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The effect of antinociceptive doses of cocaine (25 mg/kg, i.p.) on unit responses to noxious somatic stimuli and spontaneous activity of
antidromically identified projection neurons in the medial medullary reticular formation (MRF) was studied in the rat. Thirty-three
antidromically activated neurons were recorded from the medullary raphe, gigantocellular, or paragigantocellular nuclei in an acute
anaesthetized preparation; 25 cells projected to the spinal cord and 8 neurons had rostral projections through the medial forebrain bundle (n
= 4) or to the medial thalamus (n = 4). After cocaine administration, 24 (73%) of these cells showed immediate (< 5 min) and prolonged
(45-70 min) increases in their level of spontaneous activity. Associated with this increased interstimulus activity, 21 of 29 (72%) neurons
responsive to noxious somatic stimulation reduced their responsiveness, relative to prestimulus activity, after cocaine administration. In 5
animals tested, the cocaine-induced changes in spontaneous activity and changes in evoked responsiveness were unaffected by naloxone (1
mg/kg, i.p.) but partially reversed within 5 min of the administration of chlorpromazine (3 mg/kg, i.p.). There were no obvious differences
in neuronal response characteristics or the effect of cocaine that correlated with anatomical location or direction of axonal projection. Similar
results were aobtained while recording from 14 somatically responsive units in chronic, unrestrained, lightly anesthetized or awake rats. These
findings provide direct evidence that cocaine, in doses that are antinociceptive for the rat, affects both unit responses to noxious stimuli and
the spontaneous activity of caudally and rostrally projecting bulboreticular neurons over a time course that parallels the behavioral
antinociception. The observation that unit responses to somatic stimuli were reduced while spontaneous activity was unchanged or increased
in most cells suggests that cocaine antinociception may be due to the activation of sensory inhibitory mechanisms mediated by the MRF.

INTRODUCTION

Three short reports, published at the turn of the
century, described general analgesia produced by the
systemic administration of cocaine to dogs'’?® and a
human subject’>. Later studies further suggested that
cocaine has antinociceptive®® and opiate potentiating
effects??. Recently, this laboratory demonstrated that
systemically administered cocaine is a rapidly acting (< 5
min), non-sedative, central analgesic in the rat®® as
measured by the hot-plate and the formalin test. As
assessed using the formalin test, reduction in pain
behavior was shown to be complete and sustained for
more than 1 h. The antinociceptive action is not revers-
ible with naloxone, is blocked by dopamine receptor
antagonists, and appears to be independent of cardio-
vascular or local anesthetic effects of the compound®.

The CNS mechanisms mediating cocaine-induced anti-
nociception are not known. Recent experiments have
shown that antinociceptive doses of cocaine do not
suppress nociceptive primary afferent fibers or a spinal

nociceptive reflex®®. Bowsher et al.* proposed that
brainstem reticular neurons coextensive with the nucleus
gigantocellularis (Gi) form a relay for nociceptive trans-
mission between the spinal cord and medial thalamic
structures. Indeed, many studies have documented
evoked activity of bulboreticular neurons to noxious
stimuli®’#2432_ Thus, cocaine-induced antinociception
could be associated with a decrease in the nociceptive
responses of rostrally projecting medial bulboreticular
neurons or an increase in the activity of bulbospinal
neurons that suppress the rostral transmission of noci-
ceptive activity’. In the current study, we wished to
determine the effect of antinociceptive doses of cocaine
on the responses to somatic stimuli of medial medullary
reticular formation (MRF) neurons with antidromically
identified spinal or diencephalic projections.

MATERIALS AND METHODS
Acute preparation

Thirty-five adult, male Sprague-Dawley rats (250-375 g) were
anesthetized with chloral hydrate (400 mg/kg, i.p.) and a tracheal
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cannula was inserted. Supplemental doses of chloral hydrate (100
mg/kg, i.p.) were given at regular intervals. Animals were paralyzed
(Gallamine triethiodide, 55 mg/kg i.p.) and artificially respirated
(T.V. 5 ml; R.R. 16-20 bpm). End-tidal CO, was continuously
monitored and maintained between 3.5 and 4.5%. A feedback
controlled heating pad kept the rectal temperature between 36.5 and
38.5 °C. Peripheral vascularization was checked by observing the
color of the ears, paws and tail. The level of anesthesia was
monitored by observing somatic and autonomic (i.e., heart rate,
increase in end-tidal CO, and pupillary dilatation) responses to a
noxious pinch sufficient to evoke flexion reflex in lightly anesthe-
tized and awake animals.

