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Pharmacological modulation of lateral habenular dopamine D2
receptors alters the anxiogenic response to cocaine in a runway
model of drug self-administration

Kerisa Shelton, Kelsie Bogyo, Tinisha Schick, and Aaron Ettenberg
Behavioral Pharmacology Laboratory, Department of Psychological and Brain Sciences,
University of California, Santa Barbara, California 93106-9660

Abstract

Cocaine has long been known to produce an initial “high” followed by an aversive/anxiogenic
“crash”. While much is known about the neurobiology of cocaine’s positive/rewarding effects, the
mechanisms that give rise to the drug’s negative/anxiogenic actions remain unclear. Recent
research has implicated the lateral habenula (LHb) in the encoding of aversive events including the
anxiogenic response to cocaine. Of particular interest in this regard are the reciprocal connections
between the LHb and the ventral tegmental area (VTA). VTA-DA neurons innervate different
subsets of LHb cells that in turn feedback upon and modulate VTA neuronal activity. Here we
examined the impact of D2 receptor activation and inhibition on the anxiogenic response to
cocaine using a runway model of self-administration that is sensitive to the dual and opposing
effects of the drug. Male rats ran a straight alley for IV cocaine (1.0 mg/kg) following bilateral
intra-LHb infusions of the D2 receptor antagonist, cis-flupenthixol (0, 7.5 or 15ug/side) or the D2
agonist, sumanirole (0, 5 or 10ug/side). Vehicle-pretreated controls developed approach-avoidance
conflict behaviors about goal-box entry reflective of the dual positive and negative effects of
cocaine. These behaviors were significantly diminished during LHb-D2 receptor antagonism and
increased by the LHb D2 receptor agonist. These results demonstrate that activity at the D2
receptor in the lateral habenula serves to modulate the anxiogenic response to cocaine.

Keywords
cocaine; lateral habenula; runway self-administration; cis-flupenthixol; sumanirole; anxiety

1. Introduction

Human users of cocaine report that the initial “high” felt after taking cocaine is

characterized by euphoria, pleasure, and energy (Boutrel & Koob, 2004, Fischman et al.,
1976; Gawin, 1991; Resnick & Resnick, 1984). Similarly, laboratory animals will
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voluntarily self-administer the drug (G€0rge & Goldberg, 1989. Woolverton, 1992) 3q

exhibit preferences for places or stimuli associated with the drug (Bardo etal., 1995. Carr,
Fibiger & Phillips, 1989. Childress et al., 1988. O’Brien et al., 1998. Rosenow et al., 2007)_
However, in addition to its euphoric effects, cocaine administration produces strong negative
aftereffects. Human users of cocaine report that this “crash” is characterized by dysphoria,
anxiety, and craving for the drug (Anthony etal., 1989. Resnick et al., 1977. pohsenow et
al., 2007; Williamson et al., 1997) The anxiogenic effects of acute cocaine administration
have also been noted in multiple laboratory animal experiments, including demonstrations
that cocaine increases anxious behavior in the elevated plus maze (R0gerio & Takahashi,
1992) ‘increases the latency of an animal to enter an open field (Yang etal., 1992y anq can
produce “panic-like” responses in both mice and monkeys (Blanchard & Blanchard 1999.
Crowley etal., 1992y These dual positive and negative effects of cocaine can be seen in a
single animal during a single trial using a runway self-administration test. Here animals are
trained to run down a straight alleyway and enter a goal box to earn a single daily IV
infusion of cocaine. Over trials, the animals begin to display an approach-avoidance conflict
behavior in which they advance toward the goal box, but stop before entering, then turn, and
retreat back toward the start box (Ettenberg, 2004; Ettenberg & Geist, 1991; Ettenberg &
Geist, 1992). This “retreat” behavior has been shown to stem from the dual positive and
negative associations that animals form with the goal box in which they experienced the
cocaine (e.g., see reviews by Ettenberg 2004 2009y ang s in fact comparable to behavior
observed in animals approaching a goal box previously associated with both food and foot-
shock (Geist & Ettenberg, 1997) 4 addition, while animals develop place preferences for
locations paired with the immediate effects of IV cocaine, they develop aversions for places
paired with the effects present 15 minutes post-1V injection (Ettenberg, 2004. Jhou et al.,
2013). Thus, there is significance in fully understanding the behavioral and underlying
biological bases for these opposing effects as any decision to seek the drug must logically
involve the individual’s assessment of the cost/benefit (positive versus negative) attributes of
the drug experience (Ettenberg etal., 2015)_

