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PARIS, J. M. AND K. A. CUNNINGHAM. Habenula lesions decrease the responsiveness of dorsal raphe serotonin neu-
rons to cocaine. PHARMACOL BIOCHEM BEHAYV 49(3) 555-560, 1994. — The median and dorsal (MR and DR) raphe
nuclei are the origin of serotonin (5-HT)-containing neurons that innervate the forebrain. Neurons originating in the medial
and lateral habenula provide an extensive afferent input to the midbrain that could serve as a negative feedback circuit. The
present study was undertaken to establish whether intact habenula nuclei are required to observe the depressant effects of
cocaine on the neural activity of 5-HT somata in the DR. To this end, the spontaneous activity of DR 5-HT neurons was
assessed in male rats that had previously received bilateral radiofrequency lesions of the habenula complex either 1-4 h (short
term) or 7 days (long term) prior to extracellular recordings of single 5-HT neurons of the DR. In rats with short-term lesions,
the inhibitory response to cocaine was significantly attenuated. The mean dose to inhibit activity by 50% (IDs,) was increased
from 0.68 mg/kg in controls to 2.5 mg/kg in lesioned rats. Short-term habenula lesions also significantly decreased the
numbers (but not the firing rates) of 5-HT neurons encountered in the DR. In contrast, the dose-response to cocaine as well
as the numbers and firing rates of 5-HT neurons found in rats with long-term habenula lesions did not differ from controls.
These results suggest that the inhibitory effects of cocaine on DR 5-HT neuronal activity depend in part on the ability of

cocaine to affect habenula control of raphe 5-HT function.
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SEROTONIN (5-hydroxytryptamine; 5-HT) neurons of the
dorsal (DR) and median (MR) raphe provide the major source
of 5-HT innervation to forebrain (55). These neurons are regu-
lated locally by impulse-regulating 5-HT,, somatodendritic
autoreceptors (23,54). Raphe 5-HT cells are also regulated
intrinsically via y-aminobutyric acid (GABA)-containing in-
terneurons and extrinsically by at least three major afferent
pathways: 1) an excitatory amino acid pathway from the fron-
tal cortex (24); 2) a noradrenergic component from the locus
coeruleus and subcoeruleus (6,7,48); and 3) an extensive input
arising in the habenula nuclei (3,22,38). The habenulo-raphe
input is particularly interesting because the habenula complex
is positioned as a primary link between the limbic forebrain
(e.g., nucleus accumbens, substantia innominata, pallidum)
and the midbrain (58). In fact, midbrain raphe 5-HT function
is influenced by an extensive input from the habenula. For

example, stimulation of the lateral habenula results in depres-
sion of spontaneously active 5-HT neurons of DR and MR
nuclei (56,57,61). As might be predicted, lateral habenula
stimulation also decreased ’H]5-HT release in the raphe, sub-
stantia nigra, and caudate of cats (47); this effect was blocked
by lesions of the fasciculus retroflexus that carry the haben-
ulo-raphe fibers (26). This habenular circuit, which controls
DR 5-HT function, appears to be comprised of both a mono-
synaptic GABAergic pathway (39,56,57,61) and a polysyn-
aptic pathway in which GABA as well as the tachykinin sub-
stance P (34,47) and/or an excitatory amino acid (24-26)
serves as a component.

The psychostimulant cocaine, which elicits many of its be-
havioral effects through an enhancement of dopamine (DA)
neurotransmission (64), also inhibits the reuptake of 5-HT
(49) and elicits a potent, rapid, and reversible inhibition of
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firing of 5-HT DR neurons (14,16,43). Pharmacological stud-
ies support the hypothesis that this inhibitory effect of cocaine
is due to blockade of 5-HT reuptake at transporters in the
raphe (19) and a consequent enhancement of 5-HT available
for interaction at raphe impulse-modulating 5-HT,, autore-
ceptors (14,16,43). However, the prominent actions of cocaine
in limbic forebrain regions (10,13,21,59,62) and the hypothe-
sized role for habenular control of 5-HT DR function (above)
suggested that, in addition to its direct actions in the raphe,
cocaine could also affect raphe function via an influence on
forebrain-habenula-raphe feedback pathways. In support of
this possibility, acute cocaine administration has been associ-
ated with a significant depression of local cerebral glucose
utilization in the habenula (29,30,44,45), and continuous co-
caine administration reportedly has a neurotoxic effect on ha-
benula neurons (18). The present study was undertaken to test
whether intact habenula nuclei are required for the depressant
effects of cocaine on 5-HT raphe firing.

