant terminals. Peripherally
located fibers were labelled only at regions where their cytoplasmic membranes were
apposed to the centrally located fibers (Fig. 11D). Although immunoreaction product
was deposited on both the inner and outer leaflets of the plasma membrane, the outer
leaflet was more densely immunostained. Immunolabelling tended to be discontinuous
along the rr;embranes of elements within the fiber cluster. Occasionally, immunoreactive
axons exhibited intermittent regions of close apposition where the extracellular space
ranged from 4 to 6 nm and was sometimes filled with immunoreaction product. The
close appositions varied from 30-200 nm in length and were separated from one another
by distances of 60-100 nm (Fig. 12B). These sites of closely apposed membranes were
densely labelled and axonal membranes that were more widely separated had an

extracellular space of about 10 nm and exhibited weak or no immunoreactivity.

DISCUSSION
Dorsal root ganglia _

It has been previously demonstrated that the antibody utilized here fecognizes
neuronal and glial gap juhctions in rat hippocampus (27,36,40) and weakly electric fish
brain (42). However, the appearance of labelled primary afferents is unlike labelling
seen in other CNS regions and very probably represents a cross-reaction with a novel
protein. In view of our uncertainty regarding the identity of this protein, the present
results are discussed entirely in the context of primary afferent anatomical organization.
However, we do not exclude the possibility that a connexin-related protein may exist in a
certain population of primary afferent neurons and contribute to possible electrotonic

coupling between these neurons.
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'I'hf: dual intracellular staining pattern seen in DRG, namely granular and diffuse
cytoplasmic AB893-immunoreactivity, has also been observed in studies of peptides in
DRG neurons (10), but its significance remains to be explained. Although only the initial
axon segments of some large and small AB893-IR cells were stained, some of these
axons may give rise to the immunoreactive fibers seen in dorsal roots. The cytochemical
profile of AB893-IR DRG cells is consistent with previously determined colocalization
relationships of other substances in semsory neurons. The extensive coexistence of
AB893-immunoreactivity with CGRP and minimal coexistence with PV or CaBP is in
accordance with our observations that the AB893-IR/CGRP population comprises both
large and small cells and that the large CGRP-IR cell population is to a great extent
separate from the PV-IR and CaBP-IR populations (3). The very light CO staining
densities observed in AB893-IR neurons is also consistent with observations that most
DRG cells containing PV or CaBP exhibit dense CO staining (4). Since high CO levels
and the presence of PV andfor CaBP may be indicators of neurons with high electrical
activity or those with fast-spiking capability (4,5,39), it would appear that the majority of
AB893-IR large DRG cells, characterized by their lack of PV and CaBP and light CO
staining density, have relatively low levels of electrical activity and do not require the
proposed calcium buffering properties of PV or CaBP. The significance of the high level
of coexistence between CGRP and AR893-immunoreactivity remains to be determined.
Detailed analysis of PV, CaBP and CO in small AB893-IR cells was precluded by
technical difficulties involving localization of these markers in cells that could be
confidently identified as small DRG neurons. Where cells were clearly recognized as

small type B neurons, the resulis were similar to those obtained for large cells.

The small cell AB893-IR population appears to be fepresented almost entirely by a
subpopulation of type B neurons containing FRAP and overlaps to some as yet

undetermined extent with type B cells containing CGRP. This concurs with our previous
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observation of considerable coexistence between CGRP and FRAP in DRG neurons of
rat (6). The negligible overlap of the AB893-IR and the SP- or SOM-positive cell
populations is consistent with reports showing negligible or minimal FRAP coexistence

with SP or SOM (9,24).

Origin and composition of AB893-IR dorsal horn fibers

It can be concluded that AB893-IR fibers in the dorsal horn are primary afferents
based on: 1) the presence of AB893-IR neuronal cell bodies in DRG; 2) the presence of
AB893-IR fibers in dorsal roots; 3) the presence of AB893- immunoreactivity in
glomerular central terminals which are known to be of primary afferent origin (22); 4)
the elimination of AB893-IR fibers in the dorsal hom after dorsal rhizotomy; and 5) the
absence of AB893-IR neurons in the dorsal horn. That these fibers are unmyelinated C-
fiber afferents is suggested by: 1) their confinement largely to lamina H which is a
characteristic terminaton zone of C-afferents (37); 2) the presence of AB393-
immunoreactivity in FRAP-positive DRG cell bodies which are thought to give rise to C-
fibers (34); and 3) the absence of AB893-IR fibets in the dorsal horn of animals treated
neonatally with capsaicin at a dose previously demonstrated to be relatively selective for
depletion of C-fiber afferents (25). Fibers in the nucleus of the solitary tract may
originate from the trigeminal ganglia or from sensory ganglion of the seventh, ninth and
tenth nerves, all of which have inputs to this area (2). The latter three ganglia, however,
were not examined for the presence of AB893-IR cells. The immunoreactive fibers in

