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Abstract

Background—Cognitive inflexibility is a core symptom of several mental disorders including
schizophrenia. Brain imaging studies in schizophrenia patients performing cognitive tasks have
reported decreased activation of the mediodorsal thalamus (MD). Using a pharmacogenetic
approach to model MD hypofunction we recently showed that decreasing MD activity impairs
reversal learning in mice. While this demonstrates causality between MD hypofunction and
cognitive inflexibility, questions remain about the elementary cognitive processes that account for
the deficit.

Methods—Using the ‘Designer Receptors Exclusively Activated by Designer Drugs’
(DREADD) system we reversibly decreased MD activity during behavioral tasks assessing
elementary cognitive processes inherent to flexible goal-directed behaviors including extinction,
contingency degradation, outcome devaluation and Pavlovian-to-instrumental transfer (n=134
mice).

Results—While MD hypofunction impaired reversal learning, it did not affect the ability to learn
about non-rewarded cues nor the ability to modulate action selection based on the outcome value.
In contrast, decreasing MD activity delayed the ability to adapt to changes in the contingency
between actions and their outcomes. In addition, while Pavlovian learning was not affected by MD
hypofunction, decreasing MD activity during Pavlovian learning impaired the ability of
conditioned stimuli to modulate instrumental behavior.

Conclusion—MD hypofunction causes cognitive inflexibility reflected by an inability to adapt
actions when their consequences change. Furthermore, it alters the encoding of environmental
stimuli so that they cannot be properly utilized to guide behavior. Modulating MD activity could
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be a potential therapeutic strategy for promoting adaptive behavior in human subjects with
cognitive inflexibility.
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Introduction

Behavioral flexibility reflects the ability of an individual to respond and adjust to important
changes in the environment. Deficits in behavioral flexibility are core cognitive deficits in
several psychiatric disorders including schizophrenia, obsessive compulsive disorder (OCD)
and drug addiction (1-3) and have been associated with to poor decision-making (4, 5).
Studies in healthy subjects and in patients suffering psychiatric diseases or local brain
lesions have repeatedly involved frontal lobe dysfunction as a potential neural substrate
underlying deficits in flexible and goal-directed behaviors (6—-10). However, recent findings
from human and animal studies further indicate that the neuronal circuitry mediating flexible
behavior also includes subcortical structures connected with the prefrontal cortex (PFC)
such as the ventral and dorsomedial striatum and the midline thalamic nuclei (11).

The mediodorsal thalamus (MD) is a higher order thalamic nucleus that shares dense
reciprocal connections with the PFC, including the orbitofrontal (OFC) and prelimbic (PrL)
cortices. The MD also receives inputs from the basolateral amygdala (BLA) and the basal
ganglia, thus placing it in a position to integrate and relay information from these structures
to the PFC (12, 13). Functional imaging studies in schizophrenia patients have consistently
found decreased activation in the MD during executive function tasks (14). These findings
suggest that MD hypofunction may also participate in the behavioral flexibility deficits
observed in patients. Indeed, lesion studies performed in rodents and monkeys have
supported a role for the MD in a number of cognitive functions (15-17), including flexible
and goal-directed behaviors (18-23). However, the main limitation of lesion studies is that
they permanently ablate the whole structure whereas the imaging studies performed in
humans rather suggest an impaired functional activation of the MD under pathological
conditions.

To circumvent this limitation we recently used the “Designer Receptor Exclusively
Activated by a Designer Drug” (DREADD) system to test for a potential causal relationship
between decreased MD activity and cognitive deficits. We expressed the modified
muscarinic receptor hM4D selectively in the MD of mice by viral-mediated gene transfer.
The hM4D is activated by a pharmacologically inert compound, clozapine-N-oxide (CNO)
but not by endogenous acetylcholine. Upon CNO activation, hM4D hyperpolarizes neurons
through a G-protein mediated activation of inward-rectifying potassium channels (24).
Administration of CNO in awake mice induces an average decrease of 40% of the firing rate
in about a third of MD neurons (25). This mild MD hypofunction was sufficient to induce a
deficit in reversal learning along with an increase in perseverative behavior in an operant
reversal learning task (25). Though these findings provide evidence that the MD performs a
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crucial function in flexible behavior, our previous study was not designed to identify basic
cognitive processes by which the MD regulates flexible behavior.

