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Abstract

A Role for the Lateral Habenula in a Delay Based Decision Making Test

Yingxue Rao

Chair of the Supervisory Committee:
Sheri J. Y. Mizumori

Psychology

The lateral habenula (LHb) is thought to provide an aversive or anti-reward signal in the
mammalian brain under Pavlovian conditions. However, recent evidence suggests that the LHb
also controls more complex decision-making during appetitive behaviors, since LHb disruption
impairs hippocampal (HPC)-dependent memory. This study tested whether LHb’s role in
appetitive behaviors is at least in part due to its integration of internal state information and
limbic cortical information to enable flexible responding that reflects the most beneficial choice
under changing task conditions. Since delay-discounting performance relies on an analysis of
subjective values of reward (i.e. a cost-benefit interpretation) to determine choice preferences as
task conditions change, the current study tested rats’ performance on a maze-based delay-

discounting task. Male and female Long-Evans rats were trained to make choices between two



options on an elevated T-Maze: a short delay (3 sec) followed by delivery of a small reward (1
sugar pellet), or longer delays (10, 20, or 40 sec) followed by a large reward (4 sugar pellets).
Rats showed the typical delay-discounting function that illustrated their strong preference for the
large reward option after the 10 sec delay, but a significantly reduced preference for the large
reward option after a 20 or 40 sec delay. Muscimol, (MUS, a GABAA receptor agonist)
microinfusion into the LHb eliminated delay-discounting behavior such that LHb inactivated rats
showed no preference for the large reward at any delay interval (< .01). There were no sex
differences in the LHb effect, and whether the rat received left or right arm as the large reward
arm were counterbalanced across animals. Similar elimination of delay-discounting behavior was
found after hippocampal inactivation. The employed reward magnitude discrimination task
further indicated that, MUS inactivation did not impair animal’s ability to distinguish between a
small reward and a large reward with equal delay (3 sec). Confirming that LHb is functioning in
a higher order flexible responding process, our results reveal that the LHb plays a necessary role
in discounting behaviors since rats exhibited chance performance when choosing between a
sooner-smaller reward and a later-larger reward regardless of the delay between choice and
reward acquisition. Further, these data show that the LHb is critically important in a
hippocampal-dependent appetitive task. Although there are no known anatomical connections
between LHb and hippocampus, these results are consistent with our hypothesis that these brain

areas are functionally connected to enable animals to flexibly respond in adaptive ways.



1 INTRODUCTION

In the learning and decision-making process, human beings and other species share a common
behavior called behavioral adaptation, which is the process to rapidly switch learned cognitive
and behavioral strategies when a subjective aim or objective framework alters (Mizumori et al.,
2004; White et al., 2013; Hasson et al., 2015). The switching process is fast and dynamic,
indicating this mechanism is not simply jumping from one memory system to another, rather, it
is the simultaneous cooperative progress implemented by different memory systems (Mizumori
& Phillip, 2017). Multiple decades of research have led to an understanding to the system that
provide this lively behavioral adaptation progress when the consequence of a previous choice
based on experience is no longer desirable. The flexible response ability following changes in
both internal cues and external contexts is a capacity that primarily ascribed to PFC (Dalley et al.,
2004; Ragozzino, 2007; Baker & Ragozzino, 2014). While it is evident, that PFC controls
particular functions that enable these flexible strategic behaviors including consequence
evaluation and response selection, species without a well-defined PFC (such as zebrafish), can
also perform general behavioral adaptations in appetitive or aversive responses (Randlett et al.,
2015). Therefore, in the current study, we are working to understand a non-cortical mechanism
in the brain that establishes behavioral adaptation when results of a prior act or choice are no

longer anticipated based on the changing environment.

From previous researches, one possible explanation of the reason why these animals without a
PFC can still make choices in adjustable manners is that an evolutionarily conserved brain area,
the habenula nucleus, is playing a role in this decision making process (Parker et al., 2012).

Electrophysiological studies in zebrafish revealed that the ventral habenula (a homolog of the



mammalian lateral habenula) plays a central role in regulating behavioral and cognitive
selections by influencing the monoaminergic system (dopamine, DA, and serotonin, 5-HT; Amo

et al., 2009).

The DA system has been involved in multiple aspects of behavioral adaptation from outcome
analysis to choice implementation (Barnéoud et al., 2000; Lee et al., 2007; Kehagia et al., 2010).
For instance, dopaminergic lesions in marmoset monkeys produces an intentional disregard, a
deficiency in determination. In other words, this DA impairment in the nigrostriatal bundle
resulted in a defect in the “top-down” motor control mechanisms (Ridley et al., 2006). Moreover,
an in vivo voltammetry and in vitro patch-clamp electrophysiology study showed that midbrain
dopamine neurons could be excited by reward-predicting cues in the environment. Further,
enhanced synaptic transmission between dopaminergic neurons could also be observed in a
reward-predicting learning process (Stuber et al., 2008). In addition, looking closely into the PFC
dopaminergic neural system, DA (and noradrenaline) display efflux in medial PFC (mPFC)
when rats performing serial reversals tasks. The efflux from baseline is mainly noticed in
acquisition phase of the task but not for later reversals. Confirming that DA neurons in the mPFC

is critically involved in response flexibility (van der Meulen et al., 2006).

Moving away from the dopaminergic system, another monoaminergic element that also
contributes to the behavioral adaptation mechanism is the serotonergic system. Unlike the DA
system, 5-HT system supports the decision-making process in a subordinate way, as it monitors
the ongoing behaviors recording imminent results. For instance, in dorsal raphe (DR), one of the

key nodes in the 5-HT system, neurons code progress of behaviors including schedule onset,



reward expectation and reward outcome (Inaba et al., 2013, Luo et al., 2015). In addition, on the
one hand, reduced activities at 5-HT receptors with selective serotonin reuptake inhibitors
(SSRIs) enhances reversal learning, and on the other hand, disturbance of serotonin transmission
results in task learning deficits (Nilsson et al., 2012; Wallace et al., 2014). It’s worth pointing out
that, when the evaluation process for decision of future outcomes involve reward-risk analysis,
both 5-HT and DA networks are working together to realize the optimal consequence (Kim et al.,

2014; Balasubramani et al., 2015).

As mentioned above, LHb has a pivotal role in the monoaminergic system. There is growing
interest in understanding how the dopaminergic and serotonergic system work together to
coordinate the flexible response process. In this case, it is crucial to have a full investigation into

the afferent and efferent connections of this key structure.

The habenula (Hb) is a well-preserved ancient nucleus that locates along the midline of the train,
in front of the pineal body, and above the thalamus (Braitenberg & Kemali, 1970; Kemali &
Guglielmotti, 1977). In amphibians and fishes, the Hb displays an asymmetry feature, while in
birds, reptiles and mammals, Hb exhibits bilateral symmetry (Kemali et al., 1980; Aizawa et al.,
2005; Amo et al., 2009). The mammalian Hb, as a part of the epithalamus, comprises of medial
and lateral divisions. It can be distinguished clearly by connectivity and gene expression (Cajal,
1911; Herkenham et al., 1979; Aizawa et al., 2012; Proulx et al., 2014; Ichijo & Toyama, 2014).
The medial habenula (MHDb)’s neuronal connectivity is relatively homogeneous, as its input and
output pathways are quite unitary, with its afferent information mainly from one structure, the

supracommissural septum, and most of its efferent pathways go through another structure, the



interpeduncular nucleus (IPN; Sutherland, 1982; Lecoutier & Kelly, 2007; Bianco & Wilson,

2009; Viswanath et al., 2014; Zahm & Root, 2017).

Unlike MHb’s highly preserved connectivity pattern across species, LHb’s afferent and efferent
connections are more widespread and varied across different parts of the brain. Moreover, there
is increasing elaboration to the LHb functional and anatomical connections as one moves to a
higher level of amniotes brain (Ahumada-Galleguilos et al., 2016). Considering the convoluted
pathways through LHb, within this structure, it has been divided into two divisions medial LHb
(mLHb) and lateral LHb (ILHb) based on its specializations in connections (Andres et al., 1999;
Hikosaka, 2010). Looking closer into these two parts, they are further defined as 10 distinct
subnuclei with specialization in connections (Wagner et al., 2014; Zahm & Root, 2017). Decades
of retrograde labeling studies have identified multiple afferent nodes for LHb throughout the
central nervous system, such as, vertical limb of the diagonal band of broca (vDBB), ventral
pallidum (VP), lateral preoptic area (LPO), suprachiasmatic nucleus (SCN), endopedencular
nuclues (EPN, or globus pallidus in primates), and the structure mentioned above, mPFC (Nauta,
1974; Herkenham & Nauta 1977; Parent et al., 1981; Li et al., 1993; Felton et al., 1999; Kowski

et al., 2008; Kim & Lee 2012; Yetnikoff et al., 2015).