METHOD

Young, adult male Sprague-Dawley rats (185-225 g) were
purchased from SASCO, Inc. (Houston, TX) and maintained
in groups of 3-4/cage in a temperature-, humidity- and light-
controlled environment with food and water freely available
(lights on 0600 h; lights off 1800 h).

Habenula Lesion Procedures

Short-term (1-4-h) habenula lesions. Rats were anesthe-
tized with urethane (1.5 g/kg, IP; Sigma Chemical Co., St.
Louis, MO) and mounted in a stereotaxic holder. An electrode
(Radionics type TCZ) with a tip diameter of 0.25 mm and a
tip exposure of 0.25 mm was lowered bilaterally to the haben-
ula (AP: 8 —3.3 mm; ML: +0.6 mm lateral to the midline;
DV: —4.5 mm from the brain surface) (41) and lesions were
made using a Radionics radiofrequency lesion maker (RFG-
4A) with current (3-5 mA) applied for 90 s per side to main-
tain a tip temperature between 55-65°. Control animals un-
derwent identical surgical procedures except that the electrode
was positioned 1 mm above the habenula and current was
not delivered. One to 4 h following completion of the lesion
protocol, electrophysiological recordings were conducted
(below).

Long-term (7-day) habenula lesions. Rats were anesthe-
tized with sodium pentobarbital (60 mg/kg, IP), treated with
atropine methyl bromide (0.4 mg/kg, IP), sodium ampicillin
(20 mg/kg, IM), and secured in a stereotaxic frame. Lesions
were made as described above. The wound was closed and the
animal was allowed to recover on a heating pad; upon full
recovery, the rat was housed individually in its home cage.
Animals were prepared for single-unit recording 7 days fol-
lowing surgery (below). Control animals underwent identical
surgical procedures except that no current was delivered.

Electrophysiological Procedures

Single-unit recording. Following short- or long-term sham
or lesion surgery, rats were prepared for single-unit recordings
of DR 5-HT neurons. Animals were anesthetized with ure-
thane (1.5 g/kg, IP) and mounted in a stereotaxic frame. Sin-
gle glass electrodes containing 1% Fast Green in 2 M NaCl (5-
8 MQ) were lowered through a burr hole drilled in the skuil
overlying the DR (0.4-1.2 mm anterior to the interaural plane)
(41). Extracellularly recorded spike activity was passed
through a high-input impedance amplifier, filtered, and dis-
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played on an on-line oscilloscope; amplified units were moni-
tored by Brainwave Discovery (Broomfield, CO) and all dis-
criminations were performed by the software that describes
and classifies each spike by 10 values (e.g., peak and valley
amplitude, time of peak or valley amplitude, etc.). A fre-
quency histogram was graphically recorded (Gould 220) in
10-s intervals from the analog output. Serotonin neurons en-
countered 4.5-6.5 mm ventral to the surface of the brain were
identified on-line by characteristic action potentials (1-2 ms
duration, + spikes) and regular, slow firing rates (0.2-2.5 Hz)
(4,14-16). Non-5-HT neurons were also encountered between
4.5 and 6.5 mm ventral to the surface of the brain. These
non-5-HT neurons exhibited short duration spikes (<1 ms
duration, + waveform), irregular rhythms, and fast firing
rates (>2.5 Hz) (4).