the trigeminal nucleus caudalis may also arise from the trigeminal ganglia.

It is difficult to imagine that what so clearly appeared to be individual immunostained
fibers at the light microscopic level were, in fact, composed of several immunolabelled
unmyelinated fibers arranged in a cluster. Yet, several observations consistent with this

interpretation are as follows: 1) Single immunolabelled fibers were never encountered by
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EM. Although very lightly labelled, thin (<0.5 pm) fibers were seen in LM preparations,
these 1;nay represent pre-cluster or a separate class of axons that were rendered
undetectable by the stronger fixation conditions used for EM. 2) The average diameter
(1 pm) of immunolabelled clusters was similar to that of fibers seen by LM and the
calibre of the individual axons within a cluster is consistent with that of unmyelinated
fibers (7,14,15). 3) The immunolabelled configurations of central axon terminals and
several peripherally located neuronal processes were similar to those found in one of
three previously described types of glomerular complexes in lamina I (8,22,30,31,45).
The AB893-IR central terminals probably correspond to the dense sinusoid type based on
the size of their synaptic vesicles, their axoplasmic density and the presence of axo-
axonic synapses. Most of these terminals are known to contain FRAP and all are thought
to arise from unmyelinated primary afferents (20,21,23,34). Pertinent here is that
immunoreactivity within a cluster was always most clearly associated with central
terminals and their fine calibre axons rather than larger diameter axons as might have
been expected from LM observations. The presence of label on processes adjacent to
these central axons may represent diffusion of reaction product from its possible site of
generation on central axons, but we believe not, based on the equal density of label seen
on adjacent membranes. However, this point and the perplexing restriction of label to
sites of peripheral processes in apposition to the central axons requires further
investigation. And 4) A clustered arrangement of fibers may explain the occurrence of
what we termed perforated expansions along fibers. Although these may represent an
absence of staining within the central regions of single varicosities or a technical artifact
of tissue processing procedures, they may alternatively represent regions of strand
separations within a fiber cluster. Scalloped terminals with holes somewhat similar to

these perforated expansions have been previously reported among fibers in lamina I (1).

At the LM level a possible correspondence between AB893-IR and a subpopulation
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of FRAP-positive fibers in lamina IT is not immediately obvious. Depending on fixation
condiﬁons, fluoride concentrations and incubation conditions, spinal cord sections
processed for FRAP histochemistry can yield reaction product deposition that
encompasses nearly all of lamina II (unpublished observations). Under more attenuated
conditions, however, FRAP is restricted to a narrow region in the middle third of lamina
1L, i.e. straddling the border between lamina Ilo and I1i (24,34). This latter distribution is
more consistent with the EM localization of FRAP-containing terminals along the middle
one third of lamina T and with observations that FRAP is more highly concentrated in
these terminals than in preterminal axons (8,34). The broader dorsoventral distribution
of FRAP staining sometimes observed may be due to detection of enzyme in axons as
well as terminals and possibly to diffusion of reaction product away from its immediate
site of production. In relation to this, the AB893-IR fiber plexi span most of lamina 1T,
however their boutons within the central regions of these plexi correspond to the portion
of the FRAP band that presumably represents the enzyme localized to terminals. Such a
correspondence together with our other results suggest that the AB893 antibody labels a
subpopulation of FRAP-containing fibers along their central course and therefore can be
used as a tool to further examine the organization of FRAP-containing afferents in a way
that has not previously been revealed by FRAP-histochemistry. The greater number of
FRAP-positive compared with AB893-IR neurons in DRG may account for the

apparently complete and uniform mediolateral distribution of FRAP across lamina II

within the dorsal homn.

