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Thoracic spinal ganglia were studied morphologically and

enzymatically in an attempt to correlate the position of the

various sized cells within the ganglia with their degree of

staining for acetylcholinesterase (AChE). This correlation could

reveal a relationship between the stain uptake and sensory modality

subserved by individual neurons.

Dorsal root ganglia were taken from the fourth and fifth thoracic

spinal levels of 6 cats ranging in age from 6 to 16 months. Frozen

longitudinal and cross sections were collected serially and stained

with cresyl violet for total cell counts of the ganglia. The average

number found at these levels was 3500 cells. Cresyl violet studies

were on ganglia from the left side of the animals. The ganglia

from the right side of the animals were stained for AChE after the

method of El Badawi and Schenk (1967). All the cell fragments

were counted in every fourth section. Also the diameter of each

fragment was recorded. The cells of each ganglia were divided into

4 groups according to the amount of enzyme demonstrated. These

groups, B1 (high activity - 29%), B2 (lesser but distinct activity -

52%), B3 (about equal demonstration of enzyme and counterstain - 15%),

and BL (negligible enzyme shown - 4%), were represented graphically.

The study showed an inverse correlation between the size of

the neurons and the amount of stain uptake. There was a size
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gradation within the ganglia with the smaller fragments localized

toward the center and largest at the periphery. The amount of enzyme

demonstration was not strictly related to size in that there was

a range of sizes in each of the four color classes. It was found

that over half of the fragments displayed a medium activity (B2 cells),

and 96% of the cells showed some AChE activity.

Ganglion cells have fibers that mediate different sensibilities

(pain, touch, temperature, pressure and proprioception) depending

on the size of the neuron. If enzymatic activity could be related

to cell function, then a basis could be established for the study

of various sensory pathways. The degree of activity could not be

correlated by this study to any specific modality. There were

indications that the presence of AChE and acetylcholine in dorsal

root ganglion cells, where no synapses have been found, is localized

in cells with small diameter (partly B1 cells), which have thinly or

non-myelinated axons. The roles of acetylcholine alternative to

membrane depolarization for the propagation of an action potential

were discussed.
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INTRODUCTION

The aim of this study was to coordinate gross morphological

features with a quantitative analysis of the graded acetylcholinesteras

content in thoracic spinal ganglia. The localization of this enzyme

was used in an attempt to characterize the small, medium and large

cells and the sensory modalities they subserve. Concurrently, the

importance of ACh in roles alternative to membrane depolarization and

the propagation of an action potential was emphasized.

Gross and Cellular Morphology

There are 38 pairs of spinal ganglia in the cat: 8 cervical, 13

thoracic, 7 lumbar, 3 sacral and 7 caudal (Reighard, 1966). As part

of the peripheral nervous system, the cell bodies and fibers of the

spinal ganglia lie segmentally between adjacent vertebrae, passing

through the intervertebral foramina just beneath each transverse process

Embryologically these ganglia differentiate from ectodermal neural,

crest cells. Each ovate ganglion is covered with a connective tissue

capsule, while the individual neurons are surrounded by a Schwann-

satellite cell sheath, which arose from undifferentiated neuroblasts

(Crosby, et al., 1962). Thoracic ganglia in the cat measure about one

by two millimeters. Cervical and lumbar ganglia range from one and a

half to two or more times larger than thoracic ganglia, with those at

the cervical levels being largest.

Ten to twelve nerve rootlets extend from the spinal cord at

each level. Half of these from the dorsolateral sulcus of the spinal

cord join into two bundles before entering the spinal ganglia as the

dorsal root. Rootlets from the ventrolateral sulcus of the spinal cord



join to become the ventral root (Reighard, 1966). Ventral and dorsal

root fibers converge just distal to the ganglia to become peripheral

nerves. The oval ganglion cells are pseudounipolar. Their axons

bifurcate into T-shaped processes. In sensory neurons of dog, cat,

rabbit, and guinea pig, Dogiel (1896) found thick peripheral fibers

and thin central ones. Ultrastructural research (Ha, 1969) has shown

that some cells demonstrate myelinated peripheral fibers and unmyelinated

central processes.

Cell Types and Function

Degeneration and surgical studies have elucidated the sources

of dorsal root fibers innervating various sensory end organs. Large

clear cells are the origin of fibers to the skin, viscera and muscle

with the largest fibers exclusively serving muscle spindles. Some of

the above fibers also give rise to somatic and splanchnic nerves. The

usual function of small, medium and large ganglion cells are well known

(Crosby, et al., 1962). Over the lateral dorsal root bundle course

small and medium diameter fibers leading to cell bodies of the same

respective sizes. The small neurons mediate peripheral pain; medium

sized cells conduct touch and temperature as well as some visceral

sensation. The more specialized large dorsal root neurons evolved more

recently. Their fibers enter the ganglion through a medial bundle.

These neurons mediate proprioception through highly developed tactile

endings (Crosby, et al., loe. cit.; Brodai, 1969).

The early studies of the spinal ganglia by Dogiel, Cajal (1897 and

1905-1906 respectively as cited in Ranson, 1912) and Lugaro (1903 as

cited in Warrington and Griffith, 1904) were attempts to describe the

staining variability in these specialized cells. All of the above
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experimenters reported two types of cells, "light” and "dark", and many

visualized more types according to the size, shape, uptake of stain,

amount of neurofilaments and "chromophile" (Nissl substance) and position

of the nucleus (Orr and Rows, 1901; Turner, 1903; Warrington and

Griffith, 1904; Ranson, 1912). It did not take long to reveal that

many of these "complex" cell types were artifactual (Ranson, 1914).

However, Emery and Singhal (1973) have retained the criteria of cell

size and depth of Nissl staining after Warrington and Griffith (1904)

and Lugaro (1900-1903 as cited in Emery and Singhal, loc. cit.) in

quantitating cell types in infants. Most recent studies limit the

number of cell types to two or four on the basis of size, amount of

Nissl substance, or the variation in stain uptake (Palay and Palade,

1955; Kokko, 1965; Bunge, et al., 1967; Peach, 1972).

Acetylcholinesterase

Histological localization of acetylcholinesterase (AChE) has been

taken as a good, although not absolute, indication of the presence of

acetylcholine (ACh). The molecular weight of AChE is 124,000 (Bernsohn,

et al., 1962) of which there are several isoenz3mies (Loewenstein, 1971).

Acetylcholine is known to be the neurotransmitter in autonomic ganglia,

postganglionic paras3anpathetic terminals, certain postganglionic S3mi-

pathetic terminals (sweat glands, vasodilators) and in motor neurons

and collateral Renshaw cell synapses (Brobeck, 1973). These are called

cholinergic neurons. Acetylcholinesterase is present at terminals to

hydrolyze ACh after its release from vesicles and subsequent passage

across the synaptic space. The reaction is

M AChE S
(CH3)3NCH2CH2CCH3 ^ (CH3)3NCH2CH3 + HOCCH3
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However, there are neurons that display varying degrees of AOiE

activity. These may be called non-cholinergic or cholinoceptive neurons.

Chief among these are the spinal ganglia. Although these sensory

nerve cell bodies contain a graded AChE content from negligible to

quite high, most of their axons are almost completely devoid of AChE

activity (Gruber and Zenker, 1973). The search for a definitive

neurotransmitter in sensory cells has been fruitless, although,

Helavrer and Umrath (1948) and Holton and Perry (1951) have reported some

type of transmitter. Koelle and his cohorts in 1962 postulated that

ACh may serve to trigger another transmitter. It does net seem out of

the question that there may be no neurotransmitter in sensory nerves

because first order fiber firing could be evoked by mechanical stimu-

lation of a receptor. It is recognized that some sort of transmitter

is required in the nuclei cuneatus and gracilis for relay of an impulse

to the second order neurons. This transmitter has not been revealed.

This study determined the actual number of cells in several

ganglia, as well as their size. The AChE activity range and number of

cells in each of four predetermined color categories were demonstrated

after being stained with AChE and a counterstain.



REVIEW OF LITERATURE

AChE Localization in Nervous Tissue

Acetylcholine (ACh) and acetylcholinesterase (ACliE) have been

studied extensively in the nervous system where they are widely
I

distributed in varying concentrations. Early experimentation established

that most efferent tracts and many autonomic ganglia were cholinergic.

High AChE activity was demonstrated in the cerebral cortex but low

activity occurred in the pyramidal tracts (Macintosh, 1941). Feldberg

and Mann (1948) showed that very little ACh was synthesized in the

afferent fibers of the optic nerve and dorsal roots of spinal nerves,

but, there was high activity in the ventral roots. The highest activity

in the central nervous system of dogs was "v/here cranial nerves

originate” and in anterior motor horn cells, but even this was about

707o of the activity found in the ventral root fibers (Feldberg and

Vogt, 1948). Areas of lowest activity were, in ascending order,

sensory nerves and tracts, pyramidal fibers and the cerebellar cortex.