Population sampling. For population cell counts, the elec-
trode was passed vertically three times through a stereotaxi-
cally defined block of DR tissue (0.4, 0.8, 1.2 mm anterior to
the interaural plane; 0.0 mm lateral to midline). Each cell
encountered was recorded for 3-5 min during which basal
firing was determined. The number of cells/pass, firing rates,
and interspike intervals were compared between sham and
lesioned animals using Student’s ¢-test.

Intravenous cocaine injection. In sham or lesioned rats,
each 5-HT neuron was recorded for at least 3-5 min prior to
drug injections to establish stable basal firing rates. (z)Co-
caine HCI (0.125-8.0 mg/kg; Sigma) was dissolved in deion-
ized water and administered intravenously (IV) through a tail
vein catheter at 2-min intervals such that each dose doubled
the previously administered dose. The percent change from
the baseline rate was calculated for each cumulative dose using
the mean firing rate during the 2-min epoch between doses. A
two-way analysis of covariance for repeated measures was
used to determine whether the responsiveness to cocaine dif-
fered in sham vs. lesion animals; this analysis was used to
assess whether differences between treatment groups were re-
lated to variations in the baseline firing rates (covariate) of the
sampled cells (63). Subsequent planned comparisons between
specific pairs of means were conducted using a Student’s ¢-test.
The dose of systemic cocaine predicted to inhibit the baseline
firing rate by 50% (IDs,) was also determined for each animal

TABLE 1

POPULATION STUDIES: EFFECTS OF SHORT-TERM
(-4 HR) HABENULA LESIONS ON DR 5-HT NEURONS

Sham Lesion

(N =5) (N =6)
No. cells/3 passes 150+ 1.4 9.0 + 1.0*
No. cells/pass 5.0 £+ 0.5 3.0 £+ 0.3*
No. 5-HT cells 36 + 0.3 1.9 + 0.5*
No. non-5-HT cells 1.4+ 04 1.1 + 0.2
Firing rate (spikes/10 s) 30.1 £ 5.1 40.7 + 8.0
5-HT cells 11.2 + 0.95 11.5 = 0.98
Non-5-HT cells 78.5 + 15.4 90.4 + 16.5

Interspike interval (ms) 628 + 48 499 + 51

Data are represented as mean + SEM. 5-HT cells are de-
fined as those cells identified by characteristic action potentials
(1-2 ms duration, +/~ waveform) and regular, slow firing
rates (< 2.5 Hz). Non-5-HT cells are identified by short dura-
tion spikes (< 1 ms duration, +/— waveform), irregular
rhythms, and fast firing rates (> 2.5 Hz).

*p < 0.05 vs. sham controls.
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TABLE 2

POPULATION STUDIES: EFFECTS OF LONG-TERM
(7-DAY) HABENULA LESIONS ON DR 5-HT NEURONS

Sham Lesion

N=4 (N =15
No. cells/3 passes 11.2 + 14 11.0 £ 3.5
No. cells/pass 37+ 05 3.7 £ 0.6
No. 5-HT cells 3.0+ 04 3.1 £ 0.8
No. non-5-HT cells 0.7 £ 0.2 0.6 £ 0.4
Firing rate (spikes/10 s) 219 + 2.8 26.1 £ 5.7
5-HT cells 120 = 1.7 14.0 = 0.9
Non-5-HT cells 62.7 £ 11.6 51.4 £+ 4.9
Interspike interval (ms) 513 + 153 506 + 79