The above interpretations must remain tentative since our EM observations
admittedly represent only a cursory inspection of ABB893-IR fibers in lamina IL
Definitive proof that the fibers seen by LM are indeed clusters of unmyelinated fibers
and that these correspond to FRAP-containing afferents will require correlative LM-EM
studies and double labelling for FRAP and AB893-immunoreactivity at the EM level.

238




Moreover, under the present immunohistochemical conditions, it appears that the central
termination of the large presumably myelinated AB893-IR DRG neurons are not
jmmunostained, despite occasional labelling of their initial axon segment in ganglia. The
staining in these cell bodies may represent either a different localization of the same
protein or cross-reaction with another protein. The possibility that a small portion of the
ABR893-IR fibers may be myelinated afferents must be considered in view of
demonstrations that some myelinated fibers terminate in the ventral region of lamina I
and in lamiﬁa I(12). Despite our observations on the effects of capsaicin, a loss in the
expression of immunoreactivity in myelinated fibers after capsaicin-induced depletion of

unmyelinated afferents cannot be excluded.

Organization of AB393-IR fibers in the dorsal horn

At the LM level, the AB893-IR primary afferent fibers in the dorsal horn were
arranged in a pattern heretofore unseen in immunohistochemical or histochemical studies
of endogenous substances contained in primary sensory neurons. However, they bear
similarities to those previously seen by classical methods and in studies of functionally-
identified single fibers. The arborizations of what were believed to be fine or superficial
C-fibers appear to be contained almost exclusively in lamina IT and were described as
narrow sheets with widths of 16-25 pm that extend 340-930 um rostrocaudally and up to
150 um dorsoventrally. Other characteristics include their dorsal entrance to lamina I1,
their many en passant, terminal and cluster boutons ranging from 2-6 pm in diameter,
and their terminal distributions which were directed towards the center of their arbors
(1,29,32,33). The distribution and morphology of these fibers closely resemble those of
the AB8093-IR fibers in lamina M. In studies of single functionally-identified C-fibers
labelled by PHA-L injection into DRG cell bodies of guinea pig (37), it was found that
such fibers terminated in distinct lobuli in various portions of lamina I and II. These

lobuli ranged in size from 50-300 um dorsoventrally, 100-200 pm mediolaterally and
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280-600 upm  rostrocaudally. Among arbors classified as high-threshold
mechanoreceptors, polymodal nociceptors, mechanical/cold nociceptors and low-
threshold mechanoreceptors, those that most closely correspond to AB893-IR fiber plexi
on the basis of position and dimensions, but bearing in mind possible species differences,
are low-threshold mechanoreceptors with arbors concentrated in both lamina o and

lamina ITi.

In various species studied by the Golgi technique (1,35), it has been well documented
that large fibers, corresponding to functionally-identified hair follicle afferents, form
flame-shaped arbors extending from lamina IV to the ventral portion of lamina IH (12).
In addition, fibers of unknown origin have been described (35) as capping plexi in lamina
II that appear to be intermingled with the dorsal extremes of the flame-shaped arbors.
Interestingly, the AB893-IR fibers were arranged in rostrocaudally oriented sheets
similar to those of deep afferents. Although there is no a priori reason to consider that
the flame-shaped arbors, capping plexi and AB893-IR fiber bundles are in register in the
superficial dorsal horn, the possibility of such an arrangement would have implications
for the organization of fibers in these two dorsal horn regions and for functional

relationships between the substantia gelatinosa and deeper layers.
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FIGURE LEGENDS

Fig. 1. Photomicrographs showing AB893-IR neurons in sections of trigeminal (A),
cervical (B), thoracic (C) and sacral (D) sensory ganglia stained by immunoperoxidase.

Magnifications: A,B,C X60; D, X70.

Fig. 2. (A,B) Photomicrographs showing AB893-IR axons (arrows) emerging from large
immunofluorescence-labelled (A) and small immunoperoxidase-labelled (B) neurons in
sections of lumbar DRG. (C,D) Immunoperoxidase reacted sections from the same DRG
processed with AB893 antibody (C) or preadsorbed antibody (D). A large reduction in
staining is seen with preadsorbed antibody. Magnifications: A, X200; B, X300; C, X80;

D, X60.