As indicated before, a crucial and urgent task is to dissect the neural mechanism that lead to the
dynamic and rapid switches when the context information changes in the behavioral adaptation
process. The important role of LHb in this progress could be analyzed through its afferent
pathways originate throughout the decision-making brain circuits (Lecourtier & Kelly, 2007).

Generally, functional anatomical evidence suggests that LHb integrate previous response results,



internal state and motivational information, sensory registration, and other behavioral economic

factors to achieve optimal future outcome.

Firstly, LHb receives projections from the infralimbic and prelimbic area of the mPFC, and the
terminals from this pathway are concentrated to the medial portion of LHb (Kim & Lee, 2012).
The mPFC is known to be involved in the planning and choice selection process in various
flexible response tasks (Delatour & Gisquet-Verrier, 2000; Dalley et al., 2004; Boulougouris et
al., 2007; Ragozzino, 2007). Modulation of neural function in the mPFC by the DA system is
necessary for tasks that require higher cognitive process related to working memory, directing
attention, and planning of future (Phillips et al., 2004). Thus, considering LHb’s broder role in
the monoaminergic system, the afferent information from mPFC about task demands, previous
outcomes, and choice selection can be integrated with other inputs at LHb to direct behavioral

changes (Lecourtier et al., 2008).

Secondly, the main input from the voluntary movement control center, basal ganglia, to LHb
arises from EPN (Filion & Harnois, 1978; Shabel et al., 2012). In primates, globus pallidus
relays prominent reward-related signals to the LHb (Hong & Hikosaka, 2008). As previously
described, in rodent model, EPN is equivalent to the primate globus pallidus; and within the
broader basal ganglia nuclei, it contributes to providing dynamic gating mechanism for
controlling ongoing behavioral and cognitive process (Parent et al., 1980; Atallah et al., 2004;
O'Reilly & Frank, 2006). It is worth noting that neurons in the EPN-LHb pathway co-release
both glutamate and GABA (Shabel et al., 2014; Meye et al., 2016). Within LHb, in addition to

the peptides, LHb neurons are mainly glutamatergic, expressing vesicular glutamate transporter 2



or 3, VGIuT2 or VGIUT3 (Geisler et al., 2007; Brinschwitz et al., 2010). Another small group of
neurons is GABAergic, prominently expressing GAD-67 (Brinschwitz et al., 2010). In this EPN
to LHb GABA/glutamate pathway, neurons increased firing when the animals encountering a
positive event (receiving water reward), and decreased firing when the animals confront a
negative stimuli (air puffs to face; Stephenson-Jones et al., 2016). Therefore, the results suggest
that the EPN-LHDb neurons are encoding valence of appetitive and aversive learning, further

making evaluations and predictions in the flexible response progress for behavioral outcome.

In addition, anterograde axonal tracing and retrograde labeling studies indicate that in the
preoptic region and rostral hypothalamus, LPOA and LH (or LPO-LH continuum) projects to
LHb (Troiano & Siegel, 1975; Swanson, 1976; Parent et al., 1981; Kowski et al., 2008;
Yetnikoff et al., 2015). Both areas are crucial in emotional arousal, motivation, associative
learning, and food consumption (Ono et al., 1986; Saad et al., 1996; Stratford & Wirtshafter,
2012; Sohn et al., 2013; Cole et al., 2015). Given all the prominent collective afferent
connections related to internal state and contextual information to the LHb, it is apparent that this
area is the integrative center in emotional regulation and stress in behavioral adaptation and
sensory processing (Heldt & Ressler, 2006; Neumann et al., 2014; Mathis et al., 2015; Jacinto et

al., 2017).

In all, looking at the different afferent connections projected to the LHb, this previously
undermined structure may generally monitor information to implement behavioral adaptation,
which includes emotional and motivational information, as well as contextual and salient cues.

With the growing complexity of mammalian LHb as one moves to a higher level in the



evolutionary gradation, the information LHb can process become more and more complex and

specific based on the changing goal and environment.

As indicated earlier, both the DA system and 5-HT system have significant roles in processing
information related to reward-related decision-making. Hence, more and more literatures looking
into adaptive behaviors have directed their attention onto the integration center, LHb, as it passes
information to both monoaminergic systems. As one of the most prominent areas in the
dopaminergic system, VTA (along with RMTQ) receives bi-directional connection to the LHb to
direct appetitive and aversive learning behaviors (Sutherland, 1982; Swanson, 1982; Skagerberg
et al., 1984; Gruber et al., 2007; Hikosaka, 2010; Baker et al., 2016; Ichijo et al., 2017).
Particularly, within this pathway, literature suggested that RMTg neurons receive excitatory
input from the LHb first, exhibiting reward-prediction errors, then send the projections along the
axonal output to VTA, inhibiting DA neurons, thus transmit negative reward predictions cues to
aid aversive learning (Hong et al., 2011). In addition, studies indicate that the LHb detects and
represents immediate outcome changes in the ongoing trial (Baker et al. 2015; Kawai, T. et al.,
2015). Namely, the LHb is monitoring the current internal and external states, combining past

choice experience, to achieve the optimal outcome in the behavioral adaptation process.

Similarly to the DA system, growing interest has been drawn to the role of the 5-HT system in
behavioral flexibility; and the LHb has direct connections to the two main serotonergic nuclei in
the brain, the DRN and MRN (Aghajanian & Wang, 1977; Pasquier et al., 1977; Reisine et al.,
1982; Behzadi et al., 1990; Nagao et al., 1993; Lavezzi et al., 2011). Specifically, single-unit

recording studies in the DRN, while monkeys performed saccade tasks, revealed that the neurons



were modulated tonically by the expected reward size (Nakamura et al., 2008; Bromberg-Martin
et al., 2010). In other words, DRN neurons are actively encoding expected and received rewards,

further signaling the outcome value associated with the ongoing behavior.

Looking into the other major serotonergic nucleus, early tracing studies discovered strong
bilateral projections from the MRN to the LHb (Conrad & Pfaff, 1976; Vertes and Martin, 1988).
Because of its prominent role in mood regulation, a large number of studies devoted to this area
were focused on depression and fear learning, but not the decision-making process (Ptaznik et al.,
1980; Borelli et al., 2005; Bach-Mizrachi et al., 2006; Lanzenberger et al., 2012). Early
electrophysiological studies looking at the MRN indicated that, inactivation the MRN caused
reversal-learning deficits, and stimulation of this area resulted in behavioral inhibition (Graeff &
Filho, 1978; Wirtshafter & Asin, 1986). Further, there is a robust efferent projection from the
MRN to the HPC (Azmitia & Segal, 1978; Vertes et al., 1999). Looking deeper into the
functional connection, impairments of the MRN generated hippocampal low-frequency theta
activity, while activation of the area caused the desynchronization of hippocampal

electroencephalographic activity (Maru et al., 1979; Leranth & Vertes, 1999).

Though there are no known anatomical connections between the LHb and the HPC, more and
more interests have been drawn to understand the functional connections between the two areas
(Goutagny et al., 2013; Mathis et al., 2015). The LHb not only involves in behavioral tasks that
are known to be hippocampal dependent (such as, delay discounting, water-maze memory task),
but also exhibits theta coherence with the HPC in a spatial recognition test (Lecourtier et al, 2004;

Goutagny et al., 2013; Mathis et al., 2015; Mathis et al., 2016). However, the fact that the LHb



can influence hippocampal theta waves is dependent on a functional MRN (the intermediary
center for the two structures; Lecourtier & Kelly, 2007; Quina et al., 2014; Aizawa et al., 2015).
Though evidence supports that the LHb and HPC are interacted in multiple behavioral paradigms,
the mechanism and capacity of this functional link is not well explored. In order to understand
the role of this connection in the behavioral adaptation process, additional studies need to be

carried out to look at the 2 structures in a more concrete setting.

Previous publications in our lab provided corroborative evidences where LHb contributes in
integrating internal and external cues in performing flexible response behaviors, and we have
proposed a working hypothesis toward understanding the role of LHb, HPC and mPFC together
as a crucial mechanism that enables animals to behave in adaptive ways in high demanding tasks
(Baker et al., 2015; Baker et al., 2016; Baker et al., 2017; Baker & Mizumori, 2017; Mizumori &
Baker, 2017). To further investigate the role of LHb in the decision-making process, the current
study adopts a delay counting task on an elevated maze. This type of spatially extended
environment paradigm employs the HPC, as well as the reinforcement learning system
(Chapman & Kaelbling 1991; Cardinal, 2006; Bett et al., 2015). As the LHb impairments not
only hinders spatial memory, but also signals choice flexibility in freely moving rats, it’s not
surprising that the HPC and LHb connections are most strong when observe through a task that
requires both spatial capacity as well as flexible choice ability (Baker et al., 2015; Mathis et al.,
2015). In summary, the present study facilitates to understand the essential role of LHb in the
limbic-habenular circuit that ensures the fast and strategic choices based on the changeable

internal state condition, behavioral outcomes, and contextual information.