See Table 1 footnote for details.
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FIG. 1. The neuronal response of 5-HT DR cells to intravenous co-
caine in habenula-lesioned rats. Cocaine elicited a reversible inhibition
of the activity of a 5-HT DR neuron from a rat with a short-term (1-
4-h) sham lesion (top) with a dose to completely inhibit activity of 2
mg/kg. In a 5-HT neurons recorded from a rat with a short-term
(1-4-h) habenula lesion (middle), the ability of cocaine to suppress
spontaneous activity was attenuated (dose to inhibit completely activ-
ity = 4 mg/kg). The suppressant effects of cocaine in a long-term
(7-day)-lesioned rat were no different than in sham controls (bottom).
In these frequency histograms, the arrows indicate the time at which
the infusion of the specified doses was complete.
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FIG. 2. Short-term (1-4-h) habenula lesions: dose-response curves
for the inhibition of 5-HT DR neurons induced by cocaine. Drugs
were administered IV at 2-min intervals such that each dose doubled
the previously administered dose. Circles represent the mean + SEM
percentage of baseline firing rate observed at each dose of cocaine
(ordinate). Open and closed circles denote the percentage of baseline
firing rate observed in response to IV cocaine in sham or short-term
(1-4-h)-lesioned rats, respectively. Asterisks represent doses at which
sham and lesioned rats differed (p < 0.05).

using log-probit analysis; Student’s ¢-tests were used to com-
pare IDys for cocaine by treatment groups.

At the conclusion of each recording session, cathodal cur-
rent was passed through the recording electrode (15 uA for 20
min). The resulting dye spot deposited at the site of the elec-
trode tip and the extent of the lesion damage were histologi-
cally identified. Only data derived from experiments in which
the recording electrode and the lesion were properly placed
were included for further analysis.

All studies were conducted under the strictest compliance
with the PHS Policy on the Humane Care and Use of Labora-
tory Animals and the NIH Guide for the Care and Use of
Laboratory Animals.

RESULTS

Population Studies: Effects of Short-Term (1-4-h) and
Long-Term (7-Day) Habenula Lesions

To determine whether habenula lesions affected the num-
ber of cells encountered in the DR as well as their firing rates,
population sampling of neurons in the DR was conducted.
The number of spontaneously active (5-HT and non-5-HT)
cells found per pass was decreased in rats with short-term
habenula lesions (p < 0.05) (Table 1). When the number of
cells/pass was examined more closely, a significant decrease
in the number of slower firing, presumably 5-HT neurons
(rate < 2.5 Hz) was observed in short-term-lesioned rats (p
< 0.05). The firing rates of these S-HT neurons, however,
were unchanged in habenula-lesioned rats.

The numbers of cells/pass, firing rates, and interspike in-
tervals did not differ between rats with sham vs. long-term
habenula lesions (Table 2).

Cocaine Inhibition of DR 5-HT Activity: Effects of
Short-Term (1-4-h) and Long-Term (7-Day) Habenula
Lesions

The effects of cocaine on 5-HT cell firing following a
sham, short-term (1-4-h) or long-term (7-day) lesion of the
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habenula are illustrated in representative frequency histo-
grams shown in Fig. 1. Cocaine elicited a reversible inhibition
of the spontaneous activity of a 5-HT neuron recorded in
a short-term sham animal (Fig. 1, top). The cocaine-elicited
suppression of a 5-HT neuron recorded in a short-term-
lesioned rat (Fig. 1, middle) was significantly attenuated (dose
to complete inhibition of firing = 4 mg/kg). However, by 7
days postlesion, the effects of cocaine are similar to those
observed in sham animals (Fig. 1, bottom). The cumulative
dose-response curve for inhibition of DR-5-HT firing follow-
ing short-term or sham lesions is shown in Fig. 2; the dose-
response for cocaine in lesioned rats was significantly different
than that of controls, F(1, 37) = 6.08, p = 0.0298. The mean
dose to inhibit activity by 50% (ID,;) was increased from 0.68
mg/kg in controls to 2.5 mg/kg in lesioned rats. As shown in
Fig. 3, the cocaine-induced depression of spontaneous activity
did not differ between sham rats (N = 6) and rats with long-
term (7-day) habenula lesions (N = 7), F(1,42) = 0.54,p =
0.477.

