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ABSTRACT

In an effort to determine the distribution of 5-HT
terminals in the feline spinal cord, cats were injected intra-—

spinally at the thoraco~lumbar junction with b-hydroxydopamine

in order to deplete  spinal noradrenaline levels. The results
of these experiments indicate that the majority of 5~HT ter—

minals are located in the ventro-medial aspect of the ventral

horn in Rexed's lamina VII, the dorso-medial part of lamina

VIIL, and lamina Ez. Many terminals were also seen in the

more ventro-lateral area of the ventral horn encompassing the
lateral lamina Ez, and in lamina X in the area of the central
canal. Few terminals were found in lamina EE and EEE in the

dorsal ﬁorn, with very few in the intermediate =zone.

In order to measure the conduction velocities of
the 5-HT fibers projecting to the spinal cord, the antidromic
responses to stimulation of the spinal cord at Li were made
in the raphé nuclei of the caudal pons and upper medulla.

The results revealed that the conduction velocities of bulbo-

spinal serotonergic fibers ranged between 17.3 and 120 m/sec.

Such values were far greater than those expected for small
unmyelinated fibers (2.5 - 3.5 m/sec).

In order to explain the results, sagittal sections

of thoracic spinal cord were examined in chronic spinal cats
for fibers containing 5~HT., These sections were counter—

stained with Luxol Fast Blue and examined for myelin sheaths.




The results indicated that at least a portion of these fibers

were surrounded by a myelin sheath, and may be capable of
conducting at the observed conduction velocities., These re-

sults may indicate the presence of a fast. bulbospinal seroton-

ergic pathway.
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INTRODUCTION

Interest in the possibility that serotonin (5~hydroxy-
tryptamine - 5-HT) may be a neurotransmitter in mammalian central
nervous system was initially provoked by the discovery of its
presence in the brain by Twarog and Page (1953) and Amin et al (1954).
Since then numerous investigations have been concerned with
mapping out the locations of 5-~HT containing cell bodies and
terminals in various parts of the brain and spinal cord. Using
the then recently developed technique for the demonstration of
fluorescent compounds of monoamines (Falck, 1962; Falck et al,
1962), Dahlstrom and Fuxe (1964) succeeded in demonstrating the
presence of S—HT containing cell bodies in the raphé nuclei of
the lower brainstem of the rat. More recently it has been con-
firmed microspectrofluorimetrically (Jonsson et al, 1975) that
the majority of cell bodies in these nuclei are capable of syn-
thesizing, storing and metabolizing 5~-HT. Such findings are
consistent with a role for 5-HT as a CNS transmitter, showing
that it fulfills many of the established criteria for transmit—
ters (cf., Werman, 1966; Phillis, 1970).

Since the early demonstration of the presence of
5-HT in cells of the raphé nuclei, several investigators have
atﬁempted to delineate both biochemically and histochemically,
the distribution of this monoamine in various other CNS regions.
Fluorescence histochemical studies (Carlsson et al, 1962; Anden

et al, 1965; 1966 a,b; Fuxe, 1965) have shown the presence of




5-HT in various diencephalic and telencephalic loci, where it
is confined to small (.3 - 1.0 um) beadlike “varicosities®
which, in many cases, were seen to make close contact with
neuronal perikarya. These varicosities were presumed to be
the terminals of 5-HT containing axons, and the localization
of serotonin to such terminals strengthened the notion that it
may be involved in transmission at serotonergic synapses., Fur-
ther work by these investigators (Carlsson et al, 1964; Fuxe,
1965) also demonstrated similar tryptamine containing varicos-—
ities in the spinal cord of both mouse and rat, a finding con-
firmed by Anderson and Holgerson (1966). These studies have
shown the largest numbers of these terminals to be located in
the sympathetic lateral column and the ventrolateral and dor—
solateral motor groups of the antérior horns in the cervical
and lumbar enlargements., At these levels the presence of
5-HT containing varicosities in the medial motor group is less
than in the corresponding motor group at thoracic levels.
Scattered terminals are distributed throughout the dorsal parts
of the posterior horn at all levels, with somewhat fewer of
them in the remaining areas of this horn. In the intermedio—
lateral column it appears that most of the nerve cells are
surrounded by terminals containing 5-HT, and it has been re-
ported that some of the 5-HT varicosities in the anterior
horns of cervical and lumbar enlargements make "intimate con-—
tact" with dendrites and cell bodies of motoneurones. On the

other hand the cells of the ventral area of the dorsal horn




seem to have fewer contacts with 5-HT terminals with even less

cellular contact by terminals in the superficial aspects of the
dorsal horn (Carlsson et al, 1964),

In addition, several biochemical investigations have
confirmed and extended the findings referred to above. Anden
(1964) showed that there is usually two to four times as much
5-HT as noradrenaline (NA) at all locations in the cord, with
more in the gray matter of the lateral horns than the anterior
and posterior horns and very low levels in the white matter.
Recently, Zivin et al (1975) have confirmed this distribution
for rabbit and rat spinal cords in a more precise fashion
through the use of microdissection techniques,and have shown
that a substantial amount of 5-HT may also be seen in the
area of the central canal.

Of central importance in this discussion is the
question of whether or not the 5-HT terminals observed by
fluorescence microscopy originate from the cell bodies of
the raphé shown to contain this amine. Correspondingly, in-
vestigations aimed at resolving this issue have dealt with
the biochemical and histochemical distribution of 5-HT after
lesions in the brain and spinal cord which are thought to
interrupt monoamine pathways. Caudal to a transection in
the mid-thoracic region of rabbits, 5-HT levels fell to a
minimum after seven to nine days, while there was a slight

rise in cord 5-HT content rostrally (Anden et al, 1964b).




Fluorescence histochemical studies (Carlsson et al, 1964 ;

Dahlstrom and Fuxe, 1964; 1965) have also shown that there
is a significant loss of monoamine fluorescence caudal to
a spinal transection even after treatment with agents known
to enhance visualization of fluorescent products. Rostral
to the transection however, there is improved visibility
of fluorescence due to accumulation of amines in the end of
the axons above the transection, and it has also been reported
that following administration of the monoamine oxidase inhib-
itor Nialamide (which improves flﬁorescence due only to 5-HT)
it was possible to trace axons containing 5-HT from the site
of the transection up to 5-HT containing neurone soma in the
medulla oblongata of the rat (Dahlstrom and Fuxe, 1964).

In cross sections of these spinal cords above the
transection it was possible to visualize a build-up of 5-HT
in non~terminal axons and to discern their position of travel
in the spinal cord. The fibers were seen to be very fine with
small varicosities (Carlsson et al, 1964), while the sizes of
the fibers themselves have been reported to be between 1 - 2 pm
(Dahlstrom and Fuxe, 1965) and were unmyelinated. This latter
suggestion is based on the findings of Dahlstrom and Fuxe,
(1965) that fluorescent axons in "about the same location® as
those showing a build-up of aﬁine after transection of the cord

did not show the weak brown fluorescence rings characteristic of




myelin. It has also been suggested that the failure of Heller

et al (1966) to trace degeneration of nerve fibers to neocortex

in cats after destruction of the median forebrain bundle is ex~
plainable because the 5-HT fibers ascending in this pathway are
not myelinated and, hence, would not appear in Nauta stained
material,

It was thus demonstrated that the descending fibers
travel in the dorsolateral, lateral, and anterior funiculi
near the exterior surface of the spinal cord and give off col-
laterals that enter the gray matter at all levels. This dis-
tribution within the white matter of 5-HT axons in the rat has
also recently been confirmed for the cat by Coote and Macleod
(1974).

After hemisection of the spinal cord, the reduction
in fluorescent terminal density was less than after complete
transection, and it could be seen that many terminals both
contralateral as well as ipsilateral to the lesion remained.
This is suggestive of crossed and uncrossed pathways from the
raphé¢., (Carlsson, etal, 1963)

The findings presented thus far are strongly sug-
gestive of a function of 5-HT as a neuro-transmitter origin-
ating from the brainstem and having both ascending and descen-

ding projections. Further support for this idea is provided

by the findings that electrical stimulation of the mesencephalic




]
raphe nucleus in rats can cause release of 5-HT and 5-hydroxin-

dol - 3 - ylacetic acid from cerebral cortex of rats (Eccleston
et al, 1969), depletion of spinal cord 5-HT (Dahlstrom et al,
1965) and release of 5-HT but not acetylcholine (ACh) into the
lateral ventricle of cats (Ashkenazi et al, 1972). In addition,
Anden et al (1964a)have shown release of 5-HT into a perfusion
solution of isolated frog and mouse spinal cords by electrical
stimulation of the upper end of the cord, and Dahlstrom et al
(1965) have demonstrated a decrease in both the number and
intensity of fluorescent terminals remaining after 1 - 2 hours
of tetanic electrical stimulation of the medullary raphé nucleli
in rats,

So far the evidence is suggestive for 5-HT as a
neurotransmitter in mammalian CNS,and although its exact role
in the spinal cord has not yet been elucidated, it is thought
to play a role in modulation of both motor and sensory functions
at the spinal level,

Intravenous administration of the 5-HT precursor, 5-
hydroxytryptophan (5-HIP) (100 mg./kg.),into cats spinalized
at the first cervical level has been shown to increase the Ly
monosynaptic reflex (MSR) by up to 300 percent of control values
(Anderson and Shibuya, 1966). Such an increase in the monosyn-
aptic reflex was also accompanied by an increase in alpha moto-
neuronal discharge measured in ventral root filaments. Such

findings were described earlier by Anden et al (196&@ and




Lundberg (1965). In addition to these findings, Anden et al
and Lundberg have shown that intravenous 5-HTP in acute spinal
cats causes marked depression of transmission in the pathway

from flexor reflex afferents (FRA) to alpha motoneurones.

After administration of a decarboxylase inhibitor there is
no effect from large doses of 5-HTP, and this has led to the
conclusion that 5-HTP works entirely through formation and
liberation of 5-HT from nerve terminals (Anden et al, 1964c).

After administration of monocamine oxidase inhibitors,

the MSR height was selectively increased, whereas there was no
significant change in the polysynaptic potentials (Anderson et
al, 1967). This increase in MSR could not be prevented by the
use of the peripheral noradrenergic alpha receptor blocker
phenoxybenzamine, although the facilitation of the MSR due to
intravenous administration of the NA precursor, L-3, 4 - dihy-
droxyphenylalanine, was effectively antagonized by phenoxyben—~
zamine. Banna and Anderson (1968), however, have shown that
cinanserin, methysergide and d-lysergic acid diethylamide

(LSD-25) can block the 5-HTP-induced facilitation of the MSR

without altering the inhibitory effects of 5-~HTP on polysynaptic
reflexes, indicating that the facilitatory, but not the inhibi-

tory, effects of 5-HTP on spinal reflexes may be mediated by

serotonin released from nerve terminals of a descending pathway.
In addition to the effects on alpha motoneurones,

there has also been shown an effect of intravenous 5~HTP on




gamma () motoneuronal discharge. Dixon et al (1969) have
shown that the discharge of single fusimotor fibers to semi~
tendinosus muscles in decerebrate spinal rabbits is made
“regular® after i.v. 5-HTP or LSD-25, but such effects are
not seen in chronic spinal rabbits. Further to this, Ahlman
et al (1971) have shown the occurrence of a tonic stretch
reflex after 5-HTP, probably mediated by the concomittant ine
crease in the discharge rate of static gamma motoneurones.
Later studies by Ellaway et al (1973) and Ellaway and Trott
(1975) disagree with the interpretation of Ahlman et al re-
garding the basis for the facilitation of the tonic stretch
reflex., They did confirm, however, the finding that gamma
motoneurone discharge is increased after 5-HTP,

Such findings are of considerable interest in view
of the role of 5-HT in locomotor behavior of rabbits. Viala
and Buser (1969, 1971, 1974; Viala et al, 1974) have shown
that 5-HTP administration in acute spinal rabbits can cause
rhythmic flexion and extension of the hind limbs, an action
reminiscent of that of L-DOPA in acute spinal cats (Anden et
al, 1964c), While 5~HT does not cause such obvious effects in
acute spinal cabs, Anderson and Shibuya (1966) have reported "in-
tegrated flexion and extension® and exaggerated flexion reflexes
after 5-HTP administration in cats spinalized at the first cervi-

cal levels, although they made no attempt to study this finding




directly. The results are nevertheless highly suggestive of a

possible involvement of 5-HT in mammalian locomotor behavior.
Because there is much evidence for a descending trypta-
minergic pathway, but only scant reason to suspect segmental 5-HT
containing neurons (Bjorklund et al, 1970), several investigations
have employed electrical stimulation of the raphé nuclei to act-
ivape the terminals of this pathway in the spinal cord. Thus,
several studies were able to demonstrate either bulbospinal in-
hibition (Clineschmidt and Anderson, 1969) or a time dependent
facilitation and depression of the segmental MSR (Clineschmidt
and Anderson, 1970; Proudfit and Anderson, 1973). Because the
bulbospinal inhibitory effects were antagonized by various 5-HT
antagonists, it was concluded that a 5-HT neurone was interposed
in the bulbospinal inhibitory pathway (Clineschmidt and Anderson,
1970). If such a view were correct, then an excess of 5-HT at
the synaptic terminal should potentiate the effects of stimula-
tion of the raphé nuclei., Sinclair and Sastry (1974 a,b ),
however, have shown that bulbospinal inhibition is blocked,
not enhanced, by imipramine, desipramine and pargyline, drugs
shown to prevent re-uptake of 5-HT,and on the basis of these
results . they suggested a tryptaminergic pathway that exerted
inhibitory control over the bulbospinal inhibitory pathway,
the locus of this control being uncertain (Sinclair and Sastry,
1974a). In addition, these authors have suggested that a

serotonergic pathway may enhance the NA mediated tonic inhibition
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of the recurrent inhibition of quadriceps monosynaptic reflex
(Sinclair and Sastry, 1974b). Such a proposal is, therefore,
not in agreement with the earlier work of Clineschmidt and

Anderson (1970).