Animals were placed in a spinal stereotaxic frame (Kopf)
according to the atlas of Paxinos and Watson®. In 30 animals, a
laminectomy was performed at the level of vertebrae T,,-L,, the
dura removed, and a pool of skin was formed and filled with warm
mineral oil. A pair of stainless-steel stimulating electrodes was
placed bilaterally in the dorsal lateral funiculi of the spinal cord. In
these and 5 additional animals, the skull was exposed and 4 holes
were drilled for placement of a recording electrode, a reference
electrode, and two Teflon-coated, twisted bipolar stimulating
electrodes. The latter were aimed bilaterally at the medial forebrain
bundle (MFB coordinates: A 6.44 mm, L * 2.0 mm, D 1.6 mm; 22
animals) or at the medial thalamic nucleus parafascicularis (PF
coordinates: A 4.8 mm, L + 1.2 mm, D 4.0 mm; 13 animals).

Unit activity was recorded extracellularly with Epoxylite-coated
stainless-steel microelectrodes (tip impedance 8-20 M at 100 Hz;
coordinates: P 2.6 mm, L 0.0 mm, D * 0.5 mm) then amplified and
filtered using standard techniques. Action potentials from single
neurons were isolated using a spike window discriminator; the
triggered pulse output, along with digitized outputs from all
stimulating devices were fed to the inputs of a minicomputer system.
Stimuli included transcutaneous electrical (5-10 mA, 5 ms duration,
0.2-0.4 Hz), peripheral mechanical (toothed forceps, Von Frey
hairs, and airpuff) and orthodromic or antidromic CNS electrical
stimuli (spinal cord, diencephalon and MFB; 0.1-4.0 mA, 0.1 ms,
0.2-0.4 Hz).

During the search for neurons, the recording electrode was
advanced with a microdrive while the lumbar cord was stimulated
(0.1 ms square pulse, 0.4-4 mA, 0.2-0.4 Hz). The rostral pair of
stimulating electrodes ipsilateral to the recording electrode was also
activated (0.1 ms, 0.1-1.5 mA, 0.25 Hz) and peripheral stimuli were
delivered to the body with each 100 um movement of the recording
electrode. We were thus able to locate and test those units that were
not spontaneously active or were lacking an evoked response.
Neurons were tested for antidromic activation by the collision
method" as shown in Fig. 1 and fully characterized with respect to
adequate stimuli, stimulus response and receptive field. The effect
of cocaine was studied only when neurons had an antidromically
identified projection.

Computer software developed in this laboratory was used for the
acquisition, storage and analysis of all unit and stimulation data. In
addition to compiling single trial or normalized, multiple-trial,
peri-stimulus time histograms (PSTHs), the program computes
statistical parameters that characterize each PSTH. Relative stim-
ulus evoked responses were computed as the difference between the
area of the histogram during the response period and the area of the
histogram during an equivalent time segment of the prestimulus
period.

Once a neuron was selected, normalized PSTHs were generated
from multiple trials of constant intensity somatic stimuli. Histograms
of spontaneous unit activity were also generated. Cocaine-HCl was
then administered at a dose of 25 mg/kg i.p. in sterile saline. This
dose produces antinociception in behavioral studies?. Multiple-trial
PSTHs and histograms of spontaneous activity were again gener-
ated, at regular intervals, for up to 90 min after cocaine adminis-
tration for comparison with pre-cocaine controls. In some experi-
ments, naloxone (1 mg/kg, i.p.) and chlorpromazine (3 mg/kg, i.p.)
were given, in saline vehicle, 15 and 40 min after cocaine,
respectively. In one experiment, neuronal responsiveness to noxious
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electrical forepaw shock was tested at various time intervals after an
antidromic conditioning train stimulus (6 pulses, 20 ms duration, 250
Hz) was delivered to the spinal cord. After testing was completed
(approx. 1.3 hours) electrolytic lesions (35-50 A DC current for 20
s) were made at recording and stimulation sites for histological
verification. The animals were given an anesthetic overdose and
perfused with 10% formalin; 60 um sections were stained with
Cresyl violet and all structures were identified as labeled in the atlas
of Paxinos and Watson®,