Fig. 3. Photomicrographs showing AB893-IR neurons in lumbar DRG and their
correspondence to neurons containing PV, CaBP and light CO staining. (A,B)
Immunofluorescence micrographs of the same section showing the absence of PV (B) in
AB893-IR (A) neurons (arrows). (C,D) Tmmunofluorescence micrographs of the same
section showing AB893-IR (C) and CaBP-IR (D) neurons. Although some ABS893-IR
cells contain CaBP (arrows), most do not (arrowheads). (E,F) Adjacent sections showing
AR893-IR neurons (E) and their histochemically detected level of CO activity (F). Note
the light CO staining density in large AB893-IR neurons (arrows). Magnifications: A,B,
X125; C,D, X175; E,F, X100.
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Fig. 4. Photomicrographs of lumbar DRG sections showing AB893-IR (A,C) and
CGRi’-IR (B,D) neurons in adjacent sections processed by immunoperoxidase (A,B) and
in the same section processed by immunofluorescence (C,D). As indicated by examples,
many (arrows), but not all (arrowheads) AB893-IR cells display CGRP-

immunoreactivity. Magnifications: A,B, X200; C,D, X125.

Fig. 5. Photomicrographs of lumbar DRG sections showing AB893-IR neurons and their
relationships to neurons containing SP, SOM or FRAP. (A,B) The same section showing
AB893-IR (A) and SP-IR (B) neurons. (C,D) The same section showing AB893-IR (C)
and SOM-IR (D) neurons. Arrows indicate AB893-IR cells that lack SP or SOM. (E,F)
The same section showing AB893-IR (E) and FRAP- positive (F) neurons. Nearly ail
small AB893-IR cellé contain FRAP (arrows), but not all FRAP-positive cells are
AB893-IR (arrowheads). Magnifications: A,B, X150; C,D, X125; E,F, X175.

Fig. 6. Photomicrographs of transverse sections showing AB893-IR fibers in the nucleus
of the solitary tract (A, arrowhead), the spinal trigeminal nucleus caudalis at low (B) and
higher magnification (C) and the thoracie dorsal horn (D). AB893-IR fibers are arranged
in discrete bundles (arrows) in nucleus caudalis and at thoracic levels. Magnifications:

A, X175, B, X75; C, X225; D, X125.

Fig. 7. Photomicrographs of sagittal (A,B) and transverse (C-G) sections showing
AB893-IR fibers in the dorsal horn at midlumbar levels. (A) Low magnification of
dorsal root (dr) and Lissauer’s tract (Lt) and (B) higher magnification of AB893-IR fibers

(arrowheads) in the dorsal root. AB893-IR fibers in thé dorsal root are seen descending
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into‘Lissauer's tract (arrows). (C-E) Sections showing dorsoventrally oriented AB893-IR
fibers in the superficial dorsal horn. Some fibers extend from Lissauer’s tract into lamina
II (arrow in C), others course dorsally into lamina I apparently from below (arrows in
D), and individual fibers are seen between immunoreactive fiber bundles in lamina I
(arrows in E). (F) Thionin counterstained section showing the laminar location of
AB893-IR fiber bundles (arrows). The dashed line indicates the ventral border of
Lamina II. (G) Higher magnification of a non-counterstained section. Note the
orientation of the long axis of the AB893-IR fiber bundles indicated .by arrows.
Magnifications: A,D,E, X325; B, X400; C, X250; F, X75; G, X200.

Fig. 8. Photomicrographs of sagittal (A) and horizontal (B) sections showing AB893-IR
fibers in the superficial layers of the lumbar dorsal horn. (A) Photomontage showing a
AB893-IR fiber plexus. Note the accumulation of immunoreactive boutons (atrows)
along the central region of the plexus. (B) Micrograph showing fiber plexi (arrows)
arranged in narrow parallel sheets composed of longitudinally running fibers.

Magnifications: A, X425; B, X250.

Fig. 9. Photomicrographs of sagittal sections showing various types of AB893- IR fibers
and their associated boutons in the lumbar dorsal horn. (A) Immunoreactive varicose
fibers (arrows), (B) stalk boutons (arrows), (C) stalk bouton arising from an axon
varicosity (arrow), and (D) clustered stalk boutons (open arrow). (E) AB893-IR fibers
displaying perforated expansions (arrows). (F) Very fine lightly stained AB893-IR fibers
(arrows) one of which gives rise to a stalk bouton (arrowhead). Magnifications: A-F,

X1000.
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Fig. 10. Photomicrographs showing depletions of AB893-IR fibers in transverse sections
of lower thoracic (A) and midlumbar (B) dorsal horn after neonatal capsaicin treatment
and in transverse (C) and sagittal (D) sections of the L2- 3 dorsal horn after dorsal

thizotomy. Magnifications: A,D X75; B, X100; C, X175.