These areas contain essentially no synthesizing ability for ACh.

Choline acetylase (ChAc) is the enzjnne that transfers an acetyl group

from acetyl coenzyme A to choline (Roskoski, 1973). In rabbits,

McCaman and Hunt (1965) found high concentrations of ChAc in the

cerebral cortex and medulla, while there were very high concentrations

in the pons, hippocampus and caudate nucleus. Low ChAc concentrations

were found in the same areas where little ACh and AChE were located,

such as in corpus callosum, cerebellum, spinal and trigeminal ganglia

and optic tracts. An intermediate amount was reported in the olfactory

bulb and dorsal gray column of the spinal cord. The positive correlation

among AChE, ACh and ChAc localization has been demonstrated by Eranko
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(1967), Silver (1971) and Silver and Wolstencroft (1971). Kokko (1965)

showed positive correlation between AChe and acid phosphatase in rat

spinal ganglion cells. In homogenized ruptured guinea pig brain

synaptosomes (end terminal fraction) ACh was localized in the synaptic

vesicles; AChE was localized in the microsome fraction (endoplasmic

reticulum); V7hile ChAc was found in the soluble fraction

not membrane bound (Koelle, 1959; Toschi, 1959 as cited in Brzin, et al.,

1966; Michealson, 1967). Brzin suggested that AQiE is either synthesized

in the rough endoplasmic reticulum and migrates through the cell

independently, or that the organelle where AChE is produced may itself

travel through the cell cisternae by axoplasmic flow with the enz3mie

still attached to the cell membrane and processes (Weiss and Hiscoe,

1948; Lasek, 1968). A third possibility is that AChE is synthesized

in the axon proper, although, measurements of axonal RNA (as well as

the synthesizing enzymes) are very low.

Feldberg and Vogt (1948) recognized that the ability to synthesize

ACh in the central nervous system decreases in more "highly developed

brains". They attributed this to the increased amount of supporting

tissue found in more evolved brains.

Early determinations of ACh and AChE were made in various nervous

tissues manómetrically. This method is still being used along with

cell fractionation methods. The most precise method of localizing

enzymatic activity is cytological histochemistry (Koelle, 1957).

The ideal histochemical method produces a precipitate from a naturally

occurring substrate (Holmstedt, 1971). The thiocholine technique

first developed by Koelle and Friedenwald (1949) seemed to be the one

v;hich came closest to forming a "natural" product. This method involves
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the incubation of frozen cryostat sections in acetylthiocholine, copper

glycinate, copper thiocholine and ammonium sulfate to precipitate copper

sulfate at loci of AChE activity. A histochemical method has never

been developed which is specific for ACh, however, the localization of

AChE has been accepted as a reasonable intracellular indicator of ACh.

The Koelle-Friedenwald technique was based on the earlier work of

Gomori (1948) who visualized AChE activity with a precipitate which

could withstand the subsequent rigors of fixation and embedding. The

problems of sensitivity and specificity of localization still took

years to be worked out using various inhibitors and substrates.

Lewis (1960) varied the time, temperature and pH of the Koelle method

to determine optimal ranges of activity. A very specific modification

by Karnovsky and Roots (1964) employed a ferricyanide reduced by

acetylthiocholine to ferrocyanide, which when combined with Cu”^ ions

precipitated as a fine copper ferricyanide (Hatchett's brown) directly

in areas where AChE is located (Karnovsky, 1964; Broderson, et al.,

1974). This eliminated the large cupric sulfate crystals of the original

Koelle-Friedenwald method, which made exact enzyme localization at the

light microscopic level difficult and impossible at the electron

microscopic level. Other modifications of the Koelle technique were

worked out for demonstrating enzymatic activity in specific areas or

structures (Coupland and Holmes, 1957), and for obtaining greater

specificity (Hanker, et al., 1973). Some modifications included

varying the types and concentration of selective reversible inhibitors

of AChE such as diisopropyl fluorophosphate (DFP), eserine (physostigmine)

and BW 284 C51 (Holmstedt, 1957a; 1957b; Koelle, 1960).
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Nonspecific esterases are also found in ner\^ous tissue. When

acetylthiocholine is used as a substrate, the endproduct is the locali-

zation of specific (acetyl-, true) cholinesterase (AChE). Butyrylthio-

choline produces a precipitate at sites of non-specific (butyryl-,

pseudo-) cholinesterase (BuChE) (Koelle, 1954; 1955; 1957). Sites of

non-specific ChE included the cytoplasm of fibrous astrocytes and

other glial cells, capillary walls, smooth muscle of large blood

vessels, (Navartham and Lewis, 1970; Holmstedt, 1971), and a few

neurons. Cauna and Naik (1971) did not find BuChE in sympathetic

neurons, but the eazjnne was present at motor endplates along with AChE.

Recently BuChE was demonstrated in processes of autonomic ganglia by

Koelle and his co-workers (1974). Eranko (1967) has also found non-

specific ChE in nervous and other tissues. Adams, et al. (1967) found

BuChE and AChE in postganglionic fibers but only BuChE activity in

unmyelinated fibers of non-cholinergic sensory nerves. Myelinated

axons positive for ACnE did not contain non-specific ChE. The great

variability of enzymatic activity between species was shown by Silver

and Wolstencroft (1971). In rat spinal cord, incubated for 14 hours,

BuChE activity was noted in the walls of blood vessels and in both gray

and white matter; w’hereas, in cats similar vessels were unstained, but

there was pronounced staining of the white matter, neuropil of the

ventral horn, and a few small cells in the intermediate and dorsal horns.

An explanation for this could be that the non-specific ChE in the rat

is the propriono- rather than the butyryl- form (Koelle, 1954; Holmstedt,

1971). These last two researchers saw areas of similar positive activity

in the two species in white fiber tracts and glial cells, around the

supraorbital nucleus and the third ventricle in the region of the
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paraventricular nucleus, and in capillaries and blood vessel walls.

Non-specific ChE, not found in most ganglia, showed high activity

in Auerbach's plexus in the ileum (Koelle and Koelle, 1959). Non-

nervous areas of BuChE activity include the carotid bodies, hepatic

cells, muscularis mucosa of the intestinal canal and zona glomerulosa

cells of the adrenal cortex.

The AChE hydrolyzes acetylthiocholine at a higher rate than

acetylcholine, however, it hydrolyzes butyrylthiocholine as fast as

BuCh. Non-specific ChE hydrolyzed both AcThCh and BuThCh in rats

(Koelle, 1954; Giacobini, 1956; Clithrew, 1963). This demonstrates

the specificity of AChE and the generalized function of BuChE.

Non-specific ChE is probably involved with permeability changes

in capillary walls (Koelle, 1954). Clithrew, et al. (1963) suggested

that the enzyme is concerned with slow nerve conduction and that non-

specific ChE in the blood may be important in limiting responses to

hydrolyzable cholinergic agents. He also stated that butyryl-choline

(as well as other forms) may be a liver ester by-product that would be

toxic if not hydrolyzed by BuChE.

Specific-ChE is attributed to AChE; however, electrophoretic

studies by Bernsohn, et al. (1962) and Barron and Bernsohn (1968)

showed several bands from homogenates of hiaman lenticular formation.

This suggests several molecular conformations or species of AChE, each

of which could have a separate function.

Areas of Specific-ChE (AChE) activity were demonstrated by Koelle

(1954) and Eranko (1967) at the neuronal membrane along axons and dendrites

as well as at synapses of cholinergic neurons. High activities have

been reported at nodes of Ranvier (Hanker, et al., 1973). Non-cholinergic
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neurons were devoid of activity. Kokko (1965) described a wide variation

of activity in rat spinal ganglia (purported to be non-cholinergic).

Koelle and Koelle (1959) have substantiated the presence of an "internal"

or "reserve" AChE and an "external" or functional" AChE. Internal AChE

was a bound fraction on or in cytomembranes, whereas the external AChE

was outside the cells along axons and at presynaptic terminals where its

primary function of hydrolyzing liberated ACh is implemented. Similar

results have been reported for AChE localization in squid axons (Villegas

and Villegas, 1974). Koelle and Fukuda (1959) demcnstrated that AChE

activity in the cat corresponded closely with the distribution of

Nissl substance after reversible inhibition of activity with DFP in vivo.

The reappearance of the enzyme in these preparations was first noticed

in the Nissl substance and later at the perikaryon and neuronal projections.