Chronic preparation

Four chronic recording animals were prepared as described
previously”®. During surgery, a chronic recording mount was
positioned stereotaxically above the MRF (P 2.6 mm, ML 0.0 mm)
and cemented to the skull. Stimulating electrodes were placed
bilaterally in the MFB (A 6.44 mm, ML 2.0 mm) or the medial
thalamic CM-PF complex (A 4.84 mm, ML 1.4 mm) for antidromic
stimulation. Animals were allowed 2 weeks to recover before
recording was initiated. Before a recording session, chloral hydrate
(320 mg/kg, i.p.) was administered and an Epoxylite-coated stain-
less-steel electrode was inserted to a depth 1-2 mm above the dorsal
MRF. Recording was differential relative to a reference electrode
implanted in frontal cortex at the time of surgery. The electrode was
connected to the amplifier via a mercury commutator (Dragonfly
Industries) mounted above the recording chamber to minimize cable
and movement artifacts. At the time of neuronal testing, all animals
exhibited a robust flexion reflex to hindpaw pinch. Unit recording,
stimulation, and data analysis were conducted as described
above.
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Fig. 1. Medial bulboreticular neuron antidromically activated from
the lumbar spinal cord. Upper left: 3 traces superimposed showing
latency variation of < 0.2 ms (small arrow = stimulus artifact).
Upper right: single trace showing disappearance of antidromic spike
(large arrow) after collision with spontaneous orthodromic spike.
Bottom: twin pulse stimulation (isi = 2.2 ms) demonstrating high
frequency following. Vertical bar = 100 x4V, horizontal bar = 1 ms.
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RESULTS

Acute preparation

Two-hundred and seventy-four MRF neurons were
characterized with respect to adequate stimulus and
receptive field and were tested for antidromic activation.
Units responded primarily to noxious stimuli and dem-
onstrated large, often bilateral, receptive fields that
typically covered one or more limbs. Thirty-three of
these neurons could be antidromically activated and were
tested with cocaine. Only a single neuron per animal was
completely studied because of the uncertainty about the
duration of the effect of the intraperitoneally adminis-
tered drugs. Twenty-five of these neurons were antidro-
mically activated from the lumbar cord, 4 were driven
from the MFB and 4 from the medial thalamus. Lesions
at recording sites were histologically verified in 30
animals and were confined to the medial aspect of the
reticular formation near the pontomedullary junction
(Fig. 2). Rostral stimulating electrode placements were
verified in all cases; medial thalamic structures stimulated
were nucleus parafascicularis (2 animals) and centralis
lateralis (2 animals). No obvious anatomical segregation
of MRF neurons correlated with the direction of axonal
projection.

Within 5 min of cocaine administration, 73% (24/33) of
the neurons showed a marked increase and 12% (4/33)
showed no change in the level of spontaneous activity
(Fig. 3). Seventy-two percent (18/25) of the spinally
projecting neurons showed increases in spontaneous
activity after cocaine, whereas 75% (6/8) of the sponta-
neously active rostral projection neurons increased their
level of activity. Before cocaine administration, caudally
projecting neurons demonstrated an average spontane-
ous firing rate of 5.5 Hz (range: 0.25-14 Hz). Increases
in spontaneous activity for caudally projecting neurons
averaged 21 Hz (1600%), with post-cocaine rates ranging
from 0.35 to 104 Hz. Four caudally projecting neurons
decreased their spontaneous firing rate after cocaine from
an average of 12 Hz (range; 3-26 Hz) to 5 Hz (range;
0.4-14 Hz). Rostrally projecting neurons demonstrated
an average spontaneous firing rate of 0.55 Hz (range;
0.1-1 Hz) before cocaine administration. The 4 cells
antidromically activated from the MFB showed an
average increase of 14 Hz (range; 2-30 Hz) after cocaine,
whereas only two cells projecting to the medial thalamus
showed increases in spontaneous activity of 8 and 2.3 Hz.
Of the remaining two neurons projecting to the medial
thalamus, one showed no spontaneous firing before or
after cocaine whereas the other demonstrated a decrease
of 0.05 Hz (11%) in spontaneous activity after cocaine
administration. All values were computed from the
maximal changes in activity. The changes in spontaneous

