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ABSTRACT

These experiments were conducted to determine (1) whether dorsal and
ventral ascending spinal pathways can each mediate unlearned supraspinal
nocifensive responses of cats to noxious thermal stimuli and (2) whether
interrupting the spinal projection of supraspinal monoaminergic neurons
alters the excitability and natural modulation of these responses. In par-
tially restrained cats, thermal pulses (> 47°C) delivered to the hindlimbs of
intact cats or rostral to lesions of the thoracic spinal cord elicited abrupt
body movements and interruption of eating (or of exploring for) liquified
food. These electronically monitored responses automatically terminated the
stimulus. Natural modulation of responsiveness was produced by delivering
food and thermal stimuli simultaneously; this reduced response probability
by an average of 41%. Complete transection of the thoracic spinal cord
eliminated both thermally elicited responses and orienting responses to
noxious and tactile mechanical stimulation of the hindlimbs.

Ventral bilateral thoracic spinal cord lesions that spared only the dorsal
funiculus and portions of the dorsolateral funiculus (three cats) significantly
reduced orienting responses to all mechanical hindlimb stimuli and reduced,
but did not eliminate, movement and interrupt responses to noxious thermal
hindlimb stimuli. Response latency was unaffected. Food-induced response
supression persisted although lumbar spinal cord concentrations of sero-
tonin (6HT) and norepinephrine (NE} were markedly reduced. A bilateral
lesion of the dorsal funiculi and dorsal portions of the dorsolateral funiculi
(one cat) also reduced nocifensive responsiveness, but only the NE concentra-
tion in lumbar spinal cord was reduced significantly relative to a matched
cervical sample. In contrast, deep bilateral lesions of the dorsolateral funi-
culi (two cats) produced an increase in the probability of movement and
interrupt responses without affecting either response latency or food-induced
response supression. Lumbar spinal cord concentrations of NE and, in one
cat, 5HT were reduced.

We conclude that (1) the dorsal and ventral spinal funiculi are each
sufficient to initiate and necessary to maintain normal supraspinally orga-
nized nocifensive behavior in the cat; (2) descending monoaminergic path-
ways are not necessary for the phasic modulation of these responses; and (3)
the tonic excitability, but not the phasic modulation, of these responses is
determined in part by fibers in the dorsolateral funiculus.
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Our understanding of the functional significance of spinal
pathways that transmit or modulate nociceptive informa-
tion in the cat is based almost entirely on a study by ——
Kennard ('54). Other reports of the sensory effect of feline Accepted September 2, 1987.
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spinal tractotomies on pain-related behavior have been lim-
ited to brief clinical descriptions or to studies of one type of
lesion (Melzack et al., ’58; Levitt and Levitt, ’68; Frommer
et al., '77; Hayes et al., '84). Kennard’s ("54) report remains
the only systematic study of the effects of various spinal
tractotomies on behavioral responses that may indicate the
perception of pain in the cat. Unfortunately, the noxious
stimulus used in that study (pinprick) was not measured
and the method of application was not described; nor was
there any description or measurement of the behavioral
response. There is therefore a need to reexamine the ques-
tion of pain-related spinal pathways in the cat, especially
in view of the large number of physiological and anatomical
studies of nociceptive mechanisms that have been under-
taken in the past 33 years (for review, see Dennis and
Melzack, *77; Kerr and Casey, '78; Willis and Coggeshall,
"78; Yaksh and Hammond, '82; Dubner and Bennett, '83;
Vierck et al., '83; Willis, ’85).

Most behavioral studies of pain-related responses in ani-
mals have used spinal segmental reflexes, which can be
elicited without intact supraspinal or suprabulbar mecha-
nisms (for review see Chapman etl al., '85). To understand
more fully the functional significance of spinal sensory
pathways, and in particular their possible role in pain, it is
necessary to use well-controlled noxious stimuli and to
monitor nonreflexive responses that may reasonably be
assumed to reflect the supraspinal organization of nocifen-
sive behaviors. We have developed a method for determin-
ing the probability that a controlled thermal stimulus of
the cat hindlimb will elicit, within a determined latency,
one or more unlearned nonreflexive responses (Casey and
Morrow, ’83). This method has been used in the present
study to determine how various thoracic spinal tractoto-
mies affect nonreflexive, supraspinal nocifensive behaviors
in the cat.

We wished to determine whether pathways ascending in
the dorsal or ventral spinal cord of cats were necessary for
maintaining normal supraspinal nocifensive responses and
whether these same pathways were sufficient to initiate
them. We also wished to determine whether the interrup-
tion of supraspinal descending pathways, which have been
shown to modulate the nociceptive responses of dorsal horn
neurons (Soja and Sinclair, '83) by monoaminergic mecha-
nisms (for review, see: Mayer and Price, *76; Messing and
Lytle, ’77; Basbaum and Fields, *78; Willis and Coggeshall,
’78; Dubner and Bennett, '83). would affect baseline noci-
fensive responsiveness or the natural modulation of respon-
siveness (Pavlov, '27; Casey and Morrow, ’83) in conjunction
with changes in spinal cord concentrations of serotonin
(5HT) and norepinephrine (NE).

We have used the minimum number of animals necessary
to test our hypotheses because of the severe motor disability
produced by most of the tractotomies. Preliminary reports

of some of these results appear elsewhere (Casey et al., ’81,
’83, ’87).

MATERIALS AND METHODS
All animals in this study were maintained in facilities

that were fully accredited by the American Association for
Accreditation of Laboratory Animal Care.

Testing of responses to thermal stimuli

Seven normal adult female cats were trained to place
their muzzles into an illuminated food cup, thereby inter-
rupting a photocell contact and triggering the delivery of
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three 1.5-ml portions of pureed meat-based cat food during
a 15-second period. After 1-2 weeks of preliminary condi-
tioning, the cats were trained for another 2 weeks to per-
form the same task while partially restrained in a flexible
body cast. Cats were food deprived for 24 hours before
training or data-collection sessions 5 days per week.