This indicated a cytoplasmic origin of the enzyme with subsequent

transport (internal) to the cell surface and axon (external). Tewari

and Bourne (1962) considered the variability of AChE in sensory ganglion

cells to be due to stages in the metabolic cycle involved in the

production of the enz3nne. Ritter, et al. (1974) used a thiocholine

method of Lewis and Shute (1964, 1969) and the ferricyanide method of

Karnovsky (1964) to show the ultrastructural localization of ACliE in the

rat central nervous system (hippocanpal formation) and peripheral nervous

system (sympathetic ganglia of rabbit and rat adrenal). The enzyme was

demonstrated at membranes of all areas studied including perikaryon

(endoplasmic reticulum and nuclear envelope), preterminal and terminal

parts (axonal membranes) and axosomatic and axodendritic synapses of the

Central Nervous System (presynaptic membranes and synaptic clefts). The

postsynaptic membrane was always negative, Presynaptic activity was
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of the vesicles present. Non-myelinated axons showed stronger activity

than myelinated ones. Although the histochemical criterion for

cholinergic nerves is AChE presence in the axon membrane, the best

criterion is its demonstration at the terminals.

Microchemical methods became valuable to cell biologists when

the ability to study single neurons was developed. The cartesian diver

method of Giacobini (1959) showed the spatial specificity of the

enzyme content in isolated spinal ganglion cells by microgasometric

analysis. Brzin, et al. (1966) used a histochemical procedure as well

as microgasometric analysis with a magnetic diver to locate AChE

activity on the inner surface of the endoplasmic reticulum, nuclear

envelope, subsurface cisternae, the agranular reticulum of the perikarya

and axons of frog sympathetic and dorsal root ganglia. Inhibitors for

these studies included the irreversible non-specific cholinesterase

inliibitor, ISO-OMPA (EL Badawi and Schenk, 1967), and the reversible

inhibitors of AChE, eserine and BW 284 C51. It was found that damaged

neurons exhibited more activity than intact ones. The internal AChE

on the endoplasmic reticulum is less sensitive to eserine inhibition

than the enzyme on the neuron-cell sheath interface. This indicates

a permeability barrier to bound AChE which is substantiated by the fact

that quaternary ammonium compounds like ACh and the very large enzyme

AChE (mol. wt. 65,000-250,000) are insoluble in lipids (Koelle and

Koelle, 1959). Therefore, they must move through the cell membrane

by way of pores or cisternae. Brzin (1966) disagreed with Giacobini's

findings that sympathetic elements showed unmeasurable AChE and stated

that Giacobini's experiments lacked sensitivity. Giacobini (1956)

reported low to moderate AChE content with 5-10% of the cells showing
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a high activity in autonomic ganglia. The activity in the spinal cord

was high because of lack of a protective capsule around the neurons.

Rat adrenergic neurons (superior cervical and stellate ganglia) showed

generally faint staining for AChE. The ciliary ganglia showed high

activity in both pre- and post-ganglionic fibers. This cholinergic

nature was demonstrated by Cauna and Naik (1974) and Holmstedt (1971).

The mixed (motor and sensory) nodose ganglion of the vagus showed

heavily and intermediately stained types. Dorsal root ganglion cells

showed intermediate staining with much variability. Auerbach's plexus

in the cat ileum had highly stained cells. Studies of AChE in various

areas of the nervous system helped to elucidate cholinergic tracts

(Shute and Lewis, 1961; 1963) and by studies of cholinergic cutaneous

receptors, to attempt to find the neurotransmitter in sensory nerves

(Cauna and Naik, 1963). These latter studies revealed ChE-positivity

in the phylogenetically young encapsulated meissner's corpuscle

(discriminative touch receptors) and all tactile hairs. In the

unencapsulated phylogenetically old merkel's corpuscles (touch) in

man and cat, there was no AChE activity. No sensory modality could be

associated with AChE. Feldberg and Vogt (1948) and Koelle (1954)

noticed an alternating AChE-positive and AChE-negative arrangement in

sensory tracts. The primary peripheral sensory fibers and the funiculus

gracilis and cuneatus were AChE-negative. Secondary neurons from the

nucleus gracilis and cuneatis showed moderate enzyme activity and the

tertiary afferents showed a moderate to high AChE activity.

Rat myelinated axons of the mostly motor genitofemoral nerve

exhibited AChE activity but the sensory auricular nerve showed only

about 5 per cent activity (Adams, et al., 1967). In the mixed sciatic
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nerve, a third of the myelinated axons were AChE positive. Myelinated

AChE positive axons did not contain non-specific ChE. Conversely,

unmyelinated sensory nerves exhibited only non-specific ChE. Unmyelinated

fibers in the motor and mixed nerves contained both AChE and BuChE.

Postganglionic paras3nnpathetic fibers contained both enzymes with AChE

predominant. Post-ganglionic sympathetic fibers contained non-specific

ChE but often there was some AChE activity also. Eranko (1967)

listed some areas of activity that are in agreement with most researchers:

(a) some S3Tnpathetic fibers have catecholamines present but not that of

AChE; (b) some S3niipathetic fibers have only AChE activity; (c) fibers

appearing single under light microscopy may actually be a bundle of

very small fibers with both catecholamine and AChE activity; and

(d) liberation of catecholamine through a cholinergic link is possible.

Navartham and Lewis (1970) showed AChE activity in the rat spinal cord

to be almost entirely in gray matter as did Holmstedt (1971) in the

rat and cat spinal cord. Cells in the intermediolateral and medial

columns in the ventral horn have high activity. Though the substantia

gelatinosa appears to have high AChE content, the activity is due to

the neuropil (supporting cells and fibers). In cats. Silver and

Wolstencroft (1971) found more activity in the neuropil of the adult

cats than in kittens. They also demonstrated in cat spinal cord a

positive correlation between demarcation of activity and laminae I,

II and III of Rexed (1953). Clark's column had a few lightly stained

cells (40-50|j,) . The large cells were moderate to weak in activity and

the neuropil was negative. In the ventral horn, histochemical investi-

gâtions agree with electrophysiological, fluorescent dye and degeneration

studies that the spinocerebellar tract may be cholinergic (Silver and
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Wolstencroft, 1971). This seems to deviate from accepted dogma that

only motor tracts are cholinergic and sensory and adrenergic nerves

contain little AChE (i.e., non-cholinergic). This tract, however, is one of

the few ascending tracts in the ventral horn (second order). The

determination of a high, moderate, and low enz3ane content is rather

arbitrary and varies with the researcher as well as the organisms and

sites within the organism studied. Many investigators consider

moderate or weak staining neural areas are not cholinergic.

The Function of AChE

External AChE may function in preventing post-synaptically

activated liberation of ACh. It may also protect presynaptic

terminals and prevent the accumulation and spread of ACh after a

preganglionic series of volleys (Koelle and Koelle, 1959). The presence

of AChE in non-cholinergic fibers could be an initial catalyst for the

release of other neurotransmitters (Koelle, 1962), since ACh or other

transmitters do not participate directly in the propagation of an

impulse. Cauna (1961) demonstrated AChE in cutaneous receptors.

Koelle (loc. cit.) reflected that ACh probably evolved in non-nervous

tissue but has been retained through specialization because of its

efficiency at the synapse. Acetylcholine has been found in cilia of

protozoa, invertebrate nervous tissue and in all vertebrates. In each

case cited, the enzyme caused membrane permeability changes in excitable

tissue. Some AChE is also found in smooth muscle, bronchioles, urinary

bladder, effector cells of salivary glands and in the blood of cats

and rats (Holmstedt, 1971). In the autonomic nervous system AChE

acts as a hormone to maintain rhythm and excitability in smooth and

cardiac muscle. Shute and Lewis (1963) Indicated an arousal mechanism



15

between the fornix pathways and cerebellar cortex. Brizn, et al. (1966)

suggested the close apposition of the subsurface cisternae to the

neurilemma could somehow coordinate excitation and intracellular

metabolic processes. In the sarcoplasmic reticulum AChE may be linked

to ion permeabilities and serve as the mechanism of transport in lieu

of a plasmalemma.

AChE Function and Localization in Dorsal Root Ganglia

Great variability in AChE activity has been demonstrated in

spinal ganglia of cat, squirrel monkey (Shanta, 1967) and bovine

(Matsura, 1967) spinal ganglia. Giacobini (1956) and Galabov (1959)

reported in rats and rabbits that 10 to 157» of the dorsal root ganglion

cells in rats and rabbits had very high concentrations while the rest

had very little activity. Giacobini (1959) confirmed these findings

with biochemical assay procedures of individual ganglion cells in

rats. He found that 70% of all the cells of the ganglia showed AChE

positivity, and that the variability among some cells was up to 100

times. The amount of activity demonstrated is dependent on the length

of incubation and this may be the source of discrepancy in some results

(Koelle, 1955). Cauna and Naik (1963) found activity in all ganglion

cells after long incubations. Giacobini (1959) estimated the absolute

activity of dorsal root ganglion cells to be 10 to 20 times lower than

that of anterior motor horn cells. There seems to be a negative

correlation between AGhE activity and cell diameter (Giacobini, 1959;

Kokko, 1965). This may indicate a special cholinergic (autonomic?)
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pathway in the smaller cells. The distribution of AChE activity in

spinal ganglia seems to be very similar to enzyme localization in the

trigeminal (Mazza, et al., 1973) and nodose (Cauna and Naik, 1963)

ganglia of mouse, rat, cat, guinea pig, mole and man. Afferent nerve

fibers to the ganglion gave a negative response to AChE in the cat and

guinea pig but a weak to moderate reaction in the rat, mole, and man.