2 MATERIALS AND METHODS

2.1 Subjects

Four experimentally naive male Long—Evans rats (320-400g, 60-70 days old, Charles River) and
five female Long—Evans rats (220-270g, 60-70 days old, Charles River) were individually
housed in a temperature-controlled laboratory (accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care). The room in which they were housed maintained a 12
h light/dark cycle (lights on at 7:00 A.M.). Animals were allowed to free feed for a week, and
then were placed on a standard food restriction schedule to gradually reach and maintain 85% of
their original free-feed weight to ensure motivation for food during the behavioral task. Rats
were fed in their home cages and fed daily, and were trained and tested between 9:00 a.m. and
5:00 p.m., in accordance with the University of Washington’s Institutional Animal Care and Use

Committee guidelines.

2.2 Behavioral apparatus (Figure 2A)

An elevated T-maze (79 cm from the floor) was used in the current study. The maze was made of
black Plexiglas and was composed of one start arm and two goal arms (58 x 5.5 cm each). There
was a metal food cup at the end of each reward arm. Wooden barriers were put in front of each
food cup, which contained the reward. Upon entering a reward arm, a second block was placed
behind the rat so that it could not exit the arm. Once the specified delay time has been complete,
the block in front of the food was lifted; when the animal finished eating, the second barrier
behind the animal was lifted so that it could return to the starting arm. Each maze arm was
hinged such that its proximal end closest to the maze center could be raised and lowered by

remote control. During forced trials, only one of the two arms was available to the animal.



During free choice trials, both arms were available to the animal. The maze was encircled by

black curtains that were decorated with spatial cues.

2.3 Habituation and Pre-surgical training

Over the course of 3-5 days, animals underwent a habituation phase. Wherein all rats were
allowed to freely forage for sucrose pellets that were randomly scattered on four maze arms (1
start arm and 2 goal arms). Then, they were shaped to collect a shortly delayed reward (3 second,
1 pellet) only from the goal arms. Specifically, each rat was placed on the start arm in a given
trial and was encouraged to choose one of the goal arms. Upon arrival at the block, the animals
had to wait for 3 s before acquiring reward. The elapsed time was measured by an experimenter
using a digital stopwatch. As the block was removed by the experimenter at the termination of
the delay, the rat could approach and consume the reward. After replacing the barrier and then
re-baiting the food cup, the experimenter gently guided the animal to the start arm for the next
trial. Once the rat was able to finish 16 trials within 20 min, it underwent the surgical

implantation of bilateral cannulae.

2.4 Surgery

Under anesthesia with isoflurane (4% mix with oxygen at a flow rate of 1L/min), rats were
mounted on a stereotaxic instrument (David Kopf Instruments, Tujunga, CA). Subsequently the
isoflurane concentration was reduced to 1-3%. The skull was exposed and adjusted to place
bregma and lambda on the same horizontal plane. All animals were implanted with two 25-gauge
cannulae bilaterally in the LHb (anteroposterior = —3.5 mm; mediolateral = 0.8 mm;

dorsoventral = —4.5 mm, top of skull). The double cannulae were secured in place with



anchoring screws and dental cement. Following implantation, 33-gauge double dummy cannulae
were inserted to prevent clogging, and fitting caps were added to keep dummy cannulae in place.
After surgery, all rats were given 5-7 days of surgical recovery and daily handling before
postoperative training began. Rats in the current experiment were then retrained in the delay-

discounting task until they reached stable, consistent discounting behavior.

2.5 Behavioral Task

2.5.1 Delay-discounting Task (Figure 2B)

After a week of recovery, all rats were put back on a food-restricted diet. The 9 animals were
trained in a delay-discounting task in which they could choose between a sooner smaller (SS)
reward and a later larger (LL) reward. To assess choice performance as a function of delay to LL
reward, three different lengths of delay (10, 20, and 40 s) prior to LL reward (3 pellets) were
tested in separate blocks of trials. However, the delay to SS reward (1 pellet) remained constant

at 3 s throughout the experiments.

In a daily testing session, the three delays before LL reward were randomly assigned to different
blocks of trials and only one delay was used in a given block. Since the animals did not initially
know how long they needed to wait for an LL reward, each block began with 10 forced-choice
trials followed by 6 or 8 free-choice trials. During the forced-choice trials, 5 SS and 5 LL reward
trials were presented and only one goal arm was made available in each trial by lowering the
other goal arm. Both goal arms were present during the free-choice trials in which animals’
choice preference for LL reward was analyzed. The three testing blocks were separated by an

inter-block interval of 5 minutes during which the animals were placed on a holding area



adjacent to the maze. The location of SS and LL rewards in the goal arms remained constant

within each rat but was counterbalanced across rats.

2.5.2 Reward Discrimination Task

A following task after the delay-discounting procedure was a reward discrimination task in
which rats had to discriminate two goal arms associated with a smaller(1 pellet) and a larger (4
pellets) reward. On the last day of muscimol injection, after the animals underwent 3 blocks of
16 trials, they ran an extra block with 16 trials (10 forced trials, and 6 free choice trials). While
the two reward options remained the same (smaller 1 pellet, and larger 4 pellets), there were no

delays between animals reaching the block and removal of the barrier.

2.6 Microinjection Procedure (Figure 2C)

A day before microinjection, the injection cannula (Plastics One, Roanoke, VA, USA), which
extended 1 mm beyond the guide was inserted into the guide cannula and left in place for 1 min.
This was done to control for any initial mechanical damage done by the injector. On a test day,
rats were injected with drug (muscimol, Sigma) in 0.9% saline, or vehicle. Both injections used a
volume of 0.2 puL (50 ng/0.2 pL drug) and a 0.15 pL/min infusion rate. This volume and rate
similar to those used in other LHb inactivation studies that used baclofen and muscimol (Stopper
and Floresco, 2014; Baker et al., 2015). The injection cannula was connected to a 10 pl syringe

(Hamilton) via polyethylene tubing (PE 20) using an infusion pump (KD Scientific).

2.7 Histology (Figure 3B)

After completion of all experiments, animals were perfused transcardially with physiological



saline followed by 10% formalin. Their brains were extracted and stored in a 10% formalin-30%
sucrose solution at 4°C for 72 h. The brains were cut in coronal sections (40 um) on a freezing

microtome. The serial sections were stained with cresyl violet to stress cannula placements.

2.8 Statistical Analyses
Data were analyzed with two-way ANOVA, one-way ANOVA, and paired sample t-test. Two-
tailed p values <0.05 were considered statistically significant. All data are expressed as mean +

SEM.

3 RESULTS

3.1 Abolished delay-discounting behavior following LHb inactivation (Figure 3C)

Nine animals (5 male and 4 female rats) were trained to choose between SS and LL rewards in a
delay based decision making task on an elevated T-maze. To investigate the animal’s choice
preference as a function of delay to LL reward, three different delay (10s, 20s and 40s) were
used to deliver of the LL reward in separate blocks of trials. On the other hand, the delay to the

SS reward was kept consistent at 3s.

During baseline training and SAL control days, rats displayed a strong preference for LL reward
over SS reward (choosing LL reward more than 50% of all choices) when the delay to rewards
was short (10s). As delays became longer, they showed a stronger preference for SS rewards.
Taking all 3 delay blocks into consideration, Figure 3C displays a typical delay-discounting

curve, indicating that rats readily discounted the value of rewards with longer wait times.



By contrast, a repeated measure ANOVA found significant interaction between delay and drug
(bilateral MUS injection; F(2, 16) = 34.725, P < 0.01; no single out drug effect, F(1, 8) = 3.510,
p = 0.098; significant delay effect, F(2,16) = 15.561, p<0.01), such that rats no longer
demonstrated a preference for either reward arm regardless of the delay condition. MUS
injections resulted in rats choosing both reward arms roughly equally at both the 10s 20s, and
40s delays. While SAL injections resulted in normal discounting performance, which animals
significantly prefer LL reward at 10s (paired sample t, t = 7.498, p < 0.01) and SS reward at 40s
(paired sample t, t = 5.062, p < 0.01). This result was extends the previous finding that the LHb

impairs delayed discounting when tested in an operant chamber (Stopper and Floresco, 2014).

As the wooden blocks needed to be manually added and removed, an experimenter was required
to be present in the maze room throughout the session. This raises the question of whether the
experimenter's movement could have guided the animal’s choice. This is unlikely as the
experimenter always stood in a neutral position near the start arm, equal distance to both reward
arm. Furthermore, after the animal finished a trial, the experimenter would bait both arms so as

not to bias the rat’s next choice.