In addition to the involvement of 5-HT in spinal
reflexes, recent interest has focused on a possible involve—
ment in pain, and several investigators have assigned a role

for 5-HT in analgesia and the effects of morphine. It was

initially shown by Liebeskind et al (1973) that analgesia to
peripheral noxious stimuli could be produced by stimulation

of the periaqueductal gray matter in cats. Later investiga~

tions showed that the evoked firing of certain lamina E
interneurones to a peripheral noxious stimulus was depressed

by electrical stimulation of the raphé nuclei (Oliveras et al,1974)
and a suppression of this inhibitory effect could be produced

by LSD-25 (Guilbaud et al, 1973). Semanin and Valzelii (1971)
concluded that dorsal raphé stimulation could increase the
effectiveness of a sub-analgesic dose of morphine, while

Sinclair (1973) suggested a blockade of bulbospinal inhibi~

tion of the MSR by i.v. morphine, At a celiular level,
Randic and Yu (1975) have described depression of nociceptive

cells in dorsal horn lamina I neurones following iontophoret-

ically administered 5-HT. Such a finding is somewhat sur—
prising, however, since this area has been shown to contain
very few 5-HT terminals (Carlsson et al, 1964; Fuxe, 1964;

Dahlstrom and Fuxe, 1965). Proud{it and Anderson (1973) have
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suggested a reduction in the dorsal root potential in Group
IT and Group III afferents after stimulation of the raphé
nuclei, an interesting finding in view of the fact that some
of Group III afferents may carry "pain information® (Iggo,
1959, 1960).

In addition to the studies employing administration
of 5-HT precursors or antagonists, or electrical stimulation
of the brainstem to investigate 5-HT effects in the spinal
cord, other studies have investigated the effects of 5-HT ad-
ministered to single spinal neurones by microiontophoresis
(Curtis, 1964). In barbiturate-anaesthetized cats, Curtis et
al (1961) failed to find any spinal neurones sensitive to 5-HT,
but such results are different from those obtained in unanaesthe-
tized preparations. Engberg and Ryall (1966) examined the
effects of 5-HT on spinal alpha-motoneurones, Renshaw cells,
and interneurones of cat ventral horn, and showed that 5-HT
reduced the firing of 13 of 48 interneurones excited by D, I~
homocysteic acid (DLH), but was without effect on motoneurones
or the remaining interneurones. This lack of effect on moto-
neurones is somewhat surprising in view of the increase in
motoneuronal discharge seen after i.v. infusion of 5~HTP or
1-tryptophan (Anderson and Shibuya, 1966). 5-HT did, however,
reduce the acetylcholine (ACh) or DLH-induced firing of some
Renshaw cells, a finding later confirmed by Jordan and McCrea

(1976). Weight and Salmoiraghi (1966) further showed that cat




spinal interneurones may respond with either facilitation or

depression of firing to iontophoretic 5-HT, in some instances

with an initial depression followed by facilitation for a

single neurone. Tebecis and Phillis (1967), however, described
mainly potent excitatory actions of 5-HT on isolated perfused

toad spinal cord accompanied by an increased excitation of

motoneurones, but, in experiments performed on cats, Phillis,

Tebecis and York (1968) concluded that 5-HT was probably an

inhibitory transmitter. This conclusion was based on the
findings that 5-HT, like NA, depressed the invasion of anti-
dromic action potentials into motoneurone somas, as well as
caused an increase in membrane polarization and a reduction
in the amplitudes of both excitatory and inhibitory post-
synaptic potentials. Such findings are similar to those of
NA on spinal neurones, in the latter case being accompanied
by a decrease in membrane conductance (Engberg and Marshall,
1971). Such an action is suggestitive of a role for both

NA and 5-HT as inhibitory neurotransmitters in mammalian

spinal cord.

While the evidence presented thus far is supportive

of a role for 5-HT as a spinal cord transmitter, there are

still several features of the tryptaminergic pathway which are
somewhat unclear. Because of the nature of the fluorescent
histochemical technique, there is the inherent possibility that
many of the sites of termination of 5-HT fibers have not been

described since (a) the 5-HT varicosities are very fine and
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smooth and, at least in the hypothalamus, may be submicro-
scopic (Carlsson et al, 1962), (b) tryptamine fluophors are
more labile under ultraviolet light than are those due to
NA, hence substantial amounts of 5-HT fluorescence may have
faded before being adequately determined (Fuxe et al, 1970),
and (c) several authors have warned that it is possible, in
some instances, to find it difficult to distinguish between
5-HT and NA fluorescence found in the same tissue (Corrodi
et al, 1966). Fpr these reasons the distribution of 5-HT
terminals were éxamined in the spinal cords of cats depleted
of their NA content.

An equally important limitation in knowledge regard-
ing the effects of 5-HT in the spiﬁal cord is that while the
anatomical evidence summarized above suggests a monosynaptic
pathway to certain spinal neurones, no direct knowledge is
available concerning the conduction velocities of these def
scending fibers. Based on the reported size of 5-HT fibers
(1-2um) and the fact that they are reputedly unmyelinated, the
expected conduction velocity would be in the range of 2 - 3.5
meters per second. Several investigations (Proudfit and
Anderson, 1973; Clineschmidt and Anderson, 1970) have circum-
stantially supported this idea based on their findings con-
cerning the time interval needed between brainstem stimulation
and segmental afferent stimulation of the spinal cord to
observe an effect at the spinal level. The time course for

these effects (30 -- 40 milliseconds for facilitation and 50 -




60 milliseconds for inhibition of the MSR) may represent con-

duction through a "slow" monosynaptic pathway or faster con—
duction through a pathway of an unknown number of synapses.

This thesis was undertaken in order to provide

additional information regarding the distribution of 5-HT
terminals in the lumbar cord of cats depleted of spinal NA

as well as to provide direct evidence of the conduction vel-

ocities of these 5-HT fibers by recording antidromic responses

of single raphé units to stimulation of the spinal cord.
Such information is an essential prerequisite to the under-
standing of the role played by 5-HT in spinal cord neuro-

transmission.
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METHODS

Fluorescent Histochemical Experiments:

In order to accurately assess the sites of termination
of the 5-HT fibers in the lumbar cord, spinal NA was first de-
pleted by intraspinal injection of 6~hydroxydopamine (6~QHDA) at
the thoraco-lumbar (T-I) junction. This substance has been shown to
cause fairly specific lesioning of catecholamine fibers (Malmfors
and Sachs, 1968). Adult cats were anaesthetized with 35 mg./kg.
sodium pentobarbital (Nembutal) intraperitoneally (i.p.) and the
skin over the T-L junction was excised. The spinal cord was ex—
posed, the dura mater was cut, and the animal was rigidly held
in a spinal frame by clamps attached to spinal vertebrae. The
6~OHDA was dissolved in deoxygenated 0.9% saline with 1.0%
ascorbic acid and injected into the spinal central gray at the
T-L junction through a 30 gauge needle. The injections were
performed.stenéotaxically at a rate not exceeding 1 microliter
(ul) per minute and the needle was left in place for several
minutes following injections. The spinal cord was then covered
with gelfilm, the skin sutured and a topical antibacterial spray
applied. In addition, 50 mg. ampicillin was administered intra-
muscularly. Survival times following the surgical procedure
varied from 7 - 12 days before the spinal cords were removed
for histochemical and biochemical analyses. Under halothane-
nitrous oxide anaesthesia, a dorsal laminectomy waé performed,
the dura resected and small pieces of lumbar spinal cord were
rapidly dissected out, coated with talc and quickly frozen in

liquid nitrogen. Larger sections used for biochemical deter-—




minations of lumbar monoamine levels were frozen in liquid
nitrogen and stored at -80°C pending analysis. The biochem~—
ical analysis of spinal cord monoamine levels was carried oub
as reported by Jordan et al (in preparation) according to the
mebhod of Shellenberger and Gordon (1971) and the results ex—
pressed in nanograms of monoamine per gram tissue weight
(ng./gn.).

To control for the nonspecific damage that might
have occurred to the spinal cord due to the injection proce-
dure, "sham" injections were also performed in control cats.
The injection procedure as outlined above for 6—0HDA was
identical in sham animals except that an equal volume of
0.9% saline with 1.0% ascorbic acid was administered. Pieces
of tissue for biochemical analysis were removed from these
animals in the same manner as for the 6~0HDA treated cats and
levels of 5-HT and NA determined by the same procedure as for
the experimental animals, This procedure allowed for an
evaluation of the amount of both NA and 5-HT depletion caused
by 6~0HDA.

The sections used for fluorescence histochemistry
were removed from the liquid nitrogen and freeze dried in an
Edwards-Pearse tissue dryer under vacuum with phosphorous
péntoxide for 4 - 6 days at -40°C. At the end of this time,

the tissues were removed from the freeze~dryer, exposed to




formaldehyde gas at 70% relative humidity at 80°C for 80 minutes

(Dahlstrom and Fuxe, 196L; Marsden and Kerkut, 1969) and embed-
ded in paraffin., Tissue sections 10 pm in thickness were cut,
mounted on albuminized slides, examined for monoamine fluore—
scence with a Zeiss fluorescent microscope,and photographs were
taken of fluorescent terminals using high speed colour and black
and white film. Under ultraviolet light, fluophors due to
indolealkylamines (5-HT) appear yellowish, while those due to
the presence of catecholamines (NA,DA) give a greenish colour
(Falck, 1962; Fuxe and Jonsson, 1973). Hence the presence of
different monoamines is discernible on the basis of the colour
of the fluorescent product. A further differentiation is pOS=-
sible since the fluophors of 5-HT are more labile under ultra-
violet light than are those of NA or DA (Dahlstrom and Fuxe,
1965). Thus the rapidity of fading of fluorescent products
can be used as an indicator of the presence or absence of 5-HT,
The distributions of the 5-HT terminals in the
lumbar gray matter were plotted on cross—sectional.drawings

of several spinal cord sections and a composite drawing was

made showing the distribution in both ventral and dorsal horns. »

In addition, the relative frequency of occurrence of these ter—
minals was determined by assigning to them a value on a scale
of 1 to 5 (Fuxe, 1965) for the following areas of the spinal

cord: (a) dorsal horn, (b) area of central canal, (c) medial




areas of anterior horn, (d) lateral area of anterior horn and
(e) intermediate zone, and the data was represented on composite
drawings of cross sections of the spinal cord. Photomicrographs

were also made of the above areas of the cord in an effort to

illustrate the nature of 5-HT terminal distribution in the lum-—
bar cord.
In a separate series of experiments aimed at deter—

mining whether 5-HT containing axons in the white matter of

the spinal cord possess myelin sheaths, 2 cats were spinalized
in the upper 1umbar region under Nembutal anaesthesia and
allowed to recover for 5 days before the lumbar cord immedi-
ately above the transection was removed and subjected to the
freeze-drying procedure outlined above. Four hours prior to
removal of the spinal cord tissue, the cats were administered
100 mg./kg. Nialamide (pH 7.0) intraperitoneally, in order to
enhance the build-up of 5-HT in axons central Lo the bransec—
tion (Dahlstrom and Fuxe, 1964). Following examination of
the fluorescent tissue, the sections were counterstained with

Luxol Fast Blue to demonstrate myelin sheaths and the counter-

stained material photographed at the same locations as in the
fluorescent tissue. These photographs were then compared and

the axons which had previously contained 5-HT fluorescence

located. The counterstained sections were then viewed under
a microscope and the presence or absence of the myelin sheath

noted,
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Electrophysiological Experiments:

Twelve successful experiments were carried out on
adult cats anaesthetized either with alpha-chloralose (80
mg./kg. intravenously), sodium pentobarbital (35 mg./kg.i.p.)
or halothane in 70% nitrous oxide (N20), and 30% oxygen (02)-
Both carotid arteries were ligated and the right carotid was
cannulated for continuous monitoring of arterial blood pressure.
Mean arterial blood pressure was maintained above 75 mm. Hg.
by intravenous injection of dextran when necessary. Body
temperature was controlled automatiéally by means of a-heat-
ing pad, a rectal thermistor probe and a feedback circuit,
and maintained at‘37.59C. Animals were paralyzed by contin-
uous intravenous infusion of 0,08% succinylcholine and arti-
ficially respired. Expired air pCO2 was monitored and main-
tained between 4.5 and 5.5%. In séme cases a bilateral
pneumothorax was performed to aid in the stability of record-
ing and, in such cases, respiratory parameters were adjusted
“to give pCO2 values obtained prior to this procedure5

The spinal cord was exposed by dorsal laminectomy
from le to L3 and transected at Lll— L2. The animals were
then placed in a Transvertex spinal frame and firmly held by
clamps onto spinal vertebrae. The skin was tied to the sides
of the spinal frame and the spinal cord covered by mineral

0il maintained at 37.5%C by a thermistor probe and a heating

- %




lamp. The head was rigidly held in a stereotaxic head frame.