Previous work has demonstrated that the dopaminergic (DA) neurons that extend from the
ventral tegmental area (VTA) to the nucleus accumbens (NAcc) play a key role in cocaine’s
rewarding effects. Cocaine blocks the presynaptic reuptake of DA, effectively increasing the
amount of extracellular DA — an effect thought by many to result in the experience of drug
reward (Dackis & O’Brien 2001; Di Chiara & Imperato, 1988; Koob et al. 1994; Roberts et
al. 1977; wise et al. 1995). Additionally, lesions or antagonist drugs that disrupt this system

have been shown to attenuate both cocaine-induced conditioned place preferences (1532C €t
al., 1989' Morency & Beninger, 1986, Spyraki et al., 1987; Veeneman et al., 2011) as well as

operant self-administration of the drug (Ettenberg etal., 1982’ Pettit et al., 1984’ Roberts et
al., 1977, Roberts & Koob, 1982 gyt what brain structures or circuitry are responsible for
cocaine’s delayed anxiogenic effects? While less is known about these negative actions of
the drug, one structure that has garnered much recent attention is the lateral habenula (LHb).

The LHb receives projections from a multitude of brain sites that have been implicated in the
production of both rewarding and aversive states (e.g., see reviews by Lecca etal., 2014.
Meye et al., 2013. Velasquez et al., 2014y 3nq has itself been implicated in the behavioral
response to numerous anxiogenic and aversive stimuli (Amat et al., 2001. Caldecott-Hazard
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etal., 1988. Gao et al., 1996. Murphy et al., 1996. Stamatakis & Stuber, 2012y For example,

in recording studies, researchers have found that the lateral habenula is activated by both the
presentation of aversive stimuli as well as by the absence of an expected reward (Bromberg-
Martin & Hikosaka, 2011; Matsumoto & Hikosaka, 2007)_ Recent studies have proposed
that the LHb may facilitate the onset of cocaine’s negative properties, possibly by inhibiting
the action of midbrain DA neurons in the VTA (Friedman etal., 2010. Jhou et al., 2009
The mechanism through which this occurs is thought to be the rostro-medial tegmental
nucleus (RMTg) — a small cluster of cells situated at the tail end of the VTA that send
inhibitory GABAergic projections into the VTA (Balcita-Pedicino etal., 2011. Jhou et al.,
2009a; Jhou et al., 2009b; Kaufling et al., 2009)_ It appears then that activation of cells

within the LHb results in a glutamatergic activation of the RMTg that in turn inhibits cell
firing within the VTA (Good etal., 2013. Jhou et al., 2009a. Jhou et al., 2009b. Kowski et
al., 2009). To complete the circuit DA cells within the VTA have themselves been shown to
project to the LHb (Gruber etal., 2007. Skagerberg et al., 1984y \yhere D2 and D4 receptors
have been identified (Aizawa et al., 2012; Good et al., 2013; Jhou et al., 2013; Weiner et al.,

1991) and DA receptor activation has been shown to alter of LHb neuronal activity (KOWSki
etal, 2009)_

It would seem then that activity in this LHb-RMTg-VTA circuit is anatomically and
functionally well suited to play a significant role in the affective response to cocaine. Indeed,
Jhou et al. (2013) paye shown that a subset of LHb neurons exhibit biphasic responses to 1V
cocaine with an initial suppression of neuronal firing (thereby removing the LHb-RMTg
inhibition of the VTA and permitting the reward signal to prevail) followed by a delayed
excitation whose timing parallels cocaine’s shift from rewarding to aversive (Ettenberg etal.,
1999, Ettenberg, 2004y Others have also reported that cocaine actions within the LHb are
implicated in cocaine-seeking behavior and the reinstatement of cocaine-seeking following
cessation of drug self-administration (e.g., Friedman et al., 2010, Mahler & Aston-Jones,
2012 Morteaux & Mameli, 2012; Neumann et al., 2015; £U0 €tal., 2013y | this context,
the current study was devised to contribute to this body of work by examining the effects of
D2 activation and inhibition within the LHb on the dual positive and negative effects of
cocaine as measured in a unique operant runway model of drug self-administration.