Goal directed flexible behavior requires the encoding of the relationship between actions
and their outcomes (or A-O contingencies) as well as a representation of the outcome value.
The sensitivity to changes in A-O contingencies is tested in a contingency degradation task;
the sensitivity to a change in the outcome value in an outcome devaluation task (26-29). In
addition to the A-O association, reversal learning tasks often include environmental stimuli
that become associated with the outcome (S-O association). The ability of those Pavlovian
cues to guide responding for a specific outcome is tested in a Pavlovian-to-instrumental
transfer (PIT) paradigm (30).

In the present study, we used the DREADD system in the mouse to decrease neuronal
activity in the MD and investigated the effect of this manipulation on flexible and goal-
directed behavior. The DREADD approach offers the possibility to transiently decrease MD
activity during distinct phases of behavioral testing. Using this approach, we identified two
cognitive processes sensitive to MD hypofunction. Decrease in MD activity impaired the
ability to adapt to changes in A-O contingencies. In addition, inhibiting MD function during
Pavlovian conditioning prevented the conditioned stimuli to later modulate instrumental
behavior in a PIT test. In contrast, MD hypofunction neither affected the ability to decrease
responding to a cue which is no longer rewarded nor the ability to represent the outcome
value.

Material and Methods

Subjects and drugs

All protocols used in this study were approved by the Institutional Animal Care and Use
Committee (IACUC) at Columbia University and New York State Psychiatric Institute.
C57/BI6 male mice were purchased from Jackson Laboratory and housed under a 12-h,
light-dark cycle in a temperature-controlled environment with food and water available ad
libitum. For the behavioral experiments, mice were food restricted and maintained at 85% of
their initial weight. CNO was dissolved in PBS to a final concentration of 0.2 mg/ml.

Experimental design

Mice were stereotactically injected with AAV2-hM4D virus (referred as MDpp4p Mice) or
AAV2-hrGFP control virus (referred as MDggp mice) within the MD (see supplemental
methods), and treated with either saline or CNO (2 mg/kg) 30 min before testing. A first
cohort has been used for discrimination, reversal learning and contingency degradation
tasks. A second cohort has been used for the outcome devaluation task. A third cohort has
been used for the outcome specific Pavlovian-to-instrumental transfer.

Discrimination, reversal learning and contingency degradation

MDpmap and MDggp mice went through instrumental training and the discrimination task in
CNO free conditions. Then the mice were subdivided into saline- and CNO-treated groups
during extinction, reversal and degradation using a crossover design. Two-way ANOVA
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analyses were systematically performed to ensure that CNO treatment during previous task
did not affect performance in the following task.

Discrimination, extinction and reversal task—Discrimination task has been
previously described (25). Briefly, in this task, mice learn that a response (lever press)
during the presentation of one visual cue (S+) is rewarded (condensed milk). The same
response during another visual cue (S-) is not (see supplemental methods). The extinction
task was identical to the discrimination task except that lever presses during both the prior S
+ and S— were not rewarded. During the reversal phase the contingencies between the
stimuli and the outcome were reversed.

Instrumental contingency degradation—After the reversal task, mice were trained to
press the lever on a random ratio (RR) schedule (see supplemental methods). Mice were
then trained for two additional 20 min sessions of RR20 (5% chance to be rewarded for a
lever press) under saline or CNO treatment for baseline level and then were exposed to 5
consecutive sessions during which the response-outcome contingency was degraded. In
these sessions reward was still delivered for lever pressing on a RR20 schedule however the
reward was also delivered non-contingently with the same probability in each second
without a response.

Instrumental outcome specific devaluation task

In this task, MDpmap and MDggp mice received saline or CNO either during instrumental
training or during devaluation test, just before pre-feeding. Outcome specific devaluation
task was adapted from Ostlund et al., (22) (see supplemental methods). Briefly, mice went
through 11 days of instrumental training during which each lever (left and right) was
associated with one outcome (pellet and 20% sucrose solution). Mice were then given two
devaluation tests during which one of the two outcomes was devalued by pre-feeding the
mice with it for 1h before a 10 min choice extinction test in which both levers were available
but no outcomes were delivered. The number of lever presses for the devalued versus non-
devalued outcome was recorded.

