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Abstract

The importance of the lateral habenula-dorsal raphe pathway in the control of in vivo [*H]
serotonin release in the cat basal ganglia was examined using the push-pull cannula technique and
an isotopic method for the estimation of [°’H]serotonin continuously formed from [*H]tryptophan.
[’H]Serotonin was measured in both caudate nuclei and substantiae nigra and, in some cases, in the
dorsal raphe. Electrical stimulation of the lateral habenula decreased [*H]serotonin release in all
structures studied. Blockade of the GABA inhibitory pathway to the lateral habenula by the local
application of picrotoxin reduced [*H]serotonin release in both substantiae nigra and increased
release of the ’H-amine in the dorsal raphe but was without effect on [?’H]serotonin release in either
caudate nucleus. This inhibition of nigral [?H]serotonin release was antagonized by simultaneous
application of picrotoxin to the dorsal raphe. Substance P delivery to the dorsal raphe produced the
same effects on [*H]serotonin release as described for picrotoxin application to the lateral habenula
except that inhibition of nigral [*H]serotonin release was not prevented by local co-administration
of picrotoxin. These results suggest that the lateral habenula can control serotonergic transmission
in the basal ganglia and that this regulation may be different for those serotonergic neurons

innervating the caudate nucleus versus those projecting to the substantia nigra.

Anatomical data obtained in the rat and the cat indi-
cate that the dorsal raphe receives an important input
from neurons originating or passing through the lateral
habenula (Akagi and Powell, 1968; Sakai et al., 1977;
Herkenham and Nauta, 1979). It has been suggested that
this neuronal input exerts a pronounced control over
serotonergic (5-HT) neurons of the dorsal raphe. This
hypothesis was proposed since electrical stimulation of
the rat lateral habenula decreased the firing rate of 5-HT
neurons (Wang and Aghajanian, 1977a; Stern et al., 1979,
1981). In addition, as shown in the cat, the unilateral
application of the depolarizing agent, potassium chloride,
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to the lateral habenula altered the in vivo release of 5-
HT in brain structures which receive a 5-HT innervation
from the dorsal raphe (Soubrié et al., 1981b). The present
study was undertaken to explore further in the cat the
role of the lateral habenula in controlling the activity of
5-HT neurons projecting to the caudate nucleus and/or
to the substantia nigra (Bobillier et al.,, 1976; Taber
Pierce et al., 1976). To this end, using the push-pull
cannula technique and an isotopic method (Reisine et al.,
1982a), we compared the effects of various treatments
made at different levels of the habenula-raphe axis on
the in vivo nigral and striatal [?’H]5-HT release. Changes
induced by the unilateral electrical stimulation of the
lateral habenula were investigated first. Since the cat
lateral habenula receives an input from the entopedun-
cular nucleus (Larsen and McBride, 1979; McBride, 1981)
and since experiments performed in rodents (Nagy et al.,
1978) have suggested that this projection is GABAergic,
we then examined the effects of picrotoxin infusion into
the lateral habenula. Furthermore, since it has been
proposed that the rat lateral habenula-dorsal raphe path-
way contains substance P neurons (Neckers et al., 1979;
Vincent et al., 1980), we also investigated the possible
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alterations in nigral and striatal [°H]5-HT release in-
duced by substance P application to the dorsal raphe.
Finally, because the inhibition of the dorsal raphe neu-
rons induced by the electrical stimulation of the lateral
habenula has been found to be reduced by intradorsal
raphe application of picrotoxin (Wang and Aghajanian,
1977a), attempts were made to determine whether two
of our manipulations, picrotoxin application to the lateral
habenula and substance P delivery to the dorsal raphe,
could influence [*H]5-HT release in the basal ganglia by
way of GABA neurons impinging on the 5-HT cells of
the dorsal raphe.

The results obtained confirm the role of the lateral
habenula in controlling bilaterally 5-HT transmission in
structures of the basal ganglia. Moreover, they indicate
that some of the neurons originating from the lateral
habenula can contribute selectively to the regulation of
5-HT release in both substantiae nigra.