DISCUSSION

The lateral habenula provides a major efferent projection
to the midbrain raphe and has been demonstrated to regulate
neuronal outflow of midbrain raphe 5-HT neurons (22,38). In
the present study, the basic electrophysiological characteristics
of 5-HT DR neurons in vivo and the sensitivity of these 5-HT
neurons to cocaine administration was assessed following ha-
benula or sham lesions made 1-4 h or 7 days prior to single-
unit recordings of DR 5-HT neurons. Population sampling of
5-HT and non-5-HT neurons in the DR indicated that signifi-
cantly fewer spontaneously active 5-HT cells were found in
rats 1-4 h after habenula lesions, although the firing rates and
interspike intervals of identified 5-HT cells were unchanged.
In contrast, neither the numbers, firing rates, nor interspike
intervals of non-5-HT neurons were altered in lesioned ani-
mals; thus, the lesion-associated loss of 5-HT neurons cannot
be related to the “masking” of these neurons as faster-firing,
non-5-HT neurons. Presumably, therefore, the reduction in
numbers of 5-HT cells in habenula- vs. sham-lesioned rats
must be related to a cessation of neural activity in a subpopu-
lation of 5-HT cells. Spontaneously firing 5-HT cells exhibit a
slow regular discharge pattern that is regulated by the tonic
pacemaker properties of the cell (1,2,9,11), but dependent
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FIG. 3. Long-term (7-day) habenula lesions: dose-response curves

for the inhibition of 5-HT DR neurons induced by cocaine. Symbols
as in Fig. 2.
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upon external synaptic influences, including a tonic excitatory
noradrenergic and excitatory amino acid input (6,7,36,60).
Loss of this tonic excitatory input (e.g., in a midbrain slice)
does decrease the number of spontaneously discharging 5-HT
cells (60), although a subpopulation of neurons retains firing
characteristics similar to those seen in vivo. Although it has
been hypothesized that this excitatory input is noradrenergic
(6,7,60), excitatory amino acid or tackykinin input could be
important as well; thus, the habenula (24-26) could be one
source of excitatory innervation of DR 5-HT neurons (37,60).
However, depression of 5-HT neuronal activity is the most
prominent consequence of habenula stimulation (72-88%),
with excitation observed in only 9-21% of neurons (40,56).
Perhaps maintenance of impulse activity in this later group of
cells, which respond with excitation upon habenula stimula-
tion, is dependent upon excitatory habenula input and, in the
absence of the habenula, these 5-HT neurons become quies-
cent. Alternatively, loss of inhibitory (GABA) input to excit-
atory neurons impinging directly upon some DR 5-HT neu-
rons might result in disinhibition of this excitatory input and
subsequent depolarization blockade (and cessation of activity)
of these 5-HT DR neurons; while not yet shown for 5-HT
neurons, depolarization blockade occurs in DA neurons fol-
lowing excessive glutamate activation [for review (8)]. Al-
though these explanations are largely speculative, the concept
that 5-HT neurons may be heterogenous is supported by other
evidence, such as distinctions in the morphology of axon ter-
minals and the sensitivity to the neurotoxic effects of substi-
tuted amphetamines. Thus, although the majority of 5-HT
neurons in the DR possess fine, nonbeaded axons that are
sensitive to MDMA toxicity, a subpopulation of DR (and a
majority of MR) 5-HT neurons possesses thick, beaded axons
that are resistant to amphetamine toxicity (31). Electrophysio-
logical and pharmacological studies also indicate distinctions
among 5-HT neurons that might be functionally relevant
(12,42,53). Perhaps one of the defining characteristics for this
subgroup of 5-HT cells is the extent of excitatory input from
habenula and, perhaps, frontal cortex (24) and coeruleus
(6,7,48).