Thermal pulses were delivered to either shaved outer
thigh by spring-loaded, water-cooled contact thermodes
(Morrow and Casey, '81). Glycerine was applied to the skin-
thermode interface to assist heat transfer, and an electric
razor was used to shave the skin twice weekly. Stimuli rose
from an adapting temperature of 38°C at a rate of 17°C-s™ 1.
Unless terminated by the cat’s response, thermal pulses
had a plateau duration of 5 seconds and returned to the
adapting temperature within 2 seconds.

Three behavioral responses were recorded only during
the 7-seconds stimulus period. Vocalization was detected by
microphone, movement by a weighted phonograph cartridge
mounted between the hindlimb supports, and interruption
of eating by activation of a photocell mounted in the illu-
minated foodcup. The amplified output of each of these
devices was led into separate level-detection comparator
circuits, each with an output that could be selected to ter-
minate the stimulus. Movement responses sufficient to trig-
ger the detector produced just-visible displacements of the
cast and registered 300g peaks on a force transducer. The
movement sensor could be activated by hindlimb or upper
body movements but not by the head movements that sig-
nalled interruption of eating.

A programmable integrated circuit controlled the feeding
schedule, timing, laterality, and intensity of thermal stim-
uli and the activation of three response-latency counters.
Periodic illumination of the food cup signaled the onset of
one of 43 fifteen seconds food-available periods, 32 of which
were used for data collection. The program advanced only
when the cat’s muzzle entered the food cup. Interruption of
photocell contact triggered stimuli on 22 of the food-avail-
able periods so that thermal stimulation was coincident
with eating; ten stimuli were noncoincident. Interrupt re-
sponses to noncoincident stimuli occurred when the cat’s
muzzle was in the empty food cup. During each session, 12
stimuli were blank trials at 38°C, 12 were at an interme-
diate temperature, and eight were at the highest tempera-
ture selected for that session. Four of the blank and
intermediate stimuli and two of the higher-intensity stim-
uli were not coincident with eating. The length of the inter-
stimulus interval depended on the rate at which each cat
advanced the program by responding to the illuminated
food cup. The shortest possible session was approximately
30 minutes long, giving a minimum interstimulus interval
of 1.5 minutes (not including blank trials). Some cats took
1 hour to advance through the program, thus doubling the
average interstimulus interval. The stimulus sequence was
based on a random order. (Fellows, ’67) of intensity and
laterality, modified to assure that high-intensity pulses
could not be delivered to the same site at intervals shorter
than 3 minutes. The frequency, duration, and intensity of
noxious stimuli delivered according to the above schedule
were well within tolerance because all cats readily accepted
daily placement in the apparatus and regularly activated
advancement of the stimulus delivery program.

At stimulus onset, three response-latency counters were
started. A pulse from a comparator circuit stopped the ap-
propriate counter when the output of the microphone or
movement detector amplifier exceeded a selected level. Pho-
tocell activation stopped the interrupt-detection counter
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when the cat’s muzzle was withdrawn from the food cup.
Response latencies were read from the digital display. Any
response could abort the stimulus.

Data analysis

Response latencies between 0.5 and 7 seconds after each
stimulus pulse onset were entered onto disk files of a Data
General Nova 3/12 laboratory computer for the computa-
tion of response probabilities, the mean + SD of the re-
sponse latency for each stimulus temperature, and the
construction of response latency histograms for each tem-
perature trial. Stimulus laterality was identified. The vari-
ance about each response probability was expressed as the
standard error, and significant differences between proba-
bilities were determined by computing the 95% confidence
intervals of each probability (Freund, '62). For probabilities
based on less than 30 trials, we used the tables computed
by Crow (’56). Responses to stimulation of each side were
analyzed separately and compared. Responses to coincident
and noncoincident stimuli were also analyzed separately; a
significant difference between these probabilities was inter-
preted as food-induced response modulation. Analyses of
response trends were obtained by sequentially computing
the response probabilities for each temperature in blocks of
3 days.

Surgery and postoperative care

Each cat was deeply anesthetized with 50 mg/kg of pen-
tobarbital 1.V. Supplemental doses were given as needed to
maintain complete suppression of flexor reflexes to intense
mechanical stimuli.

Under aseptic conditions, a complete vertebral laminec-
tomy was performed over spinal cord segment Tg_g. Dural
flaps were created bilaterally to rotate the exposed spinal
cord for inspection or surgery as needed during the lesion
procedure. For ventral cord lesions, care was taken to avoid
the anterior spinal artery; in two cats, fine sutures were
used to ligate dorsal spinal arteries and veins before creat-
ing a dorsal cord lesion. Immediately before and after cre-
ating a lesion, the exposed spinal cord was flooded with
sterile iced saline. Lesions were made with iridectomy scis-
sors, pieces of razor blade, and the beveled edges of 25-
gauge hypodermic needles. In one cat (P), the entire spinal
cord except for the dorsal columns was completely severed
by garroting the tissue with nylon suture.

Each cat was given antibiotics intramuscularly daily for
1 week after surgery and received sterile water subcutane-
ously during the immediate postoperative recovery period,
as needed. Special longer-term care was given to those cats
rendered paraplegic by the lesion. Such animals required
daily or twice-daily manual abdominal expression of urine
and feces, and careful attention was paid to the grooming
and conditions of the hindlimbs. Except for the develop-
ment of hindlimb atrophy, cats maintained their body
weight and normal food consumption, appeared active and
alert, and responded affectionately to petting and handling.
All cats exercised freely outside their cages daily.

At least 3 weeks of recovery were allowed before behav-
ioral testing. Three cats received spinal cord lesions while
naive; two cats (M and W) were tested with thermal stimuli
caudal to the lesion before being tested with rostral stimuli
delivered at approximately the T5_s dermatomes according
to Hekmatpanah ('61). The third cat had a complete tran-
section of the thoracic spinal cord and was tested for orien-
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tation responses to mechanical stimuli (see below) and for
responses to thermal stimulation of the hindlimbs.

