
Differential tonic influence of lateral habenula on prefrontal cortex
and nucleus accumbens dopamine release

Lucas Lecourtier*, Alicia DeFrancesco, and Bita Moghaddam
Center for Neuroscience, A210 Langley Hall, University of Pittsburgh, Pittsburgh, PA 15260, USA

Abstract
Conditions of increased cognitive or emotional demand activate dopamine release in a regionally
selective manner. Whereas the brief millisecond response of dopamine neurons to salient stimuli
suggests that dopamine’s influence on behaviour may be limited to signalling certain cues, the
prolonged availability of dopamine in regions such as the prefrontal cortex and nucleus accumbens
is consistent with the well described role of dopamine in maintaining motivation states, associative
learning and working memory. The behaviourally elicited terminal release of dopamine is generally
attributed to increased excitatory drive on dopamine neurons. Our findings here, however, indicate
that this increase may involve active removal of a tonic inhibitory control on dopamine neurons
exerted by the lateral habenula (LHb). Inhibition of LHb in behaving animals transiently increased
dopamine release in the prefrontal cortex, nucleus accumbens and dorsolateral striatum. The
inhibitory influence was more pronounced in the nucleus accumbens and striatum than in the
prefrontal cortex. This pattern of regional dopamine activation after LHb inhibition mimicked
conditions of reward availability but not increased cognitive demand. Electrical or chemical
stimulation of LHb produced minimal reduction of extracellular dopamine, suggesting that in an
awake brain the inhibition associated with tonic LHb activity represents a near-maximal influence
on dopamine neurotransmission. These data indicate that LHb may be critical for functional
differences in dopamine neurons by preferentially modulating dopamine neurons that project to the
nucleus accumbens over those neurons that primarily project to the prefrontal cortex.
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Introduction
Dopamine neurotransmission is implicated in processing information related to reward,
motivation, learning, control of movement, and cognition (Wise & Rompre, 1989; Goldman-
Rakic, 1998; Kelley, 2004; Calabresi et al., 2007). While dopamine neurons in awake animals
exhibit brief phasic responses to stimuli that generally last < 500 ms (Schultz et al., 1993),
phasic increases in extracellular levels of dopamine in cortical and subcortical regions during
conditions of increased cognitive or emotional demand remain elevated for minutes
(Abercrombie et al., 1989; Phillips et al., 2004; Stefani & Moghaddam, 2006). A significant
proportion of dopamine receptors are extrasynaptic (Smiley et al., 1994); therefore, the
sustained levels of extracellular dopamine may have functional significance in modulating
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dopamine-dependent ‘maintained’ behaviours such as motivational states, sustained attention
or working memory. The persistent extracellular levels of dopamine may also be critical for
some forms of cellular plasticity (Sun et al., 2005). While it is generally accepted that
behavioural activation involves a sustained increase in cortical and striatal dopamine, the
pathways that mediate this increase remain controversial. Regions such as the prefrontal cortex
(PFC), amygdala, pedunculopontine nucleus and hippocampus have been implicated in the
regulation of dopamine in anaesthetized preparations (Floresco et al., 1998; Mitchell et al.,
2000); however, stimulation of these regions in awake animals produces a small or no increase
in dopamine release (Jackson et al., 2001). These differences suggest that other regions are
involved in mediating sustained dopamine activation during performance of cognitive tasks or
exposure to motivationally salient contexts.

Although a great deal of emphasis has been placed on increased excitatory drive of dopamine
neurons during behavioural activation, an alternative mechanism may involve active removal
of a tonic inhibitory control on dopamine neurons. A candidate region for this mode of
regulation is the lateral habenular nucleus (LHb). The LHb is a subdivision of the habenular
complex (HbCpl), an epithalamic structure situated on the surface of the mediodorsal thalamic
nucleus. It has been implicated in functions traditionally associated with dopamine such as
reward processing, stress, declarative memory and attention (Kumari et al., 1999; Lecourtier
et al., 2004; Lecourtier & Kelly, 2005; Matsumoto & Hikosaka, 2007). It innervates inhibitory
gamma-aminobutyric acid (GABA) neurons in dopamine neuron-containing regions of the
ventral tegmental area (VTA) and the substantia nigra (Herkenham & Nauta, 1979; Araki et
al., 1988). Electrical stimulation of LHb inhibits dopamine neurons (Christoph et al., 1986)
via stimulation of GABA-A receptors (Ji & Shepard, 2007). In primates, LHb and dopamine
neurons display opposing patterns of activity during reward-predicting and -nonpredicting
stimuli (Matsumoto & Hikosaka, 2007).