Materials and Methods

Animals and surgery. The release of [*H]5-HT was
studied in cats of either sex lightly anesthetized with
halothane (1.2%). The techniques used have been de-
scribed extensively (Héry et al., 1979). Briefly, surgery
and stereotaxic fixation of the head with two steel pieces
fixed by acrylic resin in the frontal sinus and on the
occipital bone to avoid nociceptive stimulation and im-
plantation of push-pull cannulae were performed under
3% halothane anesthesia. Alveolar CO., femoral blood
pressure, heart rate, and body temperature were moni-
tored continuously.

Push-pull cannulae were implanted stereotaxically into
each caudate nucleus and substantia nigra, the left lateral
habenula, and also the dorsal raphe nucleus (Snider and
Niemer, 1961). For the caudate nucleus (A = 14.5; L =
+5; H = +5), angular approaches were used (30° in the
frontal plane). The localization of the placements are
revealed in Figure 1. For the substantia nigra (A = +4; L
= + 4; H = —3), angular approaches also were used (30°
in the frontal plane and 20° in the sagittal plane) in order
to avoid the lateral ventricle and nigral efferents and
afferents. One cannula or one stimulating electrode also
was positioned (40° in the frontal plane) in the lateral
habenula (A = 7.5; L = 2; H = +4.5) using two different
and successive approaches in order to minimize brain
damage. The distribution of the localizations of the can-
nula or electrode tip within the lateral habenula is shown
in Figure 2. Finally, in some cases, a cannula was intro-
duced (15° in the frontal plane and 40° in the sagittal
plane) into the dorsal raphe (A = —1.5; L, = 0; H = —2)
in order to reach midline cells. Histological controls of
the localization of the tip of each push-pull cannula were
made after each experiment. For the studies employing
a stimulating electrode in the lateral habenula, the elec-
trode tip was marked by creating a small lesion in the
habenula after passing a 5-mA current for 15 sec through
the electrode.

Estimation of [2H]5-HT release. An artificial cerebro-
spinal fluid (in millimolar concentrations: NaCl, 126.5;
NaHCO;, 27.5; KCl, 2.4; KH,PO,, 0.5; CaCl;, 1.1; MgCls,
0.85; Na2S0,, 0.5; glucose, 5.9 adjusted to pH 7.3 with an
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0,:CO; 95:5 v/v mixture) containing 40 to 50 uCi/ml of
purified L-[?H]tryptophan (20 to 30 Ci/mmol, Amer-
sham-France) or L-[side chain 2,3-°’H(N)Jtryptophan (10
to 20 Ci/mmol, New England Nuclear) was delivered to
each push-pull cannula at a constant rate of 0.5 ml/12
min and superfusate fractions (12 min) were collected in
tubes containing 5-HT (2 ug), tryptamine (2 pg), and
tryptophan (20 pg). *H-Indoleamines released into the
superfusates were separated from [*H]tryptophan and
*H-metabolites by successive ion exchange chromatog-
raphy on Dowex AG50 WX4 microcolumns and Amber-
lite CG 50 columns. [*H]Tryptamine present with [*H]5-
HT after the Amberlite elution with sodium borate buffer
(pH 10) was removed using benzene; the amount of [°H]
5-HT was finally estimated by liquid scintillation spec-
trophotometry.

Under these conditions, the spontaneous release of
[*H]5-HT rapidly reached a steady state level after the
onset of labeling with [?H]tryptophan; the quantities of
[®*H]5-HT released were about 6 to 8 times the blank
values (<0.25 nCi) in the caudate nucleus or substantia
nigra and about 12 to 15 times the blank value in the
dorsal raphe. Cerebrospinal fluid without [?H]tryptophan
was applied to the lateral habenula.

Treatments. The various treatments usually were car-
ried out 136 min after the onset of the superfusion with
[*H]tryptophan. Substance P (10~7 M) was delivered to
the dorsal raphe for a total of 24 min (two fractions);
picrotoxin (10™° M) was applied to the lateral habenula
for 48 min (four fractions) and to the dorsal raphe for
either 48 min (during picrotoxin application to the lateral
habenula) or 24 min (during the delivery of substance P
to the dorsal raphe). The concentrations of picrotoxin
and substance P were similar to those employed in pre-
vious studies (Soubrié et al., 1981a; Reisine et al., 1982b).