Testing of tactile and intense mechanical stimuli

After their spinal cord surgery, five cats were tested for
orientation responses to mechanical stimuli delivered man-
ually to each upper forelimb or hind paw. Each cat was
placed on a table facing away from the experimenter, who
was positioned directly behind the cat. While the cat was
looking straight ahead, one of four types of stimuli were
delivered outside the cat’s visual field: light touch, firm
skin pinch, firm muscle squeeze, or repetitive pinprick. The
latter three stimulus types were applied with an intensity
that was unequivocally noxious when applied to the exper-
imenter’s hand or arm. To partially control for the tactile
cues of noxious mechanical stimuli, both hindlimbs or hind-
paws were held gently before applying the intense stimulus
to one side. Each stimulus was applied for 3 seconds or
until the cat turned its head to the side of the stimulus.
The numbers of each type of stimulus and of each response
were separately recorded for right and left sides. Vocaliza-
tions that occurred without orientation during intense
stimuli were also counted as responses, but head move-
ments to the side opposite the stimulus were recorded and
counted as nonresponses. A 2x2 contingency chi-square
test was used to detect significant differences in the propor-
tion of correct orientation responses to forelimb, as com-
pared to hindlimb, stimuli of each type.

Histology

The cats were deeply anesthetized with pentobarbital and
perfused through the heart with normal saline and 10%
formalin in saline. The lesioned portion of the thoracic
spinal cord was exposed for approximately 20 mm rostral
and caudal to the lesion site. The exposed portion was
carefully removed and placed in 10% formal saline for 1
week before sectioning on a freezing microtome. After re-
moving the dura, 50 frozen sections were cut sagittally
through a 20-mm block of tissue with the lesion in the
middle. The remaining 10-mm segments rostral and caudal
to the lesion were coronally sectioned at 50-pm. In one cat
(P), only coronal sections were cut because of extensive
cavitation of the spinal cord ventral to the dorsal columns,
which appeared intact on inspection under a dissecting
microscope. Both sagittal and coronal sections were stained
alternately by the Nissl and Weil-Weigert methods. The
location and extent of the lesion in each case were deter-
mined by inspection of the projected images of both the
sagittal and coronal sections. The degeneration of pathways
interrupted by the lesion was confirmed by the presence of
gliosis seen on the Nissl-stained coronal sections and the
relative lack of myelin staining on the Weil-Weigert-stained
sections.

Biochemical assays

Before transcardiac perfusion, 10-mm sections of the cer-
vical and lumbar spinal cord were removed for biochemical
analysis. Similar control samples were taken from seven
unoperated cats. Tissue levels of 5HT and NE were deter-
mined by high-performance liquid chromatography and
electrochemical detection according to the technique de-
scribed by Terry and Craig ('85). Levels of 5HT and NE are
expressed as ng/g tissue.
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RESULTS
Overview

The resulits are summarized in Figure 1. Details are given
in the text that follows. The cat with a complete spinal cord
transection showed no responses to mechanical or thermal
stimulation of the hindlimbs. Ventral thoracic spinal cord
lesions that spared the dorsal column and some dorsolateral
funicular fibers (cats C, W, and P) reduced, but did not
eliminate, supraspinal nonreflexive nocifensive responses.
Response latency was unaffected. Such lesions resulted in
a marked drop in 5HT and NE levels in the lumbar spinal
cord but did not interfere with the food-induced suppression
(modulation) of responses. A complete lesions of the dorsal
columns and dorsal dorsolateral fibers (cat M) also reduced,
but did not eliminate, nocifensive responses and had no
effect on response latency, response suppression, or 5HT
levels in the lumbar spinal cord; NE levels were slightly
reduced. However, two dorsal lesions that extended ven-
trally to involve most of the dorsolateral quadrants (cats S
and L) resulted in increased nocifensive responsiveness.
Response latency was unaffected. Lumbar 5HT levels were
reduced in one cat, NE levels were slightly reduced, and
food-induced response suppression was not affected in these
cats.
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Preoperative and above lesion testing

An average of 74 + 2 (SD) coincident (with food) and 31
+ 8 (SD) noncoincident stimuli were delivered to each cat
at each temperature. The control observations were consis-
tent with previous results (Casey and Morrow, ’83). All cats
showed a significant increase in the probability of one or
more nocifensive responses as stimulus temperature in-
creased. None of the cats emitted a significant number of
vocalization responses. Responsiveness did not differ with
stimulus laterality with the exception of one behavior in
one cat; this is discussed below.

We define threshold as the lowest stimulus temperature
at which the response probability exceeds that at 38°C by
the larger of either the lower 95% confidence limit at the
test temperature or the upper 95% confidence limit at 38°C.
This confidence limit criterion is also used to define signif-
icant differences between response probabilities at other
temperatures. By this definition, all cats had nocifensive
response thresholds of 47°C for one or more behaviors.

As in our previous study (Casey and Morrow, '83), re-
sponse latency was defined as the time from the beginning
of the thermal pulse plateau to the onset of the behavioral
response. In the present study, we found the average re-
sponse latency of all cats to range from 3.2 + 0.2 (SE)

SUMMARY: Effect of Lesions of Thoracic Spinal Cord

Cat Lesion [Non-reflexive Nocifensive Responseg Lumbar SHT, NE

Present Change Modulated BHT NE
c YES l YES l l
N YES l' YES l l'
P YES ', YES (§) ,l l
M YES l YES NS i
L YES t YES NS | |
s YES "’ YES | I |