Here we tested the hypothesis that LHb maintains tonic inhibitory control of dopamine neurons
in the awake brain. Phasic suppression of LHb activity would then lead to a transient increase
in dopamine release in cortical and striatal terminal areas, and to behavioural activation.
Extracellular levels of dopamine were measured in three regions [PFC, nucleus accumbens
(NAc) and lateral striatum] which are implicated in goal-directed movement, cognition and
reward. Activity of LHb was transiently inhibited by localized application of an alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor antagonist (LY293558).
These results were compared with chemical (AMPA) or electrical stimulation of LHb.
Locomotor activity and stereotypy were measured and correlated with levels of dopamine.

Materials and methods
Subjects

Adult male Sprague–Dawley rats (Harlan, Somerville, New Jersey, USA), weighing 320–350
g at the time of surgery, were used in this study. Before surgery, animals were housed in pairs
on a 12-h light–dark cycle (lights on at 07.00 h) for at least 1 week after their arrival in the
animal facilities. Experiments were performed during the light phase on awake and freely
moving animals. All experimental protocols were approved by the University of Pittsburgh
Animal Care and Use Committee and were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Surgical and microdialysis procedures
Surgical procedures were performed under isoflurane anaesthesia. A thermostatically
controlled electric heating pad was used to maintain the body temperature at 37 °C. Rats were
placed in the stereotaxic frame with the tooth bar 3.3 mm below the ear bars in order to
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correspond to the atlas of Paxinos & Watson (1998). Dental cement was used to secure the
probes and electrodes to the skull and to two skull screws. Immediately after the termination
of surgery, the dialysis probes were connected to a liquid swivel-balance arm assembly. After
surgery, rats were placed in a home-cage-sized clear polycarbonate cage (44 × 22 × 42 cm)
containing fresh bedding, and were allowed to recover for 24 h prior to the collection of the
dialysis samples. Animals had ad libitum access to food and water during the recovery period
but not during the experiment. Probes were perfused with a modified Ringer’s solution
containing the following (in mM): NaCl, 145; KCl, 2.7; MgCl2 1.0; and CaCl2; 1.2. The flow
rate was set at 1.3 µL⁄min during the recovery period and 2.0 µL⁄min during the collection of
dialysis samples. Dialysis samples were collected every 20 min and injected immediately into
an HPLC system with electrochemical detection for the analysis of dopamine, as previously
described (Adams & Moghaddam, 1998).

Dialysis probes had an outer diameter of 330 µm and exposed tip of 1.0 mm for infusion of
drugs into the LHb, thalamus (Thal) and dorsal hippocampus (DHipp). Probes used for
measuring extracellular dopamine had an exposed tip of 3.0 mm for PFC and 2.0 mm for NAc
and striatum. In most animals dopamine was measured from two regions simultaneously while
LHb was inhibited or stimulated. Coordinates for probes were as follows (in mm): LHb
[anteroposterior (AP), −3.8 from bregma; mediolateral (ML), 0.8; dorsoventral (DV), 4–5 from
dura], Thal (AP, −2.2 from bregma; ML, 0.7; DV, 4.3–5.3 from dura), DHipp (AP, −3.3 from
bregma; ML, 1.2; DV, 2.2–3.2 from dura), PFC (AP, +3.4 from bregma; ML, 0.8; DV, 2.8–
5.8 from skull), NAc (AP, +1.7 from bregma; ML, 0.8; DV, 6.5–8.5 from skull) and striatum
(AP, +1.7 from bregma; ML, 3.0; DV, 5–7 from skull). Coordinates for bipolar stainless steel
electrodes used for electrical stimulation were as follows: LHb (AP, −3.8 from bregma; ML,
0.8; DV, 4.5 from dura), DHipp (AP, −3.8 from bregma; ML, 1.2; DV, 3.1 from dura) or Thal
(AP, −2.2 from bregma; ML, 0.8; DV, 5.0 from dura). The probes used for detection of
dopamine were lowered ipsilateral to LHb, Thal, or DHipp in one or two of the dopamine
innervated regions (PFC, NAc and striatum). In the case of VTA stimulation, bipolar stainless
steel electrodes were implanted in the VTA (AP, −5.3 from bregma; ML, 0.8; DV, −8.3).
Regions and hemispheres were randomly chosen.