A controversy has developed over the activity in myelinated and

unmyelinated fibers. Novikoff, et al. (1966) found activity at the

axon surface in myelinated and unmyelinated fibers in the dorsal roots

of rat, rabbit, and frog, but Schlaepfer (1968) found activity in the

rat only in the small unmyelinated fibers which are the axonal processes

of the small cell bodies in the ganglion (also stained). In contrast,

the large and small myelinated fibers serving extrafusal and intra-

fusai muscles respectively, showed a consistent activity, although there

was relatively higher activity in groups of myelinated and unmyelinated

fibers which were believed to be preganglionic sympathetic nerves.

Gwynn and Flumnierfelt (1971) found in glutaraldehyde fixed rat myelinated

dorsal root fibers only moderate activity and no activity in unmyelinated

fibers. Koelle (1955) found slight activity in peripheral afferents.

Gruber and Zenker (1973) demonstrated that 187o of ventral root fibers

were unstained and 8.97» of sensory fibers of dorsal roots showed stain

after very long incubation at 6° C. The stained dorsal root fibers

were not thought to be preganglionic. These fibers were of medium and

large caliber, therefore, it was unlikely that they were visceral

efferents. At present the general concensus is that these fibers were

not visceral efferents since they were of medium and large caliber

(McNeill, 1972). The low activity found by Shlaepfer (1968) is attri¬

buted to short incubation times.
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In the cat the ratio of AChE activity in sensory to motor roots is

1:100; in dogs, 1:30; and in bullfrogs, 1:20-30. The ratio of choline

acetylase in the cat is 1:400 and in bullfrogs, 1:100 (Gruber and

Zenker, 1973). This agrees with studies by Galabov, et al. (1964)

that dorsal root RNA, and; therefore, AChE synthesizing ability is low.

Acetylcholinesterase seems to be dispersed in the large and medium

sized ganglion cells and dense in the medium-sized "multiangular"

cells of the rabbit. The absence of choline acetyltransferase as well

as ACh absence in dorsal roots obviates much possibility that sensory

nerves are cholinergic, even though lesion and axoplasmic flow studies

show a build up of AChE proximal to the lesion (Lasek, 1968; Schlaepfer,

1968; Gwynn and Fluimnerfelt, 1971). Schlaepfer's conclusions fit well

with Bishop's (1959 as cited in Schlaepfer, 1968) postulation that the

mammalian peripheral unmyelinated afferent fibers represent vestiges

of a primitive sensory system over which the more elaborate and specific

modalities have evolved. At the same time the larger myelinated afferent

fibers, v/hich conceivably could also have evolved as an alternate

mechanism (i.e. transmitter) for impulse transmission, could have evolved.

Novikoff, et al. (1966) localized non-specific cholinesterase

at Schwann cell-axon interfaces of unmyelinated fibers and sheath cell-

perikaryon interfaces on myelinated axons. Cauna and Naik (1963)

found non-specific ChE only in the spinal ganglia of cat and guinea pig.

In human sensory ganglia the enzyme was found only in fetal life.

In the trigeminal ganglion, Mazza, et al. (1973) found BuChE in

the intracellular channels between nerve fibers and satellite cells. It

is found intracellularly in association with mitochondria, endoplasmic

reticulum and the nuclear envelope of satellite cells and in mitochondria

of neurons.
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Tewari and Bourne (1962) localized AChE at the nucleolus and areas

associated with RNA synthesis (nucleolar AChE activity has not been

reported by others). Reaction product was deposited in the cisternae

of rough endoplasmic reticulum and the intramembranous space of the

nuclear envelope (Gwynn and Flummerfelt, 1971). Tewari and Bourne

(loc. cit.) have suggested a continuous metabolic cycle of AChE and

ACh production in the endoplasmic reticuliun w’ith their subsequent

transport to the peripheral areas. Though this theory could generally

explain the variability of activity in the spinal ganglion, Schlaepfer

(1968) believed these cells to be several functional groups and notes

that even Tewari and Bourne stated that the smallest cells have the

highest activity.



MATERIALS AND METHODS

The fourth and fifth thoracic (T4 and T5) dorsal root ganglia

(DRG) were obtained from 12 cats ranging in age from 6 to about 16

months. The animals were calmed with chloroform prior to intraperitoneal

injection with sodium pentobarital (Nembutal) in dosages of 30 to

50 mg/kg. Deep surgical anesthesia was achieved in 20 to 30 minutes.

During this time the animal's back was shaved. The spinal ganglia

were removed bilaterally under aseptic conditions. After gently

scraping and separating the paravertebral muscles of the back from the

spinous and transverse processes of the vertebrae, bilateral laminectomies

were performed to expose the spinal cord. To avoid damaging the ganglia,

the transverse processes were carefully cut away. The ganglia could

then be removed with ample proximal and distal roots attached.

Vertebrae T4 and T5 were identified by first palpating the prominant

seventh cervical spinous process and counting caudally to the desired

level. All but four of the animals remained alive during the surgery.

When they did not, the ganglia were removed within 30 minutes after

death. The animals ranged in weight from 1.7 to 4 kilograms.

After each ganglion was removed, it was rinsed in physiological

saline and cleaned of connective tissue including the extensive venous

plexus surrounding it. The meninges were left intact. Each ganglion was

immersed in a BEEN (Better Equipment for Electron Microscopy) capsule

filled with Tissue Tek, a low temperature mounting medium, and oriented

to achieve either a longitudinal or a cross section. The time for these

steps was held to a minimum, and did not exceed three minutes. The

BEEM capsule was plunged into a small beaker containing cold isopentane

(-65° C to -70° C). The beaker floated in a dewar flask filled with
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isopentane and dry ice which prevented contamination or damage due to

carbonation. The tissue was quenched and left in the coolant five to

30 minutes. Excess isopentane was drained from the BEEM capsules after

quenching the last ganglion. The labeled caps were snapped shut and the

capsules were placed on the heat sink of a cryostat set at -25° C to

equilibrate prior to sectioning. Although sectioning could be begun

within five to ten minutes, the blocks could also be stored several

days without apparent damage as long as thawing and refreezing did not

occur. Most of the tissue was sectioned and stained within two to

three days of quenching.

Ganglia from the right side of the animal were processed for

histochemical staining for AChE. Ganglia from the left side were

stained with cresyl violet (Nissl stain) for overall morphology and

gross cell counts. Longitudinal sections were taken of the right T5

ganglia and cross sections of the right T4 spinal ganglia. Ganglia

contralateral to the above were sectioned in the opposite plane to

serve as controls. Since the T4 and T5 ganglia were seemingly uniform

in size and similar in function, it was assumed that information obtained

from one level could be applied to the other.

The ganglia were sectioned on a cryostat (American Optical Company).

Tissue was mounted on a chuck and sectioned at approximately 16 miera.

The sections were collected serially and mounted on slides pretreated

with a gelatin and chrome alum adhesive. The serial sections of the

entire ganglia were air dried ten to 20 minutes prior to being stained.

Sections to be histochemically stained were fixed in four percent

neutral formalin for 15 to 20 minutes, washed and incubated after the

basic Koelle-Friedenwald (1949) cholinesterase technique. This method
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was modified by Karnovsky and Roots (1964) to increase the sharpness of

precipitation at areas of AChE enzymatic activity, and also by El-Badawi

and Schenk (1967) to be specific for acetylcholinesterase by the addition

of ISO--OMPA (tetraisopropylpyrophosphoramide), an inhibitor of butyryl-

or non-specific cholinesterase activity. The AChE regimen is outlined

in APPENDIX A. Three hour incubation times were used in this study.

Sections were stained with a cresyl violet method of Fernstrom

(1958). Fresh sections on slides were placed in 95 percent ethyl

alcohol and carried through the schedule as outlined in APPENDIX B.

Graduated cylinders & staining trays for AChE incubation media were acid

cleaned before each use. Double distilled water was used throughout.

The gross number of neurons was counted in serial sections of

ganglia stained with cresyl violet. The sections were viewed either

under a microscope with a grided ocular or with a BioScope at X200.

The number of cells present in each section was enumerated by counting

visible nucleoli.