Fig. 11. Electron micrographs showing AB893-IR neurcnal elements in transverse
sections through lamina II of the Jumbar dorsal horn. (A) Low magnification micrograph
showing several clusters of AB893-IR fibers (arrows) and a large immunoreactive
terminal (attowhead) associated with one of the clusters. (B) Micrograph showing a
sinusoid axon terminal (sa) with deposition of immunoreaction product along its plasma
membrane (arrowheads). (C,D) Higher magnification showing (C) an immunoreactive
sinusoid terminal (sa) partially surrounding a dendrite (dr), and (D) an immunoreactive
axonal process (ax) associated with adjacent fibers within a cluster. Note the
immunolabelling of plasma membranes of the sinusoid terminals and adjacent structures

(arrows). Magnifications: A, X20,600; B, X14,200; C,D, X65,000.

Fig. 12. Low (A) and high (B) magnification electron micrographs showing AB893-IR
axons in sagittal sections through lamina II of the Jumbar dorsal horn. (A) Micrograph
showing a cluster of longitudinally running immunoreactive axons. Two axons (solid
arrows) within the cluster are seen giving rise to en passant axon terminals (open
arrows). Note lack of labelling of nearby unmyelinated fibers (large arrowhead) and the
membrane labelling of one of these fibers (asterisk) at sites where it contacts the
immunoreactive fiber cluster (small arrowhead). (B) Micrograph showing intermittent
labelling of adjacent axonal plasma membranes (arrowheads). Magnifications: A,
X15,600; B, X25,500.
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TABLE 1. Size distribution of AB893-IR lumbar DRG neurons expressed as a
percentage of the total number of all cells in each size category. The percentage of ail
DRG neurons in each size category is also indicated.

Cross Sectional Area (um?2)

Small* Intermediate Large
Neuronal Population <500 >500to <1000 >1000 to <1800 >1800
All DRG neurons™ 13.7 37.6 20.9 27.9
AB893-IR neurons 0.3 4.7 4.8 4.8

* Small cells are subdivided into two size categories
+ As previously reported by Carr et al. (3)
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TABLE 2. Cytochemical characteristics of AB893-IR lumbar DRG neurons expressed
as percentage colocalization with the various markers listed.

Cytochemical Marker Percent Colocalization
AB893-IR + parvalbumin 7 (1124)
AB893-IR + calbindin D28k 10 (588)
AB893-IR + calcitonin gene-related peptide 78 (1120)
AB893-IR + moderatefdark cytochrome oxidase 5 (375)
AB893-IR + substance P 2 (745)
ABB893-IR + somatostatin <1 (867)
AB893-IR + fluoride-resistant acid phosphatase 60 (582)
AB893-IR (small cells only) + fluoride-resistant acid 90 (395)
phosphatase

Values in patenthesis indicate the number of AB893-IR neurons analyzed for each
condition.
AB893-IR populations represent neurons of all size except where indicated.
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General Conclusions

Analysis of various characteristics of CO-, CA-, CaBRP-, PV-, CGRP-, FRAP-, and
AB893-TR-containing primary sensory neurons has provided information regarding not
only the individual substances themselves but also the neuronal populations in which

they are localized. Specific details relating to this will be discussed below.

Cytochrome oxidase

With respect to CO, we have demonstrated a heterogeneity of staining among DRG
sensory neurons by both histochemical and immunohistochemical methods. We have also
shown a strong correlation between CO histochemical and immunohistochemical staining
intensity in individual neurons thereby demonstrating that in DRG neurons CO activity
closely parallels the amount of enzyme present. Our studies of CO levels in pr;imary
sensory neurons have revealed that different populations of cells containing PV, CaBP,
AB893-IR or CA reaction product each display a characteristic level of CO, suggesting
that certain basal levels of electrical activity may be a characteristic featurc.of sotme
sensory neuron subpopulations.. This Basal level of activity may be determined by
properties of the neuron itself, sensory receptors in the peripheral tissues innervated
andfor the sensory modalities transmitted by these cells. It has been previously
demonstrated that some cells, such as primary muscle spindle afferents, possess a tonic
level of activity in contrast to high threshold afferents which have very low background
activity (1,2,14). Our observations that a greater proportion of large size DRG neurons
have a greater level of CO activity than smaller cells suggest that neurons containing
dense CO may be low threshold afferents and those with light CO may be high threshold

afferents.