activity were of durations ranging from 45 to 70 min. Fig.
4 shows an example of the magnitude and timing of
observed increases in spontaneous firing rate for both
rostrally and caudally projecting units. The neuron in
Fig. 4A was antidromically activated from the ipsilateral
MFB; the neuron in Fig. 4B from the lumbar spinal cord.
The neuron in Fig. 4A also shows a strong bursting
pattern that emerges after cocaine administration; this
was observed during the study of one other rostrally
projecting neuron.

Twenty-nine neurons demonstrated responses to so-
matic stimuli before cocaine administration. Nearly all
(28/29) of the neurons responded exclusively or differen-
tially to pinching of the skin with toothed forceps; many
(2329) also responded to high intensity transcutaneous
electrical stimulation. A small proportion (5/29) of the
neurons discharged to innocuous as well as noxious
stimuli. Only one neuron responded exclusively to
innocuous stimulation (hair movement).

Fig. 2. Anatomical distribution of recorded sites. A and B represent
composite coronal sections through the medullary brainstem (mod-
ified from Paxinos and Watson®%). A is 0.8 mm caudal to B. MRF
projection neurons from acute animals are plotted on the right;
those recorded in the chronic preparation are on the left. Spinally
projecting cells are indicated with filied circles, while neurons with
ascending projections are subdivided into those projecting to medial
thalamus (open rectangles) or through the medial forebrain bundle
(open triangle). Open circles represent location of cells recorded in
chronic animals. PY, pyramidal tract; sp5, spinal trigeminal nucleus;
VI, abducens nucleus; VII, facial nucleus; gVII, genu of facial
nerve; Gi, nucleus gigantocellularis; DPGi, dorsal nucleus para-
gigantocellularis; RMg, nucleus raphe magnus.



Excitatory responses to somatic stimuli were elicited
from 24 neurons. Neurons with sufficient background
firing rates could show additional inhibitory responses to
stimulation (4 neurons) or inhibitory components of a
biphasic (excitatory and inhibitory) response (6 neurons).
Only one of the neurons with a biphasic response
projected rostrally to the thalamus. In 3 cases, identical
stimuli delivered to different body regions elicited oppo-
site responses. Only a single neuron was found with a
purely inhibitory response to nociceptive stimulation.

The most frequently observed effect of cocaine on
neural discharge was to reduce unit excitatory responses
to somatic stimulation as compared with the prestimulus
(background) period. Relative responses were computed
as the difference in neuronal discharge between the area
of the histogram during the poststimulation period and
the area of the histogram during an equivalent time
segment of the prestimulus period. Relative responses to
stimuli after cocaine administration were reduced com-
pared to the responses before cocaine was given. This
relative response suppression was observed during the
study of 16/22 (73%) of the neurons that projected
caudally and 5/7 (71%) of neurons projecting rostrally
(Fig. 3). The average decrease in relative response was
65% (range: 17-100%) of pre-cocaine control levels for
caudally projecting cells and 81% (range: 33-100%) for
rostrally projecting neurons. Sixteen caudally projecting

Caudally Projecting

55% (18

Spontaneous SN2 3% (1)
Activity 3% (1)
N=33
( 18% (6)
9% (3)

12% (4) B increased

B® No Change
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Evoked 55% (16) 72)
Response

N=29

14% (4
7% (2)
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Fig. 3. Schematic summary of cocaine-dependent changes in
spontaneous activity (33 neurons) and unit responsiveness to
somatic stimuli (29 neurons) of MRF neurons projecting either to
the spinal cord or rostrally to the MFB or medial thalamus. The
majority of neurons (numbers shown in parentheses) showed
increased levels of spontaneous activity and a decrease in the
relative excitatory response to noxious stimuli after cocaine.
Percentages are computed with respect to cell totals in each row.
Number of neurons is indicated in parentheses. Solid rectangle =
increased activity or response; diagonal hatched rectangle =
flecreased activity or response; cross-hatched rectangle = no change
in activity or response.