The BioScope was used to examine every fourth section of the AChE-

stained tissue. The amount of enzvmiatic activity and the diameter of

each cell or cell fragment in the section V7as recorded. These cells

were classified visually by the color demonstrated as Bl (brown),

B2 (light brown), B3 (blue-brown) and BL (blue).



RESULTS

Tissue was studied grossly for ganglion morphology (figs. 1&2) and

microscopically for a quantitative analysis of enzyme localization (figs. 5-8).

Ganglion Morphology

To determine the various cell types and their location within

spinal ganglia, an initial investigation of the general morphology

of the ganglia was undertaken. This included many dissections of

thoracic as well as cervical and lumbar spinal ganglia from mouse, rat,

cat, and cadaver material. The thoracic ganglia were sectioned on

different planes for comparison when stained histologically or histo-

chemically (Figs. 3 & 4). A myelin-Nissl method (Klüver and Barrera,

1953) was employed to examine fiber-cell body relationships of the

dorsal root ganglia and the fibers of the ventral root at the same

level (Fig. 9). The staining routine for this method is in Appendix C.

With the knowledge gained, it was possible to determine from which

quarter of a ganglion a section had been taken (Fig.10).

The results from ganglion morphology studies are shown in Table 3.

The total number of cells in eight ganglia stained with cresyl violet

were enumerated by counting visible nucleoli in each section. These

ganglia were taken from the left side of the spinal cords, four at the

fourth thoracic (T4) level and four at the fifth thoracic (T5) level.

Three of the ganglia were cross sectioned while the other five were cut

longitudinally. An average number of 3375 cells was found in the eight

ganglia. The mean cell number for the T4 ganglia was 3053 and for the

T5 ganglia 3699 cells. This indicates an appreciable increase in the

number of cells from one thoracic level to the next. The means for
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cross-sectioned and longitudinally sectioned ganglia were 3476 and

3314 cells respectively.

The number of serial sections in the four ganglia sectioned

transversely ranged from 99 to 154 with a mean of 127 sections (Table 2 ).

Ganglia sectioned longitudinally ranged from 84 to 116 sections or 1.3

to 1.8 mm wide. Therefore, the average dimensions of the spinal

ganglia at the T4 and T5 level were 1.5 millimeters by 2.0 millimeters.

AChE Localization in Spinal Ganglion Cells

Four ganglia were used to demonstrate the localization of acetyl-

cholinesterase (AChE) (Table 3 ). The range of the cell fragments

numbered from 4309 to 5567 with a mean of 4975 and a standard deviation

of 449 fragments. The cells were grouped into four categories

according to their degree of stain uptake (Fig. Ila-d).

The Bl cells had the most intense accumulation of Hatchett's

brown and appeared bright broxm. The range in diameters of Bl fragments

was 5 to 100 microns with a mean size of 36 miera. This type made up

29 percent of the total fragments in the ganglia studied. The bulk of

these cells were at the lower end of the range. Generally, the smallest

cells exhibited the heaviest staining. These intensely stained cells

closely approached the degree of uptake shown throughout the anterior

motor horn cells. However, the small aggregations of AChE in large Bl

fragments, though still demonstrating high intensity, falls short of

the activity of the anterior motor horn cells of the spinal cord

(Fig. 13). In all the cell types there was clumpy deposition of the

enzyme in smaller cells and a finer deposition in the medium, and large

cells. There seemed to be more of the small fragments of this group

centrally located in the ganglia.
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The B2 cells made up 52 percent of all the fragments counted. The

mean size of this type was 41 miera with a range of 5 to 110 miera.

These cells exhibited a finer deposition of AChE than Bl cells, and

therefore, they appeared light brown. These cells seemed randomly

dispersed throughout the ganglia.

B3 fragments showed approximately equal uptake of enz3ane and

counterstain. These blue-brown to purple cells made up 15 percent of

the fragments counted in four ganglia. The size of these fragments

ranged from 10 to 95 miera. Though the mean was the same as B2 cells

(41 miera) the graphs of fragments were markedly more skewed toward

the lower end of their range than the B2 cells. The enzyme was very

finely deposited in these cells. These cells also seemed to be evenly

distributed in the ganglia.

The BL cells made up 4 percent of the counted fragments in four

ganglia. These cells countained no demonstrable AChE activity and

were stained light blue with the counterstain. This type had a size

range of about 10 to 90 microns with a mean diameter of 48 microns.

These cells, though not the largest observed in the ganglia, were

consistently large in a given section. The BL fragments fell close to

normal distribution curves although there was some variation in the

position of the curve from ganglion to ganglion. On inspection of

sections, these cells were found routinely closer to the periphery.

A definite negative correlation was demonstrated between the size

of the cells and the amount of AChE uptake. This agrees with the

results of Kokko (1965). The cell fragments measured in the ganglia

stained for AChE ranged in size from 5 to 120 miera. The same range

was found in cresyl violet stained ganglia. Control preparations
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included incubations without substrate, without counterstain and without

non-specific cholinesterase inhibitor (Fig. 13)*

Though the size of individual ganglia varies markedly, the

relation between the cell types are in about the same proportion.

The one cross-sectioned ganglion showed no difference other than
(

the larger section size, though one ganglion sectioned this way is not

conclusive.

The graphs indicate that each type of cell, though having distinct

mean sizes, is not limited to a small size range which could have been

indicative of a definitive sensory modality.



DISCUSSION

Thoracic ganglia were selected for study because of their accessi-

bility and their smaller size in relation to cervical or lumbar spinal

ganglia. The importance of these ganglia lies in their role in general

visceral sensation, and the fact that they have been little studied.

It is known that fetal and young animals have different morphology

and enzyme distribution than adult animals (Youngstrom, 1941; Weschler,

et al., 1967), therefore, the test animals V7ere at least six months

old.

An increase in the mean number of cells vjith visible nucleoli in

T5 ganglia over the T4 level is indicated. An increase of 6% in the

number of cells at the T5 level should result in an increase in the size

of the T5 ganglia. This size change is not revealed in the comparisons

of the total longitudinal sections. A series of cross sectioned ganglia

might reflect this size increase.

Though there have been many studies on the morphology of the spinal

ganglia and also much clinical research on diseases affecting these

ganglia, there are few studies correlating functional aspects of sensory

neurons with the general morphlolgy of sensory ganglia. Therefore,

to attempt an analysis of this type, the dimensions of the study

tissue were ascertained.

Fixation of tissue to be histochemically treated can be critical.

It is important that the fixative be strong enough to properly curtail

cellular processes without interfering with the localization of the

enzyme. A fixative must be suited to the enzyme to be studied. A prime

criterion of histochemical study is that the least fixation is the best
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(Taxi, 1952); Burstone, 1959). This is because of the cytological

changes due to any fixative, which concommitantly disrupts the localiz-

ation and general distribution of an enzyme. Acetylcholinesterase

in the cisternae of the Nissl substance or rough endoplasmic reticulum

of neurons is relatively stable to most fixatives. Short formalin

fixation after quenching was chosen to accommodate these last criteria,

although, it necessitated special care in dissection to avoid tissue

damage. Tissue fixed by perfusion or immersion prior to dissection

would be better able to withstand the rigors of scalpel and probe.

Tlie problems arising with this type of fixation are manifested by the

possibility of enzyme diffusion and the breakdown of cellular components

by the fixative. Good preservation of reaction product does not

guarantee the same measure of morphological preservation. The best

preservation of tissue for histochemistry is a compromise between

fixation and processing to obtain adequate cellular morphology while

preserving the localization of enzymes.

The method of counting and measuring each cell or fragment present

in a section was used because of morphological considerations. The

ideal way to count cells in serial sections is by nucleoli (Ebbesson,

1972). Since nucleoli of neurons are usually no more than five miera

in diameter, each cell would only be counted once in the sixteen miera

sections. In this way split nucleoli counting error was minimized.

Also the sections were thin enough to visualize all the nucleoli in a

section. Nucleoli do not split readily (Ebbesson, 1970), rather,

they tend to roll off one side of the knife or the other. However,

there is a controversy over split nucleoli error (Ebbesson, 1970;
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Offord, et al., 197A). Multiple nucleoli appear to be common in mouse

neurons (personal observation), but in spinal ganglion cells of the

cat they are as infrequent as 1% (Ebbesson, 1970), and 4% in human

fetuses (McKinnis, 1936). In neurons containing double nucleoli, only

one was counted. The method of counting cells by nucleoli was

utilized in ganglia stained with cresyl violet. The numbers of cells

in spinal ganglia as reported by others for humans (McKinnis, 1936;

Ohta, 1974), cats, rabbits and dogs (Davenport and Ranson, 1931),

rabbits (Hinsey, et al., 1937), rats (Hatai, 1902) and tadpoles

(Prestige, 1965) indicate that there is a gradual decrease in the number

of neurons in tiie lower cervical into the thoracic regions and the same

type of increase of cells from thoracic to lumbar. Probably since T4

through about T8 has no involvement with a limb, the studies on these

ganglia have been very sparse. The present study may show that the number

of ganglion cells reaches its lowest in T4 and begins to increase

at the T5 level.