2. Methods
2.1 Subjects

Subjects were 87 male Sprague-Dawley albino rats obtained from Charles River
Laboratories (Wilmington, MA, USA) and weighing between 300-500g at the time of
surgery. Animals were pair-housed in a temperature-controlled (23°C), reverse light-cycle
room which alternated 12 hours of light and 12 hours of darkness (lights on at 8:00pm).
Food and water were provided ad /ibitum and rats were gentled through daily handling for
one week prior to surgery.

2.2 Surgery

Each rat was surgically implanted with an 1V catheter (13mm long, 0.3mm inner tubing and
0.64mm outer tubing diameters, Dow Corning Corp, Midland, MI, USA) under deep
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anesthesia induced by an intra-muscular injection of a combined solution of ketamine and
xylazine (56.5 and 7.5mg/kg, respectively). Subjects were also given a subcutaneous (SC)
injection of the non-opioid analgesic, flunixin meglumine (1.3 mg/kg in 0.06 ml/kg
FluMeglumine; Phoenix Pharmaceuticals, Belmont, CA) to reduce post-operative pain. One
end of the catheter was inserted into the jugular vein and secured in place by suture while
the other end was affixed to a guide cannula (Plastics One, Roanoke, VA) that was passed
subcutaneously to a small opening on the midline of the rat’s back. The guide cannula was
itself affixed to a small square of Marlex mesh (Bard; Warwick, RI) with the cannula
positioned to protrude through the small opening in the skin and the Marlex mesh laid flat
and subcutaneously on the animal’s back. Following implantation, catheters were flushed
with ticarcillin-clavulanate (50 mg in 0.25 ml 1V) followed by heparinized saline (6.0 1U
heparin in 0.1 ml 0.9% physiological saline 1V) to ensure catheter patency and reduce the
risk of microbial infection. Rats were then given a SC injection of 3.0 ml of 0.9%
physiological saline to prevent dehydration. During the same surgical session as the catheter
implantation, rats were stabilized in a stereotaxic unit, and fitted with bilateral chronic
indwelling guide cannula (22-gauge, 5mm, Plastics One, Roanoke, VA, USA) aimed 2 mm
above the target site. Cannula were secured with acrylic dental cement and four stainless
steel screws mounted to the animal’s skull. The following LHb coordinates were derived
from Jhou etal. (2013) 44 confirmed in pilot studies: tooth-bar set at 10°; AP -3.4; ML
+1.5; DV —-4.2mm from bregma.

Animals were allowed to recover for one week before behavioral testing. Catheter patency
was established by assessing the loss of the righting reflex after IV injection of the fast-
acting barbiturate methohexital (Brevital, 2.0 mg/kg/0.1 ml). Animals that were
unresponsive to Brevital before testing were re-implanted with a new catheter using the left
jugular vein and given additional days for recovery. If catheter patency failed during the
course of behavioral testing, that animal was removed from data analysis; a total of five
animals were removed due to catheter failure.

Cocaine hydrochloride (provided by the National Institute of Drug Abuse) was dissolved in
a vehicle solution of 0.9% physiological saline and administered IV in a dose of 1.0 mg/kg
(in a volume of 0.1 ml delivered over a period of 4.5 s) via a 10 ml syringe seated in a
motorized syringe pump (Razel Scientific Instruments, St. Albans, Vermont, USA). This
cocaine dose was selected to produce an optimal behavioral response (highest positive
relative to negative impact), as shown in previous work (e.g., Raven etal., 2000y

For intracranial (IC) administration, the DA antagonist cis-flupenthixol (0, 7.5, or 15ug/
injection) or the D2 agonist sumanirole (0, 5, or 10pg/inj) were each dissolved in 0.9%
physiological saline and administered bilaterally in volumes of 0.25 pl delivered over 75 s.