3.2 No sex differences in delay-discounting behavior (Figure 3D)

Male and female rats showed similar discounting functions during both baseline and SAL control
days. Also, drug injections did not reveal sex differences in their response to LHb inactivation
(no interaction effect under MUS infusion: F (2, 14) = 0.206, p = 0.816, and no significant sex
effect: F (1,7) = 0.012, p = 0.916; no interaction effect under SAL infusion: F (2, 14) =0.371, p

=0.697, and no significant sex effect, F (1,7) = 0.177, p = 0.687). These observations indicate



that there were no effects of sex when performing this maze-based flexible response task with or

without a normal functioning LHb.

3.3 No spatial bias for delay-discounting behavior (Figure 3E)

In order to exclude the possibility that animals made choices based on the spatial position of the
LL or SS arm (as opposed to the subjective evaluation of delay and reward), 9 animals (across
sex) were randomly assigned to conditions where the right arm always contained the larger
reward arm or the left arm contained the larger reward. The choice behavior for the two groups
were not different from each other (no interaction effect under MUS infusion: F (2,14) = 0.127, p
=0.882, and no spatial effect: F (1,7) = 0.057, p = 0.819; no interaction effect under SAL
infusion: F (2, 14) = 2.268, p = 0.140, and no spatial effect: F (1,7) = 2.356, p = 0.169). This
result reveals that the location of the large reward arms did not inadvertently bias the rat’s
responses. Rather, their evaluation of the positive value of the reward, and the negative value of

waiting, determined their choices.

3.4 Intact reward magnitude discrimination after LHb inactivation (Figure 3F)

Following the last MUS injection day, after the 3 delay-discounting blocks, rats were trained to
discriminate between two goal arms associated with a small (1 pellet) and a large (4 pellet)
reward with equal 3s delays. The results showed that reward magnitude discrimination ability
remained intact after LHb inactivation, as rats preferred the larger reward significantly more
often (above 50%) when the delay was constantly short (paired sample t test, t = 10.513, p<0.01).

This result shows that LHb inactivation did not ablate rat’s ability to understand reward value.



Rather, it appeared to have disrupted rats’ ability to flexibly respond when task conditions

changed.

4 DISCUSSION

4.1 Summary of current findings and caveats

The hippocampal-dependent, maze-based delay discounting task tested LHb’s involvement in a
flexible responding task (Bett et al., 2015; Davis & Mizumori, 2017). LHb inactivation
eliminated delay-discounting behavior on our maze. Additionally, supplemental tests indicated
that the impaired discounting preferences could not be accounted by changes in reward
magnitude discrimination, absolute reward locations, or sex of the animal. The behavior patterns
displayed under LHb inactivation (abolished discounting curve, and intact reward discrimination
ability) are consistent with bilateral HPC inactivation under the same paradigm (Davis &
Mizumori, 2017; Figure 3A). Hence, the current study provides further evidence that LHb plays
an important role in HPC-dependent spatial and memory tasks to enable flexible and rapid

decision-making.

4.2 Complementary functions between HPC and LHb

Looking further in to the LHb-HPC functional association, deficits in the habenular region
resulted in impairments in various hippocampal dependent tasks, and our results are consistent
with these findings (Thornton and Davies, 1991; Lecourtier et al., 2004). Previous inactivation
study looking at the role LHb in a probability-based discounting behavior and a delay-based
discounting behavior in an operant chamber indicated that LHb impairments suppressed choice

biases, making animals indifferent in choosing between rewards correlated to various subjective



value (Stopper & Floresco, 2014). Expanding this preceding finding, our experiment adopted a
delay-discounting task on an elevated T-maze, adding a spatial component to the economic
behavioral paradigm. Prior to the current LHb inactivation study, we also conducted an HPC
inactivation study under the exact setting. Our findings suggested that drug infusion to the dHPC
area led to abolished discounting function comparing to vehicle infusion (Davis & Mizumori,
2017). Combining with the result from our study, we observed same behavioral pattern with LHb
inactivation and HPC inactivation, which animals entering a guessing mode and unable to make
alternative choices based on the changing situations. In all, current study further elucidated the
role of LHb in behavioral flexible based on the changing internal subjective value and dynamic
external environment. Future research directions should include multisite recording involving
both LHb and HPC in complex decision-making tasks to analyze exact phase coherence between

the two structures.

4.3 The behavioral implementation of HPC and PFC memory processing

Previously, studies related to LHb have mostly been focused on depression, fear learning and
substance use (Ptaznik et al., 1980; Borelli et al., 2005; Bach-Mizrachi et al., 2006; Lanzenberger
et al., 2012; Maroteaux & Mameli, 2012; Batalla et al., 2017). In the present study, we have
revealed a previously undermined functional connection between the LHb and HPC in complex
flexible response tasks. Our results suggested that LHb may serve as an important integration
center for the midbrain monoaminergic system in complex decision-making process. Anatomical
studies confirmed that LHb has direct connections between the prominent dopaminergic areas
(VTA and RMTg), and serotoninergic areas (DRM and MRN), which greatly contributes to

various perspectives of behavioral adaptation, including outcome analysis, choice



implementation, reward-prediction error perception, reward-risk analysis, reversal learning,
monitoring ongoing task process (Conrad & Pfaff, 1976; Aghajanian & Wang, 1977; Pasquier et
al., 1977; Graeff & Filho, 1978; Reisine et al., 1982; Sutherland, 1982; Swanson, 1982,
Skagerberg et al., 1984; Wirtshafter & Asin, 1986; Vertes & Martin, 1988; Behzadi et al., 1990;
Nagao et al., 1993; Barnéoud et al., 2000; Kim et al., 2014; Baker et al. 2015; Balasubramani et
al., 2015). It’s worth pointing out that there is a robust efferent projection from the MRN to the
HPC (Azmitia & Segal, 1978; Vertes et al., 1999). Impairments of the MRN generated HPC low-
frequency theta activity, while activation of the area caused the desynchronization of HPC
electroencephalographic activity (Maru et al., 1979; Leranth & Vertes, 1999). Though there are
no known direct connections between the LHb and HPC at this moment, the two areas are only

one step away via this crucial node.

LHb has long been identified as a source of negative reward processing center, while HPC and
PFC are crucial in complex goal-directed decision-making process (Matsumoto & Hikosaka,
2007; Hong et al., 2011; Viard et al., 2011; Euston et al., 2012). Consistent with the working
hypothesis that involve the LHb, HPC and PFC in integrating together to enable animal’s ability
to perform in adaptive ways in well learned and highly demanding tasks (Baker & Mizumori,
2017; Mizumori & Baker, 2017). According this model, HPC distributes information related to
updated behavioral decisions during periods of theta comodulating or sharp wave ripple events.
Information on expected and actual response consequence related to the lately choices are
transformed to PFC via striatum and orbitofrontal cortex. The PFC integrated the multiple pieces
of information to determine whether the current strategy or responses should continue or adapt to

reach the expected outcome. Following this process, PFC transfers signals to efferent targets



including the LHb, as to whether the current choices should be implemented or adjusted to
optimize the upcoming outcome. LHb accommodates internal state information and sensory
inputs from LH, SCN and EPN to conclude whether the response decision from PFC is still
relevant to the current situation. If internal information indicate that the current response is the
optimal to seek the goal, a ‘match’ signal would be transferred to the efferent targets
(dopaminergic and serotonergic systems) of LHb to enable continuation of the response. If
internal information indicates otherwise, a ‘mismatch’ signal would be sent out to stop or adjust
current response resulting in a different behavioral sequence. After the implementation of the
choice, LHb could feed back to HPC on the most recent sequence to enhance neural plasticity.
As a result, within the HPC, spatially and temporally sequenced memory information can be

modified to reflect the developing experience-dependent trajectories.

In summary, current study reveals new insights on the LHb in enabling flexible responding
behavior in complex tasks. Moreover, as there is growing evidence that LHb abnormality is
related to psychiatric disorders which resulted in a person’s inability to flexibly switch
responding strategies in aversive learning conditions (Proulx et al., 2014; Admon & Pizzagalli,
2015). Further replenish of the current model will contribute to future therapies for behavioral
and cognitive disorders that resulted in insufficient control of behaviors in the changing

environment.



Reference

Aghajanian, G., and Wang, R. Y. (1977). Habenular and other midbrain raphe afferents
demonstrated by a modified retrograde tracing technique. Brain Res. 122, 229-242.

doi:10.1016/0006-8993(77)90291-8.