In sections stained for acetylcholinesterase (AChE), it was

possible to preserve enzyme localization for definite colorimetric

evaluation even if the nuclei and nucleoli were disrupted. Therefore,

all the cell fragments present were counted. The associated error

was presumed to be random in all four color classes selected so that

simple statistical parameters could be applied to the results. Kokko

(1965) compared this method with photometric analyses and found a

close correlation in results. A comparison between AChE stained

ganglion cells counted v nucleoli and those enumerated by counting

the cell fragments pre at also showed fair agreement, indicating

that the method was valid. Gomori (1952) discussed the value of visual
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quantitation over the use of photomicromorphic methods after examining

stain dispersions and reception of incident light by a photocell as a

function of density. The only problem in visual analysis is the strict

maintenance of visual criteria from one ganglion to the next.

Color Categories as Shown by Enzjnnatic and Counter Staining

The color categories were chosen arbitrarily, though there were

definite limits which could be readily visualized with a microscope. The

cells having a definite AChE activity can be divided into two groupr: B1

with intense activity, and B2 having slightly less activity. With £

counter stain the cells possessing little or no AChE reaction product (BL

cells) stained blue. Hematoxylin staining also allowed the differentiation

of another group of cells with a low degree of AChE activity. These cells

showed about equal uptake of hematoxylin as AChE and exhibited a blue-brown

or purple color (B3 cells). A question should be raised concerning the

localization of these two stains within a neuron. Control sections stained

with hematoxylin only, displayed a fine deposition of dye in all the cells.

Some were slightly darker than others but none differed as markedly as when

stained for AChE. The exact localization of this basic dye is not certain

but it does have a great affinity for nucleic and ribonucleic acids. Since

the differences were not great in the blue color from cell to cell, this

was considered a homogeneous background over which the localization of

Hatchett's brown could be superimposed. It is conceded that the B3 staining

may be due, in part, to the darker cells mentioned above. These may be

darker because of closer packed Nissl substance in these cells. Even by

staining with AChE incubation medium minus the substrate, acetyl-

thiocholine iodide, there was a light yellow-brown background staining in
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which some cells were also slightly darker than others. This background is

attributable to the copper-iron deposition in the cells.

Nuclei are lightly stained with hematoxylin, whereas, the nucleoli

manifest a dark blue. There was no nuclear staining with AChE in any cells.

The cells with a high AChE activity (Bl) showed the enzyme clumped

evenly throughout the cytoplasm. In the cells demonstrating less AChE

activities, (B2, B3, BL), a decrease in clumping of enzyme was seen. In

BL cells the color due to hematoxylin is very finely dispersed throughout

with negligib e AChE demonstrated. This lends support to the rationale that

these two stanns do not necessarily compete for the same binding sites.

Hematoxylin binds to sites of nucleic and ribonucleic acids, that is, nuclei

and rough endoplasmic reticulum. The graded amount of enzyme product

demonstrated in Bl, B2, and B3 cells is due to the comparable gradation in

the number of binding sites in the Nissl cisternae and associated polyribo-

somes. As a counter stain hematoxylin can only bind at sites unfilled by

AChE. The variation in the amount of hematoxylin demonstrated is due to the

similar gradation in the number of AChE active sites in each cell. By

virtue of their agglomeration, the clumps of Hatchett's brown effectively

block common or adjacent areas from hematoxylin penetration.

Satellite cells are. seen with great difficulty, having very little

cytoplasmic sta3.ning in light microscope preparations. Their sparse cytoplasm

have very few Nissl aggregations. Therefore, only the nuclei stain with dyes

(Wyburn, 1958). These supporting cells also contain no demonstrable

specific cholinesterase activity. It was not hard to distinguish neuronal

nuclei from satellite cell nuclei, although, they are approximately comparable

in size and color. The former have a homogeneous matrix, whereas, the

chromatin of the latter exhibits a substructure of dark spots.

Each spinal ganglion cell in ensheathed by a rather rigid satellite
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cell capsule. The "perlsomatic gliocytes" (Ortiz-Picon, 1955) with some

exceptions completely separate one neuron from another. Therefore, the

distance between a neuron and the nearest vascular element must necessarily

be at least the width of an interceding satellite cell. They must be very

Important in the nourishment of nerve cells as well as in Insulation from

extraneous depolarizations from neighboring neurons (Pannese, 1969).

Dorsal root fibers both proximal and distal to the ganglia are usually

unstained for AChE. Gruber and Zenker (1974) showed 8 to 9 percent of dorsal

root fibers to be AChE active . On the other hand they reported that most

of the ventral root fibers (85%) show high activity.

Functional Morphology of Sensory Ganglia

Dorsal root ganglia at all spinal levels develop proportionately in

early development though not at the same time. Neuroblasts at limb

levels eventually react to the "trophic" influences of the limb and

differentiate to innervate these more expanded and complex areas (Hughes,

et al., 1958). Hamberger and Levi-Montalcini (1949, as cited in Swanson,

et al., 1965) in tracing the proliferation and differentiation of chick

spinal ganglia, found two groups of cells developing from neural crest cells.

The first of these were large cells mediating exteroceptive, tactile and

visceral sensations. The second group, developing a week later, were composed

of large and small cells mediating proprioception, pain and temperature

respectively. Ranson (1904) nicely characterised the function of large,

medium and small neurons and their processes. He also postulated that the

large proprioceptive neurons (pain, touch and temperature) did not develop

until organisms became so complex as to warrant detailed information about

the position of the limbs, tall and head, which moved Independently of

the trunk. As added evidence Strumia and Baima-Ballone (1964) reported
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two cell types in chick embryos with differences in the temporal appearance

of AChE. It was first seen in large anterolaterally located ganglion cells

and later in small dorso-medially located neurons. The "emergence of enzyme

activity was strictly correlated in time with neurofibrillary differentiation"

(Strumla and Baima-Ballone, 1964). Soon afterward the cells intermingled

and, due to the heterogeneity of AChE activity, the two groups were obscured.

This correlates with my observation that the large BL cells, virtually

unreactive for AChE, were located peripherally in the ganglia. Also, that

the smaller high AChE active cells (Bl), clustered loosely in the center of

the ganglia, may show some correlation to early morphological studies.

These small cells with their small diameter and thinly or unmyelinated axons

may be the neurons mediating pain.

How these anatomical studies compare with enzymatic studies may also

have some basis in development. It is known that developing neuroblasts

are different from mature neurons, both anatomically (Esterman, 1927;

Tennyson, 1965; Weschler, et al., 1967) and enzymatically (Kaveler and

Kimel, 1952; Youngstrom, 1941). In the chick embryo AChE was present in

spinal ganglion cells at four days of incubation (Pannese, et al., 1971).

The enzyme activity in motor areas was present earlier, the 60th hour in

the spinal cord and the 72nd hour in the myotomes (Strumla and Baima-Ballone,

1964). This early demonstration of AChE in spinal ganglia predates the

appearance of motor (synaptic) function by three days (Pannese, loc. cit.,

1971). Hogg and Humphrey (1969) reported that reflex responses could still

be elllcited in human fetuses that had not yet developed discreet sensory

endings, and further, had not developed sensory nerves to the periphery.

The demonstration of AChE in developing animals occurs, as with many

enzymes, cranially to caudally in axons of the central nervous system

(Strumla and Baima-Ballone, 1964) and distally to proximally in peripheral



33

neurons (Tennyson, 1965; Tennyson and Brzin, 1970). In the former case,

neurons begin AChE production as they reach a certain maturational stage,

while the peripheral axons show buildup due to axoplasmic flow.

The Role of AChE in Sensory Ganglia

The function of AChE in sensory ganglia is unclear. Several

hypotheses have been made. Koelle (1957) apologetically suggested that

AChE presence may be due to the failure of the cell to suppress its

production after differentiation. Though it is improbable that this type

of gross Inefficiency would occur, the present study indicates that part

of the answer may lie in this theory. Certainly, ubiquitous substances

like AChand AChE could have roles in neurons other than in impulse

transmission. The structure of complex lipids, like phosphoglycerides

and glycolipids (Lehninger, 1970) are very important to membrane formation.

Sphingomyelin and phosphatidyl Choline (lecithin) are very abundant in

both plant and animal tissues, especially in nervous tissue. Both

substances contain choline, a cleavage product of ACh. The leftover
p

acetate, HÓ-C-CH3, is a building block of lipids (Lehninger, 1970; Conn

and Stumpf, 1963).

Nervous tissues are especially dependent on their membranes for

carrying out their innate function in chemico-electrical transmission.