The central end of the cut spinal cord was mounted
on an electrode array that consisted of a thin silver wire in
the area of the central canal and two small silver ball-tipped
electrodes placed on the surface of the cord bilaterally near
the lateral funiculus. Two additional silver balli~tipped
electrodes were placed on the anterior funiculus near the
anterior median fissure. Bipolar stimulation was accomplished
by switches which allowed stimulation between the centrally
placed wire and any one of the four surface electrodes.
Stimulation was effected through a Grass S88 square wave
stimulator, stimulus isolation units and constant current
device. Square wave pulses of 0.5 millisecond duration and
ffom 10 microamperes fo greater than 1 milliampere could
be delivered in this fashion.

In order to record antidromic responses to stimu-
lation of the spinal cord, a craniotomy was performed over
the cerebellum, the cerebellum was removed using a blunt
spatula, and the floor of the fourth ventricle was exposed.
Bleeding was controlled by packing the edges of the rhomboid
fossa with Surgicell & (Johnson & Johnson).

Glass microelectrodes for extracellular recording
(tipdiameter = 1.5 mm) were routinely filled with 3M Na C1
and, in some cases, electrodes were filled with 3M Na Cl and
a supersaturated solution of fast green dye (FGF, Matheson

Coleman and Bell). After extracellular recordings had been
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made, a maintained negative current (-15 mA for 20 min.)
was passed through the electrode and the dye ejected in
the vicinity of the unit from which the recording had
been obtained. In subsequent histological treatment of
the tissue it was possible to verify the position of

the unit to within a fairly localized area (50 - 100 mm. ).

Single unit action potentials were monitored
after amplification by a WP Instruments model M-L4A precision
electrometer on an oscilloscope and Grass audio monitor,
and traces from a Tektromix 565 cathode ray oscilloscope
(CRO) were photographed on Kodak RAR 2495 film. Latency
measurements were made from the beginning of the stimulus
artifact to the onset of the single unit response and they
were computed by both direct inspection from the CRO and
checked by later measurement directly from the photographic
£ilm,

In order to separate recordings obtained from
axons from those obtained from cell bodies, intracellular
~ recordings were made in as many instances as possible.

A unit was classified as a cell body and not a fiber by
the presence of an inflection on the rising phase of the
action potential either spontaneously or in response to
intracellular application of hyperpolarizing current
(Eccles, 1955), and the presence of an afterhyperpolariza~

tion. The presence of an inflection is taken as evidence




what the recording is Irom a cell body since it indicates

that the action potential is composed of two temporally
distinct components arising from two different parts of
the neurone. Since the initial segment of the axon is
considered to be the site of impulse generation for both
antidromic (Brock et al, 1952) and orthodromic (Araki. et
al, 1953) responses, the action potential recorded from
the neurone soma consists of the temporallyvearlier ine

itial segment response (IS) and the later soma—dendritic

(5-D) component.

Mapping of the distribution of antidromically acti-~
vated units in the raphé nuclei was accomplished using micro-
electrode penetrations made in the medial brainstem from 4.0
to 7.5 mm, anterior to the obex along the midline. This area
has been shown to contain the largest numbers of descending
projections from the raphé to the spinal cord (££ introduction).

Units were classified as antidromic if they showed
(a) a constant latency which did not change with an increase

in the frequency or intensity of stimulation of the spinal

cord, (b) the ability to follow repetitive stimulation of the
spinal cord at frequencies greater that 200 Hz, and (c) collision

of action potentials evoked from the cell soma and the site of

stimulation in the cord. Collision was demonstrated in 10 cells
with conduction velocities ranging from 53.2 to 115 m/sec. In
this latter event, an antidromic response will not occur to

stimulation of the spinal cord if an action potential has been
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generated by prior imtracellular stimulation at the cell soma
at a minimum time interval of twice the latency of response
pilus the refractory period of the cell. In the case of an
orthodromic response capable of following at high frequencies,
the minimal time period between stimuli necessary to prevent
an action potential is the sum of the synaptic delay, the re-
fractory period of the cell, plus the conduction time of the
action potential. Thus by comparison of the minimal time
period needed forlcollision to occur, it is possible to de-
cide whether or not a unit is antidromically or orthodrom—
ically activated.

Following completion of the experiments, the brain-
stem was removed and prepared for histological analysis by
one of two methods. The tissue was either processed by the
Falck - Hillarp fluorescence histochemical method as out-
lined previously, or cut at 30)@& on a VibratomeGD(Oxford
Instruments) (Hokfelt et-al, 1974), placed on albuminized slides,
exposed to paraformaldehyde gas at 70% relative humidity and
later examined for monoamine fluorescence with a fluorescence
microscope. In cases where fast green dye had been injected
(=15 mA for 20 min.) sections were examined for fluorescent
cell bodies as previously described, and then counterstained
with thionine for cell bodies to determine the relative numbers
of both 5-HT and non 5-HT containing cells in the viecinity of

the electrode tip.
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After termination of the experiment, the entire
spinal cord was exposed and the length of the cord measured
post mortem by placing a piece of string along the dorsal
surface of the cord from the obex to the positions of the
stimulating electrodes. Such measurements were used to
compute the conduction velocities (CV) of antidromically

activated units, based on the formula CV = Distance (meters/

time (sec.)).




RESULTS

Distribution of 5-HT Fibers in Lumbar Cord

In order to accurately determine the distribution of

>-HT terminals in a feline spinal cord, it was essential to est—

™~

ablish that the observed fluorescence was due to 5-HT and not NA.

For this reason, several criteria were met before the identity of

the fluorescence could be satisfactorily established. In addi-—

tion to removing pieces of tissue for fluorescence histochemistry,

pieces of tissue were simultaneously taken from adjacent regions
of the spinal cord, frozen in liquid nitrogen and stored at -800C
pending biochemical analysis for both the NA and 5-HT content.
Results of this procedure revealed that after 6-OHDA treatment,
spinal cord NA levels were reduced to 57 to 13.7 ng., per gram
tissue weight as compared to a mean of 194.3 ng./gm. for control
cats. The mean level of spinal cord 5-HT was 852 ng./gm. tissue
in control animals as compared to 751.3 ng./gm. in 6-OHDA treated
animals. These results provide a high degree of certainty that
the fluorescent terminals seen were due to 5-HT and not NA.

Secondly, almost all of the terminal varicosities were observed

to show a yellowish colour indicative of the presence of 5-HT
(Falck, 1962) while very few showed the greenish fluorescence

characteristic of NA (Falck, 1962; Fuxe and Jonsson, 1973).

Thirdly, during the course of examination of the tissue, the
fluorescence faded very quickly and it was essential that the

examination and photography be carried out within 1 to 2 minutes.




Such fading indicates that the fluorescence is due to the pre-—-

sence of 5~HT since NA does not fade nearly so rapidly under
exposure to ultraviolet light (Dahlstrom and Fuxe, 1965). On
the basis of these criteria, it was possible to establish
that the fluorescent terminals remaining after 6~OHDA treabment
were those of 5-HT containing axons. Only in very rare cases
were terminals with a greenish colour observed,and these were
considered to contain NA.

The relative density of the 5-HT terminals in varie
ous areas of the iumbar spinal cord is presented in Table 1
and schematically represented on the right side of Figure 1,
Numerous fine yellow terminals were seen in the ventral horn
and area of the central canal, with fewer in the dorsal horn
and very few in the intermediate zone. In the gray matter of
the ventral horn many yellow terminals were found which were
distributed in a band just dorsal to the underlying white mat-
ter of the ventral funiculi. This band extends medio-laterally
across the gray matter with the greatest concentration of ter-
minals along the medial border of the ventral horn (Figure 2).
In this region it was consistently observed that there were
many terminals distributed throughout the cell bodies located
herein (Figure 3), and in some cases it was possible to observe

fine yellow varicosities in close proximity to either soma




AREA of LUMBAR CORD
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 FIGURE 1:A schematic representation of
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FIGURE 2Z: A low power photcmicrograph of the distribu-—

tion of 5-HT terminals within the lumbar cord of a

6-OHDA treated cat., The medial side of the ventral

horn is to the left in the photo. Calibration bar represents 1250m
figure accompanying the caption indicates the location in the

spinal cord at which the photograph was taken.
g £ ¥ - =




FIGURE 3: A high power vhotomicrograph of'the,médial;»

aspect of the anterioryhorn in a 6-0OHDA treated cat

ne

spinal cord. Galibration: sqoup, The figure accompanying t

caption indicates the location in the spinal cord at which

the photograph was taken,




(Figure 4) or dendrités (Figure 5) of anterior horn cells.
These’were presumed to be alpna motoneuvonss on the basis
of thelr large size'and tocation. These yvelliow berminals
were never observed to be in close contact with small ven—
tral horn celis; however, since large alpha moboneurones
are more visible in Iluorescent tissue than are small cells,
there is a delinite bias in favour of seeing Iluorescent
terminals close to alpha motoneurones but not to smaller
'cellsa

In the area of the central canal there were many
fine yellow terminals (Table 1 & Figure 6), some of which
appeared to decussate in both the dorsal and ventral COMMim
ssures. Because it was possible to follow many of these
terminals for short distances only, it is‘difficult to cone-
Clude the proportion of crossingkvsg;non-éfoésing fibé?se

Just ventral to the area of the central canal aiong the

medial wall of the ventral horn, there were numerous yellow

,‘yﬁerminalsjsimilar‘in size and colour to those described for
’other”areas Qf ﬁhe ventral horn and‘éenﬁral canai; Many of
the fibers;in tbis‘region appéarEdfto bégCOHTSng thrOugh‘this
area~and:Werefnoi seen in close associabion with cell bédiesc
“However, the‘absence of such associations does not mean that
they do noﬁ‘exisa andksince no aﬁtémpﬁ was made ﬁo‘examine
counterstained material of the fluorescent tissue, it cannot

be concluded that such terminals are merely passing through
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BTG L: A high power photomicrograph from the venbtro-

mediai,afea Qf‘ﬁhe anﬁeriorthrn shOwing‘ﬁhe*ciése;prqx—
imity bf‘fluoreséent EQHT terminals to the soma of a

1arge‘alpha;motdneurcne;f;Calibféﬁion: : 5me§ The figure
‘accompanying ﬁﬁe Captionfindicates‘ﬁhe locatiah in the

spinal cord at which the photograph was taken.




'Egﬁgﬁﬁwg:‘ A high power photomicrograph of the ventral

horn ofya 6-0HDA tréated cat,showing the close Proxi-
,mity‘of;fluoreSCQHt EQHT ierminals to deﬁdritesyof a
large alpha~motoneurgné, Calibration: 34Um- The figure
accompanying ﬁhe caption indicates the location’in the

spinal cord at which the photograph was taken,
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FIGURE 6: A high power photomicrograph of the area of

the central canal and upper medial aspect of the ven—

tral horn in the lumbar spinal cord of a 6-OHDA

treated cat. Calibration: 7sum, The figure
accompanying the caption indicates the location

in the spinal cord at which the photograph was taken.




area and do not contact cell bodies.