Outcome specific Pavlovian-to-instrumental transfer

In this task, MDnpmap and MDggp mice received saline or CNO either during Pavlovian
training or during PIT testing. Outcome specific PIT was adapted from Ostlund et al., (22)
(see supplemental methods). Briefly, mice went through 7 days of Pavlovian training during
which two conditioned stimuli (CSs) (tone or white noise) were paired with either sucrose or
pellets. Performance in Pavlovian conditioning was assessed using a Pavlovian elevation
score [(head entries rate during CS) — (head entries rate during the pre-CS period)]. After
Pavlovian training, mice received 11 days of instrumental training as described for the
outcome devaluation task. Mice went then through two PIT extinction test sessions during
which both levers were inserted into the box, but no outcomes were delivered. After 8 min
extinction, each CS was presented four times separated by 3 min fixed ITls. A transfer score
was calculated by measuring the difference in lever press responding in the presence versus
absence of CS. The “Same” responses are lever presses on the lever that is paired with the
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same outcome as the CS. The “Different” responses are lever presses on the lever that is
paired with the different outcome than the CS.

We stereotactically injected into the MD an AAV enabling the co-expression of hM4D with
GFP (AAV2-hM4D) (25). For all mice we analyzed the pattern of transgene expression after
behavioral testing by visualizing GFP expression (Figure 1A and B). The virus spread
almost entirely among the anterio-posterior axis of the MD whereas it stayed within the
dorso-ventral and latero-medial axis of the MD (Figure 1B). Limited viral expression was
present in the caudal portion of the thalamic paraventricular nucleus and a few infected cells
were occasionally observed in centrolateral nucleus and lateral habenula.

Extinction test

The deficit in reversal learning previously observed after MD hypofunction (25) may arise
from an inability to decrease responding to a cue that is no longer rewarded. To test this, we
performed an extinction task in mice that before had acquired an instrumental discrimination
task (Figure 2A). Saline injected hM4D and GFP mice were first trained in a visual
instrumental discrimination task for 7 days. Both groups learned the discrimination (two-
way ANOVA, session Fg 252)=27.11; p<0.001, group F(1 42)=0.25; ns, interaction
F(6,252)=1.03, ns) (Figure 2B). After acquisition, the mice were treated either with saline or
CNO during the extinction task. A two-way mixed ANOVA resulted in a significant main
effect of session (F(s 200)=142.84; p<0.001) but no effect of group (F(3 40)=0.61; ns) or
interaction (F (15 200)=0.64; ns) indicating that both groups equally lowered responding to the
former S+ (Figure 2C). Mice also decreased lever press rate during the S— presentations
(repeated ANOVA, session Fs5 500)=76.8; p<0.001, group F(3 409)=1.23, p>0.05; session x
group F(15200)=1.30, p>0.05), thereby keeping a constant ratio of responses between both S
+and S- trials.

Reversal learning test

We then tested whether a deficit in reversal learning would persist after an extinction phase.
For this task, three mice (2 MDgpp and 1 MDpmap) that did not reach learning criterion (S
+/S- rate > 2 during all the sessions) during the acquisition task were excluded. We found
that even after extinction, mice with decreased MD activity showed a deficit in reversal
learning (Figure 2D). A two-way mixed ANOVA revealed a main effect of session
(F(6,222)=8.71; p<0.001) and group (F3,37)=3.97; p<0.05) but no interaction (F(1g 222)=0.51;
ns). Fischer’s post hoc analysis found significant differences between CNO-treated MDppap
and each of the three control groups confirming that CNO-treated MDypap mice
performance is impaired during reversal.