Drugs
Stock solutions of LY293558 (10 mM in distilled H20; gift from Eli Lilly, Indianapolis, IN,
USA) and AMPA (10 mM in distilled H20; Sigma-RBI, St Louis, MO, USA) were prepared
and kept frozen for a maximum of 1 month. Before use, aliquots of the stock solutions were
diluted in Ringer’s solution to a final concentration of 100 µM.

Electrical stimulation parameters
Non-continuous burst stimuli were applied to both LHb and VTA. For LHb stimulation, 0.5-
ms pulses were delivered at 20 Hz for 300 ms, with an interburst interval of 1 s and an amplitude
of 60 µA for 20 min. These parameters were chosen in accordance with LHb neuronal patterns
of activity as shown by Kim & Chang (2005). VTA neurons were stimulated with 1-ms pulses
delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms and amplitude of 60 µA
for 20 min.

Behavioural measurements
Locomotor activity—Photobeams situated around the outside perimeter of the clear
polycarbonate testing cage (Lafayette Instrument Company Inc., Lafayette, IN, USA) were
used to assess spontaneous locomotion. Analysis of the beam-break data was performed with
MotorMonitor software (v. 5.00; Hamilton-Kinder, LLC, Poway, CA, USA).
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Stereotypy—The presence of stereotyped behaviours was rated for 30 s every 5 min,
according to a scoring scale described previously (Adams & Moghaddam, 1998). Behaviours
observed were as follows: grooming, sniffing (up or down), digging and rearing. A value of 1
was given for any specific behaviour that occurred during the 30 s of rating. Subsequently,
ratings were pooled within 20-min periods to match each sample.

Histology
After the termination of each experiment, animals were anaesthetized with an intraperitoneal
administration of chloral hydrate (400 mg⁄kg). They were perfused intracardially with 9%
saline followed by 10% buffered formalin. Brains were removed and stored in 10% buffered
formalin for at least 1 week. Serial sections (250 µm) of the fixed brains were stained with
cresyl violet acetate and placements of microdialysis probes and tips of the stimulation
electrodes were verified under a light microscope. Only rats with correct probe and electrode
placements were included in the statistical analysis.

Statistical analysis
In all experiments, dopamine release was calculated for each dialysis sample as percentage ±
SEM of baseline value (depicted as samples 1–3 in all figures).

Baseline was defined as the average of the three samples immediately before the application
of any treatment. Dopamine levels were analysed with a two-way ANOVA with region (PFC, NAc,
striatum) as the between-subjects factor and sample (time) as the within-subject measure.
Between-groups post hoc tests were performed using one-way ANOVA with Tukey’s adjusted post
hoc testing. Within-group post hoc tests were made using paired-sample t-tests (applying bi-
directional hypothesis) with each post-treatment sample being compared to the mean of the
three baseline samples. Simple correlations between dopamine release and measures of
behavioural activity were performed using the average values for each sample. Lines were
fitted for each dataset on the basis of an initial examination of the scatter plots, followed by
use of the SigmaPlot regression tool (SigmaPlot version 8.0; SPSS, Chicago, IL, USA). The
level for all statistical comparisons was P < 0.05. In the case of stereotypy score, significant
effects were assessed using nonparametric statistical analysis (Friedman test).

Results
LHb inhibition increased spontaneous activity and dopamine release in the PFC, NAc and
striatum

After three stable baseline samples were collected in the PFC, NAc or striatum, the activity of
LHb was inhibited by the AMPA receptor antagonist LY293558 (Fig. 1). This treatment
increased dopamine release in all three regions. However, the increase in PFC was shorter in
magnitude and duration. A two-way ANOVA with region as factor and sample as repeated measure
indicated a significant effect of region (F2,16 = 5.50, P < 0.05), a significant effect of sample
(F15,240 = 15.9, P < 0.0001) and a significant region × sample interaction (F30,240 = 2.93, P <
0.0001). Analysis of each region with a one-way ANOVA with sample as the repeated measure
indicated a significant effect of sample: PFC (F15,90 = 4.61, P < 0.0001), NAc (F16,50 = 12.96,
P < 0.0001) and striatum (F13,91 = 7.98, P < 0.0001). Between-regions post hoc tests indicated
a significant difference between PFC and NAc (P < 0.05), a significant difference between
PFC and striatum (P < 0.05) and no difference between NAc and striatum (P > 0.05).