For the electrical stimulation of the lateral habenula,
cathodal square pulses (0.5 mA, 0.5 msec, 1.5 Hz) were
delivered for 12 min by an Anapulse 302 T stimulator
through a bipolar electrode. The diameter of the tip of
the electrode was 0.4 mm and the length from the tip to
the insulation was 0.6 mm. The parameters of stimulation
were selected according to electrophysiological studies
(Wang and Aghajanian, 1977a; Stern et al., 1979, 1981).

Statistical analysis. The mean value of [°H]5-HT
measured in the four fractions collected after a 90-min
labeling period was estimated in the superfusates of each
push-pull cannula and used as the control value (100%).
The [*H]5-HT content in each successive fraction was
then expressed as a percentage of this base line value
both in control cats and in cats subjected to treatments.
This procedure allowed us to determine the mean %
SEM of results obtained in N experiments and to analyze
statistically the differences in the quantity of [*H]5-HT
released in corresponding fractions of control and treated
cats using the Student’s ¢ test. When the p value was
<0.05, the difference was considered significant.

A two-way analysis of variance was used in order to
analyze the action of a simultaneous application of picro-
toxin to the dorsal raphe on the effects caused by appli-
cation of either picrotoxin to the lateral habenula or
substance P to the dorsal raphe.
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Figure 1. Localization of push-pull cannula tips within either cat caudate nucleus (CN) under each of the three experimental
conditions: picrotoxin (10™® M) into the lateral habenula, substance P (S.P.) (1077 M) into the dorsal raphe, and electrical
stimulation of the lateral habenula. The schematic diagrams of the caudate nucleus were based on those of Snider and Niemer
(1961). Acb, Nucleus accumbens; CA, commissura anterior; CC, corpus callosum; CI, capsula interna; GP, globus pallidus; Sp,

area septalis.

Figure 2. Localization of the tip of the push-pull cannula or the stimulating electrode inserted
into the left lateral habenula of cats subjected to the following experimental conditions: picrotoxin
(107® M) into the lateral habenula (@), picrotoxin (10~° M) into the lateral habenula and picrotoxin
{10™® M) into the dorsal raphe (l), and electrical stimulation of the lateral habenula (A). The
localizations revealed on the schematic diagram (anteriority = 7) which was based on that of Snider
and Niemer (1961) are distributed within an anteriority ranging from 6.5 to 7.5. The arrow indicates
the angular direction of the cannula or the electrode inside of the brain. HL, nucleus habenulae
lateralis; HM, nucleus habenulae medialis; V, third ventricle.
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Results

Effects of the unilateral electrical stimulation of the
lateral habenula on [*H]5-HT release in both caudate
nuclei and substantiae nigra. The unilateral electrical
stimulation of the left lateral habenula for 12 min (0.5
mA, 0.5 msec, 1.5 Hz) induced a significant reduction of
[*H]5-HT release in both caudate nuclei and substantiae
nigra (Fig. 3). This effect was observed only during the
stimulation in the left caudate nucleus and in the fraction
immediately following in the three other basal ganglion
structures. In all cases, [’H]5-HT release returned to
base line levels 24 min (two fractions) after the stimula-
tion. In two experiments, the initial electrical stimulation
was followed 2 hr later by a second 12-min stimulation of
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the lateral habenula. This second manipulation produced
the same effects on [’H]5-HT release in the four struc-
tures as the first stimulation.

In three experiments, the release of [°H]5-HT also was
estimated in the dorsal raphe (Table I). The electrical
stimulation of the lateral habenula induced an immediate
significant decrease (22%) in [°H]5-HT release in this
latter structure.

The localization of the tip of the stimulating electrode
in all of these experiments is illustrated in Figure 2.