Gnly’very few terminals wére,seeﬂ in the dorsal horn
with somewhat more of them in the upper, bub not the more ven-
tral iayefse This absence of tefminais in the ventral aspect
oi the dorsal horn is illustrated in figure 7. These Tibers
were 51nj5 r in colour and shape to those found in other areas
of the lumbar cord; however, in view of the limited number
of termimals obserﬁed in this horn, it is not possible to de-
cide the extent to which they make contact with cells of tlhis
region,

k The distribution of 5-HT fibers in the white matter

of bhe spinal cord was investigated in two cabs spinalized at
the thoraco-ilumbar junction {ive days prior to removal of
spinal cord sections rostral to the transection. The tissue

was processed according to the Falck—Hillarp fluorescence

_ histochemical method (cf Methods). The distribution of none

terminal containing 5-HT axons of the thoracic level is shown

T

I Plgure 1 T ¢ ibution of fibers

d on the basis examln&tlon oI many cross sec—

e

tions of thoracic spinal cord and th he comD051he resuil Dresen~

"{ c1gufe 1a Because 1n chromlc soinal animais Dnere is

bers is easler than in non-spinal animals, However.
there is coacomm ant swelling and dlstorclon of bhe axons

(Dahlstrom and P‘xe?‘1905),_heHCe valid decisions regarding




A high power photomicrograph of the dorso-

medial area of the dorsal horn. Galibration:

60um .

location in the spinal cord at which the photograph

was taken.




the diameters of these fibers are not possible, Because of
the edsiex localigation of these fibers, it was possibie to
examine the position of axons in Lhe ifluorescent material.
some of the fibers could be followed for some distance in
sagittal sections and were seen to be smooth, although many
beddea fibers were also observed (Figure ). In some cases,
the fibers could be seen travelling beneath the outer sur-

1

face of the spinal cord, in general, confirming the pattern

seen-in cross section.,

ELEGCTROPHY. 1ES

Properties of Antidromically Activated Units

Ih‘COnfirmation of earlier anatomical studies
(Brodal et al 1960 Kuyoers and Maiskey, 1973) showing
that raone neurons Drogect to the splnal cord, stlmuiatlon
’01 Lhe ventral and Ldueral funiculi at the first lumbar
levei resulted in antlafomic activatbion of rapne neuronso
fLIn all 95 units were antldromlcalLy actlvated in 12 succes—
‘sful experlmentsg"O£~these3 h81were intracellular and 37
”were’extracellular‘rEéordings;;fEthéééllular"reéordingsj
. ‘

( ig gure 9) were conslaerea to oe anujaromlc 1£ Lney snowea

. a consnanb 1atenov to repenltlve sthuLanlon of Lne snlnai

cord ana were capaoie of follow3ng at hlgh requen01es

(>4OO hz) l‘ne ranme of conauculon v61001ules Ior extrdm

celiuldr recordlngs mas Tro mis 1;to 120“meters PEr second
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FIGURE 9: Medial prainstem neuron fired antidromicaily by stimuiation

of the anterior funiculus at the first lumbar level. CGalibration: 1

msec and U.5 mv.




(Figure 10). Since it was not possible on the basis of exbra—

cellular recofdings téuascertain whether of not the recordiﬁg
was from an axon or cell body, intfaceilular records were ob-—
“téined as well. Hecordings were considered to be from cell
bodies if the following criteris were met: (a) t’e presence
of an alcerhynerbofarlzﬂtlon (Figures 11 and 12), (b) the pre—
‘ sence OL “an 1nflec*fon on the rlgLng phase of. the Slee (Figure
12) and (c) colllslon of action potentials can be aemonstfated
‘(Fiqure‘13), Collision was tesoed 1n 10 cells with conduction
VelOClblGS ranging from 53.2 to llb m/sec and was demonstrated
by first flrlnq the ceil by Lntraceliulaf injection of tne
de?olarizing current through the recording electrode followed
by’stimulation‘of the spinal cord- at &aryihg interVéls; ‘if

a unit,is being activated‘antidromically,fthen the minimum
time intervél for iﬁs appearance after previous‘actiVatioh
‘by~the intracellular current is equal to twice thekanﬁidromic ~
IﬁconduCtion’time plus the refractory period of ﬁhe cell
(Jankowska and Hoberbs, 1972) In the examination shbwn

in blvure;13; the actwon potenLWaL due Lo 1nLracelluldr
“depolar171n@ currenb \secona arrvow in traces A, B ang G)

is suoerlmnosed on ﬁhe cuxrenu pulse (onset 1nalcatec by f~
first;arrow)s ‘ In trace A ‘the interspike 1ﬂoerval is
8¢O;mséc and'there‘is’a consistent response to bobh intra-

¥

cellular and spinal cord stimulation. In trace B, however,
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FIGURE 10: Frequency distrivution of the conduction velocities of antidrom-

ically activated units iu bthe medial brainstem of caudal pons and upper med—

ulla. Stippled portions of bhe bars refer to cells reco

end the clear portions represent cells fromkwhichfextracellulaf recordings

were obtained.




FIGURS 11: Intracelluiar recording from a single dnit in the medial brain-
stem showing a spike followed by a large afterhyperpolarizationa The cell

e spinal cord ab 17 anterior funiculus.ab 2.5

was Tired by stimulation of ©h

H,. Calibrations: 1 msec and 2 my .




Intracellular recording from the same unit as shown in figure

Hy stimulation. Note the presence of an inflection on the rising

the action potential. Calibration: 1 msec and 2 mi.




~§£§Q§§m£§5 Iﬁtracellular recofdiﬁg showing collision. In trace A, the
yintraceliular*aﬂd spiﬁal‘cord stimuli afé separated by 8.0 msec and the
spike consistently éccurs in response vo bobll pulses. Tha stimulius artm
{fact from the intraéellulaf current injeétion is‘showm by the

small arrows and the spike due (o this pulse by the second small arrows

in traces A, B and C. The sbimulus artifact from stimulation of the

stimulius ave indicated
arvows dn ali br

the cell responds

ose LONLId




occlusion

is less Lnan er‘msevu»*‘ Lnere is complete occlusion of tne

respouse bo spinal cord stimulation, Hote the comsisbtent occurrence

o dntraceliular depolarizing cur—

of an action pouent
ze tne response Lo intracetiular

oy leb msec

arnd 10 MV,




the action potentials are separated only by 6.0 msec and coli-

ision occurs some of Lhe time. AT shovt intervals (trace
there is consistent response to intracellular current but
no response to spinal cord stimulation. The datency of this

cell was 2.3 msec, hence the interval in ftrace B is approxi-

mately 1.2 msec greater than twice the antidromic time and

such a value is consistent with the refractory period for

obher reticulospinal neurones (Magni and Willis, 1963b).
‘It was possible in most cases to ldentify ﬁnits
as cells by bobh the criteria (a) and’(b) above; however,
in several instancés,hyperpolarizing;currenh‘applied through
the recofding‘electrode was necessary to demonstrate the TS~
SD'separationa ‘Sugh'a separation is dindicative of a record—
ing in the soma neaf the axon initial segment. Since the
axon initial ségment is considered to be the site of origin
of the propagated spike for antidromic activation of a
’ neﬁrone (ficcles, 1955), the inflectioﬁ on the rising phase
of the action potential indicates that the initial segment
is firing first followed by discharge’ of the soma~dendritic
imembraneg By thus noting the presence or absence of‘an,IS»
1)) se?aration (either spontaneously or by intracellular hy—
perpolarizing éurrent injection) it is possible to decide

whebher or not the recording is’ from a’'cell body or fiber.




The range of conduction velocities observed for
intracellular recordings was from 17.3 Lo 110 meters per

. from examination of the freguency disbribution

the distribution is very similarkior both intracelliular and

exﬁraceliulafgregoﬁdings?,‘Thisisuggest ~that bo@h‘types ot
recofdiﬁgé ﬁeré dbtéiﬁed fromlsimiiar populéﬁiéns of
‘heurOnes,

Because the range of‘condudﬁion velocities encoun-
ﬁered were incbﬁsiétent with the values expectedwar‘small;
' unmyelinated Tibers (2.5 - 3.5 m/seq),‘it waé néceésary:to
explore the possibility that the‘Sm”T'fibefsfwere'myelinated@
Corfespondinglj in sagittal sections of~thorécic cbfd‘fﬁom
Z‘Qhronic (5 days) spinal cats, thekpositions of non-terim
5-HT containing fibers Were‘locatéd‘aﬂd‘ﬁhoﬁogr ph@de:’ALue?
tiese secbions had been ccunterstainéd:With Luxol Fast Blue,
it was possible o determime’the corréépondilg 1Qcékion of
the fiuorescent fiber, By using’this method, 1t was: possible
itd'observe that, some of The axons snown to'éontaiﬂ |
(Figure 144) were also surrounded Ly e myelin sheath (Elgurek‘
i4B). Because of the swelling and distorﬁion 0i axons cen-—
tral to a transection (Dahlstrom and FHXe,ki96§)? né valid
conclusions can be reached regarding the Sizesyof 5=HT axons;

1

however, the fact that at least some of the axons




High power photomicrograpnhs of 5-HT axons in the white matter
: . ; 3 o v . . ' . i s ~ P S =~
of thoracic cord of a chronic spinal cut in fluorescent tissue (A) and Luxol

Fast Blue (B) stained material, The same axon in both photographs is marked

by arrows. Calibration: 41lum. for photgraph (4) and 23um for photograph
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myelinabed may aid in explaining bhe discrepancy between the
predicted Values foy condacﬁiQn;velociﬁy and those obtained
in the pfesentysﬁqdy@

‘ Intraoeiluiér ﬁecordihgé revealed that thé cells in
this areé varied greétly in their‘ability to’follaﬁkrépetitive
StimuléfioQ bf‘the‘spihal cord,i‘?or mény units there was a
clear‘séﬁératicn of I ande—D‘cbmpoﬁents_at high;fréquencies
(egg;;50 Hr)? although Tor Qiher'ﬁnits ﬁo such'éeparaéion .

~was observed. Rabher, there was a parbial failure in these

units characterized by the consistent appearance of the IS

component but only intermibtent appearance of the SD spike.

For other units, howevef, no- separation was~seen eVen’at'fre«
quencies above 300 Hy, (Figure 15ja; The fise‘times of'these
“units were;typically very fast with g dﬂraﬁion in the order
ol 1 msec as measured fromché onsct of the rising phase of
ﬁhe spike to the peak of’the afterhyperpolarization. Bxcita~
,tory-inhibitory postsynaptic potentials were never seen to be
gssociated. with the antidfomic response, findings consistent
with those of Magni and Willis (1963, a,b.) ’

Units were freguently encountered Which did not
follow high frequency stimulation of the spinal cord and
which showed a variable latency to bobh threshold andksupra“
threshold stimulation. These were classified as orbhodromic—
aily activated units and no~attem§t was made to classify their

properties. It was noted, however, that these responses would




 FIGURE 15: Intracellular récording showing the response of a neurone
to stimulation of the “spinal cord at SOOkHZ. Calibration marks represént
2 msec and 5 mV for the lower trace and 2 msec and 2.5 mV for the middle

trace. The upper trace is current monitor for intracellular current

injection.‘ Bottom trace is D.C. coupled, the middle trace is capacity

',coupled.




now usually folloWjSﬁimulation of~ﬁh675pinai‘cord~at frequencies

greater bhan appzow mabeiy 230 H7 anu none TOLlOV@Q at frequencies
‘~'hdﬂ 100 Hza

In an effort Lo determine whether or not the neurones

in the medial‘brainstem,coﬁld bé grouped aécovdiﬂé ﬁé the ﬁhréshw
 old~cufrenﬁ required o activate their axéné,»ﬁhe threéhold val-

( illiamperes) obtained,were’comparedywithkﬁhe,depths at
wnLcnthe units were encounuerea \ﬁlgure 10), the dlstance of
”finé units rostral to ne obex \rlgure 1();anu ‘nelr LOHGUCulOﬂ
véL00101es (blgure 18) ’ ihere was no clear felatlonsalp Desweeﬂ
 unresnoiu currenu and any. 01 tne onner three varlabLes; aLtnough
thereHWas’a siight trend for‘the units between 195 and hoiagn
below th@kiloor of thekfourbh Ventric;e to show an increased
thrééhoid;ﬁith dcréaééd depthg énd‘for a gfoﬁp bf heﬁfOnés;of
slow to intermediate CohdUCtion‘velOCity (up to 50 m/sec) to
havé thresholds between 0;175 and 10290 mis Such a group seems
to be é'separate‘population‘from the rest oi the units in this
£ gure however, thé’significance of such a population is not

clear,

Distribution oL Aﬁtidfomically Activated Units

Recordings from single units were obtained between
4»5 and 7.5 mm. rostral to the obex with the majority of ﬁhe
responses being between 5.0 and 5.5 mi. rostral to bthe obex
(Figures 19 and 2@). Units were encountered from 0.2

il

7+5 mme below the floor of the fourth ventricle aloug
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FIGURE 19: Frequency distribution of the cells encountered at various

distances rostral to the obex.
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Rostral to Obex (mwm)

20: A& schemaolc represennaﬁlon of cross sections of the caudal bralnsuem

;_at dlflerenb ulSLances rosbral bo uhe ooex and Lhe depnhs (e) ab wnlcb antidromic

?unlus were encounuered° The numbers on the Tlglb of each cross sectlon,represent

the depth for‘ﬁhat section only.




kmidliue (Figure 21) with the majority lying in the vicimity of
> — 3 mmn. beneatli the surisce. It should be pointed out that
the distribubion of unibts wibh respect ©o depth bereach the
floor of the brainstem (Figure ZOﬁ‘refers only bo the depbh
ab which anbidromic units were encountered and it should not
be construed from this figure that all of the recordings
were made from units exactly along the midline. Such is
probably not the case.