During the microdialysis studies, spontaneous locomotion and behavioural stereotypy were
assessed. As demonstrated in Fig. 2, inhibition of LHb resulted in phasic increases in locomotor
activity (F13,52 = 8.48, P < 0.0001) and expression of behavioural stereotypy (P < 0.0001).
Increased dopamine neurotransmission in the NAc and striatum have been associated with
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increased locomotion and stereotypy, respectively (Kelly et al., 1975). We found that
locomotor activity was positively correlated with increased dopamine release in NAc and
stereotypy score positively correlated with increased dopamine release in striatum (Fig. 2).

Similar patterns of dopamine release in NAc, but not PFC, were evoked by VTA stimulation
Given the significantly smaller effect of LHb inhibition on PFC dopamine release compared
to the other regions, we asked whether generalized activation of dopamine neurons produces
a similar pattern of activation in dopamine release in these regions. This question was addressed
by electrically stimulating dopamine cell bodies in the VTA while simultaneously measuring
dopamine efflux in the PFC and NAc (Fig. 3). Dopamine neurons in the VTA project to both
PFC and NAc. As expected, stimulation of VTA significantly increased dopamine release in
both regions (PFC: F7,42 = 9.58, P < 0.01; NAc: F7,63 = 7.87, P < 0.01). In contrast to LHb
inhibition, however, VTA stimulation produced a larger increase in PFC dopamine than in
NAc dopamine release. The increase in NAc was nearly identical in magnitude to that observed
after LHb inhibition (Fig. 1) whereas PFC levels increased nearly twice as much.

LHb stimulation inhibited dopamine release in NAc, but not in PFC or striatum
The LHb was electrically stimulated while dopamine was measured in NAc, PFC and striatum.
This treatment produced a significant but small decrease in NAc dopamine release (F10,40 =
3.15,P < 0.05) but had no effect on PFC and striatal dopamine (Fig. 4). There were no changes
in locomotion or stereotypy associated with this treatment (data not shown).
Electrophysiological studies have shown that electrical stimulation of LHb profoundly reduces
the firing of dopamine neurons (Christoph et al., 1986;Ji & Shepard, 2007) whereas we only
observed a partial (or no) effect on dopamine release here. To confirm that electrical stimulation
was sufficient to stimulate LHb neurons, we also examined the effect of robust chemical
stimulation by AMPA (100 µM perfused for 15 min through the probe) on NAc dopamine levels
(Fig. 4). This treatment also produced a small but significant decrease in NAc dopamine release
(F10,40 = 3.13, P < 0.05) and did not produce any measurable behavioural effects (data not
shown).

Manipulating near-LHb structures failed to mimic its effects on DA release
To ensure that our observations did not result from drug or current spread to structures near
the LHb, we determined the effect of both electrical stimulation and AMPA antagonist
application to DHipp and Thal, while dopamine was measured in NAc (Fig. 5). Application of
the AMPA antagonist to the Thal significantly decreased the release of dopamine in NAc
(F10,30 = 3.31, P < 0.05) but with a delayed onset and prolonged duration of action that appeared
dissimilar to the effect of LHb activation. The same treatment in the DHipp had no significant
effect on these measures. Electrical stimulation of either region did not have a significant effect
on NAc dopamine. These treatments did not produce behavioural activation (data not shown).