Effects of the unilateral application of picrotoxin (10~°
M) to the lateral habenula on [*H]5-HT release in both
caudate nuclei and substantiae nigra. The 48-min ap-
plication (four fractions) of the GABA antagonist picro-
toxin (107° M) to the left lateral habenula induced an
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Figure 3. Effects of electrical stimulation of the left lateral habenula on [*H]
serotonin release in the caudate nucleus and substantia nigra. Using push-pull
cannula, both left and right caudate nuclei (LCN and RCN) and left and right
substantiae nigra (LSN and RSN) were superfused continuously with an artificial
cerebrospinal fluid medium containing L-[’H]tryptophan as described under
“Materials and Methods.” [*H]5-HT release was estimated in 12-min successive
superfusate fractions. A stimulating electrode also was placed into the left lateral
habenula. An electrical stimulation (0.5 mA, 0.5 msec, 1.5 Hz) was applied for 12
min, 136 min after the onset of the delivery of [*H]tryptophan to each basal
ganglion structure. [°H]5-HT in each fraction was expressed as a percentage of
the average release from the four 12-min fractions collected after a 90-min labeling
period. Data are the mean + SEM of results obtained in three treated cats (@)
and four control animals (O). *, p < 0.05 when compared with corresponding

control values.
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TABLE 1
[*H]5-HT release in the dorsal raphe
Electrical stimulation (for 12 min}), picrotoxin application (for 48 min) to the lateral habenula, and substance P delivery (for 24 min) to the
dorsal raphe were carried out 136 min after the onset of delivery of [*Hl}tryptophan to the dorsal raphe. [*H]5-HT was estimated in successive
superfusate fractions. The base line level of release was determined from the four fractions of [*H]5-HT release preceding the treatment. Control
values were obtained from untreated animals. Values during the treatment period are presented as a percentage of spontaneous release. Three

animals were used in each experiment.

Electrical Stimulation

Picrotoxin (107 M) Substance P (1077 M)

Controls Application to Application to
of Lateral Habenula Lateral Habenula Dorsal Raphe
Base line 100 = 4 100 £ 4 100 £ 5 100 £ 8
(average of four fractions)
Treatment
1° fraction 102+ 4 78 + 3¢ 122 + 4 155 £ 15°
2° fraction 104 + 3 80 + 6° 119+ 7 156 + 22

“ p < 0.05 compared to controls.

immediate and significant decrease in [°’H]5-HT release
in both substantiae nigra (Fig. 4). These effects, which
were similar in amplitude (—25%) to those observed
under the electrical stimulation, persisted during the
entire period of the drug application and were even
detected in the left substantia nigra after the drug re-
moval. In contrast to that observed after the electrical
stimulation, no significant change in [*H]5-HT release
was observed in either caudate nucleus during or after
picrotoxin application to the lateral habenula. In one
experiment, picrotoxin (10~° M) was applied to the lateral
habenula (for 48 min) twice at an interval of 2 hr. The
effects of each of these applications on [°H]5-HT release
in each substantia nigra were similar. In three experi-
ments, [PH]5-HT release also was measured in the dorsal
raphe (Table I). The application of picrotoxin to the
lateral habenula induced an immediate and significant
increase in [°’H]5-HT release (22%) in this structure.
The localization of the tip of the push-pull cannula
introduced into the lateral habenula in the various ex-
periments (six cats) is illustrated in Figure 2. It should be
pointed out that the lack of change in [°H]5-HT release
in the caudate nucleus was observed no matter what the
site of superfusion in this structure (Fig. 1). Furthermore,
in two additional cats, the push-pull cannula tips were
placed in positions more anterior (A = 17.5; 18) than the
normal caudate nucleus placement site. In these cases,
picrotoxin applied to the lateral habenula still did not
alter [?’H]5-HT release in either caudate nucleus.
Effects of the application of substance P (107" M) to
the dorsal raphe on [*H]5-HT release in both caudate
nuclei and substantiae nigra. Since there is some indi-
cation that substance P in the dorsal raphe could origi-
nate from the habenula (Neckers et al., 1979; Vincent et
al., 1980), the effects of the local application of substance
P (1077 M) to the dorsal raphe also were examined. When
applied for 24 min (two fractions) to the dorsal raphe,
substance P induced an immediate, significant decrease
(20%) of [°H]5-HT release in both substantiae nigra (Fig.
5). These effects, which persisted during the entire period
of the peptide’s application, were even seen in the two
following fractions in the left substantia nigra after the
removal of substance P from the superfusion fluid. [°H]
5-HT release in both substantiae nigra returned to base
line levels approximately 1 hr after the termination of