Rostrally Projecting
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cells showed an average decrease of 55% (range: 22~
100%) in response levels, and 5 of the rostrally projecting
cells showed an average decrease of 45% (range: 4-
100%) in their absolute evoked response. Two caudally
projecting cells showed increased excitatory responses to
stimuli (75% and 34%); one of these increased sponta-
neous firing whereas the other showed no change in
background activity after cocaine. Fig. 5 shows examples
of relative response suppression for two rostrally projec-
ting neurons that responded to noxious mechanical
stimulation and one caudally projecting neuron with a
response to innocuous tactile stimulation. In each case,
multiple trial histograms were generated to identical
stimuli 5 min before (control) and 5 min after adminis-
tration of cocaine. In 5 animals, the effect of cocaine was
not antagonized by naloxone, but could be partially
reversed within 5 min of administration of the non-
selective dopamine receptor antagonist, chlorpromazine
(Fig. 6).

The finding that an increased spontaneous activity of
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Fig. 4. A: single-trial spontaneous activity histograms (top) of a
rostrally (MFB) projecting MRF neuron before and S min after
cocaine administration. Corresponding interspike interval histo-
grams are shown immediately below. Mean spike frequency
increased from 13.2 to 22.2 Hz after cocaine administration. Scale
bars: upper — vertical = 20 spikes, horizontal = 20s, binsize = 500
ms; lower — vertical = 60 spikes/interval, intervals = 1500. B:
single-trial histograms showing spontaneous activity of a caudally
projecting MRF neuron before and 5 min after cocaine. Mean spike
frequency significantly increased from 0.4 to 29.6 Hz. Vertical bar
= 5 spikes, horizontal bar = 15 s, binsize = 500 ms.
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MRF neurons produced decreased somatosensory re-
sponses relative to background activity suggested an
MRF-induced suppression of excitatory somatic inputs.
This possibility was tested in one experiment in which the
tetanic antidromic activation of an MRF cell was asso-
ciated with a suppression of responsiveness of that
neuron to a somatic stimulus. Fig. 7 demonstrates the
effect of a conditioning, antidromic, electrical train
stimulus of the spinal cord on an MRF neuronal response
to cutaneous stimulation. Shortening of the conditioning-
testing (C-T) interval to 10 ms results in complete
abolition of the unit response to the cutaneous stimulus
(Fig. 7C). The neuron became less responsive to the
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Fig. 5. Cocaine-induced increases in prestimulus activity (P < 0.01)
with simultaneous reduction of evoked excitatory respounses relative
to the prestimulus period. A: multiple-trial peri-stimulus time
histograms (PSTHs) for an MRF neuron responding to a single
ipsilateral earpinch (large arrow) and projecting through the MFB.
Vertical bar = 1 spike/stimulus, horizontal bar = 5 s, binsize = 100
ms, B: multi-trial PSTHs for an MRF neuron activated by noxious
pinch of the face (stimulus bar, 10 trials) and projecting to the
medial thalamus on the ipsilateral side. Vertical bar = 0.5
spikes/stimulus, horizontal bar = 1 s, binsize = 50 ms. C: response
of a spinally projecting MRF neuron to innocuous airpuff stimula-
tion (stimulus bar, 10 trials) before and 10 min after cocaine.
Prestimulus activity increased significantly from 0 to 15.6 Hz (p <
0.01) while the relative excitatory response was suppressed. Histo-
grams are normalized with respect to number of stimulus trials.
Vertical bar = 0.4 spikes/stimulus, horizontal bar = 1 s, binsize =
50 ms.