Fig. 1. Summary of results. Location and extent of thoracic spinal cord
lesions are suggested by crosshatching on symbols in left column. Histology
of lesions is shown in Figure 4A and B. Cat with complete transection (not
shown) showed no nocifensive responses to noxious hindlimb stimuli. Large
arrows indicate direction of statistically significant changes in one or more

responses to noxious thermal stimuli or in the lumbar spinal cord concentra-
tions of 5HT and NE relative to the average of seven control samples of
lumbar spinal cord. Small arrows indicate a decreased modulation (cat P) or
a decreased lumbar NE or 5HT coneentration relative to a paired sample
from the cervical spinal cord. NS = no statistically significant change.
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Fig. 2. Sequential responsiveness to coincident noxious thermal stimuli that were threshold for the behavior
(interrupt or movement) and were delivered for at least six sessions in sequence. Temporary technical problems
interrupted sequential testing of two cats.
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Fig. 3. Food-induced supression of nocifensive behaviors of all six cats. The ordinate indicates the difference
between the probability of a response to a thermal stimulus delivered coincident with food (Pc) and the probability
of the same response to a noncoincident stimulus (Pn). Nine modulation profiles are shown because three cats
modulated only one behavior. Heavy line with open circles shows average difference + SE.
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seconds for 304 interrupt responses o coincident stimuli to
2.3 + 0.2 (SE) seconds for 206 movement responses to non-
coincident stimuli. An analysis of variance reveals a signif-
icant difference among the latencies of the four types of
responses (F [df=38] = 3.31, P < .05), but not among cats.
This difference among response latencies is attributable to
the longer interrupt response latencies to coincident stimuli
obtained in this study as compared with those obtained
previously from a larger sample (Casey and Morrow, ’83).
In accord with previous results, we did not detect a signifi-
cant relationship between response latency and stimulus
intensity.

We determined the response probability for sequential
blocks of 3 days for each stimulus intensity delivered to
each cat. Both individual and combined plots of the differ-
ent responses of each cat to the threshold temperature (Fig.
2) show no apparent trend of responsiveness during preop-
erative testing or during testing above the level of the
lesion. Correlation coefficients for the pooled data of Fig. 2
(—0.2714, dF=5,14) and for each of three cats with at least
six successive 3-day blocks of tests at threshold (0.5235,
(—0.0122, —0.3843; dF =5) are not significant (P > .10).

Each cat modulated at least one nocifensive response as
shown by a significantly lower response probability when
the delivery of food was coincident with thermal stimula-
tion. Three cats showed food-induced suppression of both
interrupt and movement responses; of the three remaining
cats, two suppressed interrupt responses and the other
showed suppressed movement responses only. Fig. 3 shows
the average and individual modulation profiles of all food-
modulated behaviors of all cats expressed as the difference
between response probabilities to noncoincident and coin-
cident stimuli. This naturally induced modulation suppres-
ses responsiveness to stimuli in the 53-57°C range by an
average of 414+ 1.2 SD% (Fig. 3).

Postoperative and below-lesion testing

The cat with a complete transection of the thoracic spinal
cord showed no responses to 131 mechanical or 74 noxious
thermal (55°C) hindlimb stimuli.

Response latency did not change significantly for any
behavior of any cat. An analysis of variance showed no
significant difference between average preoperative and
postoperative latencies (F(d=1)= 0.036; P= .851). Indeed,
the range of average postoperative latencies was nearly
identical to the average preoperative range: 3.3+0.2 (SE)
for interrupt responses to coincident stimuli to 2.4 +0.2 (SE)
for interrupt responses to noncoincident stimuli.

Postoperative changes in responsiveness were associated
with lateralized differences in responsiveness in only one
behavior of one cat, as discussed below.

Ventral lesions. Three cats received ventral lesions of
the thoracic (Tg_g) spinal cord (Fig. 4). Clinical evaluation
of each cat revealed a complete and persistent loss of bowel
and bladder control as evidenced by the need to manually
express bowel and bladder contents daily. Each cat had
complete spastic paralysis of the hindlimbs.

Tests of mechanical sensory function (see Materials and
Methods) showed that cat C had a significant (x2=9.75; P
< .01) loss of orientation responses only to pinprick caudal
to the lesion (45% of 22 stimuli) as compared to rostral to
the lesion (100%) of 15 stimuli). In separate analyses, cat W
showed a significant (x2=14.5-28.8; P < < .01) loss of
responsiveness to skin pinch, muscle pinch, and pinprick
delivered caudal to the lesion; tactile responsiveness may
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have been preserved, but only 11 caudal stimuli were tested.
Cat P was not tested for responses to mechanical stimuli.

Tests of responses to hindlimb thermal stimuli showed
that all three cats had significantly reduced but persistent
interrupt responses and two cats (C and P) also showed
interrupted responses and two cats (C and P) also showed
reduced but persistent movement responses. Figure 5 shows
the differences produced by these lesions in the profiles of
the interrupt and movement responses to coincident ther-
mal stimuli. These findings are based on an average of 70
+ 22 (SD) coincident and 32 + 10 (SD) noncoincident pre-
operative or above-lesion stimuli and an average of 87 + 11
(SD) coincident and 38 + 7 (SD) noncoincident postopera-
tive or below-lesion stimuli delivered at each temperature
to each of these three cats.

Cat C showed a lateralized difference postoperatively in
movement responses only to coincident stimuli (8% of 132
left stimuli and 20% of 136 right stimuli >47°C); however,
the same difference was present in this cat during preoper-
ative testing (18% of 73 left stimuli and 32% of 79 right
stimuli >47°C). Furthermore, the bilateral lesion produced
a similar drop in responsiveness on each side (10 and 12%).

Response thresholds increased by as much as 2-6°C for
one or more behaviors for each cat. However, cats C and W
each showed no change in response threshold for at least
one behavior for which responsiveness was decreased at
higher stimulus temperatures.

Postoperative or below-lesion response probabilities were
plotted in blocks of 3 consecutive days and compared with
the same analysis of preoperative or above-lesion data. In
the two cats (C and P) tested sequentially preoperatively
and postoperatively on the hindlimbs only, the decreased
postoperative responsiveness could not be attributed to a
preoperative trend. To further examine the effect of testing
duration and sequence, cat W was tested only after surgery,
and the responses to hindlimb stimulation were tested be-
fore testing stimuli rostral to the lesion. The results (Fig. 6)
show that the hindlimb responses were reduced when the
usual testing sequence was reversed.