It is only reasonable, in highly organized associations of lipid and

protein where molecular turnover and repair are critical, that very

complex and coordinated processes must take place for the optimal production

and maintenance of membrane potentials. The selective ion permeabilities

on either side of a 200 8 axonal membrane exemplifies this complexity.

If an afferent impulse slows down when it reaches the ganglion cell

body, the presence of ACh and AChE might facilitate depolarization
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across the cell body. Concurrently, the presence of ACh and its hydrolyzing

enzyme might provide ready sources of products for the constant preservation

of membrane polarity. If this were the case, more AChE would be necessary

in small cells (as in B1 cells) to overcome the restraints to transmission

induced by both the slow conduction across unmyelinated fibers and the high
«

cable resistance due to limited surface area. An explanation for the range

of sizes in B1 cells might be that they are in a transitional period

phylogenetically, in which the presence of enzyme is "vestigial" (Koelle,

1957) since the advent of myelination. Some ganglion cells do not have a

myelin sheath, therefore, the enzyme mechanism prevents leakage of depolari-

zation from one neuron to another (Silver, 1971), or by any ACh liberated

from adjacent sites, such as the blood stream (Koelle, 1957). This type

of relationship could also apply to the other cell color categories in

regard to cell size ranges. Myelination of nerves does not occur until

the time of birth (Peach, 1973). Dixon (1963) saw this as a response to

meet the demands of the environment. Subsequent maturation of the myelin

sheath involves myelin breakdown and turnover (Berthold, 1973). The

presence of AChE could be critical at that time.

Ventral roots have a high AChE activity; they transport ACh to the

myoneural junctions. There it is ready to be released into the synaptic

space.

It has been suggested that differential AChE activities are localized

in sensory neurons in varying stages of differentiation, maturation and

metabolism (Tewari and Bourne, 1962). Alternatively the various modalities

subserved by cells of varying size has been postulated as a reason for

multiple degrees of enzyme activity (Dixon, 1963). This, however, was not

shown by my results since each color class has a large size range close
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to the limits of nerve cells in general. Koelle and his cohorts (1962)

postulated that in non-cholinergic neurons, ACh may be initially liberated

to permit the release of another transmitter. They stress the fact that

it is important in membrane permeabilities.

As organisms ventured into more varied surroundings, they evolved

more complex systems of sampling and interpreting their environment.

These changes came to encompass not only sensory stimuli external to the

body, but also those from within the body. This internal stimuli yielded

positional and highly discriminatory balance data (by coupling with the

vestibular system) to animals too large to be controlled by one or a Jew

simple ellicited response systems. In higher animals and man, protective

voluntary responses can be initiated with little or no overt external

visualization of it (vocalization, facial expression, blushing and conscious

control of any response, that is, "keeping it inside"). The degree of

complexity and plasticity of higher brains is exhibited by subconscious

response (vascular constriction and dilation, adaptation, accommodation,

memory,learning). In other words response to stimuli has evolved from

a diffuse reaction in lower animals to a very discriminant response, with

a wide array of sensation and categorization of stimuli, in higher animals.

The segmental spinal ganglia were retained because of their proximity to

the periphery in carrying out their role in "unthinking" reflexes. This

may be an oversimplification in light of the complex integration of sensory

information from one spinal level to the next. Comcomitantly, AChE has

persisted in spinal ganglion cells to act, like myelin in fast conducting

axons, to "eliminate the element of diffusion so characteristic of the more

primitive sensations" (Ranson, 1915). As large proprioception mediating

cells evolved (partly BL cells), they naturally superimposed over the

existing neurons and therefore are found more peripherally in the ganglia.
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The large myelinated fibers of these cells precluded the need for AChE;

In conclusion, it was found there was an Inverse correlation between

the size of the neurons and the intensity of the AChE reaction product.

Also there seemed to be a size gradation within the ganglia with the

smaller fragments localized towards the center and the largest at the

periphery. The amount of staining was not strictly correlated to size in

that there was a range of sizes in each of the four color classes. It

was found that over half of the fragments displayed medium activity (B2

cells). Only 4 percent of all the fragments studied showed negligible

staining.
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APPENDIX A

Acetylcholinesterase Staining Procedure (after El-Badawi and Schenk
1967)

1. Fix air-dried sections in ice-cold (-4 to +4 C)
4% neutral formalin, 15 to 25 minutes,

2. Wash thoroughly in 2 changes of deionized distilled water
(used throughout this procedure), 1 minute each.

3. Place sections in freshly prepared incubation medium*.
Pipettes, glassware, and staining dishes used in this step
must all be chemically clean. Incubate at 37 C until
cholinergic cells and fibers exhibit desired degree of
staining. This step is critical; sections should be tested
under tlie microscope. Tissue with high concentrations
of AChE stains brown. Incubation time was prolonged 3- 10
hours in this experiment (rather than 0.5 to 2 hours as
suggested) in an attempt to force staining of tissues known
to have low concentrations of AChE. This long duration in
the incubation medium necessitated the use of pretreated
slides. Tissue sections floated off if mounted on clean
slides.

4. Rinse in distilled water, 1 minute.

5. Counterstain nuclei in freshly filtered Harris’ hematoxylin
10 to 15 seconds.

6. Wash in running distilled water. Thorough washing is
necessary because hematoxylin adheres to the gelatinized
slides.

7. Blue in 1% aqueous lithium carbonate, 1 minute.

8. Wash in distilled water, 1 minute.

9. Begin dehydration in 70% alcohol, 5 minutes.

10. Continue dehydration in 1 change of 80% alcohol, 5 minutes.

11. Continue dehydration in 1 change each of 95% and absolute
alcohol, 5 minutes each.

12. Leave in equal parts absolute alcohol and xylene, 5 minutes

13. Clear in 3 changes of xylene, 5 minutes each.

14. Mount with Permount and cover.
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*Incubatlon Medium

Acetylthiocholine iodide 12.5 mg
0.06 N (0.82%) Sodium acetate 15.8 ml
0.1 N (0.6%) Acetic acid 0.5 ml
0.1 M (2,94%) Sodium citrate 1.2 ml
30 mM (0.75%) Cupric sulfate 2.5 ml
4 mM (0.137%) Iso-OMPA 0.5 ml
5 mM (0.165%) Potassium Ferricyanide 2.5 ml
Deionized distilled water 2.0 ml

The medium is prepared no earlier than 30 minutes before use
by adding to the substrate (acetylthiocholine iodide) the solutions in
the order in which they are listed. Distilled deionized water is used
throughout the experiment. Pipettes, glassware, and staining disl es
must be chemically clean (acid dichromate solution). The medium
has a clear green color and a pH of 5.5 to 5.6. A cloudy green is
indicative of contamination. Individual solutions may be kept in stock
in the refrigerator at 4 C.

** Harris' Hematoxylin

Hematoxylin crystals 5.0gm
Alcohol, 100% 50,0 ml
Aluminum potassium sulfate 100.0 gm
Distilled water 1000.0 ml
Mercuric oxide (red) 2.5 gm

Dissolve the hematoxylin in the alcohol, the alum in the water
by the aid of heat. Remove from heat and mix the two solutions.
Bring to a boil rapidly (use glass beads for safety). Limit heat to
less than 1 minute and stir often. Remove from heat and add the
mercuric oxide slowly. Reheat to a simmer until it becomes dark
purple, remove from heat immediately and plunge the vessel into a
basin of cold water until cool. The stain is ready for use as soon
as it cools. Adding 2 to 4 ml of glacial acetic acid per 100 ml of
solution increased the precision of the nuclear stain. Filter before
use.



APPENDIX B

Cresyl Violet Staining Procedure (after Fernstrom 1958)

1. Mount sections on pretreated slides*.

2. Place in 95% alcohol, 5 minutes.

3. Transfer to absolute alcohol, 5 minutes.

4. Soak in equal parts absolute alcohol and chloroform, 20 minutes.

5. Hydrate in 80% alcohol, 5 minutes.

6. Continue hydration in 70% alcohol, 5 minutes.

7. Wash in distilled water, 5 minutes (or longer, if stopping
time is 1equired).

8. Stain in 0.5% aqueous cresyl violet for 20 minutes. Add 4
drops glacial acetic acid per 100 ml, filter and preheat to
56 to 60 C for 20 minutes just before using.

9. Rinse briefly in distilled water.

10. Rinse in 70% alcohol a few seconds.

11. Rinse in 95% alcohol, 1 minute.

12. Soak in chloroform, 20 minutes.

13. Transfer to 95% alcohol, 1 minute.

14. Differentiate by agitating in 95% alcohol. Add 1 ml glacial
acetic acid per 200 ml of alcohol. This step is critical in
determining the desired color. Thin sections require
a few seconds; thick sections take longer. Test with
naked eye or with microscope. Neurons and glia stain
pink to violet; white matter remains essentially colorless.