Discussion
Our data demonstrate that in an awake state the LHb maintains an inhibitory control over
dopamine neurotransmission in cortical and striatal regions. Reducing this inhibition
transiently increases dopamine release in a manner that resembles increases seen during salient
conditions such as reward availability or increased cognitive demand. The inhibitory influence
was most robust toward regulation of dopamine in NAc and striatum. Stimulation of LHb
produced minimal reduction of extracellular dopamine, suggesting that tonic activity of LHb
exerts a near-maximal effect on dopamine neurotransmission.
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Preferential influence of LHb on dopamine release in the NAc compared to PFC
This is the first study to address the role of LHb on regulating dopamine transmission in
different terminal regions of behaving animals. Inactivation of LHb by local application of an
AMPA⁄kainate antagonist transiently suppressed postsynaptic fast-acting excitatory influence.
This approach, unlike electric lesions or tetrodotoxin administration used to deactivate LHb in
previous studies (Lisoprawski et al., 1980), spares fibers of passage which run along the stria
medullaris, the HbCpl afferent pathway, and bypass the latter (Herkenham & Nauta, 1979).
Inactivation of LHb inhibition by an AMPA receptor antagonist increased dopamine release
in both NAc and striatum by ~60% over baseline. This increase was sustained for over an hour
after the cessation of LHb inhibition and correlated with a general increase in spontaneous
behavioural activity. The magnitude and duration of dopamine release in the NAc correlated
with behavioural activation and was similar to that reported when animals are engaged in effort-
related processes and reward-seeking behaviour (Salamone et al., 1994; Westerink et al.,
1994; Bassareo & Di Chiara, 1997; Stefani & Moghaddam, 2006). For example, in food-
restricted animals that are placed in a maze for 20–40 min for a reward-retrieval task, NAc
extracellular dopamine is increased by 50–75% over baseline and remains elevated for over
an hour after the animal has been removed from the maze (Stefani & Moghaddam, 2006). This
pattern of activation suggests that the presence of reward or motivationally salient events
increases NAc dopamine release by inhibiting LHb neuronal activity. This mechanism is
consistent with recent electrophysiological studies in rhesus monkey showing that the
activation of dopamine neurons in response to reward is accompanied by inhibition of LHb
neurons (Matsumoto & Hikosaka, 2007).

The effect of LHb inhibition on PFC dopamine release was smaller in magnitude and duration
than the increase seen in the NAc and striatum. This was surprising because extracellular
dopamine in PFC generally increases far more than striatal or NAc dopamine in response to
salient events such as stress and increased cognitive load (Abercrombie et al., 1989; Inglis &
Moghaddam, 1999; Phillips et al., 2004; Stefani & Moghaddam, 2006). Given that an
indiscriminate excitation of dopamine neurons in the VTA has been reported in response to
LHb inhibition (Christoph et al., 1986; Ji & Shepard, 2007), we questioned whether a general
activation of VTA neurons will preferentially increase dopamine release in NAc compared to
PFC. Electrical stimulation of the VTA, however, mimicked the same magnitude of increase
in NAc dopamine as that seen after LHb inhibition but produced a far larger increase in PFC.
Thus it appears that LHb preferentially inhibits the activity of dopamine neurons that project
to NAc. It is interesting that the increase in PFC dopamine release after LHb inhibition
mimicked the small and short-lasting activation of dopamine in this region during reward
retrieval (Stefani & Moghaddam, 2006) as opposed to the robust activation during cognitive
tasks such as working memory or set-shifting (Phillips et al., 2004; Rossetti & Carboni,
2005; Stefani & Moghaddam, 2006; van der Meulen et al., 2007). Furthermore, cognitive
impairments immediately observed in rats after habenula lesions generally involve classic basal
ganglia deficits such as increased impulsivity as opposed to decreased accuracy (Lecourtier &
Kelly, 2005). Thus, based on comparing the magnitude and duration of dopamine activation
in NAc and PFC during LHb inhibition with that reported during different behavioural contexts,
it may be hypothesized that LHb preferentially regulates the activity of those dopamine neurons
that encode for processes related to reward seeking, and which primarily project to NAc, but
not those neurons that subserve executive functions, and which primarily project to PFC.
Anatomical studies indirectly support this notion; axons from the LHb predominantly innervate
the posterior part of the VTA whereas VTA projections to the PFC primarily originate from
the anterior portion of this structure (Swanson, 1982). It is noteworthy that the main inhibitory
drive onto LHb neurons arises from the globus pallidus (Araki et al., 1984), which has been
strongly implicated in reward-related behaviours (Tindell et al., 2006). Clearly, further
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anatomical characterization and electrophysiological studies using antidromic stimulation are
necessary to establish the validity of this mechanism.