2.4 Apparatus

Runway Apparatus—Two identical runway apparatus were utilized in the current
experiment each consisting of a straight alleyway (155 cm Lx15 cm Wx40 cm H) that
connected the “start box™ (24x25%40 cm) at one end to the “goal box” (24x25x40 cm) at the
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opposite end. The floor of each apparatus was composed of small diameter steel rods aligned
perpendicular to the side walls of the alley. Retractable doors gated the entrance to both the
start and goal box. Thirteen infrared photodetector-emitter pairs were positioned along the
length of the runway walls approximately 16 cm apart and 5 cm above the floor. Input from
these photocells was fed through an ANY-maze interface (Stoelting Co., Wood Dale, IL) to a
laptop computer running customized software that served to control the start/goal doors and
drug infusions, and to record the animal’s position in the alley in real time.

Running lengthwise above each runway was a pair of magnetic tracks between which was
positioned a free-moving swivel (375-22PS; Instech Laboratories Inc., Plymouth Meeting,
PA). The swivel penetrated (and was cemented into) the middle of a flat 4-inch Plexiglas
disk (a “skirt™) that prevented the swivel from falling between the rails. Affixed to the
bottom of the “skirt” was a pot magnetic whose polarity was arranged to repel that of the
tracks and thereby permitted the entire assembly to float a few centimeters above the rails.
PE20 tubing connected the IV catheter on the animal’s back to the swivel, and the swivel to
a 10 ml syringe seated within a computer-controlled syringe pump. This set-up allowed for
the precise automated 1V administration of drug upon the subject’s goal-box entry, while

allowing the rat to move about freely within the alley (for a more detailed description of the
runway apparatus see Geist & Ettenberg, 1990).

Locomotor apparatus—Locomotor activity was measured in 12 identical Plexiglas
chambers (each 20 cm L x 40 cm W x 20 cm H; Kinder Scientific, San Diego, CA).
Embedded in the walls 8 cm above the floor of each chamber were 15 infrared
photodetector-emitter pairs evenly spaced along the long axis and 7 more along their narrow
axis. Movement within the chamber produced infrared-beam interruptions that were
recorded by a desktop computer running custom software (Kinder Scientific). The data were
collected as the distance travelled by each subject in cm.

2.5 Procedure

Runway self-administration procedure—One week post-surgery, animals were
habituated to the runway apparatus (with the goal door closed) for a single 10-min session.
Testing then began the next day and consisted of 15 consecutive once-daily trials. Prior to
each trial, subjects were administered I1C bilateral LHb infusions of either the D2 antagonist
cis-flupenthixol (0, 7.5, or 15ug/injection/side; n = 7, 11 and 11 respectively) or the D2
agonist sumanirole (0, 5, or 10ug/injection/side; n = 12, 12 and 16 respectively). Doses were
selected on the basis of prior behavioral studies with each of these compounds (Puvauchelle
etal, 1992; Fernando et al., 2012; Koffarnus et al., 2011; Moscarello et al., 2010; Weber et
al., 2010). Following a 5-min wait to account for drug diffusion, subjects were connected to
the 1V drug-delivery system and placed into the runway start box. The trial was initiated 5 s
later with the opening of the start door. Upon the animal’s entry into the goal box the goal
door was automatically closed and a single IV infusion of cocaine (1.0 mg/kg) was
delivered. The rat remained in the goal box for 5-min after which it was returned to its home
cage. The following dependent measures were recorded on every trial: start latency - the
time it took the animal to leave the start box once the start door was opened; run time - the
time elapsed between the animal’s departure from the start box and entry into the goal box;
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and retreat frequency - the number of times the animal stopped its forward locomotion,
turned, and retraced its path toward the start box.