15. Further differentiate in 3 changes of 95% alcohol, 5 minutes each.

16. Clear in 2 changes terpineol, 5 minutes each.

17. Clear in 2 changes xylene, 5 minutes each.

18. Mount with Permount and cover.



*Aqueous Gelatin for Pretreatment of Slides

Gelatin 3.0 gm
Distilled water 600.0 ml

Dissolve thoroughly by placing solution in the oven
at 56 to 60''C for 10 to 20 minutes.

Chromium potassium sulfate 300.0 mg
Dip slides in solution, place wet slides upright in a
staining tray and dry in oven at 56 to 60°C for one
hour.



APPENDIX C

Combination Stain for Neurons and Their Fibers (after Kluver and
Barrera 1953)

1. Let mounted cryostat sections dry.

2. Rinse in 95% alcohol.

3. Stain overnight (10 to 16 hours) in Luxol fast blue* at 57 C.

4. Wash in distilled water.

5. Begin differentiation by quick immersion in 0.05% lithium
carbonate**.

6. Continue differentiation in 70% alcohol until gray and white
matters can be distinguished.

7. Wash in distilled water.

8. Finish differentiation by rinsing briefly in 0.05% lithium
carbonate and then putting through several changes of 70%
alcohol until the greenish blue of the white matter contrasts
sharply with the colorless gray matter.

9. Wash thoroughly in distilled water.

10. Stain for 6 minutes in warm cresyl violet solution***.
11. Differentiate in several changes of 95% alcohol.

12. Dehydrate in absolute alcohol, clear in xylene and mount.

*0.1% Luxol fast blue solution

Luxol fast blue 0.05 gm
Alcohol, 95% 100.0 ml

**Lithium carbonate solution

Lithium carbonate 0.05 gm
Distilled water 100.0 ml

***0.1% Cresyl violet solution

Cresyl echt violet 0.1 gm
Distilled water 100.0 ml



TABLE 1 VITAL DATA OF STUDY ANIMALS AND ACTUAL CELL NUMBERS OF T4 AND T5 SPINAL
GANGLIA AS COUNTED BY NUCLEOLI

No. of Type of
Cat Sex Age Weight(Kg) Level Sections Section Total Cells
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TABLE 2 ANALYSIS OF THE NUMBER OF SECTIONS TAKEN IN 12 GANGLIA
AT THE T, OR T. LEVEL IN CROSS OR LONGITUDINAL SECTION4 5

T4

T
5

Cross Section

X

Longitudinal Section E Sections

No. of

ganglia
No. of
sections

No. of

ganglia
No. of
sections X

1 140 140 4 398 99 762

3 367 122 4 395 99 538

507 793E Sections
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TABLE 3 COMPARISON OF CELL TYPES IN AChE STAINED GANGLIA

Type of No. of No. of 7o Bi % B9 % B3 7o BL
Cat Level Section Section Fragment (X) (X) (X) (X)

34 52 14 1
13 T^R L.S . 23 4932

(33) (36) (Ul) ( UU)
'

18 55 18 9.4
16 T3R L.S. 29 5567

(39) (U5) (38) (51)
34 47 15 2

.

17 T4R C.S. 35 5092 (35) (Ul) (U2) (U6)
30 55 11 2

17 T^R L.S. 21 4309 (36) {1x2) (UU) (50)
29 52 15 4

75
Total 19,900 Ave. (36) (U) (Ul) (U8)

S = 449.3
S- = 224.6
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FIGURE 1. DIAGRAM OF SPINAL CORD WITH DORSAL AND VENTRAL ROOTS

AS WELL AS THE DORSAL ROOT GANGLION INDICATED. ALSO

SHOWN ARE SOME FIBER RAMIFICATIONS FROM THE RESPECTIVE

RAMI
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FIGURE 2. CAT SPINAL CORD WITH SEVERAI. SPINAL GANGLIA ATTACHED.

NOTE THE DIMENSIONS OF THE GANGLIA
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FIGURE 3. STUDY TISSUE STAINED WITH CRESYL VIOLET. a) LONGI-

TUDINAL SECTION OF CAT THORACIC GANGLION b) CROSS

SECTION THROUGH THORACIC SPINAL GANGLION OF CAT. 50X
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FIGURE 4. THORACIC SPINAL GANGLIA OF THE CAT STAINED FOR AChE.

a) LONGITUDINAL SECTION b) CROSS SECTION. 50X
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FIGURE 5. COMPARISON OF THE NUMBER OF CPXL FR/ÆMENTS IN F.ACH

SECTION STUDIED AS TO THE COLOR CATEGORY IN THE 4

GANGLIA STAINED FOR AChE.



NUMBEROFCELLFRAGMENTS
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a Cat 13 T5R L.3. b. Cat 16 T5R L.S.

Proximal Distal Proximal Distal

SECTION

FIGURE 5
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FIGURE 6. COMPARISON OF THE A COLOR CATEGORIES OF THE 3 GANGLIA

SECTIONED LONGITUDINALLY TO THE NUMBER OF CELL FRAGMENTS

COUNTED PER SECTION. AChE STAIN.



NUMBEROFCELLFRAGMENTS
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g.BI Cells b. B2 Cells

Cat 13 T5R L.S.
Cat 16 T5R LS.

— Cat 17 T5R L.S.

C.B3 Cells

SECTION

FIGURE 6



FIGURE 7. COMPARISON OF THE NUMBER OF CELL FR4GMENTS IN FJiCH

COLOR CATEGORY TO THEIR DIAMETER IN THE 4 GANGLIA

STAINED FOR AChE



NUMBEROFCELLFRAGMENTS
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G.Cat 13 T5R L.S. b. Cat 16 T5R L.S.

c. Cat 17 T5R L.S. d.Cat 17 T4R C.S.

DIAMETER (ju)
FIGURE 7
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FIGUEE 8 COMPARISON OF THE NUMBER OF CELL FRAGMENTS OF 4 GANGLIA

STAINED FOR AChE AS TO THEIR DIAMETER AND lîJDIVIDLYi

COLOR CATEGORY.



NUMBEROFCELLFRAGMENTS
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a. Bl Cells b. B2 Cells

DIAMETER (ju)
FIGURE 8
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FIGURE 9 NEURONS OF THORACIC SPINAL GANGLIA STAIN WITH CRESYL

VIOLET, WHILE THE MYELIN SURROUNDING THE AXONS IS

SELECTIVELY STAINED WITH LUXOL FAST BLUE (AFTER KLLU/ER

BARRERA, 1957). 150X
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FIGURE 10. SKETCH OF A DORSAL ROOT GANGLION WITH ATTACHED PROXIKAL

AND DISTAL STUMPS. NOTE THAT TTÎE VENTRAL ROOT IS

CLOSELY APPOSED TO THE UNDERSIDE OF THE GANGLION.

IT IS POSSIBLE TO DETERMINE FROM WHERE A SECTION CAME

BY ANALYZING THE RELATION OF THE GANGLION TO THE

VENTRAL ROOT.
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FIGURE 11. HIGH MAGNIFICATIONS OF THE FOUR CELL TYPES FOUND WHEN

GANGLIA ARE STAINED FOR AChE. a) B1 CELL b) B2

CELL c) B3 CELL d) BL CELL. 500X
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FIGURE 12. COMPARISON OF THE AFFINITY OF THE SPINAL CORD AND

THE DORSAL AND VENTRAL ROOTS FOR AChE. a) THE HIGH

DEGREE OF STAIN UPTAKE IN ANTERIOR MOTOR HORN CELLS

OF THE SPINAL CORD. NOTE TOE HIGH ACTIVITY IN THE

NEUROPIL. b) SPINAL CORD AT THE THORACIC LEVEL. NOTE

THE SENSORY AND MOTOR HORNS APÆ NOT EXTREMELY LARGE.

ALSO NOTE THE INTERMEDIOLATERAL HORN OF THE SPINAL GRAY,

c) THE DORSAL ROOT IS ALMOST UNSTAINED.WHILE THE VENTRAL

ROOT IS RELATIVELY HIGHLY STAINED, a) 500X, b) 50X

c) lOOX
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FIGURE 13. CONTROL PREPARATIONS OF CAT THORACIC SPINAL GANGLIA

USING THE AChE MEDIUM. a) AChE MEDIUM WITHOUT SUB-

STRATE BUT WITH COUÎnITERSTAIN . b) INCUBATION MEDIUM WITH

SUBSTRATE AND COUNTERSTAIN BUT WITHOUT THE REVERSIBLE

NONSPECIFIC CHOLINESTERASE INHIBITOR (iso-OMPA). NOTE

THE PERIPHERAL STAINING OF THE CELLS DUE TO THE PRESENCE

OF NONSPECIFIC CHOLINESTERASE. 50X



 