LHb primarily has a permissive role on dopamine release
LHb sends glutamatergic axons to the VTA and substantia nigra, which predominantly synapse
on GABA interneurons (Bunney & Aghajanian, 1976; Herkenham & Nauta, 1979; Geisler &
Zahm, 2005) and therefore indirectly inhibit dopamine neurons. Accordingly, previous
electrophysiological studies have reported that LHb stimulation profoundly inhibits dopamine
neurons in the rat (Christoph et al., 1986; Ji & Shepard, 2007) and monkey (Matsumoto &
Hikosaka, 2007). Here we only observed a small decrease or no effect on dopamine release in
NAc, striatum or PFC. Studies by Christoph et al. (1986) and Ji & Shepard (2007) were
performed in anaesthetized rats and reported profound inhibition in 85–97% of dopamine
neurons. It is difficult to compare these studies with ours because the activity of LHb neurons
may be down-regulated in their preparation given that anaesthesia inhibits the activity of
cortical neurons which provide a major excitatory input onto LHb neurons (Greatrex &
Phillipson, 1982). In awake animals where a greater number of LHb neurons may be
spontaneously active, LHb stimulation may be far less effective in stimulating the already
depolarized GABAergic neurons in dopamine cell body regions. A recent primate study,
however, showed that in awake animals electrical stimulation of LHb does inhibits dopamine
neurons (Matsumoto & Hikosaka, 2007). The result of this study differed from the data reported
in anaesthetized rats in that the magnitude of inhibition was smaller and varied greatly among
neurons. In over half of the recorded dopamine neurons, LHb stimulation reduced their baseline
activity by < 50%. Furthermore ~20% of dopamine neurons were not inhibited by LHb
stimulation. Considering that single-unit recordings may be biased toward neurons with robust
spontaneous activity, the portion of neurons unresponsive to LHb stimulation may have been
greater across the entire population. This smaller level of inhibition together with reduced
activation of regulatory mechanisms that usually inhibit dopamine release, such as reduced
occupancy of presynaptic D2 autoreceptors, would explain the small, or lack of, effect of LHb
stimulation on extracellular dopamine release. Thus while overstimulation of LHb in awake
animals may inhibit some dopamine neurons, the impact of this effect in reducing dopamine
efflux in terminal regions is small and limited to NAc. Overall, the modulatory role of LHb on
extracellular dopamine in an awake brain appears to be one in which inhibition of the LHb
produces increases in dopamine release that are much larger than decreases following LHb
activation.

Specificity of the present results
A problem with local infusion or electrical stimulation studies is that the applied compound or
current may mediate an effect by diffusing to surrounding structures. This is especially a
concern with the present work because LHb is surrounded by other structures that have been
reported to influence dopamine cell activity. To address this issue we repeated the stimulation
and inhibition experiments in two additional regions adjacent to the LHb. These regions
included DHipp and thalamus, where stimulation under some circumstances has been shown
to enhance NAc or dorsal striatal dopamine release (Kilpatrick et al., 1986; Strecker & Moneta,
1994; Churchill et al., 1996; Peleg-Raibstein & Feldon, 2006). Our studies showed that DHipp
and thalamus inhibition or stimulation did not mimick the impact of LHb inhibition or
stimulation on dopamine release. Thus, whereas these regions may influence dopamine-related
functions, the data presented here were not contaminated by diffusion of compounds or current
from LHb to surrounding structures.
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Implications for brain disorders
Basic and clinical findings suggest that the function of the habenular complex, in particular
the LHb, may be compromised in psychiatric disorders, in particular schizophrenia and
addiction (Sandyk, 1992; Caputo et al., 1998; Ellison, 2002; Lecourtier et al., 2005; Heldt &
Ressler, 2006). Both of these disorders have traditionally been associated with abnormal
dopamine neurotransmission (Carlsson, 1978; Wise & Rompre, 1989). In the case of addictive
disorders, dopamine projections to NAc are thought to be critical for maintaining behaviours
that mediate drug-taking (Berridge & Robinson, 1998; Kelley, 1999). The recent
electrophysiological findings that the activity of dopamine neurons which signal reward
coincides with LHb inhibition (Matsumoto & Hikosaka, 2007), together with the present results
that LHb inhibition preferentially increase NAc dopamine release, are consistent with a role
for LHb pathology in mediating abnormal reward-seeking behaviour. In schizophrenia,
although primary pathology in the dopamine system has not been found in post-mortem studies,
imaging studies in individuals with schizophrenia support the idea that limbic striatal, and not
cortical, dopamine is hyperactive (Abi-Dargham et al., 2000). Compromised LHb function is
entirely consistent with this mechanism because it will abnormally augment dopaminergic tone
in dorsal and ventral striatum in the absence of pathology within dopamine neurons.
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Abbreviations