The cats with the most extensive dorsolateral funiculus
sparing (C and W) continued to show food-induced modula-
tion of interrupt responses with the same degree of suppres-
sion as in control trials (Fig. 7). Cat P strongly modulated
movement responses to all four intensities of preoperative
hindlimb stimulation. After a lesion that spared only the
dorsal column and possibly some fibers in Lissauer’s tract
(Fig. 4), food-induced suppression was eliminated at most
test temperatures but persisted at 51°C (Fig. 7).

Dorsal lesions. Three cats received lesions that were
restricted to the dorsal half of the thoracic spinal cord (Tg_
g) (Fig. 4). Cat M underwent surgery before behavioral
testing. On clinical evaluation, this cat appeared normal
except for possible slight hindlimb ataxia on narrow sur-
faces. Cat L had a stiff hindlimb gait with increased tone
and intermittent ankle clonus. Cats M and L had intact
bowel and bladder function. Cat S had spastic paraparesis
and temporary loss of bowel and bladder control; some
degree of voluntary hindlimb movement apparently re-
turned by approximately 3 weeks postoperatively.

The orienting responses of cats S and M to skin pinch,
muscle squeeze, and tactile stimuli caudal to the lesion
were not significantly affected. However, both cats gave
significantly (16 < x> <19; P < < .01) fewer responses to
hindlimb pinprick (cat M, 26% of 19 stimuli; cat S, 49% of
57 stimuli) than to forelimb pinprick (cat M, 95% of 22
stimuli; cat S, 92% of 38 stimuli).
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Fig. 4. Location and extent of partial transections of thoracic spinal cord.
Animal identification shown at upper left of sections from cats with ventral
lesions (top) and dorsal lesions (bottom). Each panel except P shows, above,
a Weil-stained parasagittal section through the lesion and, below, a coronal
section taken within 1.0 to 1.5 cm of the lesion. Arrows mark edge of lesion
on coronal sections. Extensive ventral lesions with complete (C) and partial
(W) sparing of the dorsal funiculi are shown in sagittal Weil sections and in
the gliosis of rostral coronal Nissl-stained sections (C and W). Panel P shows
rostral coronal section only (see Materials and Methods) showing extensive

Thermal stimulation of the hindlimb revealed that cat M,
with the least extensive dorsal lesion, gave significantly
fewer interrupt and movement responses to hindlimb as
compared to rostral stimuli. In contrast, cats S and L, with
lesions extending ventrally within the dorsolateral funicu-
lus, showed an increased probability of movement (cat S)
and interrupt (cat L) responses. The interrupt responses of
cat S also showed a significant postoperative increase to
57°C stimuli. Cat L. showed a reduced movement response
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gliosis involving entire spinal cord ventral to the dorsal funiculi and tracts
of Lissauer (Nissl stain above) and preservation of myelin staining within
the dorsal funiculi (Weil stain below). Dorsal funiculi were completely sev-
ered in cats M and S (sagittal sections); extension of lesion into dorsolateral
funiculi is shown by reduced myelin staining in Weil (M) and gliosis in Nissl
(S) coronal sections caudal to the lesion. In cat L, bilateral dorsolateral
lesions spared most dorsal funicular fibers but caused reduced myelin stain-
ing in the dorsolateral funiculi as shown in the Weil-stained coronal section
rostral to the lesion.

to 51°C stimuli. Figure 8 summarizes, for coincident stim-
uli, the major differences in the response profiles of the cats
with dorsal lesions. These findings, and those reported be-
low, are based on an average of 80 + 28 (SD) coincident and
32 + 15 (SD) noncoincident preoperative or above-lesion
stimuli and an average of 90 + 11 (SD) coincident and 35
+ 12 (SD) noncoincident postoperative or below-lesion stim-
uli delivered at each temperature to each of these three
cats.
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Fig. 5. Profiles of interrupt (left) and movement (right) responses to
coincident thermal stimuli. Responses to stimuli delivered preoperatively
to hindlimbs (cats C and P) or rostral to the lesion (cat W) are indicated by
open triangles. Filled circles indicate responses to hindlimb stimuli deliv-
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(left) then rostral (right), to the thoracic spinal cord lesion. Reduced responsiveness to caudal stimuli is not
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Response thresholds of cat M were unchanged (interrupt)
or increased (movement). Cats L and S both showed de-
creased interrupt thresholds postoperatively. There were no
significant changes or differences in response latencies or
laterality of any of the behaviors for any cat. No trends
toward decreased or increased responsiveness could be de-
tected by plotting response probabilities in sequential 3-day
blocks for each cat. Furthermore, cat M showed reduced
responses to hindlimb stimuli that were tested before test-
ing rostral to the lesion.

All three cats with dorsal spinal lesions showed food-
induced modulation of interrupt responses to hindlimb
stimuli. Figure 9 shows examples of the persistent response
suppression in these cats. Cat L showed no modulation of
movement responses during preoperative testing, so there
is no information about the effect of the lesion on that
response. However, cats S and M modulated both move-
ment and interrupt responses to hindlimb stimuli.

Effect of the lesions on tissue concentrations of
neurotransmitter

The concentrations of 5HT and NE in sections of the
cervical and lumbar spinal cord were determined for seven
normal unoperated cats and for each of the cats with partial
lesions of the thoracic spinal cord. The results shown in
Table 1 reveal a significant drop, compared to the unoper-
ated control cats, in lumbar spinal cord 5HT concentrations
only in the three cats with ventral lesions. There is also a
highly significant decrease in lumbar spinal cord NE in the
cats with ventral lesions and a smaller, but statistically
significant, decrease in lumbar NE in the two cats with the
larger dorsal lesions.

Because these are matched samples of lumbar and cervi-
cal spinal cord from each cat, it is appropriate to consider
the difference between the 5HT and NE concentrations at
lumbar and cervical segments in each cat. The results,
shown in Figure 10, reveal that both dorsal and ventral
lesions produce significant lumbar-cervical differences in
NE concentrations while significantly reduced lumbar 5HT
concentrations are seen only after ventral or the most ex-
tensive dorsal (cat S) lesions.