Ahumada-Galleguillos, P., Lemus, C. G., Diaz, E., Osorio-Reich, M., Hartel, S., and Concha, M.
L. (2016). Directional asymmetry in the volume of the human habenula. Brain Structure and

Function 222, 1087-1092. doi:10.1007/s00429-016-1231-z.

Aizawa, H., Bianco, I. H., Hamaoka, T., Miyashita, T., Uemura, O., Concha, M. L., et al. (2005).
Laterotopic representation of Left-Right information onto the Dorso-Ventral axis of a

zebrafish midbrain target nucleus. Curr. Biol. 15, 238-243. d0i:10.1016/j.cub.2005.01.014.

Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T., and Okamoto, H. (2012). Molecular
characterization of the subnuclei in rat habenula. J. Comp. Neurol. 520.

doi:10.1002/cne.23230.

Amo, R., Aizawa, H., Takahashi, R., Kobayashi, M., Takahoko, M., Aoki, T., et al. (2009).
Identification of the zebrafish ventral habenula as a homologue of the mammalian lateral

habenula. Neurosci. Res. 65. doi:10.1016/j.neures.2009.09.1272.

Andres, K. H., During, M. V., and Veh, R. W. (1999). Subnuclear organization of the rat
habenular complexes. J. Comp. Neurol. 407, 130-150. doi:10.1002/(sici)1096-

9861(19990428)407:1<130::aid-cne10>3.0.co;2-8.



Atallah, H. E., Frank, M. J., and Oreilly, R. C. (2004). Hippocampus, cortex, and basal ganglia:
Insights from computational models of complementary learning systems. Neurobiol. Learn.

Mem. 82, 253-267. doi:10.1016/j.nlm.2004.06.004.

Azmitia, E. C., and Segal, M. (1978). An autoradiographic analysis of the differential ascending
projections of the dorsal and median raphe nuclei in the rat. J. Comp. Neurol. 179, 641-667.

d0i:10.1002/cne.901790311.

Bach-Mizrachi, H., Underwood, M. D., Kassir, S. A., Bakalian, M. J., Sibille, E., Tamir, H., ... &
Arango, V. (2006). Neuronal tryptophan hydroxylase mRNA expression in the human dorsal
and median raphe nuclei: major depression and suicide. Neuropsychopharmacology, 31(4),

814.

Baker, P. M., and Ragozzino, M. E. (2014). Contralateral disconnection of the rat prelimbic
cortex and dorsomedial striatum impairs cue-guided behavioral switching. Learn. Mem. 21,

368-379. d0i:10.1101/Im.034819.114.

Baker, P. M., Oh, S. E., Kidder, K. S., and Mizumori, S. J. Y. (2015). Ongoing behavioral state
information signaled in the lateral habenula guides choice flexibility in freely moving rats.

Front. Behav. Neurosci. 9. doi:10.3389/fnbeh.2015.00295.

Baker, P. M., Jhou, T., Li, B., Matsumoto, M., Mizumori, S. J., Stephenson-Jones, M., et al.
(2016). The Lateral Habenula Circuitry: Reward Processing and Cognitive Control. J.

Neurosci. 36, 11482-11488. doi:10.1523/jneurosci.2350-16.2016.



Baker, P. M., & Mizumori, S. J. (2017). Control of behavioral flexibility by the lateral habenula.

Pharmacology Biochemistry and Behavior, 162, 62-68.

Baker, P. M., Raynor, S. A., Francis, N. T., & Mizumori, S. J. Y. (2017). Lateral habenula
integration of proactive and retroactive information mediates behavioral flexibility.

Neuroscience, 345, 89-98.

Balasubramani, P. P., Chakravarthy, V. S., Ravindran, B., and Moustafa, A. A. (2015). A
network model of basal ganglia for understanding the roles of dopamine and serotonin in
reward-punishment-risk based decision making. Front. Comput. Neurosci. 9.

doi:10.3389/fncom.2015.00076.

Batalla, A., Homberg, J. R., Lipina, T. V., Sescousse, G., Luijten, M., Ivanova, S. A,, ... &
Loonen, A. J. (2017). The role of the habenula in the transition from reward to misery in

substance use and mood disorders. Neuroscience & Biobehavioral Reviews, 80, 276-285.

Barlow, R. L., Alsid, J., Jupp, B., Rabinovich, R., Shrestha, S., Roberts, A. C., et al. (2015).
Markers of Serotonergic Function in the Orbitofrontal Cortex and Dorsal Raphé Nucleus
Predict Individual Variation in Spatial-Discrimination Serial Reversal Learning.

Neuropsychopharmacology, 40, 1619-1630. doi:10.1038/npp.2014.335.

Barnéoud, P., Descombris, E., Aubin, N., and Abrous, D. N. (2000). Evaluation of simple and
complex sensorimotor behaviours in rats with a partial lesion of the dopaminergic

nigrostriatal system. Eur. J. Neurosci. 12, 322-336. doi:10.1046/j.1460-9568.2000.00896.x.



Behzadi, G., Kalén, P., Parvopassu, F., and Wiklund, L. (1990). Afferents to the median raphe
nucleus of the rat: Retrograde cholera toxin and wheat germ conjugated horseradish
peroxidase tracing, and selective D-[3H]aspartate labelling of possible excitatory amino acid

inputs. Neurosci. 37, 77-100. doi:10.1016/0306-4522(90)90194-9.

Bett, D., Murdoch, L.H., Wood, E.R. and Dudchenko, P.A. (2015). Hippocampus, delay

discounting, and vicarious trial- and- error. Hippocampus 25(5), 643-654.

Bianco, I. H., and Wilson, S. W. (2009). The habenular nuclei: a conserved asymmetric relay
station in the vertebrate brain. Philos. Trans. Royal Soc. B 364, 1005-1020.

doi:10.1098/rstb.2008.0213.

Borelli, K. G., Gargaro, A. C., Santos, J. M. D., and Brand&o, M. L. (2005). Effects of
inactivation of serotonergic neurons of the median raphe nucleus on learning and performance
of contextual fear conditioning. Neurosci. Lett. 387, 105-110.

doi:10.1016/j.neulet.2005.07.031.

Boulougouris, V., Dalley, J. W., and Robbins, T. W. (2007). Effects of orbitofrontal, infralimbic
and prelimbic cortical lesions on serial spatial reversal learning in the rat. Behav. Brain Res.

179, 219-228. doi:10.1016/j.bbr.2007.02.005.

Braitenberg, V., and Kemali, M. (1970). Exceptions to bilateral symmetry in the epithalamus of

lower vertebrates. J. Comp. Neurol. 138, 137-146. doi:10.1002/cne.901380203.



Brinschwitz, K., Dittgen, A., Madai, V., Lommel, R., Geisler, S., and Veh, R. (2010).
Glutamatergic axons from the lateral habenula mainly terminate on GABAergic neurons of

the ventral midbrain. Neurosci. 168, 463-476. doi:10.1016/j.neuroscience.2010.03.050.

Bromberg-Martin, E. S., Matsumoto, M., & Hikosaka, O. (2010). Dopamine in motivational

control: rewarding, aversive, and alerting. Neuron, 68(5), 815-834.

Cajal, S. R. (1911). Histology of the Nervous System of Man and Vertebrates. VVolume I1.
(Translated From the French [tr.From the Spanish by L Azoulay]) by N Swanson and LW

Swanson), Oxford University Press 342—350.

Cardinal, R. N. (2006). Neural systems implicated in delayed and probabilistic reinforcement.

Neural Netw. 19, 1277-1301. doi:10.1016/j.neunet.2006.03.004.

Chapman, D. and Kaelbling, L.P. (1991), August. Input Generalization in Delayed
Reinforcement Learning: An Algorithm and Performance Comparisons. In IJCAI, 91, 726-

731.

Cole, S., Hobin, M., and Petrovich, G. (2015). Appetitive associative learning recruits a distinct
network with cortical, striatal, and hypothalamic regions. Neurosci. 286, 187-202.

doi:10.1016/j.neuroscience.2014.11.026.

Conrad, L., and Pfaff, D. (1976). Autoradiographic tracing of nucleus accumbens efferents in the

rat. Brain Res. 113, 589-596. doi:10.1016/0006-8993(76)90060-3.



Dalley, J. W., Cardinal, R. N., and Robbins, T. W. (2004). Prefrontal executive and cognitive
functions in rodents: neural and neurochemical substrates. Neurosci. Biobehav. Rev. 28, 771—

784. doi:10.1016/j.neubiorev.2004.09.006.

Delatour Benoit, and Gisquet-Verrier, P. (2000). Functional role of rat prelimbic-infralimbic
cortices in spatial memory: evidence for their involvement in attention and behavioural

flexibility. Behav. Brain Res. 109, 113-128. d0i:10.1016/s0166-4328(99)00168-0.