In addition to indicating basal activity levels of DRG neurons, CO has the potential to
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be usgd in future studies as a marker of neurons in which activity is altered by
pharmacological or physiological means. Based on previous demonstrations of an
increase in CO levels following specific manipulations (15,16,31,33), it may be feasible
to evoke an upregulation of CO in a subpopulation of sensory afferents by application of
specific sensory stimuli. In this manner, the cytochemical profile of modality specific

DRG neurons, ie., those in which CO levels have increased, may then be investigated.

Carbonic anhydrase

Similarly, we have also explored the use of CA as a histochemical marker presumed
to reflect activity of DRG neurons. Our results showed that all cells with dense CO
contain CA, while most but not all CA-containing neurons are CO dense. If our CO
results truly indicate basal levels of neuronal activity in DRG, then this suggests that
there are two populations of CA containing cells, one with high and the other with low
tonic activity. On the basis of observations of CA reaction product in muscle spindle
afferent terminals, it has been suggested that a large portion of CA-containing neurons
innervate muscle with only a minor contribution (4-6%) to cutaneous tissue (20-
22,26,32). When the peripheral projections and CO levels of CA neurons are considered
together, the CA. neurons with dense CO staining may correspond to those cells
projecting to the tonically active muscle afferents and the CA neurons with light or
moderate CO staining may correspond to less active cutaneous afferents. If a large
percentage of both CA and PV/CaBP containing sensory afferents innervate muscle
spindles, then a high degree of coexistence of CA and PV/CaBP may be expected and
this indeed was found. Regardless of function, the extensive colocalization of PV, CaBP
and CA implies that these substances may be markers of a substantial population of DRG

neurons with the same modality(ies).
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Parvalbumin and calbindin D28k

ThlS thesis describes the distribution and colocalization relationships of PV and CaBP
in rat DRG. The localization of PV and CaBP to a subpopulation of DRG neurons has
important implications for defining the cytochemical characteristics of a population of
target-specific afferents (4). There is strong evidence supporting the specific localization
of these calcium binding proteins to muscle afferents. In peripheral tissues, PV- or CaBP-
IR nerve terminals were found in muscle spindles surrounding intrafusal muscle fibers.
The CaBP-IR elements were described to be innervating chain and Bag 2 fibers while the
PV-IR fibers were terminating on the polar region of Bag 1 and Bag 2 fiber endings. Few
immunoreactive fibers were seen in the skin. These results, combined with previous
studies demonstrating that muscle may be the peripheral target of CaBP-IR primary
afferents in chick (23), suggests that PV-IR and CaBP-IR sensory neurons may indeed be
muscle afferents. From our results, it may then be inferred that these PV- and CaBP-IR
muscle afferents have high levels of electrical activity (as represented by dense CO and
possibly CA) but do not contain CGRP. This suggests that CGRP, whatever its peripheral
or CNS function, is not required in neurons containing these calcium binding proteins. In
contrast to most regions of the CNS, but similar to cerebellar Purkinje cells (4), PV and
CaBP coexist in many DRG neurons. This may suggest that these proteins have slightly
different roles that are both required in certain sensory neurons. Our results also suggest
that the role of PV and CaBP, be that in calcium regulation or buffering or some other
unknown aspect of neuronal homeostasis, may be especially important in a subpopulation
of tonically active (as indicated by coexistence with dense staining for CO) sensory

neurons.