DISCUSSION
Interpretation of the results

We have presented evidence elsewhere (Casey and Mor-
row, '83) that the thermally elicited nocifensive behaviors
we monitored are unlearned, nonreflexive responses that
are evoked by activity in cutaneous C and, possibly, Aé
afferent fibers (Li et al., ’85). We now offer the interpreta-
tion that the results of the experiments reported here are
due to the effect of lesions of spinal sensory, rather than
motor, systems mediating these behaviors. This is shown
using Figure 11, which illustrates schematically the effect
of thoracic spinal cord lesions on several types of supra-
spinal or suprasegmental ascending and descending
systems.

In all cats, voluntary motor pathways (1, Fig. 11) to lum-
bosacral motor mechanisms were completely (cats C, W,
and P) or partially (cats S, L. and possibly M) destroyed.
This interfered to varying degrees with the execution of
voluntary lumbosacral movement (M, Fig. 11) but should
have had little or no effect on voluntary movement or
interrupt responses that are executed at cervical and lower
brainstem levels (I, M, Fig. 11). Consequently, changes in
the probability of these responses cannot be attributed to
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Fig. 7. Food-induced suppression of interrupt (cats C and W) and move-
ment (cat P) responses computed as in Figure 4. Asterisks show modulation
of responses to stimuli delivered preoperatively to the hindlimbs (cats C and
P) or rostral to the lesion (cat W). Open circles show modulation of responses
to hindlimb stimuli caudal to the lesion (crosshatch in diagrams). Stars
indicate that (Pc-Pn) exceeds the 95% confidence limits of the % responses
to both coincident and noncoincident stimuli.

TABLE 1. Concentration (ng/g tissue) of Serotonin and Norepinephrine in
Cervical and Lumbar Segments of Whole Spinal Cord of Cats

Serotonin Norepinephrine
Cat Cervical Lumbar Cervical Lumbar
Control’ 530 + 76 764 + 106 124 + 12 183 + 17
N=17
C 363 144* 91 25%*
W 532 49* 120 16**
P 437 48* 105 8**
M 237 357 116 91
S 516 375 83 73*
L 345 310 73 63*

1Control values expressed as mean + SE of seven cats.
* = > ~2 SD from control mean concentration in lumbar segment.
*#* = > —3 SD from conirol mean concentration in lumbar segment.
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Fig. 8. Profiles of interrupt (left) and movement (right) responses to coincident thermal stimuli. Conventions
same as in Figure 6. Cat M tested first caudal, then rostral to the lesion; cats § and L tested on hindlimbs only.
In this figure, all profiles show preserved responses to noxious thermal stimuli delivered caudal to the lesion.
Note increased interrupt and movement responses of cat S and interrupt responses of cat L.

motor deficits. This conclusion is supported by the lack of
response latency changes after the lesions. The persistence
of movement responses is attributable to the fact that they
may be executed by cervical and supraspinal motor sys-
tems. We did not see thermally evoked movement responses
due to segmental reflexes (dashed lines, Fig. 11) in the cat
with a total transection of the thoracic spinal cord.

Interruption of ascending nociceptive sensory activity (3,
Fig. 11) usually produces reduced nocifensive responses, as
in most of these cats. It is also possible that lesions of
ascending pathways could produce hyperresponsiveness by
disinhibiting rostral motor responses. We cannot com-
pletely rule out the possibility that the increased movement
responsiveness of cat S was due to a partial lesion that
disinhibited a segmental reflex (2, Fig. 11}, but the interpre-
tation that the increased movement responsiveness reflects
changes in sensory activity is supported by the observation
of concurrent increases in rostrally organized interrupt re-
sponses (cats S and L) and the stability of response latency.
Thus, hyperresponsiveness (cats S and L) is probably due to
the interruption of a tonic descending sensory inhibition (T,
4, Fig. 11).

The tonic suppressive influence is clearly distinguishable
from the phasic, food-induced modulation (P, Fig. 11) be-
cause the phasic modulation survives lesions that remove

the tonic inhibition. Indeed, the phasic modulation survives
lesions that spare only the dorsal funiculi (cat P), suggest-
ing that this form of modulation is organized primarily at
supraspinal levels. The reduced modulation seen in cat P
may be due to the destruction of ascending or descending
pathways.

QOur results are attributable to the destruction or sparing
of conducting pathways within spinal cord white matter
rather than multisynaptic transmission within gray matter
as reported by Karplus and Kreidl ('14) for the cat, Breazile
and Kitchell (°68) for the pig, and Basbaum ('73) for the rat.
Our large, bilateral lesions destroyed all or nearly all of the
spinal cord gray matter at the lesion site in all but two cats
(L and M), and the response changes observed in those two
subjects must be attributable to white matter damage be-
cause all gray matter was spared.

Given the above arguments, we conclude that fibers as-
cending in either dorsal or ventral spinal funiculi are suffi-
cient to elicit nonreflexive nocifensive behavior because
lesions that spared fibers in either half of the spinal cord
preserved such responses. Our results suggest that supra-
spinal nocifensive responses can be activated via the dorsal
columns alone (cat P), but whether dorsolateral funicular
pathways are sufficient cannot be determined from this
study.



NOCIFENSIVE RESPONSES OF CATS

14

0.6+
0.4+
0.2+ L

_0_ __________________________________________________

- Pn

-0.6 *
~0.8 *
% o 51 53 s 57 ég
TEMPERATURE (9C)

Fig. 9. Food-induced suppression of interrupt (cats L and S) and move-
ment (cat M) responses computed as in Figures 3 and 7. Conventions same
as in Figure 7. Cat M tested rostral and caudal to the lesion; cats S and L
tested on hindlimbs only.