Locomotor procedure—Locomotor behavior was assessed to determine the effects of
cis-flupenthixol and sumanirole on spontaneous movement. Testing was conducted over the
course of one day during which the distance traveled by each subject (in cm) served as an
index of locomotor activity. Animals were first habituated to the chamber for 50 minutes,
then removed from the chamber, given an IC injection of cis-flupenthixol, sumanirole, or
vehicle (same concentrations as in runway) and returned to the locomotor chambers for 15
min during which their locomotor activity (distance traveled) was recorded.

3.1 Histology

Figure 1 shows the brain regions within which the injection cannula were located in the
LHb. A total of 13 animals were removed from the study because their cannula lay outside
the target region.

3.2 Runway Self-Administration

Cis-flupenthixol—The runway behavior of animals treated with the D2 antagonist, cis-
flupenthixol, are depicted in Figure 2. Start latencies (top panels of Fig 2), which are
presumed to reflect the positive incentive properties of the goal-box experience, decreased
comparably across all three groups as trials progressed. A two-factor Group x Trial Analysis
of Variance (ANOVA) performed on these data confirmed a statistically reliable decrease in
start latencies over trials (F (14, 364)=2.05, p < 0.02) but no main effect of Group nor any
Group x Trial interactions (o> 0.05). In contrast, the middle and bottom panels of Figure 2
suggest that animals treated with cis-flupenthixol behaved differently than vehicle-treated
controls. The ANOVAs computed on the data depicted in the figure confirmed the presence
of a statistically reliable main effect for run time (F(2,26) = 3.38, p <.05) and for retreat
frequency significant effects were obtained for Trial (F (14, 364) = 2.32, p< 0.001), Group
(F (2, 26) =5.63, p<0.01), and a marginal Group x Trial interaction (F(28,364) = 1.38, p=
0.09) results all clearly stemming from the virtual absence of approach-avoidance retreats
observed in the high dose group.

Sumanirole—The runway performance of rats treated with the D2 agonist, sumanirole, is
shown in Figure 3. Once again, two-factor Group x Trial ANOVA were computed on each of
the three dependent measures examined in the study. As was the case for cis-flupenthixol,
sumanirole-treated subjects exhibited decreases in start latencies as testing progressed (a
main effect of Trial; F (14,476) = 3.78, p<0.001), with no main effect of Group and no
Group x Trial interaction (p>.05). In contrast to cis-flupenthixol, the D2 agonist reliably
increasedrun times over trials (F (14, 518) = 2.39, p < 0.004) and produced a reliable Group
x Trial interaction (F (28, 518) = 1.58, p < 0.04) indicating that treated subjects behaved
differently over trials. Indeed, as the figure shows, while all groups tended to slow their run
times over trials, the effect was most pronounced in the high dose group. The bottom panels
of Fig. 3 depict the retreat frequencies of the sumanirole-treated rats. When averaged across
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all three groups, approach-avoidance behavior tended to increase over trials (F (14, 518) =
2.09, p<0.02), and while the main effect for Group was only marginally reliable (F(2,37) =
23.91, p =0.06) the ANOVA identified a statistically significant Group x Trial interaction
(F(28,518) = 1.54, p< 0.05) a result that clearly stemmed from the fact that while all groups
exhibited few and comparable numbers of retreats at the outset of testing, over trials only the
high dose group exhibited an elevation in approach-avoidance behavior.

3.3 Locomotor Test

To ensure that drug-induced changed in runway performance were not due to any non-
specific motoric effects of the pretreatments, animals underwent spontaneous locomotor
activity testing during challenge with cis-flupenthixol or sumanirole. One way-ANOVA
confirmed that, for either drug, there were no differences in initial locomotor behavior
during the pre-injection baseline/habituation period £>.05). The locomotor data obtained
during the 15-min test session (i.e., following IC infusions) are shown in Figure 4. One-way
ANOVA computed on the data for each drug again revealed no reliable group differences in
locomotor activity following either dose of cis-flupenthixol or sumanirole (p>.05).