Fluoride-resistant acid phosphatase/ calcitonin gene-related peptide
The study described in Part IV demonstrating the colocalization of FRAP and CGRP

has implications regarding fundamental principles of the colocalization of biochemical
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markers in sensory neurons. Assuming that some correspondence exists between
cytoch;amical markers in and sensory modalities transmitted by DRG neurons, then
relationships between these markers may be used to deduce functional segregations
among sensory neurons. For example, if two cytochemical markers never coexist in
sensory neurons, then it is logically possible that those two markers represent neurons
with distinet functions. However, if two markers coexist in a substantial percentage of
DRG neurons, then they are less likely to be indicators of two populations of neurons
each with distinct sensory functions. In this case, the two markers together would
produce three populations of DRG neurons where one population contains the coexisting
markers and each of the other two populations contain only one of the markers. This
rationale directly applies to our demonstration of coexistence between FRAP and CGRP
in primary sensory neurons. These two markers label one population containing CGRP
alone, one population containing FRAP alone and one population in which CGRP and
FRAP coexist. The coexistence of CGRP and FRAP has implications regarding the
functional separation of sensory processing into cytochemically and anatomically
separate parallel pathways for information conveyed by C-fibers and more .specifically
for pathways comprising nonpeptidergic (as represented by FRAP) and peptidergic
afferents. As mentioned in the Introduction, Hunt and Rossi (7) proposed that “peptide
and nonpeptide-containing afferents represent two distinet C-fiber pathways innervating
similar peripheral structures and conveying similar information, but to different areas
within the dorsal horn”. However, based on our demonstration of CGRP and FRAP
coexistence, it becomes apparent that peptide and nonpeptide afferents cannot represent
two distinct C-fiber pathways. Moreover, our results showing overlap of peptide and
non-peptide DRG subpopulations (ie., co-existence between FRAP and CGRP) may
indicate that strict functional separation of primary afferent neurons cannot be made
based on the dorsal homn distribution of a limited number of cytochemical markers.

We have also demonstrated that systemic neonatal capsaicin administration results in
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a significant alteration in CGRP labelling in the dorsal horn of the spinal cord. This
therefore suggests that a considerable proportion of the CGRP-IR DRG subpopulation
are capsaicin-sensitive unmyelinated neurons. This conclusion would agree with previous
results demonstrating that approximately 46% of identified C-fiber primary afferent
neurons were CGRP-IR (17) and that in the periphery CGRP is often found in

unmyelinated afferent terminals (8-10,13).

AB893-IR dorsal root ganglia neurons

Part VI of this thesis describes AB893-IR in a subpopulation of primary sensory
neurons in DRG and the dorsal horn of the spinal cord. Although in theory, AB893 may
label a population of DRG neurons capable of electrotonic coupling, there is no direct
evidence to suggest the participation of AB893-IR primary afferents in electrical
communication. Moreover, although this same antibody was found to recognize both
neuronal and glial gap junctions in rat and fish CN3 (18,28,35,36), it remains uncertain
whether the material it recognizes in DRG is a gap junction protein (connexin). In the
dorsal horn of the spinal cord, AB893-IR is localized to axonal plasma membranes in
bundles of unmyelinated afferent fibers. Based on the localization of this staining, we
speculate that this antibody may recognize a connexin32 related protein that may be
involved in interneuronal communication or ion channel function. In any case, and as
noted earlier, our uncertainty regarding the exact nature of the AB893 antigen in primary
sensory neurons does not, at this juncture, allow us o employ this antibody as a marker
of cormexin32 in these cells. However, its unique localization in a subpopulation of DRG
neurons and primary afferent fibers indicates that it may be an invaluable tool for the
anatomical characterization of certain primary sensory neurons.

Inn rat L4 and L5 DRG, 14.5% of all neurons contain AB893-IR. We have shown that
the vast majority of cells labelled by AB893 do not contain SP, SOM, PV or CaBP,
while most (80%) are CGRP-IR. In addition, approximately 90% of AB893-IR small
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cells contain FRAP. Conversely, however, only 22% of FRAP-containing and 34.5% of
CGRP"-IR cells were AB893-IR. This has implications for the possible division of cells
containing FRAP or CGRP into subpopulations. Previous work has suggested that
CGRP-containing primary sensory neurons consist of at least two subpopulations based
on: 1. the demonstration that two distinct forms of CGRP mRNA are expressed in
phenotypically distinct populations (19); 2. quantitative descriptions of both large and
small size CGRP-containing neurons (10,11); 3. the variety of different markers that
coexist with CGRP and the resultant cytochemically unique subsets of CGRP-containing
cells (3,6,11); and 4. the two different immunohistochemical staining patterns observed
in CGRP-IR DRG somata, namely, homogeneous cytoplasmic or puntate Golgi
apparatus-like immunoreactivity (5,11). With respect to FRAP and CGRP, our data

indicating the colocalization of 50% of FRAP-positive with CGRP-positive neurons (see |
Part IV) is consistent with other evidence that the FRAP-containing population of. DRG
neurons may consist of two subpopulations. It has been suggested that FRAP-reacted
neurons display two different staining patterns, one diffuse and the other puntate (12). It
is possible that AB893 may label one of these distinct subpopulations of FRAP-positive
cells and that the entite CGRP or FRAP populations may not be functionally
homogeneous. The results dexﬁonstraﬁng that most small AB893-IR DRG neurons
contain FRAP and that at least a portion of AB893-IR small cells are CGRP-IR led

directly to our examination of FRAP-CGRP coexistence in DRG as described in Part IV.