Both dorsal and ventral pathways are necessary to main-
tain normal responsiveness because response probability
was significantly reduced after lesions involving either half
of the spinal cord. The results of testing with tactile and
noxious mechanical stimuli suggest that mechanical as well
as thermal nocifensive mechanisms were affected by the
lesions. However, in the mechanical stimulation tests, a
loss of localizing and orienting capacity rather than a spe-
cific loss of nocifensive responsiveness cannot be ruled out
(Levitt and Levitt, ’68; Frommer et al., *77).
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Ascending pathways: Comparison with other
studies in cat

Kennard’s conclusion that “the transmission of painful
stimuli in the cat is chiefly via dorsolateral pathways”
(Kennard, ’54, p. 523) became especially salient because of
the subsequent finding that neurons with axons ascending
in the dorsal columns (Uddenberg, *68; Angaut-Petit, '75;
Brown et al., ’83; Lu et al., ’83) or dorsolateral funiculus
(Lundberg and Oscarsson, ’61; Brown and Franz, ’69; Brown
et al., ’75; Kniffki et al., *77) respond differentially or exclu-
sively to noxious stimuli. Jones et al. ('85) and Hylden et
al. (86) have recently demonstrated, in the cat, dorsolateral
spinothalamic and spinomesencephalic pathways originat-
ing primarily from dorsal horn neurons of lamina I, which
is known to include a significant proportion of cells respond-
ing exclusively to noxious stimuli (Christensen and Perl,
"70; Craig and Kniffki, '85). Our results strongly support
the speculation that dorsolateral ascending pathways con-
tribute to the initiation of supraspinal nocifensive behav-
lors in the cat. The results obtained from cat P further
suggest that fibers within the dorsal columns may be suffi-
cient. Recent evidence that 29% of the primary afferent
axons in the cat dorsal columns are unmyelinated (Chung
and Coggeshall, ’85) lends support to this speculation.

The function of dorsal nociceptive pathways remains to
be determined. Qur experiments required only the activa-
tion of a supraspinally organized nocifensive behavior,
which could possibly be initiated by any pathway carrying
nociceptive information. The prominent somatotopic orga-
nization of the dorsal funiculus and the observations of
Levitt and Levitt (68) suggest that dorsal nociceptive path-
ways might be important in orienting nocifensive responses
towards the locus of stimulation (see also Dennis and Mel-
zack, "77).

To the best of our knowledge, Kennard’s ('54) is the only
other behavioral study of the effect of ventral spinal cord
tractotomies on nocifensive responses in the cat. She found
no evidence for a pain-related sensory deficit in three cats
with unilateral or two cats with bilateral ventral lesions.
The extent of the lesions was not given, but in contrast
with our results, none of Kennard’s cats with ventral le-
sions had bladder disturbance; only one cat had a motor
deficit, and that was unilateral. It is reasonable to assume,
then, that our ventral lesions were more extensive than
those produced by Kennard. Whether smaller ventral cor-
dotomies would also attenuate nocifensive responses is not
known. Nonetheless, there is agreement that ventral path-
ways are sufficient to maintain nocifensive responses be-
cause Kennard ('54) observed either a recovery or only a
partial loss of pain-related responses in cats with bilateral
dorsal lesions. These behavioral findings are also in accord
with physiological studies of cats showing the transmission
of nociceptive input via the ventral funiculi to the medul-
lary (Casey, '69; Fields et al., *70, *75) and mesencephalic
reticular formation (Yezierski and Schwartz, ’86) and to the
thalamus (Holloway et al., 78).

Ascending pathways: Comparison with studies in
other species

Our results are consistent with studies indicating that, in
other mammalian species, impulses ascending in both dor-
sal and ventral spinal cord pathways contribute to the
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initiation of supraspinal nocifensive behavior in animals
and to pain in humans. Breazile and Kitchell (68) found
that bilateral ventral lesions that spared only the dorsal
and dorsolateral funiculi of the thoracic spinal cord pre-
served autonomic and electroencephalographic arousal re-
sponses to presumably noxious mechanical and thermal
(46-48°C) stimulation of the hindlimbs of the lightly anes-
thetized pig. These responses were eliminated by more ex-
tensive ventral lesions that spared only the dorsal columns.
Vierck and Luck (79) have shown that, in the monkey,
bilateral ventral quadrant lesions of the thoracic spinal
cord attenuate, but do not eliminate, upper limb operant
escape responses to noxious electrical stimulation of the
hindlimbs. Vierck et al. (71) also demonstrated an atten-
uation of escape responses following dorsal column lesions
in monkeys.

5HT and NE concentrations exceed that in the whole cervical spinal cord.
Other differences refer to samples taken from cats identified by letter and
lesion diagrams below each bar. Sample values lower than the average of
the control sample by more than 2 SD are marked by one asterisk; by more
than 3 SD, by two asterisks; by more than 4 SD, by three asterisks.

In reviewing the clinical and anatomical data from 80
patients with ventrolateral spinal tractotomies, Nathan and
Smith (79) confirm that ventral ascending spinal cord path-
ways are necessary to maintain normal pain sensation in
humans (see also Noordenbos and Wall, ’76), but these
authors also cite cases (Nathan, ’56, ’63) in which noxious
stimuli, delivered caudal to a lesion that spares only the
dorsal third of the spinal cord, elicit a burning pain referred
rostrally to normally innervated areas. In an unusual case
of amyotrophic lateral sclerosis in which only the dorsal
columns were spared, pinprick sensation was reduced but
preserved even though the anterolateral funiculi were al-
most completely destroyed (Scully et al., ’79). Sweet (cited
in Kerr and Casey, 78, pp. 149-150) has also presented
clinical and anatomical evidence (Moosy et al., '67) that
dorsal spinal cord pathways contribute to pain sensation in
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humans. In a recent extensive review of the function of
dorsal spinal pathways in humans, Nathan et al. ('86) pres-
ent evidence that dorsal column lesions may produce spon-
taneous pain, an increase or decrease in pain threshold,
and an exaggeration of painful and thermal sensations. The
authors also present evidence that lesions of the human
dorsolateral funiculus alone produce no sensory deficits or
abnormal responses to various innocuous stimuli, but tests
for pain in these cases are not mentioned.

Modulating influences

Pavlov ('27) demonstrated, in classical conditioning exper-
iments, that the presentation of food could eliminate the
natural nocifensive responses of dogs to noxious stimuli.
We have suggested (Interpretation of Results) that phasic,
food-induced modulation may be primarily organized and
executed at supraspinal levels because it survives extensive
lesions that spare only the dorsal funiculi.