the substance P application. As observed during the
application of picrotoxin to the lateral habenula, no sig-
nificant changes in [°*H]5-HT release occurred in either
caudate nucleus during or after the substance P appli-
cation to the dorsal raphe (Fig. 5) regardless of the site
of superfusion in these structures (Fig. 1).

Substance P (1077 M) also induced a local effect, since
an immediate significant increase in [°*H]5-HT release
(55%) was observed in the dorsal raphe (Table I).

In all of these experiments, the placement of the can-
nula tip supplying substance P was within the dorsal
raphe.

Selective blockade by the application of picrotoxin
(10~ M) to the dorsal raphe of the changes in nigral
[*H]5-HT release induced by inhibition of GABA trans-
mission in the lateral habenula. These experiments were
performed to determine the mechanisms involved in the
inhibitory action on nigral [*’H]5-HT release induced by
the unilateral application of picrotoxin (10™° M) to the
lateral habenula and by the application of substance P
(107" M) to the dorsal raphe. For this purpose, both types
of treatments were repeated during blockade of
GABAergic transmission in the dorsal raphe. An analysis
of variance revealed that the simultaneous local appli-
cation of picrotoxin (107> M) to the dorsal raphe signifi-
cantly attenuated (p < 0.05, left substantia nigra; p <
0.02, right substantia nigra) the inhibition of [?H]5-HT
release in both substantiae nigra induced by the appli-
cation of picrotoxin to the left lateral habenula (Fig. 1).
However, picrotoxin applied to the dorsal raphe did not
alter (p > 0.05) the changes in [*H]5-HT release elicited
by substance P (Fig. 5). The application of picrotoxin
alone to the dorsal raphe did not modify the release of
[PH]5-HT in either substantia nigra significantly (data
not shown).

Discussion

The present study has revealed three important as-
pects of central 5-HT transmission: (1) the lateral haben-
ula can exert a pronounced control of 5-HT release from
neurons of raphe origin which project to the basal gan-
glia, (2) the transmitter(s) associated with the lateral
habenula-dorsal raphe pathway may be GABA and/or
substance P, and (3) 5-HT neurons innervating the cau-
date nucleus may be controlled differently at the level of



The Journal of Neuroscience

Lateral Habenula Controls In Vivo 5-HT Release

1067

LCN RCN
110 L
100 | 2
— 90 L
]
0
L
§ 80 |
K
2 <
L
& 0
g
N |
|
u .
- 100]..% '.
i
e 90 L.
o,
80 [
70 L.
/7
0 | IR R I S |
100 124 148 172 196 100 124 148 172 196
TIME(min)
Picrotoxin (10'5M) into the lat. habenula
o—e without| ] Supn
—a with Picrotoxin (10~°M) into the dorsal raphe

Figure 4. Effects of unilateral application of picrotoxin to the left lateral habenula
on [*H]5-HT release in both caudate nuclei and substantiae nigra. Picrotoxin (10~°
M) was applied for 48 min to the left lateral habenula (by way of a push-pull cannula)
136 min after the onset of the delivery of [?H]tryptophan to each basal ganglion
structure (both left and right caudate nuclei (LCN and RCN) and substantiae nigra
(LSN and RSN)). Data are the means = SEM of results obtained in six treated cats
(@) and four controls (stippled area). *, p < 0.05 when compared with corresponding
control values. In another series of experiments, picrotoxin (10™° M) was applied
simultaneously to the left lateral habenula and dorsal raphe for 48 min, 136 min
after the onset of the delivery of [PH]tryptophan to each substantia nigra. Data are
the means + SEM of results obtained in five cats treated in this manner (A).

the dorsal raphe from those terminating in the substantia
nigra.