In addition to careful placement of thekeléctrode

according to easily {dent ble landmarks, electrode b

were coniirmed Histologically~in a few caSésa Ex$ 

this aré shown in Pigure 22 in wnich the tréck;df an;electw
‘rbde ﬁhfough a region of yellow {luorescernt cell bodies isy~
indicated {arrows). In a different animal (Figure 23), fast
green dye was ejected from the recording elec*-odé to mark
the locabion of the electrode tip and was subsequently local—
ized to a region of yellow cell bodies., This section was
subsequently countersbained with thionine to demonstrate

5

cell bodies and the location of the fast green mark found
(arrow) (Figure 24). Since the fast green dye had diffused

considerably during the histological and histochemical

treatment, it 1s not possible to locate cell bodies at the

electrode tip, but yellow cell bodies are seen at 100gﬁm

from the TiDe.
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IGURE 21: Frequency distribution of the cells encountered at various depbhs

AR AT R

from the floor of the feurth ventricie.




'FIGURE‘ZZ: A le,p0wer;phbtomicrograph of the‘medial,bréinstem"

showing an eleétrbdektraék (arrows) passing through an area of

yellow cell bodies~ Calibration bar: 80um.




FIGURE 23: High power photomicrograph of the medial brainstem showing

the location of fast green dye ejected from the recording micropipetie

(arrow). Calibration: 125 um.




FPIGURE 24: The same section as figure 21 after thionine staining,

0

fast green dye is indicated by an arrow. Calibr—

‘ation: 100 um.
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To rule out the possibility that recordings were made
from non-5-HT containing cells in this area, the numbers of both
5-HT and'non-5—HT containing cells were counted in a separate
series of'tissues. The number of cells showing yellow fluore-

- scence was first ascertained by counting them from negatives

of this area of the medial brainstem, followed by counting

the total numbers of cells in this tissue after thionine coun-
terstaining. Of a total of 125 cells from 2 cats, 123 could

be identified as being present in the fluorescent tissue, mak—
ing it highly probable that the majority of antidromic responses
obtained from this region were from 5~HT containing cell bodies.,
The area of the medial brainstem from which the cells were
counted extended approximately 1.0 mm. on either side of the
midline. In instances in which electrode tracks were located,
they deviated from the midline in 3 out of 6 cases, but not

by more than 0.2 mm. The fact that all of the electrode tracks
fell within the area which contained such a high proportion of
5-HT containing cells tends to support the conclusion that the
majority of antidromic responses were from 5-HT containing

cell bodies,
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DISCUSSION

T. The Distribution of 5-HT Terminals in the Lumbar Gray Matter.

Early investigations employing the Falck - Hillarp (1962)
fluorescent histochemical technique have demonstrated the presence
of both NA and 5-HT terminals in the lumbar cord of the rat; how-
ever, since 5-HT fluorescence is extremely labile under exposure
to ultraviolet light (Fuxe et al, 1970) and since NA terminals
may be mistaken for those containing 5-HT (Corrodi et al, 1966)
when the two are present in the same tissue, it was important that
the distribution of 5-HT terminals be carried out in cats depleted
of spinal NA. The first aim of this thesis was, therefore, to
investigate the distribution of 5-HT containing varicosities in
the lumbar cord of 6fOHDA treated cats, since such treatment has
been shown to cause fairly specific lesioning of catecholamine
pathways (Malmfors and Sachs, 1968).

The results indicate that the majority of 5-HT terminals
that could be observed were located in the medial areas of the
ventral horn co;responding to the ventromedial portion of Rexed's
(1952, 1954) lamina VI, the medial part of lamina VIIT and the
medial lamina Ez. A less extensively innervated area was the lat—
eral motor group of the ventral horn, and substantial numbers of
terminals were also seen in lamina X in the area of the central
canal where some of the fibers appeared to cross. The upper
regions of the dorsal horn (lamina TI, III ,and perhaps the upper

aspect of lamina.zj) contained few terminals, while very few were




seen in the intermediate zone (lamina.y, VI and the lateral parts

of lamina jﬁi). Such a distribution is felt to be an accurate one
since the NA content of the spinal cords examined had been depleted
from 73 to 98% and greenish fluorescent terminals were rare, and
since 5-HT content was unchanged. The locations of these termin-
als are of some interest, therefore, in view of current notions
regarding the role of 5-HT in spinal neuronal organization.
Investigations have revealed behavioral analgesia upon
stimulation of the raphé nuclei and periagueductal gray matter in
normal cats but not in cats administered with the serotonin syn-
thesis inhibitor parachlorophenylalanine (pCPA)(Liebeskind, 1973)
or with LSD (Guilbaud et al, 1973) and it has been inferred from
these findings that the analgesia is mediated via a descending
serotonergic pathway acting at a spinal level. In addition,
since the demonstration that cells responding to different forms
of cutaneous afferent input (Wall, 1967; Pomerantz et al, 1968)
are located in lamina.zﬁ and E interest has centered upon the
responses of "nociceptive® lamina.j interneurones to stimulation
of the midbrain raphé nuclei (Oliveras et al, 1974). Stimulation
at sites which yielded behavioral analgesia also inhibited inter-
neurones in lamina E which fired in response to pain, without
having any effect on the spontaneous activity of these cells.
The conclusions of Oliveras et al (1974) that the bulbospinal
serotonergic system directly inhibits lamina ﬁ interneurones is

interesting since analgesia is only produced by stimulation of




the dorsal raphe nuclei which has not been'demonstrateddfo pro;
ject to the spinal cord (Brodal etval; 1960), and Sinééiihéfrend‘
vdsults of this investigation reveal that 5-HT termina]sfwere;d |
rarely encountered in ths reglon of the spinal cord gray mat—’
ter. Once alternaulre ‘is unat stlmulatlon of the raphe nucleusn
] r, L Rmay in turn activate other pathways known co descend to the ‘V
~lam;na i.‘ Examples of such pathways are une coxtlco spinal
(Nyberg - Hansen and Briodal, 1963) and rubrosplnal (Nyberg- ";
4 e Hansen and Brodal, 1964) systems. Another alternative is thaﬁgf
vthe descenalng 5-HT fibers may presynapolcally 1nhlolt some OL‘
ig | ‘ 1'~ the alferent fibers known to terminake in lamina.jlasiwell as

the upper lamina 1L - IV. Such evidence wasvindireétly-obtained

by Proudfit and Anderson (1973), by monitoring the dorsal rooﬁl
‘discharge and the length constants of afferents.snoning a dorsal‘;id"
- roou potentlal obtained by stimulation of raphe nuclel. Tﬁéifdn

llnolngs indicated that electrlcal stlmulatlon of the raphe o

nuclei caused a depolarlzatlon in aiferent flbers of small dra;-f
:*meter. Thls was an 1nterest1ng flndlng 1n v1ew of the earller fiﬁv

: “3f1?work by Anden et al (196hc),who demonstrated a depre581on of

U:ijgtransm1351on in. flex1on reflex afferents by 1ntraper'toneal ad—’f

: 1]?m1nlstrat10n of 5—HTP. Further Work by Randlc and Yu (1975)

frshowed a depre351on of certaln neurones 1n 1am1na I by 1onto— e
”Mffphoretlcally admlnlstered S—HT but 31nce few 5—HT termlnals

>3fﬁfwere found in thls reglon in the current study,‘these results

::ﬁ”ufare dlfflcult to 1nterpret.“:;fjnl‘ - .‘,”
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The predominance of terminals observed in the ventral
horn, both in the medial and lateral motor group, is of consid-
erable interest in view of the apparent involvement of 5-HT in
locomotor behavior, and in the alteration of spinal reflexes.
Intravenously administered 5-HTP has been shown to result in an
increase in the amplitude of the Ly MSR (Anderson and Shibuya,
1966) in animals spinalized at G, thus suggesting an action at
the spinal level., Concommittant with the increase in the MSR
there is an increase in spontaneous ventral root discharge presum—
ably due to increased excitability of alpha-motoneurones, although
several investigators have shown an increase in the activity of
gamma motoneurones as well (Ahlman et al, 1971; Dixon et al,
1969; Ellaway et al, 1973 and Ellaway and Trott, 1975). Such
a direct action of 5-HTP on anterior horn cells in perhaps pos—
sible, however, the electrophysiological evidence regarding >5-HT
actions in the spinal cord suggests that the effects of 5~HT
on motoneurones may be indirect. Firstly, while the effect of
5-HT is one of facilitation of the MSR and a depression of poly-
synaptic reflexes (Anden et al, 1964; Anderson and Shibuya, 1966;
Anderson et al, 1967), electrical stimulation of the brainstem
raphé nuclei results in an inhibition (Clineschmidt and Anderson
1970) or a biphasic facilitation-inhibition (Proudfit and
Anderson, 1973) of the Ly MSR without any effect on spontan-

eous ventral root discharge. Secondly, investigations in




which 5-HT was iontophorectically applied into motoneurones
have shown that the predominant effect of 5-HT is one of de-
pression (Engberg and Ryall, 1966; Weight and Salmoiraghi, 1966
and Phillis et al, 1968). Thirdly, the anatomical data obtained
in this investigation revealed that only rarely did motoneurones
seem to be in close contact to 5~HT terminals. This lack of
close contact of tryptaminergic terminals to alpha-motoneurones
has-also been reported for NA varicosities in the lumbar cord
(Jordan et al, 1976) and may represent a feature of the neuronal
innervation by monoaminergic terminals in cat spinal cord.

In contrast, Barasi and Roberts (1973, a,b, 1974)
have indicated a facilitation of the antidromic motoneuronal
field potential by administration of l-tryptophan, the ionto-
phonetic delivery of 5-HT or by electrical stimulation of the
nucleus raphé~medianus. It is noteworthy, however, that these
authors did not record directly from single motoneurones, nor
could they localize the ejection of the 5-HT to the immediate
vicinity of motoneurones. Thus, the possibility that 5-HT causes
an increased motoneurcnal excitability via inhibition of inhibe
itory interneurones is worthy of consideration. The results of
the present investigation lend some support to this idea on
anatomical grounds. Firstly, 5-HT terminals were only rarely
seen in close contact with motoneurones but many were seen in

areas of lamina VILI and V1L, in which are found many small




cells presumed to be interneurones (Rexed, 1954) and which have
intrasegmental projections. There was also substantial 5-HT
innervation into lamina X and few terminals in lamina Eifand zzz.
Since the large alpha motoneurones are relatively confined only
to lamina EX, the results of the present study are strongly sug-
gestive of a role for 5-HT in modulation of motoneuronal activ-
ity via interneuronal pathways.

One possible candidate for this inhibitory inter—
neurone is the Renshaw cell. Sinclair and Sastry (1974b)
have proposed tonic inhibition of the Renshaw cell by a mono-
aminergic system and that after administration of drugs which
increase synaptic availability of 5-HT (imipramine, pargyline,
desipramine) the recurrent inhibition of quadriceps MSR is
blocked. The net result of this blockade of recurrent inhib-
ition would be enhanced alpha~motoneuronal excitability.
However, it cannot be concluded from such evidence that
other types of interneurones inhibitory to alpha-motoneurones
are not inhibited as well by increased synaptic quantities of
5-HT, nor that the serotonergic involvement in the blockade of re-
current inhibition is not via other supraépinal centers pre-
viously shown to inhibit Renshaw cells (Haase and Van Der
Meulen, 1961; MacLean and Leffman, 1967). Furthermore, such
release from inhibition of motoneurones by increased 5-HT
may be dmportant in ¥tonicY events such as decerebrate rigidity

(Engberg et al, 1968). Such a suggestion receives some support




in view of the fact that excitation of motoneurones is seen
in high spinal (Cl) or decerebrate cats, but not on cats with
an intact neuraxis, this latter preparation being the one used
by Clineschmidt and Anderson (1970) and Proudfit and Anderson
(1973).