4. Discussion

Our current results confirm what we have previously reported in that animals running an
alley once a day for a single 1V injection of cocaine developed an ambivalence about goal
box entry that increases in strength over the course of testing (Ettenberg, 2004 2009.
Ettenberg et al., 2011 2015. Ettenberg & Geist, 1991 1992)_ This ambivalence was
reflected in the development of an approach-avoidance conflict (retreat behaviors) that
results from the subjects” dual positive (rewarding) and negative (anxiogenic) associations
with the cocaine-paired goal box (Ettenberg 2004' 2009; Geist & Ettenberg, 1997). Here, we
demonstrated that bilateral local LHb administration of the DA antagonist, cis-flupenthixol,
reliably reduced the anxiogenic response to cocaine, while infusion of the D2 agonist,
sumanirole, produced the opposite effect. While, cis-flupenthixol is a potent antagonist at
both the D1 and D2 dopamine receptor (Creese etal., 1983, Murrin, 1983y the distribution
of D1 receptors in the LHb has been shown to be extremely low relative to the D2 receptor
(Wamsley et al., 1989 Weiner et al., 1991y g,ggesting that flupenthixol’s effects in the LHb
are likely attributable to an action at D2 receptors. Consistent with this conclusion is the fact
that sumanirole has an affinity for the D2 receptor that is reportedly more than 200-fold
greater than it has for other DA receptor subtypes (McCall etal., 2005) Hence, the
demonstration that cis-flupenthixol and sumanirole had opposing actions in the current study
leads us to conclude that the changes in the behavioral anxiogenic response to cocaine
observed in the present study are due to treatment-induced modulations of activity at the D2
receptor within the LHb.

These results add to a growing literature demonstrating that the administration of cocaine
alters the neuronal activity of the LHb and that such activity in turn modulates the affective
response to the drug. For example, Friedman et al. (2010) paye reported that deep brain
electrical stimulation of the LHb produces an enduring inhibitory effect on cocaine-seeking
behavior (Friedman etal., 2010y ang suggest that elevations in LHb neuronal activity are
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associated with an enhanced anxiogenic response to the drug that acts to suppress cocaine-
reinforced responding. The notion that LHb activity is associated with a suppression of
cocaine-reinforced behavior is supported by the findings of Mahler and Aston-Jones (2012)
who observed increases in LHb Fos immunoreactivity (a marker of neuronal activity) in
cocaine self-administering rats during negative states - i.e., when the reinforcer was removed
(i.e., during extinction trials) and upon presentation of a light/tone stimulus (a CS-)
predicting cocaine’s non-availability. Other researchers have provided evidence that cocaine
activates glutamatergic LHb projections to the RMTg and thereby facilitates the expression
of the drug’s anxiogenic effects via an indirect inhibition of the reward elements within the
VTA (e.g., Jhou etal., 2013. \eye et al., 2015; ZU0 etal., 2013y The current results support
this view in that modulation of the D2 receptor in the LHb produced reliable alterations in
the anxiogenic response to cocaine.

Note that nonspecific impairments in the motoric capacity of our subjects cannot easily
account for the observed changes in runway behavior during LHb-D2 receptor modulation
since neither the antagonist nor agonist treatments produced any reliable changes in
locomotor behavior (See Fig. 4). It is also noteworthy that neither cis-flupenthixol nor
sumanirole altered the start latencies of the subjects relative to vehicle controls. In all
groups, animals improved their start latencies (initiated responding faster) over trials
suggesting that the “approach” component of the behavior — i.e., the positive incentive
properties of the cocaine — remained intact even while retreat behaviors were developing. So
while cis-flupenthixol and sumanirole had different and opposite effects on retreat
frequency, neither treatment appears to have altered the subjects’ motivation to seek the
cocaine. This suggests that the impact of D2-LHb modulations was selective for the
aversive/anxiogenic effects of the cocaine, while leaving the positive incentive/rewarding
properties of the drug relatively unaffected. It may therefore be that different subsets of cells
within the VTA are responsive to the positive and negative properties of incentive stimuli
and that the latter selectively impacts LHb neurons. Indeed, consistent with this view are the
recent findings of Stamatakis et al., (2013) g ggesting that the neurons projecting to the LHb
are anatomically distinct from those reward-related DA neurons projecting to the nucleus
accumbens.