Previous studies have shown that electrical stimulation
of the rat lateral habenula can decrease the firing rate of
dorsal raphe 5-HT cells (Wang and Aghajanian, 1977a;
Stern et al., 1979, 1981). Similarly, we found that unilat-
eral electrical stimulation of the cat lateral habenula
reduced [°’H]5-HT release from terminals of dorsal raphe
neurons in both caudate nuclei and substantiae nigra.
Furthermore, blockade of the inhibitory GABAergic in-
put (perhaps of entopeduncular origin (Larsen and
McBride, 1979; McBride, 1981) by picrotoxin application

into the lateral habenula induced a decrease in [°H]5-HT
release in both substantiae nigra. These results imply
that activation of neurons (and fibers) of the lateral
habenula can inhibit and therefore control the activity of
5-HT neurons innervating the basal ganglia.

Wang and Aghajanian (1977a) have proposed that
GABA could be a transmitter of the rat lateral habenula-
dorsal raphe pathway. This was suggested from the find-
ing that the iontophoretic application of picrotoxin to the
dorsal raphe blocked the inhibition of dorsal raphe cells
elicited by electrical stimulation of the lateral habenula.
The present results are in agreement with those of Wang
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Figure 5. Effect of the application of substance P to the dorsal raphe on [*H]5-HT
release in both caudate nuclei and substantiae nigra. Substance P (107 M) was
applied for 24 min to the dorsal raphe (by way of a push-pull cannula) 136 min after
the onset of the delivery of [°H]tryptophan to each basal ganglion structure (both
left and right caudate nuclei (LCN and RCN) and substantiae nigra (LCN and
RSN). Data are the means + SEM of results obtained in six treated cats (@) and
four controls (stippled area). *, p < 0.05 when compared with corresponding control
values. In another series of experiments, substance P (10~ M) and picrotoxin (107°
M) were applied simultaneously to the dorsal raphe for 48 min, 136 min after the
onset of the delivery of [’H]tryptophan to each substantia nigra. Data are the means
+ SEM of results obtained in five cats treated in this manner (A).

and Aghajanian (1977a) since the simultaneous applica-
tion of picrotoxin to the dorsal raphe prevented the
inhibition of nigral [PH]5-HT release induced by the
delivery of the GABA antagonist to the lateral habenula.
Thus, in cats, changes in GABA transmission within the
dorsal raphe seem to play an important role in the
alterations of [?H]5-HT release observed in the basal
ganglia following lateral habenula manipulations. This
statement is reinforced further by in vivo release studies
which have shown that the application of GABA to the
cat dorsal raphe reduces striatal 5-HT release (Héry and

Ternaux, 1981). The presence of a direct GABAergic
lateral habenula-dorsal raphe pathway proposed by
Wang and Aghajanian (1977a) has been questioned by
several authors. Indeed, studies performed in the rat
have indicated that lesions of the lateral habenula do not
produce the expected alterations in glutamic acid decar-
boxylase activity (a marker for GABA neurons) in the
dorsal raphe (Gottesfeld et al., 1978; Belin et al., 1979;
Neckers et al., 1979). This has led to the proposal that
non-GABAergic lateral habenula-dorsal raphe neurons
can activate GABA interneurons in the dorsal raphe
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which could be involved in the control of 5-HT neurons
(Neckers et al., 1979). Such an anatomical organization
could explain the results of Wang and Aghajanian (1977a)
as well as our own observations on the antagonism of the
effects of picrotoxin application to the lateral habenula
by the blockade of GABAergic transmission in the cat
dorsal raphe.