ABB893-IR fiber plexi

The AB893-IR fiber labelling in the dorsal horn is novel and important as it allows
discrete individual unmyelinated fibers to be clearly visualized using an endogenous
marker. Evidence also supports the likelihood that some of these fibers contain FRAP.
Thus for the first time the organization of FRAP-containing fibers can be easily and

clearly studied. The pattern of AB893-IR fiber plexi is very similar to an organizational
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pattern previously suggested in this region of the dorsal horn (24,25,27). In addition, the
mediblateral compartmentalization into longitudinal running slabs is very similar to that
of flame-shaped hair follicle afferents, some of which extend dorsally to the ventral
border of lamina II (29). Based on the similar organizational patterns of fiber columns in
superficial and deep regions of the dorsal horn, the axonal bundles in these two regions
may be in register with each other such that there is a congruence of input and synaptic
processing among certain types of afferents terminating along the rostrocaudally oriented
bands in superficial and deep layers. If the AB893-IR fibers in the supetficial layers of
the dorsal horn are in register with rostrocaudally oriented columns, which appear to -be a
regular arrangement of several types of hair afferents, and if the AB893-IR fibers are
found to be low threshold mechanoreceptive afferents (at this point only speculation),
then it may be proposed that there exists a commonality in the anatomical organization of
myelinated and C-fiber low threshold afferents in deep and superficial dorsal horn zones,
respectively. This would imply commonalities in the processing of information conveyed

to these two areas by two separate classes of fibers.

Summary

In summary, this thesis describes a series of experiments which examine specific
cytochemical properties of primary sensory neurons. This information was then used to
speculate on both the role of the markers in these neurons and what their presence
implies about other various neuronal characteristics. The long-term goal of this research
is to develop cytochemical markers that label modality-specific populations of primary
sensory neutons. Although we have yet to determine if any of these markers fulfill that
role, we have made a significant contribution to the understanding of the biochemical
characteristics of specific subpopulations of DRG neurons.

Finally, it is worth considering whether the sum of the work presented supports the

hypothesis stated at the beginning of this thesis, namely, the proposal that a relationship
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exists between cytochemistry and sensory modality in primary sensory neurons. Our
rcsulté combined with the literature would support this contention. Parvalbumin, CaBP,
CA and dense CO are contained in what we suggest are a subpopulation of muscle
afferents. This proposal is based on: 1) the restricted peripheral projection of PV, CaBP
and CA containing afferent fibers; 2) the characteristic high electrical activity of muscle
afferents possibly reflected in the levels of CO and CA activity; and 3) reports of
substantial calcium dependent spikes in muscle afferents suggesting a requirement for PV
and CaBP. By exclusion it may be inferred that CGRP represents a population of primary
afferents subserving a modality other than that mediated by PV-, CaBP-, CA- and dense
CO-containing neurons. In addition, the morphology, distribution and laminar
localization of AB893-IR/FRAP fibers in the dorsal horn suggests that they may be the
central termination of a subpopulation of low threshold mechanoreceptors.

As mentioned earlier, it has been possible to visualize, in the CNS, a strong
correlation between hjsfochemically determined CO levels and neuronal activity (34).
Our studies were designed to lay the groundwork for what we feel is the ultimate goal of
the documentation of CO in DRG neurons. That is, to determine whether electrical,
chronic experimental or physiological stimuli increase CO levels in DRG neurons and, if
so, to utilize physiological stimuli to establish the modalities transmitted by specific
subpopulations of cells. Although this goal has not been attained (due to a shortage of
time rather than insurmountable methodological difficulties), our resuits, to date, indicate
that CO histochemistry/fimmunohistochemistry may be a useful tool for the investigation
of the relationship between modality and cytochemistry in DRG neurons.
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