Although our histological analysis was careful to eliminate data from any animals whose
cannula were found to be outside the LHb, one may argue that the infusions of cis-
flupenthixol and/or sumanirole still managed to diffuse to more ventral areas of the brain. Of
particular interest in that regard is the paraventricular nucleus of the thalamus (PVT), which

lies immediately below the LHDb, is innervated by DA terminals, and contains a high density
of D2 receptors (Allen Institute for Brain Science, 2015. Garcia-Allen Cabezas et al., 2009

Leinetal., 2007; Lietal., 2014; Takada et al., 1990). Indeed, DA manipulations of the PVT

have been reported to produce changes in rewarding/reinforcing properties of the drug (e.g.,
Hsu etal., 2014. Millan et al., 2011y That heing said, it seems unlikely that the PVT is
responsible for the results described herein. Research on the role of the PVT in cocaine
reward suggests that the structure contributes to or facilitates drug-seeking behavior in that
its inactivation leads to decreases in cocaine-seeking (Browning etal., 2014. James et al.,
2010. Matzeu et al., 2015) 1 the current study, DA antagonism produced the opposite effect
—i.e., fewer retreats (less anxiogenic response) and no reductions in the subjects” motivation
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to initiate responding (no change in start latencies). Thus while we cannot rule out the
possibility that the DA manipulations employed in the current research altered the
functionality of PVT D2 receptors, the behavioral results suggest that any such impact, if it
occurred, was minimal.

While a role for the LHb in the behavioral response to a variety of stress-inducing,
anxiogenic, or aversive stimuli, is not new (e.g., Amat etal., 2001 Caldecott-Hazard et al.,
1988. Gao et al., 1996. Matsumoto & Hikosaka, 2007. Murphy et al., 1996. Stamatakis &
Stuber, 2012), the precise neurochemical mechanism(s) through which the structure exerts
its behavioral functionality remains unclear. Recently, G00d et al. (2013) naye presented
evidence suggesting that the LHb can inhibit VTA neuronal activity (and hence modulate the
DA response to rewarding stimuli) via two distinct pathways: a direct glutamatergic
excitatory path from LHb to VTA that is inhibited by activity at D2 receptors within in the
LHb, and an indirect pathway activated by excitatory D4 receptors and projecting to
GABAergic cells in the RMTg that serve to dampen the responding of DA neurons within
the VTA. The current data are of course consistent with this model. Intra-LHb application of
the D1/D2 antagonist, cis-flupenthixol, decreased the development and frequency of runway
retreat behaviors while the selective D2 agonist, sumanirole, had the opposite effect and
enhanced the retreat frequency of animals relative to vehicle controls. Thus, based upon the
identification of both a VTA projection to the LHb and the existence of post-synaptic D2 and
D4 receptors on the cell bodies of LHb neurons, it seems reasonable to conclude that these
receptors are responsive to DA released from cells emanating from the VTA (Good etal.,
2013. Gruber et al., 2007. Jhou et al., 2013. Meye et al., 2013. Skagerberg et al., 1984)_
However, more recent research has indicated that the reality is somewhat more complex.
Stamatakis et al. (2013) for example, have reported that while optogenetic activation of the
VTA-LHb pathway produces conditioned place preferences (presumably by inhibiting the
activity of LHb neurons) the application of a cocktail of D1/D2 receptor antagonists did not
disrupt the development of such preferences. Additionally, Root et al. (2013) have recently
reported that while >90% of the VTA neurons projecting to the LHb contain tyrosine
hydroxylase and a subset of these also contain L-aromatic amino decarboxylase, and hence
are capable of synthesizing DA, these cells lack the capacity for accumulating DA in
synaptic vesicles due to the absence of the vesicular monoamine transporter 2 (Root etal.,
2015, geg also Li etal., 2013) |ndeed, electrical stimulation of the LHb did not evoke DA-
like signals using fast-scan cyclic voltammetry (Root et al., 2013), and direct optogenetic
activation of the VTA-LHb pathway resulted in no detectable DA release in LHb brain slices
(Stamatakis etal., 2013). Stamatakis et al., (2013) pave suggested that these VTA-LHb
neurons are “hybrid dopaminergic-GABAergic” cells that suppress LHb output via release
of GABA, and not DA, during rewarding conditions. This, of course, raises the obvious
question: if the VTA terminals in the LHb are not releasing DA, then what endogenous
ligands are acting on the D2 and D4 receptors?