The elucidation of the role of the bulbospinal sero-
tonergic pathway in motor control mechanisms is still in its
iﬁfancj. Intravenously administered 5-HTP in acute spinal rab-
bits has been shown to cause rhythmic hind limb stepping S
(Viala and Buser, 1969, 1971, 1974; Viala et al, 197L), an o
action reminiscent of I-DOPA in acute spinal cats (Anden et
al, 1964c). However, although 5-HTP has no such obvious actions
in cats (ie. generation of rhythmic stepping) Anderson and Shibuya
(1966) noted that after intraperitoneal administration of 5-HTP
on Cq spinalized cats, there occurred "integrated flexion and
extension" of the limbs, although no attempt was made to study
this observation in depth. Jacobs and Klemfuss (1975) have
suggested that the increased hyperactivity, resting tremor, rigid-
ity or hyperactivity, hind limb abduction .and lateral head weav—
ing seen in rats after central 5-HT levels have been increased
is mediated by the caudal brainstem and s@inal cord, based on
the absence of the syndrome aftef transection of the neuraxis
at various levels, and Guillemault et al (1973) have demonstra-

ted a reduction in the symptoms of intention myoclonus due to



hypoxic encephalopathy after administration of 5~HTP in human
subjects. These results are interesting in view of ascribing
5-HT a role in locomotion, and it is interesting that there

are some similarities between the effects of I~-DOPA and 5-HTP

in locomotion. Both L-DOPA and 5-HTP have been shown to depress
a short latency transmission from FRA to motoneurones (Anden et
al, 1964c) and . while I-DOPA, but not 5~HTP can cause stepping

in acute spinal cats (Anden et al, 1964c), 5~HTP produces the
same result in rabbits (Viala and Buser, 1969, 1971, 197

Viala et al, 1974). Current notions regarding the supraspinal
control of locomotion from the midbrain locomotor region (MLR)
(a site in the brainstem which causes locomotion on a treadmill
when stimulated in precollicular-postmamillary decerebrate cats
(Shik et al, 1966, 1967; Grillner and Shik, 1973)) suggest that
activation of a descending noradrenergic pathway from the MLR
releases a spinal cord mechanism capable of generating locomotion.
Sinclair and Sastry (1974b) have recently suggested that enhance-
ment of central 5-HT levels may also reduce recurrent inhibition
by an increase in the tonic supraspinal inhibition of Renshaw
cells. However, in view of the rather limited experimental
treatment of this topic, it is difficult to assess the effects
of 5-HTP in locomotor behavior. Such an evaluation must,

therefore, await further research.
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II. Conduction Velocities of Descending Raphe Fibers.

Previous studies of the effects of electrical stimu-
lation of the raphé nuclei on spinal neuronal events (Clineschmidt
and Anderson, 1969, 1970; Barasi and Roberts, 1973 a,b, 1974;
Proudfit and Anderson, 1972, 1973) have all employed a condi-
tion-test paradigm in which the brainstem stimulation precedes
segmental afferent stimulation by intervals ranging from 25 to
120 milliseconds. Because the optimum interstimulus intervals
for observing effects at the spinal levél are so great, several
of these authors (Clineschmidt and Anderson, 1970; Anderson,

1972) have concluded that the conduction velocities of the
bulbospinal serotonergic pathway were less than 10 meters per
second. Furthermore, in unanaesthetized decerebrate cats the
5-HT antagonists BOL or Deseril have been shown to cause partial
release from the tonic descending control of transmission from
the FRA (Engberg et al, 1968c) by a ventral bulbospinal pathway,
and that another pathway in the dorsal part of the lateral funi-
culus must be involved in mediating part of this tonic inhibition.
Tt was also concluded that this pathway could not be monoaminergic
since its conduction velocity was on the order of 30 meters per
second. The studies cited above have all assumed the descending

serotonergic pathway to be comprised of unmyelinated axons of




small diameter, since Dahlstrom and Fuxe (1965) indicated that
5-HT axons in cross—sections of fluorescent tissues were not
surrounded by a brown fluorescent ring characteristic of myelin
sheaths seen under ultraviolet light.

The results of these studies must be questioned on
several grounds. Firstly, since Dahlstrom and Fuxe (1965) did
not counterstain their tissue to demonstrate myelin sheaths,
it cannot be concluded that 5-HT containing axons are unmyelin-
ated. Secondly, the distribution of 5-HT terminals in the
lumbar gray matter of cats as reported in the results indicates
that there are probably very few motoneurones inmervated by
5-HT terminals, hence there is evidence that the effects of
stimulation of the raphé nuclei in motoneurones is not via
a monosynaptic pathway,., Since the number of synapses involved
in the raphé motoneurone pathway is uncertain, studies which
use the condition test paradigm as an index of the conduction
velocity of 5-HT fibers are misleading. Thirdly, previous
studies using antidromic activation of reticulospinal neurones
from the spinal cord (Magni and Willis, 1963, a, b) have re-
ported conduction velocities ranging from 90 to 120 m/sec. It
is interesting to note that some of their electrode penetrations
were in the caudal brainstem along the midline, suggesting
that cells on the raphé nuclei may be capable of conducting

at high speeds. Fourthly, Foote et al (1974) have demonstrated

-
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short latency (approximately 7 msec) effects in the lateral
geniculate body by single shock stimulation of the dorsal
raphé nucleus, and Proudfit and Anderson (1973) have reported
similar latencies for effects at the spinal level. Based on
the fact that these latter investigators could not block the
short latency effects by serotonin antagonists, it was con-

cluded that they were not mediated by 5-HT, but that longer

latency effects (approximately 40 msec) blocked by these anta-

gonists were due to tryptaminergic pathways. The validty of

conclusions based on results using 5-HT antagonists has recent-
ly been seriously gquestioned, since the inhibitory effects of
5-HT in brain areas receiving a prominent serotonergic input
were not blocked cinanserin, methysergide, cyproheptadine,
metergoline, or methiothepin, compounds which do block the
effects of 5-HT in the peripheral nervous system (Haigler
and Aghajanian, 1974).

In view of the above evidence, it was deemed import-

ant to measure the conduction velocities of 5-HT fibers directly,

t
by recording the antidromic responses of raphe neurones to

stimulation of the spinal cord. The results revealed no con-
duction velocities in the range expected for unmyelinated

fibers, the slowest conducting fiber being 17.3 m/sec. Since

the track of the microelectrode was shown to have passed

through regions of cell bodies containing yellow fluorescent



cells and since most (123/125) of the cells in the area of
electrode penetrations exhibited yellow fluorescence,it seems
reasonable to conclude that at least some proportion of the
responses were obtained from serotinin~containing cell bodies.
Furthermore, electrode penetrations were made in the region

of the raphé nuclei known to project to the spinal cord (Brodal
et al, 1960; Kuypers and Maisky, 1975) strengthening the argu-
ment that raphé units are capable of conducting at fast conduc-
tion velocities.

While it seems clear that raphé axons are not slowly
conducting, the significance of the range of conduction velo-
cities and the lack of a relationship between conduction vel—
ocity and the distance rostral to the obex, or the depth at
which the units were encountered is not so clear. One explan-
ation for these findings is that the bulbospinal serotonergic
pathway does not arise from an anatomically or electrophysiolo-
gically distinct population of brainstem units., Such a conclu-
sion seems worthy of consideration in view of the wide spread
involvement of the raphé nuclei in various CNS activities such
as sleeping and dreaming (Cohen et al, 1973);behavioral anal~
gesia (Liebeskind, 1973); modulation of visual input to the
lateral geniculate body (Humpherys, PhD thesis); control of
spinal reflexes (Anden et al, 196kc; Lundberg, 1965; Banna

and Anderson,1966; Proudfit and Anderson, 1973; Clineschmidt




and Anderson, 1970); and locomotion (Viala and Buser, 1969,

1971, 197k; Viala et al, 1974), and excitation of sympathetic
preganglionic neurones by iontophoretically administered 5-HT
(DeGroat and Ryall, 1967; Ryall and DeGroat, 1972).

Such a conclusion is not consistent with other evi-
dence concerning the effects of stimulation of the medial
brainstem on transmission through spinal interneuronal path-
ways and primary afferent terminals. Carpenter et al (1966)
were able to demonstrate dorsal root potentials (DRP) in Lg
dorsal rootlets by stimulation of the medial caudal brainstem,
the latency of these effects being shorter for stimulation
sites 1 mm. below the floor of the fourth ventricle than for
more ventral positions, and these effects were not evoked from
more rostral brainstem levels. Furthermore, effects from the
more dorsal regions were seen in ITa, Ib and cubtanecus afferents
and were mediated through ventral spinal pathways. Subsequently,
Lundberg and Vyklicky (1966) demonstrated inhibition in primary
afferent fibers with an absence of a DRP suggesting an effect
at an interneuronal level. These results were obtained by
stimulation of the caudal medial brainstem via pathways in
the ipsilateral ventral guadrant. Evidence for a dorsal spinal
pathway mediating inhibition of transmission in FRA and Tb path-
ways but not in Ia or recurrent IPSP's nor on Ia EPSP's (Engberg

et al, 1968a) was shown to occur in fibers with conduction




velocities of at least 20 m/sec, hence these authors have con~
cluded that the effects cannot be mediated via 5-HT containing
axons. Such conclusions were also arrived at by these authors
(Bngberg et al, 1966) with respect to the bulbospinal inhibition
of IPSP's and EPSP's in interneurones receiving direct FRA in-

put.

The results of these studies were often obtained
with caudal brainstem stimulation 6 mm. rostral to the obex
along the midline but at varying depths. It has been previous—
1y shown that this area of the brainstem raphé nuclei projects
to the spinal cord (Brodal et al, 1960) and since most of the
cells in this region have been shown to contain 5-HT, there is
reason to believe that some of the effects are mediated by a
bulbospinal 5-HT pathway. Furthermore, since previous investi-
gations (Dahlstrom and Fuxe, 1965; Coote and McLeod, 1974) have
shown that the descending 5-HT axons travel in both lateral and
anterior funiculi, and since this has been confirmed in the
present investigation, it must be considered feasible that some
of the effects observed on transmission through primary afferent
pathways and interneurones could be mediated by a bulbospinal
serotonergic system.

In addition, the range of conduction velocities seen
in the present study encompasses that reported by Engberg et al.
(1966) and since they used a condition-test paradigm to provide

data regarding conduction velocities, it is likely that their
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values (20-30 m/sec) will be under rather than overestimates.
It is, therefore, conceivable that the bulbospinal serotonergic
system may, in fact, be functionally and anatomically differ-
entiable, at least with respect to their position in the white
matter of the spinal cord, but that such organization is absent
in the cells of origin of these fibers, It is worth noting,
however, that since the numbers of slowly conducting units
(less than LO m/sec) was small (n = 12/95) the possibility
. that there are anatomically and physiologically distinct pop-
ulations of raphé units at the brainstem level camnot be entirely
discounted. Obviously, further research is needed to clarify
this issue.

In view of the conduction velocities encountered,
and the certainty that some proportion of these responses were
from 5-HT containing neurones, it was considered crucial to
examine 5-HT containing axons for the presence of myelin sheaths.
Such information is important since, whereas unmyelinated fibers
have been shown to have conduction velocities proportional to
the square root of axon diameter, the speed of conduction for
myelinated axons is proportional to approximately six times
the fiber diameter (Rushton, 1951). Based on the findings
that unmyelinated fibers are not found in CNS larger than 1 um
(Vizoso and Young, 1948) it might be expected that such fibers

could conduct no faster than 6 m/sec (6 x ¥ 1 jam). The results
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of this study have indicated that the slowest conduction velocity
encountered was 17.3 m/sec, approximately threefold faster than
the fastest unmyelinated fibers. Correspondingly, 2 cats spin-
alized at the thoraco-lumbar junction were allowed to survive

for 5 days before processing pieces of thoracic cord by the
Falck-Hillarp fluorescence histochemical method to demonstrate
monoamine fibers. Since there is build-up of the amines in the
central ends of cut fibers, but concommittant distortion of the
axon, it is possible to reach conclusions regarding the presence
or absence of myelin sheaths only, with valid decisions regarding
fiber size being impossible. Although examination of serotoner—
gic fibers for myelin sheath has been carried out only on a lim-
ited number of axons, it was possible in several instances to
make positive localigation of a myelin sheath around these fibers.
Such results are completely contrary to the widely held notion
that CNS monoaminergic fibers are unmyelinated, hence slowly
conducting, and they provide, for the first time, an anatomi-

cal basis for many of the observed short latency effects evoked
from stimulation of the ventromedial brainstem. Even more in-
teresting is the evidence that the saltatory conduction in cen-
tral myelinated fibers may be faster than six times fiber dia-
meter. Such a suggestion is based on the finding that the

rise time for the action potential at the central nodes of
Ranvier may be greater thanfor peripheral nervous system (Waxman

and Bennet, 1972), hence overall conduction ~“time will be
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increased. This implies that unmyelinated fibers of smaller
diameter may be able to conduct at speeds approaching those
for larger central myelinated fibers. Furthermore, there
is some evidence that fibers as small as 0.2 pm in the cen—
tral nervous system may be myelinated (Waxman and Pappas,
1971; Adinolfi and Pappas, 1968), hence implying that the
slowest conduction velocity for a central myelinated fiber
may be in the order of 1 m/sec. Since none of the conduc-
tion velocities observed by antidromic activation of raphé
units was anywhere near this value, two explanations are
possible. Firstly, it must be considered that the current
strengths employed were inadequate in activating the 5-HT
containing axons, or that the efferent information in the
raphé spinal pathway is carried by myelinated fibers consid-
erably larger than 0.2 pm. Because of the failure to find
any units activated by very high current strength (greater
than 1 milliampere), and the consistent finding of both
slowly and rapidly conducting fibers over a wide range of
threshold currents, this explanation does not seem to be
adequate to explain the results. It is, therefore, proposed
that the effects of the bulbospinal serotonergic pathway are
mediated through myelinated axons of at least 3 um in size.
As stated previously, such measurements were not possible

in this investigation, however, such efforts are forthcoming.