Serotonin DR neurons recorded 1-4 h after lesion of the
habenula responded with an attenuated suppression of firing
in response to cumulative intravenous dosing with cocaine.
These data suggest that, in addition to local inhibition of 5-HT
reuptake in raphe (16), the depressant effects of cocaine on
5-HT cellular activity may be related to activation of negative
feedback, habenulo-raphe pathways; when this pathway is re-
moved, the response to cocaine is attenuated. It is unlikely
that the potency of cocaine was reduced due to altered activity
levels because differences in firing rates of 5-HT neurons were
not observed between lesion and control rats. To more fully
address this point, it will be necessary to determine whether
habenula lesions alter the inhibitory effects of other drugs
(e.g., d-lysergic acid diethylamine) thought to act locally in
raphe. Of note, brain transections did not alter the depressive
effects of a selective 5-HT reuptake inhibitor (chlorimipra-
mine) or releaser (p-chloroamphetamine), suggesting that
long-loop feedback from the forebrain did not mediate the
depressive effect of these indirect 5-HT agonists (33). How-
ever, cocaine is not a selective 5-HT reuptake inhibitor (20,
27,49). Many of its in vivo effects are attributed to its potenti-
ation of DA neurotransmission, particularly within mesolim-
bic DA circuits (64). Perhaps the dopaminergic actions of
cocaine in mesolimbic regions, such as the nucleus accumbens,
activate negative feedback via the habenulo-raphe pathways
to influence the function of 5-HT neurons. Of note, habenula
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neurons have been identified to receive afferents from the
nucleus accumbens, a mesolimbic area crucial to the behav-
ioral effects of cocaine (64); these same habenula neurons
send axons to the DR (28). In further support of this hypothe-
sis, the efficacy of cocaine as an inhibitor of spontaneous
activity of 5-HT and DA neurons is greater when cocaine
is administered intravenously (vs. iontophoretically) (14,17).
Studies of local cerebral glucose utilization have also demon-
strated that, although most limbic structures show stimulated
metabolic activity after cocaine administration, that of the
lateral habenula is significantly depressed by cocaine (29,
30,44,45) as well as other stimulants and DA agonists (32,35,
46). The present findings illustrate the complexity of cocaine’s
net effects on neurotransmission and the importance of estab-
lishing a comprehensive picture of its actions in the brain.

At 7 days postlesion, the number of 5-HT neurons re-
corded in the DR and the inhibitory response to cocaine had
returned to unlesioned, control levels. Thus, these observed
electrophysiological and pharmacological modifications may
be a consequence of transient functional deficits in the haben-
ulo-raphe pathway despite the fact that no significant alter-
ations in the firing rates of either 5-HT or non-5-HT neurons
were noted. Alternatively, compensatory mechanisms in the
habenulo-raphe circuitry may have developed as a conse-
quence of the loss of this important afferent pathway. A thor-
ough analysis of the basic electrophysiological characteristics
and pharmacological sensitivities of S-HT DR neurons at ad-
ditional time points following habenula lesions would provide
insight into this possibility.
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Like the diminished suppressive effects of cocaine follow-
ing short-term lesions, the destruction of the habenula nuclei
attenuated the inhibitory effects of another stimulant, meth-
amphetamine, on DA neurons in the substantia nigra (51,52).
Similar lesions, which included destruction of the medial thal-
amus, have also been shown to block the effects of amphet-
amine on frontal cortical-evoked neostriatal potentials (50).
However, an important caveat of these, as well as the current
study, is that the lesions of the habenula nuclei destroyed both
fibers of passage and neuronal somata, and extended into
other brain structures, in particular, the thalamus, which may
also project to the raphe (5). Thus, to definitively ascribe the
observed effects of habenula lesions to a specific loss of ha-
benula cell bodies requires studies with more localized and
selective means of lesioning (e.g., ibotenic acid).

In summary, intravenous cocaine appears to elicit its po-
tent inhibitory actions on 5-HT neurons via both somatoden-
dritic impulse-regulating 5-HT,, autoreceptors and inhibitory
habenulo-DR feedback processes. The extent to which cocaine
activates habenulo-raphe feedback as a consequence of its ac-
tions as an indirect DA agonist in forebrain DA circuits will
be an interesting hypothesis to test.
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