NALOXONE

Fig. 6. Response of a caudally projecting neuron to transcutaneous
electrical stimulation of the ipsilateral forepaw (10 mA, 5 ms, 0.20
Hz, 15-18 trials). Arrow designates stimulus artifact. A,B: cocaine
induced a significant increase (5 min) in prestimulus (background)
activity (+ = 17.4, P < 0.01) with a concomitant reduction in the
excitatory response relative to prestimulus activity. The increase in
prestimulus activity and reduction in evoked response were partially
reversed by chlorpromazine (D, 3 mg/kg, i.p.) but not by naloxone
(C, 1 mg/kg, i.p., these histograms were taken 15 (C) and 25 (D)
min after cocaine administration and 5 min after drug administra-
tion). All histograms are normalized with respect to the number of
stimulus trials. Vertical bar = 0.2 spikes/stimulus, horizontal bar =
100 ms.

cutaneous stimulus after cocaine injection (Fig. 7D)..
Cocaine also unmasked (enhanced) inhibitory unit
responses relative to prestimulus activity. Neurons that
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Fig. 7. Antidromic conditioning train (1.2 mA, 250 Hz, 6 stimuli)
produces post-tetanic inhibition of excitatory cutaneous inputs to an
MRF neuron. Arrows denote antidromic spikes elicited during
conditioning train; bars indicate artifact from electrical forepaw test
stimulus (15 V, 5 ms duration, 0.25 Hz). A: in the absence of a
conditioning antidromic train there is a robust response to electrical
cutaneous forepaw stimulus. Scale bars = 10 ms, 0.4 mV. B: 20 ms
after conditioning train of 6 antidromic spikes, forepaw test stimulus
continues to produce neuronal response. Scale bars = 20 ms, 0.4
mV. C: 10 ms after conditioning train, response to forepaw test
stimulus is abolished. Scale bars = 10 ms, 0.4 mV. D: decreased
response to forepaw test stimulus after cocaine. Scale bars = 10 ms,
0.4 mV.



Fig. 8. PSTHs of a caudally projecting MRF neuron showing either
an excitatory (A) or inhibitory response (B,C) to noxious earpinch
.(stimulus bar, 7-10 trials). Numbers indicate the time after cocaine
injection in minutes. Cocaine significantly increased prestimulus
activity at 5 (B) and 30 (C) min (P < 0.01) with a corresponding
relative reduction in the excitatory phase of the response. Concur-
rent with the relative suppression of excitatory activity, an inhibitory
phase of the unit response is unmasked. The excitatory response and
level of prestimulus activity began to recover 75 (D) min after
cocaine injection. All histograms are normalized for the number of
‘stimulus trials. Vertical bar = 2 spikes/stimulus, horizontal bar = 1
s, binsize = 50 ms.

demonstrated both excitatory and inhibitory responses to
noxious stimuli showed both effects of cocaine simulta-
neously; the inhibitory response became more apparent
while the relative excitatory response was reduced. Fig.
8 shows an example of a neuron that responds to noxious
pinch delivered anywhere on the body surface. Before
cocaine administration, an inhibitory response cannot be
detected because of the low level of prestimulus activity.
After cocaine administration, inhibition became apparent
as prestimulus activity increased and the excitatory
response disappeared. Similar effects were seen in 3
neurons with complex heterotopic responses. Fig. 9, for
example, shows a neuron that exhibited an excitatory
response to forepaw pinch and an inhibitory response to
pinching the face. Cocaine increased the level of spon-
taneous activity and decreased the relative excitatory
response while the inhibitory response became more
obvious. Naloxone did not reverse the effect of cocaine
on either response, but chlorpromazine reduced prestim-
ulus activity and partially restored the excitatory response
5 min after administration.