AMPA alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

DHipp dorsal hippocampus

GABA gamma-aminobutyric acid

HbCpl habenular complex

LHb lateral habenular nucleus

PFC prefrontal cortex

NAc nucleus accumbens

Thal thalamus

VTA ventral tegmental area
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FIG. 1.
(A) Effect of application of the AMPA receptor antagonist LY293558 to the LHb via a
microdialysis probe on the release of dopamine in the PFC, NAc and dorsal striatum. $P < 0.05
(PFC) *P < 0.05 (NAc), #P < 0.05 (striatum) compared to baseline. (B) Representations of
probe placements in LHb (top left), PFC (top right), striatum (bottom left) and NAc (bottom
right; plates are modified from Paxinos & Watson, 1998).
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FIG. 2.
Behavioural response to the administration of the AMPA antagonist LY293558 in LHb. (A)
Assessment of locomotor activity in the five rats whose NAc dopamine release was measured
during LY293558 administration in LHb. Each point (beam breaks, mean ± SEM) corresponds
to a 20-min sample collection. *P < 0.05 vs. baseline. (B) There was a positive correlation
between locomotor activity and NAc dopamine release (r = 0.78, P < 0.05) and PFC dopamine
release (r = 0.6, P < 0.05; data not shown). (C) Assessment of stereotypy score in the seven
rats whose striatum dopamine release was measured during LY293558 administration in LHb.
Each point (score, mean ± SEM) corresponds to a 20-minute sample collection. *P < 0.05,
**P < 0.01 vs. baseline. (D) There was a positive correlation between stereotypy score and
striatum dopamine release (r = 0.58, P < 0.05) and no correlation with PFC dopamine release
(r = 0.2, P > 0.05; data not shown).
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FIG. 3.
(A) Impact of VTA electric stimulation on dopamine release in NAc and PFC. *P < 0.05,
**P < 0.01 (NAc vs. baseline), $P < 0.05, $$P < 0.01 (PFC vs. baseline), §P < 0.05 (PFC vs.
NAc). $$P < 0.01 (B) Representations of probe placements in PFC (top left) and NAc (top
right) and electrodes placements in VTA (bottom; plates are modified from Paxinos & Watson,
1998).
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FIG. 4.
Impact of AMPA-mediated or electrical stimulation of the LHb on dopamine release in the
NAc and PFC. (A) Results (dopamine release, mean ± SEM) are shown as percentages of
baseline value (samples 1–3). Each sample represents a 20-min period. In both cases
stimulation started immediately after the collection of sample 3 and lasted 20 min. A significant
effect was only observed in the NAc; *P < 0.05 (AMPA), #P < 0.05 (electric) vs. baseline. (B)
Representations of electrode or probe placement in the LHb (top) and probe placement in the
NAc, PFC, and striatum (bottom).
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FIG. 5.
Impact of inhibition and stimulation of regions adjacent to LHb on dopamine release in NAc.
(A) Administration of the AMPA antagonist LY293558 in the thalamus (Thal, ■) and dorsal
hippocampus (DHipp, □) on dopamine release. Results (dopamine release, mean ± SEM) are
shown as percentages of baseline value (samples 1–3). Each sample represents a 20-min period.
LY293558 administration started immediately after the collection of sample 3 and lasted 20
min (DHipp) or 15 min (Thal). LHb results (small dots; see Fig. 1) are shown for comparison.
*P < 0.05 (Thal, vs. baseline). (B) Representations of probe placements in DHipp (top left),
Thal (top right) and NAc (bottom). (C) Impact of Thal and DHipp electrical stimulation on
dopamine release in NAc. Results (dopamine release, mean ± SEM) are shown as percentages
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of baseline value (samples 1–3). LHb results (small dots) are shown for comparison. (D)
Representations of electrode placements in DHipp (top left) and Thal (top right) and probe
placements in NAc (bottom).
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