According to Stern et al. (1981), picrotoxin could only
block the inhibitory effect of lateral habenula electrical
stimulation on some of the cells of the dorsal raphe in
the rat. This suggests that a substantial proportion of the
inhibitory influence of the lateral habenula on dorsal
raphe 5-HT cells does not involve GABAergic mecha-
nisms. In fact, besides GABA, substance P may be in-
volved in the control exerted by the lateral habenula over
dorsal raphe 5-HT cells. This is evident from the signifi-
cant loss of substance P-like immunoreactivity seen in
the rat dorsal raphe following lesions of the lateral ha-
benula (Neckers et al., 1979; Vincent et al.,, 1980). A
control of dorsal raphe 5-HT cells by substance P neurons
also may occur in the cat since we observed that direct
application of substance P into the dorsal raphe could
inhibit [?’H]5-HT release in both substantiae nigra to the
same extent as picrotoxin application into the lateral
habenula. Furthermore, under both conditions, no
changes in [°’H]5-HT release were found in either caudate
nucleus. However, in marked contrast to that observed
under blockade of GABA transmission in the lateral
habenula, picrotoxin co-administration to the dorsal
raphe did not block the peptide-induced inhibition of
nigral [°H]5-HT release. These results indicate that sub-
stance P lateral habenula-dorsal raphe neurons do not
mediate the inhibitory effects on nigral [?’H]5-HT release
induced by blockade of GABA transmission in the cat
lateral habenula. They also may suggest that the picro-
toxin-resistant inhibitory effect of the lateral habenula
electrical stimulation on dorsal raphe 5-HT cells ob-
served in the rat by Stern et al. (1981) could be mediated
by substance P neurons.

The action of substance P on the 5-HT cells innervat-
ing the substantia nigra could be direct or mediated via
inhibitory non-GABAergic interneurons. The decreased
release of [’H]5-HT in the substantia nigra induced by
substance P could suggest a direct inhibitory influence of
the peptide on the activity of dorsal raphe 5-HT cells.
Although substance P generally is considered an excit-
atory transmitter, it has been found to inhibit the facili-
tatory action of acetylcholine on Renshaw cells in the
spinal cord (Ryall and Belcher, 1977). Thus, substance P
could act directly upon 5-HT cells by blocking the action
of a tonic facilitatory influence on dorsal raphe 5-HT
neurons. In addition, substance P may increase directly
or indirectly 5-HT release either from dendrites or col-
laterals (Wang and Aghajanian, 1977b; Felten and Har-
rigan, 1980) in the raphe which then could act to inhibit
5-HT neuronal activity and nigral 5-HT release. In fact,
a significant increase in [*H]5-HT release was observed
in the dorsal raphe during the local application of sub-
stance P and we have shown previously that the local
application of 5-HT in the dorsal raphe decreases nigral
5-HT release (Bourgoin et al., 1981).