Chronic preparation

We considered that the increased spontaneous activity
we observed might be due to a cocaine-induced arousal
effect appearing against a background of deep chloral
hydrate anesthesia. In addition, we wished to examine
the possibility that nociceptive inputs from the stereotaxic
frame and surgical wound might, during a relatively
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aroused state, attenuate nociceptive responses by acti-
vating diffuse noxious inhibitory controls (DNICs)*.
Accordingly, 14 of 104 characterized cells were stimulus-
activated and tested with cocaine in 4 chronically pre-
pared animals. A minimum of one week was allowed
between cocaine administrations in multiply injected
animals. Nine units were recorded from rats lightly
anesthetized with chloral hydrate and allowed to recover
to a level at which flexion reflexes were easily elicited and
spontaneous movements appeared. The locomotor ef-
fects of cocaine made the routine use of unanesthetized
subjects impractical. Ninety-two percent (13/14) of the
neurons demonstrated an increase in spontaneous firing
rate within 5 min of cocaine administration. The average
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Fig. 9. PSTHs of a caudally projecting MRF neuron showing an
excitatory response to noxious pinch of the forepaws (A) and an
inhibitory response to pinch of the face (B). Each vertical series of
histograms shows evoked responsiveness before cocaine (CON), 5
min after cocaine (COC), 5 min after naloxone (NAL) and 5 min
after chlorpromazine (CPZ). Numbers refer to trials given and mean
prestimulus firing rate in Hz. Prestimulus activity is significantly
increased (P < 0.01) after cocaine; this effect is not reversed by
naloxone but the activity is reduced to control levels or below after
chlorpromazine. The relative excitatory response in column A is
suppressed after cocaine and naloxone but partially recovers after
chlorpromazine while the relative inhibitory response in B is
enhanced after cocaine and naloxone but not measurable after
chlorpromazine. The apparent difference between NAL (A) and
NAL (B) is that the vertical scale in column B is 0.5 spikes/stimulus,
half that of A. Horizontal scale in both A and B = 1 5. All
histograms are normalized for the number of trials. Binsize = 50 ms.
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level of spontaneous activity before cocaine administra-
tion was 29 Hz (range: 1-150 Hz). The average increase
after cocaine was 25 Hz (178%), ranging from 1.4 to 58
Hz. All of the cells recorded responded to stimulation of
the body surface, most often to tap stimuli in the
hindquarter area, but also to brush, noxious pinch, and
electrical tail stimulation (10 mA, 5 ms, 0.25 Hz).
Receptive fields were large and bilateral. Seventy-one
percent (10/14) of the cells showed an average relative
decrease of 69% (range: 33-100%) in stimulus related
activity compared to the prestimulus period. Two cells
exhibited inhibitory responses to somatic stimuli; one had
the response obliterated after cocaine, and one other
showed an enhanced response. None of the cells showed
biphasic responses as was observed in the acute, deeply
anesthetized preparation. All 5 of the cells recorded from
completely awake animals increased their spontaneous
firing rate after cocaine. Three of these 5 cells showed
reduced responses to somatic stimuli relative to back-
ground. Fig. 2 shows that 9 cells could be localized to the
Gi and 3 to the dorsal nucleus paragigantocellularis
(DPGH).

DISCUSSION

This study shows that antinociceptive doses of cocaine
reduce nociceptively-evoked responses of projection neu-
rons in the medial medullary reticular formation for a
duration that parallels the antinociception seen in awake
rats®®. The effect was observed in neurons located in
several midline reticular nuclei: nucleus reticularis gigan-
tocellularis (Gi), nucleus raphe magnus (RMg) and
dorsal nucleus paragigantocellularis (DPGi). There was
no obvious difference in the neuronal response charac-
teristics or the effect of cocaine that correlated with
anatomical location or with the direction of axonal
projection, although all neurons projecting to the medial
thalamus were localized in DPGi. The complexity of
receptive fields and neuronal responses we observed are
consistent with previous reports®’-3?*32 Our percentage
of rostrally projecting neurons (24%) is biased by design;
others have reported unbiased estimates in the range of
9_13%8,16,21.

The results of the chronic preparations are in general
agreement with those from the acute experiments.
Neurons within the brainstem responding to somatic
stimuli demonstrated increases in spontaneous firing
frequency with concomitant decreases in their stimulus
evoked responses relative to prestimulus periods. This
was the case whether animals were completely awake or
lightly anesthetized. Although we could not determine
whether the neurons we recorded from these chronically
prepared rats had rostral or caudal projections, the

neurons exhibited response and receptive field properties
that were similar to those recorded from the anesthetized
preparations. In any case, anesthesia cannot account for
the results observed in the anesthetized rats, nor does it
appear that there is an interaction between the anesthetic
and cocaine that is responsible for the observed effects of
cocaine.