Contingency degradation test

We then tested the impact of MD inhibition on sensing or acting on changes in A-O
contingencies in an instrumental contingency degradation task (Figure 3A). Mice were first
trained on random ratio 20 (RR20) in which each lever press had a 0.05 probability of
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producing a rewarding outcome. Baseline lever press rate was not affected by decreasing
MD activity (one-way ANOVA, group effect F(3 40)=0.9; ns) (Figure 3B). During
contingency degradation, the reward is still delivered for lever pressing; however the reward
is also delivered non-contingently for free with the same probability. The three control
groups were equally sensitive to changes in contingency and decreased responding across
sessions (two-way ANOVA, session F4 10g)=5.05; p<0.01, group F(; »7)=0.001; ns,
interaction F(g 108)=0.67; ns) (Figure 3C left panel). We therefore pooled the control groups
and compared them to CNO-treated MDppmap mice. A two-way mixed ANOVA resulted in a
significant main effect of session (F(4 168)=4.75; p<0.01) and group (F(1,42)=7.03; p<0.05)
reflecting reduced sensitivity to contingency degradation when MD activity is decreased.
We did not find a significant interaction between session and group (F 4 168)=1.76; p>0.05)
meaning that decreased MD activity did not fully abolish sensitivity to contingency
degradation (Figure 3C right panel). Finally, both controls and CNO-treated MDppap mice
made a constant and similar number of head entries in the food magazine across the five
degradation sessions ruling out any response competition between lever press and food
magazine approach (Controls: 174.2 £17.1 to 189.3 +35.9; CNO-treated MDymsp: 146.5
+19.2t0 171.1 £31.9).

Outcome specific devaluation test

We then assessed whether MD function is essential to maintain a flexible representation of
the outcome value in an instrumental outcome devaluation procedure. To assess whether
MD activity is needed for encoding A-O associations or required for the later modulation of
action-selection by changes in outcome value, MDyp4p mice and controls received saline or
CNO either during instrumental training or during the devaluation test (Figure 4A). During
the instrumental learning, decreasing MD activity did not alter the rate at which mice were
pressing the lever to obtain a reward. This is confirmed by a two-way mix ANOVA showing
a significant main effect of instrumental session (F(10,420=141.8; p<0.001) but no group
effect (F(3,42)=0.26; ns) or interaction (F (30, 420y=1.02; ns) (Figure 4B). During the pre-
feeding of test day, all groups consumed the same amount of food pellets (one-way
ANOVA, group F(4,41)=0.51; ns) (Figure 4C left panel) and sucrose solution (one-way
ANOVA, group F4,41)=0.52; ns) (Figure 4C right panel). During the test, the three control
groups showed comparable suppression of responding for the devalued outcome and were
therefore pooled for further analysis (two-way ANOVA, value F(y1)=17.06; p<0.001,
groups(F(2,18)=0.02; ns, interaction F(, 1)=0.09; ns) (Figure 4D). Figure 4E represents the
test results in successive 2 min bins for the action that had earned the devalued outcome and
the action that had earned the non-devalued outcome. MDy4p mice treated with CNO
during instrumental training (hM4D-CNO-Sal) or during the devaluation test (hM4D-Sal-
CNO) showed the same ability than the controls to decrease their responses to the lever
associated with the devalued outcome. This is confirmed by a three-way mixed ANOVA
showing a significant main effect of value (F( 43)=25.80; p<0.001 ) but no effect of group
(F(1,43)=1.30; ns) and no group X value interaction (F(; 43)=0.07; ns).

Outcome specific Pavlovian-to-instrumental transfer task

MD hypofunction may also alter the acquisition of conditioned stimuli or their ability to
guide action-selection. To test this hypothesis, we performed an outcome specific PIT test in
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which we measured the modulation of instrumental responding during the presentation of
conditioned stimuli (30). In this experiment MDyy4p mice and controls received saline or
CNO either during Pavlovian training (hM4D CNO-Sal) or during PIT testing (hM4D Sal-
CNO) (Figure 5A). Decreased MD activity did not alter Pavlovian learning as CNO-treated
MDpmap mice showed the same approach behavior as controls when CSs were presented
(two-way ANOVA, session Fg 240)=15.64; p<0.001, group F(3 40)=0.93; ns, interaction
F(18,240)=0.67; ns) (Figure 5B). After instrumental training, the PIT test was performed. All
three control groups were statistically indistinguishable (two-way ANOVA, group
F(2,22)=0.59; group x transfer: F(; »2)=0.56), displayed outcome-specific PIT (transfer
F(1,22)=24.09; p<0.001) (Figure 5C left panel) and were pooled for further analysis.
Surprisingly, while decreasing MD activity during the test did not alter PIT expression, mice
with inhibited MD activity during Pavlovian training showed a decreased and non-specific
PIT (Figure 5C right panel). A two-way ANOVA showed an effect of transfer
(F(1,41)=22.41; p<0.001) and a significant group x transfer interaction (F(2,41)=18.8; p<0.05)
but no main effect of group (F(2,41)=1.88; p=0.16). Simple effects analyses revealed
significant specific transfer in both control (F(y,24y=27.48; p<0.001), and hM4D Sal-CNO
(F(1,8)=11.98; p<0.01) groups, but not in hM4D CNO-Sal group (F(1,6=0.92; ns). Although
diminished compared to other groups, hM4D CNO-Sal mice exhibited a significant PIT as
revealed by one-sample t-test analysis (transfer score # 0; same: t(9)=2.83, p<0.05; different:
t(9)=2.19, p=0.056). Importantly, these effects reflect a deficit in transfer rather than a global
decrease in lever press during the test. At no point during baseline periods (absence of CS)
did performance on the levers differ between groups (one-way ANOVA F (7 41)=1.78;
p>0.05). Also, impaired PIT in hM4D CNO-Sal group cannot be attributed to response
competition as they did a similar number of food magazine head entries than the other
groups during testing (data not shown).