Davis, J., & Mizumori, S. J. (2017). Investigating a role for hippocampus during cost based

decision making (Unpublished doctoral dissertation).

Felton, T. M., Linton, L., Rosenblatt, J. S., and Morell, J. 1. (1999). First and second order
maternal behavior related afferents of the lateral habenula. NeuroReport 10, 883-887.

d0i:10.1097/00001756-199903170-00039.

Filion, M., and Harnois, C. (1978). A comparison of projections of entopeduncular neurons to the
thalamus, the Midbrain and the habenula in the cat. J. Comp. Neurol. 181, 763-780.

doi:10.1002/cne.901810406.

Geisler, S., Derst, C., Veh, R.W. and Zahm, D.S. (2007). Glutamatergic afferents of the ventral

tegmental area in the rat. J. of Neurosci. 27(21), 5730-5743.

Goutagny, R., Loureiro, M., Jackson, J., Chaumont, J., Williams, S., Isope, P., et al. (2013).
Interactions between the Lateral Habenula and the Hippocampus: Implication for Spatial

Memory Processes. Neuropsychopharmacology 38, 2418-2426. doi:10.1038/npp.2013.142.



Graeff, F., and Filho, N. S. (1978). Behavioral inhibition induced by electrical stimulation of the
median raphe nucleus of the rat. Physiol. Behav. 21, 477-484. doi:10.1016/0031-

0384(78)90116-6.

Gruber, C., Kahl, A., Lebenheim, L., Kowski, A., Dittgen, A., and Veh, R. W. (2007).
Dopaminergic projections from the VTA substantially contribute to the mesohabenular

pathway in the rat. Neurosci. Lett. 427, 165-170. doi:10.1016/j.neulet.2007.09.016.

Hasson, U., Chen, J., and Honey, C. J. (2015). Hierarchical process memory: memory as an
integral component of information processing. Trends Cogn. Sci. 19, 304-313.

doi:10.1016/j.tics.2015.04.006.

Heldt, S. A., and Ressler, K. J. (2006). Lesions of the habenula produce stress- and dopamine-
dependent alterations in prepulse inhibition and locomotion. Brain Res. 1073-1074, 229-239.

doi:10.1016/j.brainres.2005.12.053.

Herkenham, M., and Nauta, W. J. H. (1977). Afferent Connections of the Habenular Nuclei in
the Rat. A Horseradish Peroxidase Study, with a Note on the Fiber-of-Passage Problem.

Neuroanatomy 277-299. doi:10.1007/978-1-4684-7920-1_16.

Herkenham, M., and Nauta, W. J. H. (1979). Efferent Connections of the Habenular Nuclei in the

Rat. Neuroanatomy 300-328. doi:10.1007/978-1-4684-7920-1 17.

Hikosaka, O. (2010). The habenula: from stress evasion to value-based decision-making. Nat.

Rev. Neurosci. 11, 503-513. doi:10.1038/nrn2866.



Hong, S., Jhou, T. C., Smith, M., Saleem, K. S., and Hikosaka, O. (2011). Negative Reward
Signals from the Lateral Habenula to Dopamine Neurons Are Mediated by Rostromedial
Tegmental Nucleus in Primates. J. Neurosci. 31, 11457-11471. doi:10.1523/jneurosci.1384-

11.2011.

Hong, S., and Hikosaka, O. (2008). The Globus Pallidus Sends Reward-Related Signals to the

Lateral Habenula. Neuron 60, 720-729. doi:10.1016/j.neuron.2008.09.035.

Hétu, S., Luo, Y., Saez, |., Dardenne, K., Lohrenz, T., and Montague, P. R. (2016). Asymmetry
in functional connectivity of the human habenula revealed by high-resolution cardiac-gated

resting state imaging. Hum. Brain Mapp. 37, 2602—2615. doi:10.1002/hbm.23194.

Ichijo, H., and Toyama, T. (2014). Axons from the medial habenular nucleus are topographically
sorted in the fasciculus retroflexus. Anat. Sci. Int. 90, 229-234. doi:10.1007/s12565-014-

0252-z.

Ichijo, H., Nakamura, T., Kawaguchi, M., and Takeuchi, Y. (2017). An Evolutionary Hypothesis
of Binary Opposition in Functional Incompatibility about Habenular Asymmetry in

Vertebrates. Front. Neurosci. 10. doi:10.3389/fnins.2016.00595.

Inaba, K., Mizuhiki, T., Setogawa, T., Toda, K., Richmond, B. J., and Shidara, M. (2013).
Neurons in Monkey Dorsal Raphe Nucleus Code Beginning and Progress of Step-by-Step
Schedule, Reward Expectation, and Amount of Reward Outcome in the Reward Schedule

Task. J. Neurosci. 33, 3477-3491. doi:10.1523/jneurosci.4388-12.2013.



Iwahori, N. (1977). A Golgi study on the habenular nucleus of the cat. J. Comp. Neurol. 171,

319-344. doi:10.1002/cne.901710303.

Jacinto, L.R., Mata, R., Novais, A., Marques, F. and Sousa, N. (2017). The habenula as a critical

node in chronic stress-related anxiety. Exp. Neurol. 289, 46-54.

Kawai, T., Yamada, H., Sato, N., Takada, M., and Matsumoto, M. (2015). Roles of the Lateral
Habenula and Anterior Cingulate Cortex in Negative Outcome Monitoring and Behavioral

Adjustment in Nonhuman Primates. Neuron 88, 792-804. doi:10.1016/j.neuron.2015.09.030.

Kehagia, A. A., Murray, G. K., and Robbins, T. W. (2010). Learning and cognitive flexibility:
frontostriatal function and monoaminergic modulation. Curr. Opin. Neurol. 20, 199-204.

doi:10.1016/j.conb.2010.01.007.

Kemali, M., Guglielmotti, V., and Gioffr, D. (1980). Neuroanatomical identification of the frog

habenular connections using peroxidase (HRP). Exp. Brain Res. 38. d0i:10.1007/bf00236654.

Kemali, M., and Guglielmotti, V. (1977). An electron microscope observation of the right and
the two left portions of the habenular nuclei of the frog. J. Comp. Neurol. 176, 133-147.

d0i:10.1002/cne.901760202.

Kim, B. S., Lee, J., Bang, M., Seo, B. A., Khalid, A., Jung, M. W., et al. (2014). Differential
regulation of observational fear and neural oscillations by serotonin and dopamine in the
mouse anterior cingulate cortex. Psychopharmacology 231, 4371-4381. doi:10.1007/s00213-

014-3581-7.



Kim, U., and Lee, T. (2012). Topography of descending projections from anterior insular and
medial prefrontal regions to the lateral habenula of the epithalamus in the rat. Eur. J. Neurosci.

35, 1253-1269. doi:10.1111/].1460-9568.2012.08030.x.

Kowski, A. B., Geisler, S., Krauss, M., and Veh, R. W. (2008). Differential projections from
subfields in the lateral preoptic area to the lateral habenular complex of the rat. J. Comp.

Neurol. 507, 1465-1478

Lanzenberger, R., Kranz, G. S., Haeusler, D., Akimova, E., Savli, M., Hahn, A., ... & Wadsak, W.
(2012). Prediction of SSRI treatment response in major depression based on serotonin
transporter interplay between median raphe nucleus and projection areas. Neuroimage, 63(2),

874-881.. doi:10.1002/cne.21610.

Lavezzi, H. N., Parsley, K. P., and Zahm, D. S. (2011). Mesopontine rostromedial tegmental
nucleus neurons projecting to the dorsal raphe and pedunculopontine tegmental nucleus:
psychostimulant-elicited Fos expression and collateralization. Brain Struct. Func. 217, 719—

734. d0i:10.1007/s00429-011-0368-z.

Lecourtier, L., Neijt, H. C., and Kelly, P. H. (2004). Habenula lesions cause impaired cognitive
performance in rats: implications for schizophrenia. Eur. J. Neurosci. 19, 2551-2560.

d0i:10.1111/j.0953-816x.2004.03356.X.

Lecourtier, L., and Kelly, P. H. (2007). A conductor hidden in the orchestra? Role of the
habenular complex in monoamine transmission and cognition. Neurosci. Biobehav. Rev. 31,

658-672. doi:10.1016/j.neubiorev.2007.01.004.



Lecourtier, L., Defrancesco, A., and Moghaddam, B. (2008). Differential tonic influence of
lateral habenula on prefrontal cortex and nucleus accumbens dopamine release. Eur. J.

Neurosci. 27, 1755-1762. doi:10.1111/j.1460-9568.2008.06130.x.

Lee, B., Groman, S., London, E. D., and Jentsch, J. D. (2007). Dopamine D2/D3 Receptors Play
a Specific Role in the Reversal of a Learned Visual Discrimination in Monkeys.