Cocaine appears to be acting within the CNS via a
dopaminergic, non-opiate mechanism. In both the be-
havioral study of Lin et al.?® and the present study, the
non-selective dopamine receptor antagonist chlorprom-
azine reversed the effects of cocaine. The opiate receptor
antagonist, naloxone, was ineffective in both studies®.
However, we cannot rule out the possibility that other
monoaminergic systems (i.e. norepinephrine, serotonin)
are involved in eliciting cocaine’s effects on MRF
neurons. Cocaine is known to inhibit central monoamine
reuptake of noradrenergic’?®, serotonergic’®*® and
dopaminergic'*'* systems. Pitts and Marwah® have
shown that, in addition to suppressing spontaneous firing
of dopaminergic neurons within the substantia nigra (SN)
and ventral tegmental area (VTA), systemic cocaine
profoundly suppresses the spontaneous firing of norad-
renergic neurons of the locus coeruleous (LC) and, to a
lesser extent, serotonergic neurons of the dorsal raphe
nucleus (DRN). These effects were demonstrated with
intravenous doses as low as 0.25 mg/kg. Although we
have not measured the blood levels of cocaine achieved
in the current study, it is likely that the dose of cocaine
we used influenced other monoaminergic neurons. Given
the widespread distribution of terminal axons of the
noradrenergic neurons of the LC?, it is possible that the
changes in neuronal discharge we observed were due in
part to the effect of cocaine on these or other catechol-
aminergic neurons.

It is unlikely that the changes in neuronal discharge
observed in our experiments were due to local anesthetic
or cardiovascular effects of cocaine. Pertovaara et al.?
have shown that systemic doses of cocaine do not block
impulse conduction in small diameter peripheral nerve
fibers or suppress a nociceptive spinal reflex discharge;
and cocaine at doses up to 4 mg/kg i.v. did not decrease
the amplitude or slope of neuronal action potentials®®.
The effects of cocaine on arterial pressure are of short
duration (< 1 min) and are not sufficient to induce the
analgesia associated with reflex bradycardia?®-*’. Further-
more, procaine, a structurally related local anesthetic,
induces a similar cardiovascular response without a
similar neurophysiological effect®’.

We can only speculate as to the possible neurophys-
iological mechanisms underlying the effect of cocaine on
MRF neuronal responses. The neurophysiological action
of cocaine on MRF neurons cannot be attributed to a



generalized depression of neuronal excitability because
these neurons demonstrated an increase in spontaneous
firing rate. Likewise, a generalized suppression of syn-
aptic inputs to MRF neurons is not consistent with the
persistence of noxious-evoked inhibitory responses to
noxious stimuli after cocaine administration. The in-
creases in spontaneous activity (up to 100 Hz) were of
insufficient magnitude to exceed biophysical limitations
on neuronal firing frequencies (see Fig. 7). It is possible
that collaterals of MRF neurons could inhibit selective
excitatory inputs during periods of high activity. This
mechanism would not reduce the efficacy of strong
inhibitory inputs, which would become more apparent
while the cell’s activity is high. We have demonstrated
that antidromically induced repetitive neuronal activity
can produce a suppression of excitatory cutaneous input
and Brodal® has presented anatomical evidence for the
existence of recurrent axon collaterals in MRF projection
neurons. It is also possible that the mechanism of
response suppression may involve post-synaptic inhibi-
tion of excitatory sensory inputs to distal dendrites of
MREF cells. Further experiments will be necessary to
elucidate the mechanism of the action of cocaine on MRF
neurons.

How the neurophysiological effect of cocaine on MRF
neurons is related to behavioral antinociception is un-
clear. Because bulbospinal neurons can inhibit nocicep-
tive inputs>®!° cocaine-induced increases in spontane-
ous activity would be expected to produce inhibition of
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