Discussion

We used a pharmacogenetic approach to reversibly decrease neuronal activity within the
MD of mice to address the impact of MD hypofunction on goal-directed and flexible
behavior. We found that MD hypofunction decreased the sensitivity to changes in the
contingency between a response and its outcome. In addition, transient MD hypofunction
during Pavlovian conditioning prevented the mice to later use the acquired conditioned
stimuli to modulate instrumental behavior in a PIT task. In contrast, MD hypofunction
neither alters the ability to decrease responding to a cue which is no longer rewarded nor the
ability to represent the outcome value.

Previous studies in rats showed a deficit in outcome devaluation when the MD was lesioned
before instrumental training but not when it was ablated just before the devaluation test itself
(20, 22). This differs from, a recent study that found no effect of MD lesions on devaluation
independent of the time of the lesion (31). Our findings are in agreement with this later
study as we did not found any deficits in outcome devaluation, whether inhibiting the MD
during testing or throughout instrumental training. In contrast, we found that the MD is
important in the ability to adapt to changes in the contingency between actions and
outcomes. Such a deficit could arise from a difficulty in detecting or in learning the new
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contingency. Independent of the origin of the deficit it could underlie the impairment in
cognitive flexibility observed in the reversal learning task.

Problems in reversal learning could also arise from a difficulty in remapping the relationship
between stimuli and their associated outcomes and/or retrieving and using the new
knowledge to guide action selection. Therefore, we investigated the potential role of the MD
in encoding S-O relationships, in the retrieval of these associations, and their ability to guide
instrumental actions in an outcome specific PIT task. One prior study reported a disruption
of outcome selective transfer in rats that received post-training lesions of the MD (22). In
contrast, we did not find an effect of decreasing MD activity during PIT testing on the
instrumental transfer as CNO treated MDy4p mice increased lever pressing to the same
degree as the three control groups. This result indicates that a mild MD hypofunction during
PIT test might not be sufficient to impair retrieval of S-O and A-O associations.
Surprisingly, although mice with MD hypofunction during Pavlovian training learned the
association between the stimulus and the outcome as shown by the increased head entries in
the food magazine, they were not able to use this information later to modulate instrumental
behavior. One hypothesis would be that decreasing MD activity during Pavlovian training
prevents the CS from acquiring incentive properties of the outcome thereby preventing the
flexible use and the transfer of the previously acquired S-O association to a new context
such as an instrumental task. There is evidence that the BLA, which sends projections to the
MD (13), plays a similar role. Lesions of the BLA do not affect the acquisition of simple
Pavlovian training, but pre-training lesions of the BLA have been shown to impair PIT in a
similar way to what we observed after MD inhibition during Pavlovian training (32). Thus,
the BLA-MD circuit seems to be involved in encoding S-O associations in a manner that
leaves them accessible in novel situations such as a PIT test, an instrumental task in which
an unexpected Pavlovian stimulus is presented.