Neuropsychopharmacology 32, 2125-2134. doi:10.1038/sj.npp.1301337.

Leranth, C., and Vertes, R. P. (1999). Median raphe serotonergic innervation of medial
septum/diagonal band of Broca (MSDB) parvalbumin-containing neurons: Possible
involvement of the MSDB in the desynchronization of the hippocampal EEG. J. Comp.
Neurol. 410, 586-598. doi:10.1002/(sici)1096-9861(19990809)410:4<586::aid-

cne6>3.0.co;2-h.

Li, Y.-Q., Takada, M., Shinonaga, Y., and Mizuno, N. (1993). The sites of origin of
dopaminergic afferent fibers to the lateral habenular nucleus in the rat. J. Comp. Neurol. 333,

118-133. doi:10.1002/cne.903330110.

Luo, M., Zhou, J., and Liu, Z. (2015). Reward processing by the dorsal raphe nucleus: 5-HT and

beyond. Learn. Mem. 22, 452-460. doi:10.1101/Im.037317.114.

Maroteaux, M., & Mameli, M. (2012). Cocaine evokes projection-specific synaptic plasticity of

lateral habenula neurons. Journal of Neuroscience, 32(36), 12641-12646.



Maru, E., Takahashi, L. K., and Iwahara, S. (1979). Effects of median raphe nucleus lesions on
hippocampal EEG in the freely moving rat. Brain Res. 163, 223-234. doi:10.1016/0006-

8993(79)90351-2.

Mathis, V., Cosquer, B., Avallone, M., Cassel, J.C., and Lecourtier, L. (2015). Excitatory
transmission to the lateral habenula is critical for encoding and retrieval of spatial memory.

Neuropsychopharmacology 40(12), 2843-2851. doi:10.1038/npp.2015.140.

Mathis, V., Barbelivien, A., Majchrzak, M., Mathis, C., Cassel, J.-C., and Lecourtier, L. (2016).
The Lateral Habenula as a Relay of Cortical Information to Process Working Memory. Cereb.

Cortex doi:10.1093/cercor/bhw316.

Meye, F. J., Soiza-Reilly, M., Smit, T., Diana, M. A., Schwarz, M. K., and Mameli, M. (2016).
Shifted pallidal co-release of GABA and glutamate in habenula drives cocaine withdrawal

and relapse. Nat. Neurosci. 19, 1019-1024. doi:10.1038/nn.4334.

Mizumori, S. J., Yeshenko, O., Gill, K. M., and Davis, D. M. (2004). Parallel processing across
neural systems: Implications for a multiple memory system hypothesis. Neurobiol. Learn.

Mem. 82, 278-298. doi:10.1016/j.nlm.2004.07.007.

Mizumori, S. J., & Baker, P. M. (2017). The lateral habenula and adaptive behaviors. Trends in

neurosciences, 40(8), 481-493.

Nagao, M., Kamo, H., Akiguchi, I., and Kimura, J. (1993). Induction of c-Fos-like protein in the
lateral habenular nucleus by persistent noxious peripheral stimulation. Neurosci. Lett. 151,

37-40. doi:10.1016/0304-3940(93)90039-n.



Nakamura, K., Matsumoto, M., and Hikosaka, O. (2008). Reward-Dependent Modulation of
Neuronal Activity in the Primate Dorsal Raphe Nucleus. J. Neurosci. 28, 5331-5343.

doi:10.1523/jneurosci.0021-08.2008.

Nauta, H. J. W. (1974). Evidence of a pallidohabenular pathway in the cat. J. Comp. Neurol. 156,

19-27. doi:10.1002/cne.901560103.

Neumann, P. A., Ishikawa, M., Otaka, M., Huang, Y. H., Schluter, O. M., and Dong, Y. (2014).
Increased Excitability of Lateral Habenula Neurons in Adolescent Rats following Cocaine

Self-Administration. Int. J. Neuropsychopharmacol. 18. doi:10.1093/ijnp/pyul09.

Nilsson, S. R. O., Ripley, T. L., Somerville, E. M., and Clifton, P. G. (2012). Reduced activity at
the 5-HT2C receptor enhances reversal learning by decreasing the influence of previously
non-rewarded associations. Psychopharmacology 224, 241-254. doi:10.1007/s00213-012-

2746-5.

O'Reilly, R. C., and Frank, M. J. (2006). Making Working Memory Work: A Computational
Model of Learning in the Prefrontal Cortex and Basal Ganglia. Neural Comput. 18, 283-328.

d0i:10.1162/089976606775093909.

Ono, T., Nakamura, K., Nishijo, H., and Fukuda, M. (1986). Hypothalamic neuron involvement
in integration of reward, aversion, and cue signals. J. Neurophysiol. 56, 63-79.

doi:10.1152/jn.1986.56.1.63.

Parent, A., Gravel, S., and Boucher, R. (1981). The origin of forebrain afferents to the habenula

in rat, cat and monkey. Brain Res. Bull. 6, 23-38. d0i:10.1016/s0361-9230(81)80066-4.



Parker, M. O., Gaviria, J., Haigh, A., Millington, M. E., Brown, V. J., Combe, F. J., et al. (2012).
Discrimination reversal and attentional sets in zebrafish (Danio rerio). Behav. Brain Res. 232,

264-268. d0i:10.1016/j.bbr.2012.04.035.

Pasquier, D. A., Kemper, T. L., Forbes, W. B., and Morgane, P. J. (1977). Dorsal raphe,
substantia nigra and locus coeruleus: Interconnections with each other and the neostriatum.

Behav. Brain Res. 2, 323-339. d0i:10.1016/0361-9230(77)90066-1.

Phillips, A.G., Ahn, S. and Floresco, S.B. (2004). Magnitude of dopamine release in medial
prefrontal cortex predicts accuracy of memory on a delayed response task. J. Neurosci. 24(2),

547-553.

Proulx, C. D., Hikosaka, O., and Malinow, R. (2014). Reward processing by the lateral habenula

in normal and depressive behaviors. Nat. Neurosci. 17, 1146-1152. doi:10.1038/nn.3779.

Ptaznik, A., Kostowski, W., Bidzinski, A., and Hauptmann, M. (1980). Effects of lesions of the
midbrain raphe nuclei on avoidance learning in rats. Physiol. Behav. 24, 257-262.

doi:10.1016/0031-9384(80)90083-9.

Quina, L. A., Tempest, L., Ng, L., Harris, J. A., Ferguson, S., Jhou, T. C., et al. (2014). Efferent
Pathways of the Mouse Lateral Habenula. J. Comp. Neurol. 523, 32-60.

doi:10.1002/cne.23662.

Ragozzino, M. E. (2007). The Contribution of the Medial Prefrontal Cortex, Orbitofrontal Cortex,
and Dorsomedial Striatum to Behavioral Flexibility. Ann. N. Y. Acad. Sci. 1121, 355-375.

doi:10.1196/annals.1401.013.



Randlett, O., Wee, C.L., Naumann, E.A., Nnaemeka, O., Schoppik, D., Fitzgerald, J.E.,
Portugues, R., Lacoste, A.M., Riegler, C., Engert, F. and Schier, A.F. (2015). Whole-brain

activity mapping onto a zebrafish brain atlas. Nat. Methods. 12(11), 1039.

Reisine, T., Soubrie, P., Artaud, F., and Glowinski, J. (1982). Involvement of lateral habenula-
dorsal raphe neurons in the differential regulation of striatal and nigral serotonergic

transmission cats. J. of Neurosci. 2, 1062—1071. doi:10.1523/jneurosci.02-08-01062.1982.

Ridley, R., Cummings, R., Leowdyke, A., and Baker, H. (2006). Neglect of memory after
dopaminergic lesions in monkeys. Behav. Brain Res. 166, 253-262.

doi:10.1016/j.bbr.2005.08.007.

Saad, W. A,, Luiz, A. C., Camargo, L. A. D. A., Renzi, A., and Manani, J. (1996). The lateral
preoptic area plays a dual role in the regulation of thirst in the rat. Brain Res. Bull. 39, 171—

176. doi:10.1016/0361-9230(95)02089-6.

Shabel, S. J., Proulx, C. D., Trias, A., Murphy, R. T., and Malinow, R. (2012). Input to the
Lateral Habenula from the Basal Ganglia Is Excitatory, Aversive, and Suppressed by

Serotonin. Neuron, 74, 475-481. doi:10.1016/j.neuron.2012.02.037.

Shabel, S.J., Proulx, C.D., Piriz, J. and Malinow, R. (2014). GABA/glutamate co-release controls
habenula output and is modified by antidepressant treatment. Science, 345(6203), 1494-1498.

doi: 10.1126/science.1250469



Skagerberg, G., Lindvall, O., and Bjo rklund, A. (1984). Origin, course and termination of the
mesohabenular dopamine pathway in the rat. Brain Res. 307, 99-108. doi:10.1016/0006-

8993(84)90465-7.