It is also possible that the judgements about the
absence of myelin sheaths around central 5-HT axons are in
fact partially correct. Recent evidence (Waxman, 1972) sug-
gests that an axon may be capable of transforming the pattern
of nerve impulses along its course, so that the temporal pat-—
tern initiated at the axon initial segment differs from that
at axon terminals. Such transformation would be possible if
the safety factor for axonal transmission changed at different
points along the axon, or if axon collaterals lost their myelin
sheath. Both alternatives have received experimental support
(Parnas et al, 1969; Waxman, 1972), and it is possible, (in
fact highly probable) that the axon terminals observed by
Dahlstrom and Fuxe (1965), in spinal cord gray matter are
really unmyelinated. Such information should not be construed
to mean, however, that the entire course of the axon lacks a

myelin sheath.

III., General Summary.

The aims of this thesis have been to demonstrate

the distribution of 5-HT terminals in the lumbar spinal cord

of the cat, and to measure the conduction velocities of descending

5-HT containing axons. The fluorescent histochemical results

indicate substantial 5-HT innervation in the ventral horn and
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central canal, but only scattered terminals in the dorsal horn
and intermediate zone. These findings have provided an anatom-
ical basis for an evaluation of the role of 5-HT in spinal
neuronal activities.

Antidromic activation of raphé units from the L1
spinal cord revealed conduction velocities ranging from 17.3
to 120 m/sec, a finding which is not consistent with current
notions regarding conduction speeds of central monoaminergic
pathways. Such results are explained on the basis of finding
myelin sheaths around several 5-HT containing axons, although
the sizes of these fibers could not be measured. It is,
therefore, concluded that the raphé nuclei of the caudal
brainstem may give rise to a fast descending pathway which
may be involved in such activities as modulation of afferent

input, alterations of spinal reflexes and locomotion.
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SUMMARY AND CONCLUSIONS

The distribution of 5-HT terminal varicosities investi-
gated in cats depleted of spinal NA reveals that the
majority of these terminals are in the ventral horn with
more in the medial as opposed to the lateral motor group.
Fewer terminals were found in the area of the central
canal with only sparse innervation in the dorsal horn

and few, if any, in the intermediate zone.

In the white matter of the thoracic spinal cord in chro-
nic spinal cats it was found that the 5-HT fibers travel
in a continﬁous band just below the external surface of
the cord from the dorsal region of the lateral funiculus
to the walls of the anterior median fissure where they
are relatively more dense than remaining areas of the

white matter.

The conduction velocities for these descending tryptam—
inergic axons ranged from 17.3 to 125 meters per second.
Such a range has not been previously reported for CNS
monoaminergic fibers, the accepted values being in the

order of 2.5 - 3.5 meters per second.

Subsequent investigations revealed that at least a por-
tion of the descending serotonergic fibers are myelina-

ted, this being the first direct evidence that central
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nervous system fibers may be capable of conducting impulses

at speeds faster than previously believed.

It is concluded that at least a portion of the descending
fibers from the pontine and medullary raphé nuclel are mye~
linated suggesting the existence of a "fast conducting"

bulbospinal serotonergic pathway.




REFERENCES 84

Adinolfi, A. and Pappas, G.D., The fine structure of the caudate nucleus
in the cat., J. Comp. Neurol., 133, 167-184, (1968)

Ahlman, H., Grillner, S., and Udo, M., The effect of 5-HTP on the static
fusimotor activity and the tonic stretch reflex of an extensor muscle,
Brain Res., 27, 393-396, (1971)

Amin, A.H., Crawford, T.B.B., and Gaddum, J.H., The distribution of
substance P and 5-hydroxytryptamine in the central nervous system of the
dog, J. Physiol. (Lond.), 126, 596-618, (1954)

Anden, N-E., Distribtuion of monoamines and dihydroxphenylalanine
decarboxylase activity in the spinal cord, Acta. Physiol. Scand., 64, 197-
203, (1964)

Anden, N-E., Carlsson, A., Hillarp, N-A., and Magnusson, T., 5-hydroxy-
tryptamine release by nerve stimulation of the spinal cord, Life Sci., 3,
473-478, (1964a)

Anden, N-E., Haggendal, J., Magnusson, T., and Rosengren, E., The time
course of the disappearance of noradrenaline and 5-hydroxytryptamine
in the spinal cord after transection, Acta. Physiol. Scand., 62, 115-
118, (1964b)

Anden, N-E., Jukes, M.G.M., and Lundberg, A., Spinal reflexes and monoamine

liberation, Nature, 202, 1222-1223, (1964c)

Anden, N-E., Dahlstrom, A., Fuxe, K., and Larsson, K., Mapping out of
catecholamine and 5-hydroxytryptamine neurons innervating the telenceph-
alon and diencephalon, Life Sci,, 4, 1275-1279, (1965)

Anden, N-E., Fuxe, K., and Larsson, K., Effects of large mesencephalic-
diencephalic lesions on the noradrenaline, dopamine, and 5-hydroxy-
tryptamine neurons of the central nervous system, Experentia, 12, 842-
843, (1966a)

Anden, N-E,, Dahlstrom, A., Fuxe, K., Larsson, K., Olson, L., and
Ungerstedt, U., Ascending monoamine neurons to the telencephalon and di-
encephalon, Acta. Physiol. Scand., 67, 313-326, (1966b)

Anderson, E.G. and Holgerson, L.0O., The distribution of noradrenaline
and 5-hydroxytryptamine in cat spinal cord, J. Neurochem., 13, 479-4385,
(1966)

Anderson, E.G., and Shibuya, T., The effects of 5-hydroxytryptophan and
1-tryptophan on spinal synaptic activity, J. Pharmac. exp. Therap., 153,
352-360, (1966) '

Anderson, E.G., Baker, R.G., and Banna, N.R., The effect of monoamine oxidase

inhibitors on spinal synaptic activity, J. Pharmac. exp. Therap., 158, 405-
415, (1967) :




85

Anderson, E.G., Bulbospinal serotonin-containing neurons and motor
control, Fed. Proc., 31, 107-112, (1972)

Araki, T., Otami, T., and Furukawa, T., The electrical activity of
single motoneurones in toad's spinal cord, recorded with intracellular
electrodes, Jap, J. Physiol., 3, 254-267, (1953)

Ashkenazi, R., Holman, R.B,, and Vogt, M., Release of transmitters on
stimulation of the nucleus linearis raphe in the cat, J. Physiol., 223,
255-259, (1972)

Banna, N.R. and Anderson, E.G.,, The effects of 5-hydroxytryptamine
antagonists on spinal neuronal activity, J. Pharmac. exp. Therap., 162,
319-325, (1968) .

Barasi, S. and Roberts, M.H.T., The modification of bulbospinal facilitation
of the monosynaptic reflex by 5-hydroxytryptamine precursors and antag-
onists, J. Physiol., 229, 33-34P, (1973a)

Barasi, S. and Roberts, M.H.T., The action of 5-hydroxytryptamine
antagonists and precursors on bulbospinal facilitation of spinal
reflexes, Brain Res,, 52, 385-388, (1973b)

Barasi, S. and Roberts, M.H.T., The modification of lumbar motoneurone
excitability by stimulation of a putative 5-hydroxytryptamine pathway,
Br. J. Pharmac., 52, 339-348, (1974)

Bjorklund, A., Falck, B., and Stenevi, U., On the possible existence of
a new intraneuronal monamine in the spinal cord of the rat, J. Pharmac.
exp. Therap., 175, 525-532, (1970)

Brock, L.G., Coombs, J.S., and Eccles, J.C., Synaptic excitation and
inhibition, J. Physiol,, 117, 8P, (1952)

Brodal, A., Taber, E., and Walberg, F., The raphe nuclei of the brainstem
in the cat, II, Efferent connections, J. Comp. Neurol., 114, 239-259, (1960)

Carlsson, A., Falck, B., and Hillarp, N-A., Cellular localization of brain
monoamines, Acts. Physiol. Scand., 56, Supp. 196, 1-27, (1962)

Carlsson, A,, Falck, B., Fuxe, K., and Hillarp, N-A., Cellular localizations
of monoamines in the spinal cord, Acta. Physiol. Scand., 60, 112-119, (1964)

Carptenter, D., Engberg, I., and Lundberg, A., Primary afferent depolarization
evoked from the brainstem and cerebellum, Arch. Ital. Biol., 104, 73-85, (1966)




86

Clineschmidt, B.V. and Anderson, E.G., Lysergic acid diethylamide:
antagonism of supraspinal inhibition of spinal reflexes, Brain Res.,
16, 296-300, (1969)

Clineschmidt, B.V., and Anderson, E.G., The blockade of bulbospinal
inhibition by 5-hydroxytryptamine antagonists, Exp. Brain Res., 11,
175-186, (1970)

Cohen, H.B., Dement, W.C., And Barchas, J.D., Effects of chlorpromazine
on sleeping cats pretreated with parachlorphenylamine, Brain Res., 53,
363-371, (1973)

Coote, J,H. and MacLeod, V.H., The influence of bulbospinal monoaminergic
pathways on sympatheticnerve activity, J. Physiol., 241, 453-475, (1974)

Corrodi, H., Jonsson, G., and Malmfors, T., Factors affecting the quality

and intensity of the fluorescence in the histochemical method
of demonstration of catecholamines, Act. Histochem., 25, 367-370, (1966)

Curtis, D.R., Phillis, J.W., and Watkins, J.C., Cholinergic and non-
cholinergic transmission in the mammalian spinal cord, J. Physiol., 158,
296-323, (1961)

Curtis, D.R., Microelectrophoresis, In: Bhysical Techniques in
Biological Research, vol.5, Ed. W.L, Nastuk, New York, Academic Press,
(1964)

Dahlstrom, A., and Fuxe, K., A method for the demonstration of monoamine
containing nerve fibers in the central nervous system, Acts. Physiol.
Scand., 60, 293-294, (1964)

Dahlstrom, A., and Fuxe, K., Evidence for the existence of monoamine
neurones in the central nervous system. II. Experimentally induced
changes in the intraneuronal amine levels of bulbospinal neuron
systems, Acta. Physiol, Scand. 64, Supp. 247, 1-36, (1965a)

Dahlstrom, A., Fuxe, K.; Kernell, D., and Sedvall, G., Reduction of the
monoamine stores in the terminals of bulbospinal neurones following
stimulation in the medulla oblongata, Life Sci., 4, 1207-1212, (1965b)

DeGroat, W.C. and Ryall, R.W., An excitatory action of 5-hydroxytrypt-
amine on sympathetic preganglionic neurones, Exp. Brain Res., 3, 299-
305, (1967)

Dixon, R.E., Ellaway, P.H., Hansen, S.M., and Pascoe, J.E., Regularizing
of fusimotor discharges by a descending 5-hydroxytryptaminergic pathway,
J. Physiol., 202, 20-21P, (1969)




Eccles, J.C., The central action of antidromic impulses in
motor nerve fibers, Pflugers Arch. ges. Physiol, 260, 385-415,
(1955)

Eccleston, D., Pajden, A., and Randic, M. Release of 5-hydroxytryptamine
and 5-hydroxyindol-3-ylacetic acid in the forebrain by stimulation
of midbrain raphe, J. Physiol., 201, 22-23P, (1969)

Ellaway, P.H., Pascoe, J.E., and Trott, J.R., On the descending 5-hydroxy-
tryptaminergic pathway controlling the stretch reflex, J. Physiol.,
230, 17-18P, (1973)

Ellaway, P.H, and Trott, J.R., The mode of action of 5-hydroxytryptophan
in facilitating a stretch reflex in the spinal cat, Exp. Brain Res., 22,
145-162, (1975)

Engberg, I, and Ryall, R.W., The inhibitory action of noradrenaline and
other monoamines on spinal neurones, J., Physiol., 185, 298-322, (1966)

Engberg, I., Lundberg, A., and Ryall, R.W., Reticulospinal inhibition
of transmission in reflex pathways, J. Physiol., 194, 201-223, (1968a)

Engberg, I., Lundberg, A., and Ryail, R.W., Reticulospinal inhibition
of interneurones, J. Physiol., 194, 225-236, (1968b)

Engberg, I., Lundberg, A., and Ryall, R.W., Is the tonic decerebrate
inhibition of reflex paths mediated by monoaminergic pathways?, Acta.
Physiol. Scand., 72, 123-133, (1968c)