Our results demonstrate a role for the MD in both instrumental and Pavlovian processes.
Evidence from lesion studies revealed that these two processes involve partially distinct
neural substrates. The PrL has been essentially involved in instrumental processes (33) while
the OFC has been shown to play a role in Pavlovian outcome expectancies (34). Cell body
lesion in the PrL prior to instrumental training impairs outcome devaluation and contingency
degradation without altering PIT (33). In addition, a recent study showed that pre-training
dopamine depletion or post-training D1/D2 receptor antagonist infusion within the PrL led
to similar deficits in instrumental contingency degradation as those observed after
decreasing MD activity (35). Taken together, these results suggest that signaling from the
MD and dopamine midbrain input to the PrL. may be necessary for encoding instrumental A-
O contingencies. In contrast, OFC lesions have been shown to alter outcome selective PIT
without altering instrumental action selection based on current outcome value (36).
Interestingly, both PrL and OFC also share reciprocal projections with the BLA (37, 38).
Similar to our findings with the MD, the BLA is involved in both instrumental and
Pavlovian learning (39). Thus, BLA-MD circuitry might encode for the flexible use of both
A-O and SO associations. Further studies aiming at dissecting these circuits will be needed
to understand the respective contribution of BLA-PFC and MD-PFC networks in both goal-
directed and stimulus guided action selection.
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Impairment in behavioral flexibility has been observed in several psychiatric disorders
including schizophrenia, OCD and drug addiction (1-3). Our study was designed in the
context of schizophrenia where deficits in MD activation during executive function tasks
have been reported (14). Impairment in different forms of behavioral flexibility, such as set-
shifting and reversal learning are reliable cognitive deficits of schizophrenia and have been
observed in chronic as well as in first-episode patients (2, 40, 41). Interestingly, set shifting
deficits in schizophrenia have been found to relate to poor executive function (2). This is
consistent with the well-established finding of dorsolateral PFC hypofunction in patients
(42). In contrast, deficits in reversal learning have been observed regardless of the current
intellectual function of patients (2) and may arise from OFC dysfunctions (43, 44). In a
study by Heerey and Gold, patients with schizophrenia self-reported similar depths of
emotion to positive, neutral and negative stimuli than control subjects but failed at coupling
their behavior to the motivational properties of a stimulus (45). Thus, deficits in reversal
learning in schizophrenia may arise from a disability to translate experience into goal-
directed action. Although this finding seems to relate to our PIT findings, the stimuli used
may be considered as secondary reinforcers rather than as conditioned stimuli such as the
ones used in PIT. This distinction precludes any direct comparison between the two
experiments. Interestingly, PIT has been recently studied in human subjects. Consistent with
rodent literature, nucleus accumbens and amygdala have been found to be activated during
PIT in healthy human subjects (46, 47). Whether PIT also involves thalamic activation in
human and whether both PIT performance and potential thalamic activation are altered in
patients with schizophrenia are still unanswered questions.

Finally, caution has to be used when extrapolating data from mouse models to human
conditions. Indeed, while thalamo-frontal circuits share homologies across species, the
parvocellular region of the MD is less prominent in rodents compared to humans or non-
human primates (12). In addition, the main target of this parvocellular region in humans is
the dorsolateral PFC for which the homologous region in rodents is still debated. Despite of
this distinction, it is clear that similar to humans and primates, rodents do present a specific
pattern of topographic and reciprocal innervation between the MD and the PFC. As such, the
medial part of the MD shares connections with the medial-ventral PFC including the PrL,
while the central part of the MD is interconnected with the lateral OFC (13). Because the
MD in mice is relatively small, we cannot distinguish the specific role of each MD sub-
region in our study. Independent of the thalamo-cortical sub-circuit involved, our findings
along with the clinical observations point to modulation of MD activity as a potential
strategy for improving flexible behaviors in the context of schizophrenia and other disorders
with altered MD function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AAV adeno-associated virus

A-O action-outcome

BLA basolateral amygdala

CNO clozapine-N-oxide

Cs conditioned stimulus

DREADD designer receptor exclusively activated by a designer drug

MD mediodorsal thalamus

OocCD obsessive compulsive disorder

OFC orbitofrontal cortex

PFC prefrontal cortex

PIT Pavlovian-to-instrumental transfer

PrL prelimbic cortex

S-0 stimulus-outcome
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M Minimum virus spread
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Figure 1.
Viral approach and histological results. A, Representative example of viral infection as