Sohn, J.-W., EImquist, J. K., and Williams, K. W. (2013). Neuronal circuits that regulate feeding

behavior and metabolism. Trends Neurosci. 36, 504-512. doi:10.1016/j.tins.2013.05.003.

Stephenson-Jones, M., Yu, K., Ahrens, S., Tucciarone, J. M., van Huijstee, A. N., Mejia, L. A., ...
& Li, B. (2016). A basal ganglia circuit for evaluating action outcomes. Nature, 539(7628),

289.

Stocco, A., Lebiere, C., and Anderson, J. R. (2010). Conditional routing of information to the
cortex: A model of the basal ganglia’s role in cognitive coordination. Psychol. Rev. 117, 541

574. doi:10.1037/a0019077.

Stopper, C. M., & Floresco, S. B. (2014). What's better for me? Fundamental role for lateral

habenula in promoting subjective decision biases. Nature neuroscience, 17(1), 33.

Stratford, T. R., and Wirtshafter, D. (2012). Evidence that the nucleus accumbens shell, ventral
pallidum, and lateral hypothalamus are components of a lateralized feeding circuit. Behav.

Brain Res. 226, 548-554. doi:10.1016/j.bbr.2011.10.014.

Stuber, G. D., Klanker, M., Ridder, B. D., Bowers, M. S., Joosten, R. N., Feenstra, M. G., et al.
(2008). Reward-Predictive Cues Enhance Excitatory Synaptic Strength onto Midbrain

Dopamine Neurons. Science321, 1690-1692. doi:10.1126/science.1160873.



Sutherland, R. J. (1982). The dorsal diencephalic conduction system: A review of the anatomy
and functions of the habenular complex. Neurosci. Biobehav. Rev. 6, 1-13.

doi:10.1016/0149-7634(82)90003-3.

Swanson, L. W. (1976). An autoradiographic study of the efferent connections of the preoptic

region in the rat. J. Comp. Neurol. 167, 227-256. doi:10.1002/cne.901670207.

Swanson, L. (1982). The projections of the ventral tegmental area and adjacent regions: A
combined fluorescent retrograde tracer and immunofluorescence study in the rat. Brain Res.

Bull. 9, 321-353. d0i:10.1016/0361-9230(82)90145-9.

Thornton, E. W., & Davies, C. (1991). A water-maze discrimination learning deficit in the rat

following lesion of the habenula. Physiology & behavior, 49(4), 819-822.

Troiano, R., and Siegel, A. (1975). The ascending and descending connections of the

hypothalamus in the cat. Exp. Neurol. 49, 161-173. doi:10.1016/0014-4886(75)90202-2.

Van Der Meulen, J. A., Joosten, R. N., De Bruin, J. P., and Feenstra, M. G. (2006). Dopamine
and Noradrenaline Efflux in the Medial Prefrontal Cortex During Serial Reversals and
Extinction of Instrumental Goal-Directed Behavior. Cereb. Cortex17, 1444-1453.

doi:10.1093/cercor/bhl057.

Vertes, R. P., and Martin, G. F. (1988). Autoradiographic analysis of ascending projections from
the pontine and mesencephalic reticular formation and the median raphe nucleus in the rat. J.

Comp. Neurol. 275, 511-541. doi:10.1002/cne.902750404.



Vertes, R. P., Fortin, W. J., and Crane, A. M. (1999). Projections of the median raphe nucleus in
the rat. J. Comp. Neurol. 407, 555-582. doi:10.1002/(sici)1096-

9861(19990517)407:4<555::aid-cne7>3.0.co;2-¢.

Viswanath, H., Carter, A. Q., Baldwin, P. R., Molfese, D. L., and Salas, R. (2014). The medial

habenula: still neglected. Front.Hum. Neurosci. 7. doi:10.3389/fnhum.2013.00931.

Wagpner, F., Stroh, T., and Veh, R. W. (2014). Correlating habenular subnuclei in rat and mouse
by using topographic, morphological, and cytochemical criteria. J. Comp. Neurol. 522, 2650—

2662. doi:10.1002/cne.23554.

Wallace, A., Pehrson, A. L., Sanchez, C., and Morilak, D. A. (2014). Vortioxetine restores
reversal learning impaired by 5-HT depletion or chronic intermittent cold stress in rats. Int. J.

Neuropsychopharmacol. 17, 1695-1706. doi:10.1017/s1461145714000571.

White, N. M., Packard, M. G., and Mcdonald, R. J. (2013). Dissociation of memory systems: The

story unfolds. Behav. Neurosci. 127, 813-834. doi:10.1037/a0034859.

Wirtshafter, D., and Asin, K. E. (1986). Discrimination learning and reversal following
electrolytic lesions of the median raphe nucleus. Physiol. Behav. 37, 213-219.

doi:10.1016/0031-9384(86)90223-4.

Yetnikoff, L., Cheng, A.Y., Lavezzi, H.N., Parsley, K.P. and Zahm, D.S. (2015). Sources of
input to the rostromedial tegmental nucleus, ventral tegmental area, and lateral habenula

compared: a study in rat. J. Comp. Neurol. 523(16), 2426-2456.



Zahm, D. S., & Root, D. H. (2017). Review of the cytology and connections of the lateral
habenula, an avatar of adaptive behaving. Pharmacology Biochemistry and Behavior, 162, 3-

21.



LHb Afferent mPFC— LHb LHb Bidirectional LHb Unidirectional
Pathway — HPC circuit Pathway Efferent Pathway

— = —_—

Figure 1. Schematic of selected afferent, bidirectional and efferent pathways of LHb (red
circle) and HPC-mPFC-LHb circuit.

Afferent structures/pathways are shown in blue, bidirectional structures/pathways are shown in
red, efferent structures/pathways are shown in yellow. The mPFC-LHb-HPC circuit
structures/pathways are shown in green.

LHb, lateral habenula; HPC, hippocampus; mPfc, medial prefrontal cortex; vDBB, vertical
diagonal band of Broca; VP, ventral pallidum; LPO, lateral preoptic area; SCN, suprachiasmatic
nucleus; EPN, entopeduncular nucleus; LH, lateral hypothalamus; VTA, ventral tegmental area;
RMTg, rostromedial tegmental nucleus; IPN, interpeduncular nucleus; MnR, median raphe; DR,

dorsal raphe; PAG, periaqueductal gray.
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Figure 2. Schematic of Delay-Discounting Task.

(A) Reward arm (marked in yellow) and two start arms (marked in red) on the elevated T-maze.
(B) Sooner smaller choice: the animal would wait for 3s and obtain 1 sugar pellet. Later larger
choice: the animal would wait for 10s and obtain 4 sugar pellets. Once the animal entered a
certain reward arm, the other reward arm or start arm were blocked by wooden barriers to

confine animal at the chosen arm for the entire delay period.



(C) Daily behavior blocks of an infusion day consist of 3 blocks with different length of LL
delay (10s, 20s, and 40s) and consistent SS delay (3s). The blocks were separated by an inter
block interval of 5 minutes. Drug infusion sequences follow an ABBA pattern. On day 1 and day
4, a certain animal would receive one type of infusion (0.9% saline or muscimol), and day 2 and

day 3 of the alternative type of infusion.
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Figure 3. Bilateral LHb inactivation resulted in impaired performance in delay-discounting
task.

(A) Bilateral HPC inactivation resulted in significant impaired performance in delay-discounting
task. Figure modified from (Davis & Mizumori., 2017).

(B) Cannula placements in the LHb.

(C) Bilateral LHb inactivation resulted in significant impairment in delay-discounting task.
Significant interaction, F(2, 16) = 34.725, P < 0.01; no single out drug effect, F(1, 8) = 3.510, p =
0.098; significant delay effect, F(2,16) = 15.561, p<0.01.

(D) Impairments were not due to sex difference. No interaction under muscimol infusion: F (2,

14) = 0.206, p = 0.816, and no significant sex effect: F (1,7) =0.012, p = 0.916; no interaction



under saline infusion: F (2, 14) = 0.371, p = 0.697, and no significant sex effect, F (1,7) = 0.177,
p =0.687

(E) Impairments were not due to spatial difference. No interaction under muscimol infusion: F
(2,14) =0.127, p = 0.882, and no spatial effect: F (1,7) = 0.057, p = 0.819; no interaction under
saline infusion: F (2, 14) = 2.268, p = 0.140, and no spatial effect: F (1,7) = 2.356, p = 0.169

(F) Intact reward magnitude discrimination after LHb inactivation. Animals preferred larger

reward significantly under equal delay condition, paired sample t test, t = 10.513, p<0.01.