The neural mechanisms that tonically control responsive-
ness are clearly distinct from those subserving the phasic,
food-induced modulation, which persists during hyperre-
sponsiveness (cats L and 8). Because of the abundant evi-
dence for a descending sensory control system in the dorso-
lateral funiculus (Basbaum, '78), it is reasonable to attribute
the hyperresponsiveness to the interruption of such a path-
way in the cat (Soja and Sinclair, '83). It is known that
anatomically and neurochemically distinct groups of neu-
rons from the midbrain through the medulla can modulate
the transmission of nociceptive and other somatososensory
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Fig. 11. Diagram of ascending and descending spinal systems that are
pertinent to the interpretation of results. Thoracic spinal cord lesion may
impair voluntary motor activation (1) by noxious stimuli (N) of movement
responses (M) executed at the lumbosacral level but should not affect inter-
rupt (I) or movement responses executed at cervical or lower brainstem
levels. Destruction of an excitatory ascending nociceptive pathway (3), how-
ever, would reduce both types of nocifensive responses. Removing descend-
ing inhibition (2) of a segmental nocifensive reflex (dashed line) could
produce increased lumbosacral movement responses, but this would not
increase more rostrally organized interrupt behavior. Increased responsive-
ness following deep dorsolateral lesions is therefore probably due to removal
of a tonic (T) sensory inhibitory mechanism, which may be mediated by
monoaminergic transmitters. Phasic (P) food-induced modulation is inde-
pendent of the tonic system and may be entirely supraspinal. See Discussion
(Interpretation of Results) for more detailed explanation.
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information via axons descending primarily within the dor-
solateral funiculus (for review see Mayer and Price, ’76;
Messing and Lytle, ’77; Basbaum and Fields, ’78; Basbaum,
’82; Duggan, '82; Willis, ’82; Vierck et al., ’83). Most studies
have used spinal segmental reflexive responses in rodents
to assess the degree of presumed analgesia induced by
direct electrical or chemical stimulation within the brain
or induced by exposing the subject to various stressful stim-
uli. These reflexive measures of nociceptive activity are
often unrelated to nonreflexive and operant nocifensive
responses (Dennis et al., ’80; Vierck et al., ’83; Fasmer et
al., ’85; Jensen and Yaksh, ’86). Nathan et al. ('86) did not
state whether there were any changes in pain sensation or
reactivity in humans with dorsolateral funicular lesions.
Nonetheless, our results are consistent with the accumu-
lated evidence for a descending nociceptive inhibitory sys-
tem in the rodent dorsolateral funiculus and with the
observations that lesions within the dorsolateral funiculus
are associated with a significant reduction of the tailflick
latency in cats (Hayes et al., ’84) and an increased reaction

to noxious electrical stimuli in the monkey (Vierck et al.,
71).

Neurochemical ehanges: Relation to behavior

The values of lumbar 5HT concentration we obtained
before and after thoracic spinal cord lesions are in close
agreement with similar measurements from whole spinal
cord segments in the cat (Clineschmidt et al., ’71). Qur
measurements of both cervical and lumbar 5HT and NE
are also in accord with previous results obtained from rat,
rabbit, and cat when differences among species and be-
tween whole cord and separate gray and white matter mea-
surements are considered (Magnusson, '73; Zivin et al., "75;
Oliveras et al., "77; Fleetwood-Walker and Coote, ’81; Vasko
et al., '84; Pang and Vasko, ’86). The spinal cord concentra-
tion of NE, but not of 5HT, reported for the rat by Janss et
al. (87) appears to be significantly higher than the value
we obtained for the cat.

Our finding that lumbar spinal cord levels of both 5HT
and NE in whole spinal cord sections are normally slightly
higher than cervical levels is in agreement with the data
obtained by others for the rat (Magnusson, 73; Zivin et al.,
'75; Vasko et al., ’84). Similarly, the marked drop in the
levels of both of those neurotransmitters caudal to large
spinal cord lesions is to be expected (Clineschmidt et al.,
"71; Magnusson, ’73). Significant reductions in 5HT concen-
trations, however, were observed only after ventral lesions
or large dorsal lesions that extended ventrally (cat S). The
less extensive dorsal lesions produced a modest drop in
lumbar NE concentrations but were not sufficient to affect
lumbar 5HT levels significantly. These findings are consis-
tent with the observation that monoamine-containing ax-
ons descend via both dorsal and ventral funiculi (Bjérklund
and Skagerberg, '82; Stevens et al., '85). However, our re-
sults may not reflect selective changes in neurotransmitter
concentration in the dorsal or ventral gray matter.

Significant reductions of lumbar spinal cord concentra-
tions of both 5HT and NE were found in cats with preserved
food-induced phasic modulation. The lack of relationship
between spinal cord 5HT and NE levels and food-induced
supression of responsiveness is not surprising if this phasic
form of modulation is executed primarily or entirely at a
supraspinal level, as our evidence suggests.

The dorsolateral lesions that produced hyperresponsive-
ness (cats L and S) also resulted in a significant drop in
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lumbar NE concentrations compared to control samples
(Table 1) and in a reversal of the normal control lumbar:
cervical ratios of both NE and 5HT (Fig. 10). It is possible,
then, that the interruption of the dorsal descending mono-
amine pathways, when combined with the sparing of most
ascending ventral fibers, is sufficient to produce hyperre-
sponsiveness to noxious stimuli. The selective sparing of
dorsal and dorsolateral ascending pathways, however, may
be sufficient only to maintain reduced nocifensive re-
sponses even though large ventral lesions have interrupted
descending inhibitory 5HT and NE pathways. These hy-
potheses are in accord with the results of recent experi-
ments (Mokha et al., ’85; Aimone and Gebhart, ’87; Janss
et al., '87) and with current theories of monoamine-me-
diated descending analgesia mechanisms (Messing and Ly-
tle, "77; Basbaum and Fields, ’78; Yaksh and Hammond,
’82; Dubner and Bennett, ’83) but require additional exper-
imental tests for verification.
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