assayed by GFP autofluoresence. Coronal sections are co-labeled for nuclear staining with
4’ 6-diamidino-2-phenylindole (DAPI). Abbreviations: Centrolateral (CL), paracentral (PC),
centromedial (CM), intermediodorsal (IMD) and paraventricular (PV) thalamic nuclei.
Lateral (LHb) and medial habenula (MHb). B, Representation of the viral spread in the MD
(outlined with dash blue lines) for all the mice used in this study. Coronal sections are drawn
from Paxinos mouse brain atlas. Bregma —1.22 mm to —2.06 mm depicts anterior-posterior
axis.
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Figure 2.
Effect of decreased MD activity on extinction and reversal learning task. A, Schematic

drawing of the experiment design. Abbreviations: Visual stimulus 1 (S1), visual stimulus 2
(S2), lever-press response (R), outcome (milk) (O). B, Discrimination task, ratio between
mean S+ and S- response rate (tSEM) (GFP-Sal n=15, hM4D-Sal n=29). C, Extinction
task. mean lever press performed per minute (+SEM) during S+ and S— presentations (GFP-
Sal n=8, GFP-CNO n=7, hM4D-Sal n=15, hM4D-CNO n=14). D, Reversal task, ratio
between mean S+ and S- response rate (:SEM) (GFP-Sal n=8, GFP-CNO n=5, hM4D-Sal
n=13, hM4D-CNO n=15).
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Figure 3.

Effect of decreased MD activity on instrumental contingency degradation. A, Schematic
drawing of the experiment design. Abbreviations: Lever-press response (R), outcome (milk)
(0). [p(O/R)=0.05]: probability of obtaining outcome after lever press is 5%. [p(O/no R)=0]:
probability of obtaining outcome meanwhile no pressing is 0% B, Mean lever press
performed per minute (SEM) during 20 minutes instrumental training session. C, Mean
lever presses (in percentage from baseline) (+SEM) across the contingency degradation
sessions. Left panel: control groups. Right panel: pooled controls vs CNO-treated MDpmap
mice (GFP-Sal n=8, GFP-CNO n=7, hM4D-Sal n=15, hM4D-CNO n=14).
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Figure 4.
Effect of decreased MD activity on instrumental outcome devaluation task. A, Schematic

drawing of the experiment design. Abbreviations: Response 1 (left lever press) (R1),
response 2 (right lever) (R2), outcome 1 (pellet) (O1), outcome 2 (sucrose) (02). B, Mean
lever press performed per minute (SEM) during instrumental training (GFP-Sal n=6, GFP-
CNO n=5, hM4D-Sal n=23, hM4D-CNO n=12). C, Mean of consumed food (xSEM) (pellet
on left panel, sucrose on right panel) during the pre-feeding phase. D, Mean lever press
performed per minute (SEM) on the non-devalued and devalued lever in the three control
groups. E, Mean number of lever press on the non-devalued and devalued lever (tSEM)
across successive two-minutes blocks of extinction choice test in controls (left panel) and
CNO-treated MDppmap mice. Insets: mean lever press performed per minute (SEM) on the
non-devalued and devalued lever (GFP-Sal-CNO n=6, GFP-CNO-Sal n=5, hM4D-Sal-Sal
n=10, hM4D-CNO-Sal n=12, hM4D-Sal-CNO n=13).
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Figure 5.
Effect of decreased MD activity on outcome-specific pavlovian to instrumental transfer task.

A, Schematic drawing of the experiment design. Abbreviations: stimulus 1 (S1), stimulus 2
(S2), outcome 1 (pellet) (O1), outcome 2 (sucrose) (02), response 1 (left lever) (R1),
response 2 (right lever) (R2), PIT: pavlovian instrumental transfer B, Mean number of
conditioned magazine entries performed per minute (xSEM) during pavlovian training,
plotted as the difference in responding during CS and pre-CS periods (GFP-Sal n=8, GFP-
CNO n=6, hM4D-Sal n=20, hM4D-CNO n=10). C, Mean number of lever press performed
per minute (£SEM) during PIT test in control groups (left panel), plotted as the difference in
responding during each CS (same and different) and pre-CS periods (transfer score). Right
panel, same as left panel with pooled control groups, CNO-Sal MDppap and Sal-CNO
MDpmap groups (GFP-CNO-Sal n=6, GFP-Sal-CNO n=8, hM4D-Sal-Sal n=11, hM4D-
CNO-Sal n=10, hM4D-Sal-CNO n=9).
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