A partial answer to this question might stem from the fact that norepinephrine (NE) has
previously been shown to act as an agonist at the DA D4 receptor (Newman-Tancredi, 1997)
and Root etal., (2015) haye recently reported NE release within the LHb. NE fibers have
long been know to innervate the LHb from the A6 cell group of the locus coeruleus
(Gottesfeld, 1983) ang NE release has similarly long been known to occur during periods or
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stress and anxiety, both factors that potentiate drug-seeking and induce relapse of drug-
seeking behavior after withdrawal (Aston-.]ones & Harris, 2004; Aston-Jones & Kalivas,
2008, Smith & Aston-Jones, 2008 g in times of stress or anxiety, NE release within the
LHb may activate D4 receptors and thereby suppress VTA activity via the LHb-RMTg-VTA
circuit. Of course this still leaves unanswered the question about the endogenous ligand that
normally binds to the DA D2 receptors within the LHb. Cocaine has been reported to
depolarize and accelerate the spontaneous firing of LHb neurons in acute brain slices, an
effect mimicked by D2 agonists, and reversed by application of D2 receptor antagonists
(Zuo etal., 2013y 5 result consistent with the behavioral findings of the current study.
Additionally, there are other sources of DA inputs to the LHb, including the periaqueductal
grey, posterior hypothalamus and substantia nigra pars compacta (Gruber etal., 2007. Li et
al, 1993) and electrical stimulation of the latter structure has been shown to alter neuronal
activity within the LHb (Shen etal., 2012) 1, conclusion, while the source of the
endogenous input responsible for activating the LHb D2 receptor remains unknown, we have
shown that stimulation and inhibition of that receptor has reliable and predictable effects on
the anxiogenic response to self-administered cocaine.
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HIGHLIGHTS
« Rats are conflicted about approaching a goal box associated with IV cocaine

o D2 receptor antagonism within the LHb reduced cocaine-induced conflict
behavior

e D2 receptor activation within the LHb enhanced cocaine-induced conflict
behavior

« Modulation of D2 receptor activity within the LHb alters to the anxiogenic
response to cocaine

Behav Brain Res. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shelton et al. Page 16

-
-

s__..——.~~ \",-I
-

-2.8mm

-3.14mm

-3.3mm

Figure 1.
Bilateral cannula targeted to the lateral habenula. Shaded areas on either side of the third

ventricle indicate the regions within the LHb where histological analyses confirmed the
location of intracranial cannulae. “mm” represent distance posterior to bregma. Figure
adapted from Paxinos & Watson (1998). Animals whose cannula were found to be outside
the region of the habenula (n=13) were removed from the data analyses.
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Mean (+/-SEM) Start Latencies (top panels), Run Times (middle panels) and Retreat
frequency (bottom panels) for rats running for I\Vcocaine following bilateral intra-LHb

infusions of 0.0, 7.5 or 15.0 pg/side of the D2 antagonist, cis-fl

upenthixol. The bar graphs

depict the average scores (+/— SEM) for each group across all trials.
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Group Means

Mean (+/-SEM) Start Latencies (top panels), Run Times (middle panels) and Retreat
frequency (bottom panels) for rats running for IV cocaine following bilateral intra-LHb
infusions of 0.0, 5.0 or 10.0 pg/side of the D2 agonist, sumanirole. The bar graphs depict the

average scores (+/— SEM) for each group across all trials.
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Figure 4.
Effects of bilateral 1C infusions of the vehicle, low dose, or high dose of cis-flupenthixol or

sumanirole into the LHb on the mean (+/- SEM) distance traveled (in cm) during a 15-min
locomotor activity test
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