Engberg, I. and Marshall, K.C., Mechahism_of noradrenaline hyperpolar-
ization in spinal cord motoneurones of the cat, Acta. Physiol. Scand., 83,
142-144, (1971)

Falck, B., Observations on the possibilities of the cellﬁlar local-
ization of monoamines by a fluorescence method, Acta. Physiol. Scand.,
56, Supp. 197, 1-25, (1962) ’

Falck, B., Hillarp, N-A., Thieme, G., and Torp, A., Fluorescence of catechol-

amines and related compounds condensed with formaldehyde, J. Histochem.
Cytochem., 10, 348-354, (1962)

Foote, W.E., Maciewicz, R.J., and Mordes, J.P., Effect of midbrain raphe
and lateral mesencephalic stimulation on spontaneous and evoked

activity in the lateral geniculate of the cat, Exp. Brain Res., 19,
124-130, (1974) o




Fuxe, K., The distribution of monoamine terminals in the central nervous
system,. 'Acta. Physiol. Scand., 64, Supp. 247, 39-85, (1965)

Fuxe, K, Hokfelt, T., and Ungerstedt, U., Morphological and functional
aspects of central monoamine neurones, Int. Rev. Neurobiol., 13, 93-126,
(1970)

Fuxe, K. and Jonsson, G., The histochemical fluorescence method for the
demonstration of catecholamines, Theory, practice, and applications,
J. Histochem, Cytochem., 21, 293-311, (1973)

Grillner, S. and Shik, M.L., On the descending control of the lumbo-
sacral spinal cord from the "mesencephalic locomotor region', Acta.
Physiol, Scand., 87, 320-333, (1973)

Guilbaud, G., Besson, J.M., Oliveras, J-L., and Liebeskind, J.C., Suppression

by LSD of the inhibitory effect exerted by dorsal raphe stimulation
on certain spinal cord interneurones in the cat, Brain Res., 61, 417-422,
(1973)

Guilleminault, G., Tharp, B.R., and Cousin, D., HVA and 5-HIAA CSF
measurements and 5-HTP trials in some patients with involuntary
movements, J. Neurol. Sci., 18, 435-441, (1973)

Haase, J. and VanDer Meulen, J.P., Effects of supraspinal stimulation on
Renshaw cells belonging to extensor motoneurones, J. Neurophysiol., 24,
510-520, (1961)

Haigler, H.J. and Aghajanian, G.K., Peripheral serotonin antagonists:
Failure to antagonize serotonin in brain areas receiving a prominent
serotonergic input, J. Neural Transmission, 35, 257-273, (1974)

Heller, A., Seiden, L.S. and Moore, R.Y., Regional effects of lateral
hypothalamic lesions on brain norepinephrine in the cat, Int. J.
Neuropharmacol. 5, 91-101, (1966)

Hokfelt, T., Ljungdahl. A., Johansson, 0,, and Lindblom, D., The
vibratome. - a useful tool in transmitter histochemistry, In: Amine
Fluorescéence Histochemistry, Fujiwara, M. and Tanaka, C. (Eds) Igaku Shoin,
Tokyo, 1974, pp. 2-12

Iggo, A., Cutaneous heat and cold receptors with C afferent fibers,
Quart. J. Exp. Physiol., 44, 362-370, (1959)

Iggo, A., Cutaneous mechanoreceptors with afferent C fibers, J. Physiol.,
152, 337-353, (1960)




89

Jacobs, B., and Klemfuss, H., Brainstem and spinal cord mediation
of a serotonergic behavioural syndrome, Brain Res., 100, 450-457,
(1975)

Jankowska, E., and Roberts, W.J., An electrophysiological
demonstration of the axonal projections of single spinal
interneurones in the cat. J. Physiol., 222, 597-622, (1972)

Jonsson, G., Einarsson, P,, Fuxe, K., and Hallman, H., Microspectrofluor-
imetric analysis of the formaldehyde induced fluorescence in
midbrain raphe neurons, Medical Biology, 53, 25-39, (1975)

Jordan, L.M. and McCrea D.A., Analysis of the effects of
paramethoxypenylethylamine on spinal cord neurones, Br. J.
Pharmac., (In Press)

Jordan, L.M., Steeves, J.D., and Skovgaard, B.J., Depletion of
spinal noradrenaline by 6-Hydroxydopamine and its effect on
locomotion evoked from the mesencephalic locomotor region,

(In preparation)

Jordan, L.M., McCrea, D.A., Steeves, J.D., and Menzies, J.E., Noradren-
ergic synapses and effects of noradrenaline on interneurones in the
ventral horn of the cat spinal cord, (In preparation)

Kuypers, H.G.H.M., and Maisky, V., Retrograde axonal transport of
horseradish peroxidase from spinal cord to brainstem cell groups
in the cat, Neuroscience Letters, 1, 9-14, (1975)

Liebeskind, J.C., Guilbaud, G,, Besson, J-M,, and Oliveras, J-L.,
Analgesia from electrical stimulation of the periaqueductal

gray matter in the cat: behavioural observations and inhibitory
effects on spinal cord interneurones, Brain Res., 50, 441-446,
(1973)

Lundberg, A., Monoamines and spinal relexes, IN: Studies in
gpysiology, pp. 186-190, Springer-Verlag, Berlin, (1965)

Lundberg, A., and Vyklicky, L., Inhibition of transmission to primary
afferents by electrical stimulation of the brainstem, Arch,.
Ital. Biol., 104, 86-97, (1966)

MacClean, J.B., and Leffman, H., SupraSpinal control of Renshaw cells,
Expl. Neurol., 18, 94-104, (1967)

Magni, F,, and Willis, W.D,, Antidromic activation of neurons of the
reticular formation of the brainstem, Nature, 198, 592-594, (1963a)

Magni, F,, and Willis, W.D,, Identification of reticular formation
neurons by intracellular recording, Arch. Ital, Biol., 101, 681-702,
{1963b) :




90

‘Malmfors, T. and Sachs, C,, Degeneration of adrenergic nerves
produced by 6-hydroxydopamine, Europ. J. Pharmacol., 3, 89-92,
(1968)

Marsden, C,A. and Kerkut, G.A., The cellular localization of
monoamines in invertebrates using the Edwards-Pearse tissue
freeze-dryer, In: "Experiments in Physiology and Biochemistry",

G.A. Kerkut (ed), vol.2, Academic Press, New York, 1969, pp. 327-359

Nyberg-Hansen, R, and Brodal, A., Sites and mode of termination of
cortico-spinal fibers in the cat, An experimental study

with silver impregnation methods, J. Comp, Neurol., 120, 369-391,
(1963)

Nyberg-Hansen, R,, and Brodal, A., Sites and mode of termination of
rubrospinal fibers in the cat, An experimental study with silver
impregnation methods, J. Anat., 98, 235-253, (1964)

Oliveras, J.L., Besson, J,M., Guilbaud, G., and Liebeskind, J.C.,
Behavioural and electrophysiological evidence of pain inhibition
from midbrain stimulation in the cat, Exp. Brain Res., 20, 32-44, (1974)

Parnas, I., Spira, M,E., Werman, R,, and Bergmann, F., Non-homogenous
conduction in giant axons of the nerve cord of periplaneta americana,
J. Exp. Biol., 50, 615-627, (1969):

Phillis, J.W., Tebecis, A.K, and York, D,H., Depression of spinal
motoneurones by noradrenaline, 5-hydroxytryptamine and histamine,
Europ, J, Pharmacol., 4, 471-475, (1968)

Phillis, J.W., The Pharmacology of Synapses, Pergammon Press, Oxford,
1970, pp. 6-7

Pomeranz, B., Wall, P,D., and Weber, W.V., Cord cells responding to
fine myelinated afferents from viscera, muscle and skin, J. Physiol.,
199, 511-532, (1968)

Proudfit, K,, and Anderson, E,G., Alteration by serotonin antagonists
of the effects of bulbospinal stimulation on spinal reflex pathways,
Fed. Proc., 31, 318, (1972)

Proudfit, H.K., and Anderson, E.G., Influence of serotonin
antagonists on bulbospinal systems, Brain Res., 61, 331-341, (1973)

Randic, M., and Yu, H,H., Microelectrophoretic study of cat
dorsal horn neorones activated by noxious stimuli, J. Physiol., 252,
23-24P, (1975)




Rexed, B., The cytoarchitectonic organization of the spinal cord
in the cat, J. Comp. Neurol., 96, 415-466, (1952)

Rexed, B., A cytoarchitectonic atlas of the spinal cord of the cat, J.
Comp, Neurol,, 100, 297-379, (1954)

Rushton, W.A.H., A theory of the effects of fiber size in
medullated nerve, J, Physiol, 115, 101-122, (1951)

Samanin, R. and Valzelli, L., Increase of morphine induced analgesia
by stimulation of nucleus raphe dorsalis, Europ. J. Pharmac., 16, 298-
302, (1971)

Shellenberger, M.R. and Gordon, J.H., A rapid, simplified procedure for
simultaneous assay 6f norepinephrine, dopamine, and 5-hydroxytryptamine
from discrete brain areas, Anal., Biochem,, 39, 356-372, (1971)

Shik, M.L., Severin, F.V., and Orlovsky, G.N., Control of walking

and running by means- of electrical stimulation of the midbrain,
Biofizika, 11, 659-666, (English translation, Biophysics, 11, 756-765)
(1966)

Shik, M.L., Severin, F.V. and Orlovsky, G.N., Structures of the brainstem
responsible for locomotion, Fiziol, Zh. SSSR, 12, 660-668,
(1967)

Sinclair, J.G., Morphine and meperidine on bulbospinal inhibition of
the monosynaptic reflex, Europ. J. Pharmac., 21, 111-114, (1973)

Sinclair, J,G. and Sastry, B.S.R,, The blockade of bulbospinal
inhibition by imipramine, desipramine, and pargyline, Neurophar-
macology, 13, 643-650, (1974a)

Sinclair, J.G. and Sastry, B.S.R., Supraspinal monoaminergic
/ involvement in the blockade of recurrent inhibition of the
monosynaptic reflex, Neuropharmacology, 13, 741-747, (1974b)

Tebecis, A.K. and Phillis, J.W., The effects of topically applied
biogenic monoamines on the isolated toad spinal cord, Comp. Biochem.
Physiol., 23, 553-563, (1967)

Twarog, B. and Page, I.H., Serotonin content of some mammalian
tissues in urine and a method for its determination, Am. J. Physiol.,
175, 157-161, (1953)




92

Viala, D. and Buser, P., The effects of DOPA and 5-HTP on rhythmic
efferent discharges in h1nd11mb nerves in the rabbit, Brain Res,
12, 437-443, (1969)

Viala, D. and Buser, P., Modalites d'obtention de rhythmes locomoteur
chez le lapin splnal par traitment pharmacologiques (DOPA, 5-HTP, d-
Amphetamine)}, Brain Res., §§ 151-165, (1971)

Viala, D. and Buser, P., Effects of decarboxylase inhibitor on the
DOPA and 5-HTP induced changes in the locomotor-like discharge
pattern of rabbit hindlimb nerves, Psychopharmacologia, 40, 225- 233,
(1974)

Viala, D., Valin, A,, and Buser, P,, Relationship between the "late
reflex discharge' and locomotor movements in acute spinal cats
and rabbits treated with DOPA, Arch, Ital. Biol., 112, 299-306, (1974)

Vizoso, A.D. and YOung; J.Z., Internode length and fiber diameter
in developing and regenerating nerves, J. Anat., 82, 110-134, (1948)

Wall, P.D., The laminar organization of the dorsal horn and effects of =
decending impulses, J. Physiol,, 188, 403-423, (1967)

Waxman, S.G., and Pappas, G. D , An electron microscopic study of synaptic
morphology 1n the oculomotor nuclei of three inframammalian species, J.
Comp, Neurol., 143, 41-72, (1971)

Waxman, S.G., Regional dlfferentlatlon of the axon: A review with
special reference to the concept of the multiplex neuron, Brain Res.,
47, 269-288, (1972)

Waxman, S.G. and Bennet, M,V,L., Relative conduction velocities of
small myelinated and un-myelinated fibers in the central nervous
system, Nature, New Biol,, 228, 217-219, (1972)

Weight, F.F, and Salmoiraghi, G.C., The responses of spinal cord
interneurones to acetylcholine, norepinephrine, and serotonin
administered by microelectrophoresis, J. Pharmac. exp. Therap.,
153, 420-427, (1966)

Werman, R., A review-criteria for identification of a central nervous
system transmitter, Comp, Biochem. Physiol., 18, 745-766, (1966)

Zivin, J.A., Reid, J.L., Saavedra, J.M., and Kopin, I.J., Quantitative
1ocallzat10n of blogenlc ‘amines in the splnal cord, Brain Res., 99,
293-301, (1975)