It is particularly interesting to note that the application
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of substance P to the dorsal raphe or of picrotoxin to the
lateral habenula decreased [*H]5-HT release in the sub-
stantia nigra but not in the caudate nucleus. This is
surprising in light of anatomical studies indicating that
the striatum is innervated by dorsal raphe 5-HT neurons
(Bobillier et al., 1976; Taber Pierce et al., 1976; Parent et
al., 1981; Steinbusch, 1981) and according to results ob-
tained in the rat that the majority of dorsal raphe 5-HT
cells which innervate the substantia nigra send collaterals
to the ipsilateral striatum (Van der Kooy and Hattori,
1980a). Thus, our findings could suggest that the fine
organization of 5-HT projections originating from the
dorsal raphe and projecting to the caudate nucleus and
the substantia nigra is not entirely similar in the cat and
the rat. However, changes in 5-HT neuronal activity in
the dorsal raphe do not necessitate an alteration in 5-HT
transmission in the caudate nucleus. Indeed, we have
reported previously that light and auditory stimulation
which increased the firing rate of dorsal raphe neurons
in the cat (Jacobs et al., 1980) elevated nigral but not
striatal [°H]5-HT release in “encéphale-isolé” cats
(Reisine et al., 1982a). It also should be noted that
Speciale et al. (1980) found in rats that bilateral lesions
of the lateral habenula, while increasing 5-HT turnover
in the dorsal raphe, had no effect on striatal 5-HT turn-
over. This is reminiscent of our present results since the
application of either picrotoxin to the lateral habenula or
substance P to the dorsal raphe increased [*H]5-HT
release in the dorsal raphe but did not change the release
of the *H-indoleamine in the caudate nucleus. Thus, it is
conceivable that 5-HT neurons innervating the substan-
tia nigra are, under certain conditions, regulated differ-
ently from those projecting to the caudate nucleus. Sub-
stance P neurons which project to the dorsal raphe and
GABAergic neurons which innervate the lateral habenula
may contribute directly or indirectly to this differential
control. Other neurons, either originating from the lateral
habenula or passing through this structure, may also
regulate the activity of dorsal raphe 5-HT neurons pro-
jecting to the caudate nucleus and/or the substantia
nigra. Indeed, electrical stimulation of the lateral haben-
ula reduced the activity of a large majority of dorsal
raphe cells (Wang and Aghajanian, 1977a; Stern et al.,
1981) and also inhibited [?’H]5-HT release in both the
substantia nigra and the caudate nucleus. Of interest,
regarding this latter condition and in contrast with that
observed during the application of picrotoxin to the
lateral habenula or that of substance P to the dorsal
raphe, electrical stimulation of the lateral habenula de-
creased [*H]5-HT release in the dorsal raphe.
Information reaching the median raphe also could
contribute to the changes in [*H]5-HT release observed
in the substantia nigra under our experimental condi-
tions. In fact, it is well established in the rat and the cat
that the median raphe innervates the substantia nigra
(Bobillier et al., 1976; Dray et al., 1978) and that it
receives an input from the habenula (Akagi and Powell,
1968; Herkenham and Nauta, 1979). Furthermore, in the
rat, electrical stimulation of the lateral habenula sup-
presses cell firing in this raphe nucleus (Stern et al.,
1981). However, some evidence argues against the selec-
tive mediation of the median raphe in the changes in
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[*H]5-HT release seen in our study. Changes in [°H]5-
HT release in the basal ganglia were always associated
with modifications of [*H]5-HT release in the dorsal
raphe. In addition, the effects of picrotoxin application
into the lateral habenula on nigral [?’H]5-HT release were
blocked by the simultaneous delivery of the GABA an-
tagonist into the dorsal raphe. Studies made in the rat
are also in favor of a preferenitial involvement of the
dorsal raphe since lesions of the lateral habenula, which
decrease substance P levels and augment 5-HT turnover
in the dorsal raphe, do not affect these biochemical
parameters in the median raphe (Neckers et al., 1979;
Speciale et al., 1980).

In the present study, it was observed that the unilateral
manipulations involving the lateral habenula could pro-
duce changes in [°H]5-HT release in both ipsilateral and
contralateral structures. Anatomical studies in rats have
suggested that the lateral habenula sends cross-projec-
tions to the raphe (Herkenham and Nauta, 1979). Fur-
thermore, dorsal raphe 5-HT cells have been shown to
project either to the ipsilateral or to the contralateral
caudate nucleus and substantia nigra (Jacobs et al., 1978;
Van der Kooy and Hattori, 1980b). Although extrapola-
tions from one animal species to another have to be done
with caution, these data provide an anatomical support
which could explain the control exerted by the lateral
habenula on 5-HT release in both basal ganglia of the
cat.

Both the caudate nucleus and the substantia nigra are
linked closely to the entopeduncular nucleus which is an
output center for the basal ganglia (Wooten and Collins,
1981). As demonstrated in the rat and the cat, this
nucleus sends a projection to the lateral habenula, selec-
tively entering the lateral part of this region (Herkenham
and Nauta, 1977; Larsen and McBride, 1979; McBride,
1981) which, according to results obtained in the rat, is
GABAergic (Nagy et al., 1978). Since, in the present
study, the cannula tip placements were preferentially in
the most lateral part of the lateral habenula, it is possible
that some of the actions of the entopeduncular-habenula
pathway were blocked by the picrotoxin application.
Furthermore, it has been shown that lesion (Wooten and
Collins, 1981) or electrical stimulation (H. Savaki, per-
sonal communication) of the substantia nigra selectively
affect glucose utilization in the entopeduncular nucleus
and in the lateral part of the lateral habenula. Therefore,
taken together, these results and our present findings
support the role of the lateral habenula in mediating a
feedback control of dorsal raphe 5-HT neurons from
information arising from the basal ganglia. The specific
complexities involved, however, in this regulation remain
to be elucidated.
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