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Paraventricular Thalamus Balances Danger and Reward

Eun A. Choi and ©“Gavan P. McNally
School of Psychology, University of New South Wales, Sydney, New South Wales, 2052 Australia

Foraging animals balance the need to seek food and energy against the accompanying dangers of injury and predation. To do so, they rely
on learning systems encoding reward and danger. Whereas much is known about these separate learning systems, little is known about
how they interact to shape and guide behavior. Here we show a key role for the rat paraventricular nucleus of the thalamus (PVT), a
nucleus of the dorsal midline thalamus, in this interaction. First, we show behavioral competition between reward and danger: the
opportunity to seek food reward negatively modulates expression of species-typical defensive behavior. Then, using a chemogenetic
approach expressing the inhibitory hM4Di designer receptor exclusively activated by a designer drug in PVT neurons, we show that the
PVT is central to this behavioral competition. Chemogenetic PVT silencing biases behavior toward either defense or reward depending on
the experimental conditions, but does not consistently favor expression of one over the other. This bias could not be attributed to changes
in fear memory retrieval, learned safety, or memory interference. Rather, our results demonstrate that the PVT is essential for balancing
conflicting behavioral tendencies toward danger and reward, enabling adaptive responding under this basic selection pressure.
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Among the most basic survival problems faced by animals is balancing the need to seek food and energy against the accompanying
dangers of injury and predation. Although much is known about the brain mechanisms that underpin learning about reward and
danger, little is known about how these interact to solve basic survival problems. Here we show competition between defensive
(to avoid predatory detection) and approach (to obtain food) behavior. We show that the paraventricular thalamus, a nucleus of
the dorsal midline thalamus, is integral to this behavioral competition. The paraventricular thalamus balances the competing
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behavioral demands of danger and reward, enabling adaptive responding under this selection pressure.
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Introduction

Foraging animals balance the need to seek food and energy against
the dangers of injury and predation. This is accomplished by multi-
ple learning and memory systems that enable animals to predict and
respond to sources of danger and reward in the environment. Much
has been learned about the organization of these learning and mem-
ory systems. Learning to predict and respond to danger relies on
amygdala, hippocampal, and prefrontal circuitries, among others,
that encode fear associations (Maren and Quirk, 2004; Senn et al.,
2014; Tovote et al,, 2015) and interface with hypothalamic and
brainstem circuitries for production of scalable defensive responses
according to the imminence of danger (Fanselow and Lester, 1988;
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Leeetal., 2014; Kunwar etal., 2015; Assareh et al., 2016; Tovote et al.,
2016). Learning to predict and approach rewards depends on
amygdala, prefrontal, and dorsal striatal circuitries that encode and
store reward associations (Gallagher and Holland, 1994; Roesch et
al., 2012), interfacing with ventral striatal, hypothalamic, and brain-
stem circuitries for generation of approach and ingestive behaviors
(Kelley, 1999; Kelley et al., 2005; Petrovich et al., 2005).

In contrast, less is known about how these learning systems
interact to accomplish basic survival needs. These neural systems
are often segregated (but see Matsumoto and Hikosaka, 2009) so
that separate populations of neurons in several brain regions
(e.g., basolateral amygdala, ventral tegmental area) are excited by
rewarding versus dangerous events (Lammel et al., 2012; Gore et
al., 2015), and these separate populations are often located in
different input—output circuitries (Lammel et al., 2012; Namburi
etal,, 2015). The paraventricular thalamus (PVT), located in the
dorsal midline thalamus, is one candidate locus for interactions
between reward and danger. The PVT receives inputs from brain-
stem and hypothalamic regions conveying energy balance and
motivational states, and, in turn, projects to amygdala, prefron-
tal, and striatal regions important for reward and fear learning
(Groenewegen and Berendse, 1994; Parsons et al., 2007; Li and
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Kirouac, 2012; Colavito et al., 2015; Kirouac, 2015). This diverse
connectivity underpins PVT contributions to various aspects of
learning and motivation (Kirouac, 2015), including circadian
rhythms (Colavito et al., 2015), drug reward and withdrawal
(Neumann et al., 2016; Zhu et al., 2016), reinstatement of drug
seeking (Hamlin et al., 2009; James et al., 2010; James and Dayas,
2013), Pavlovian appetitive conditioning (Haight and Flagel,
2014; Haight et al., 2015), and fear-memory retrieval (Padilla-
Coreano et al., 2012; Do-Monte et al., 2015b; Dong et al., 2015).

Here we studied the role of the PVT in interactions between
reward and danger. We used a behavioral task permitting con-
current assessment of defensive and reward approach behaviors
to reveal competition between them. Then, using a chemogenetic
approach (Urban and Roth, 2015), we examined the role of the
PVT in these interactions as well as in other forms of motivational
and memorial competition. Our results show that the PVT serves
a critical role in balancing behavioral tendencies toward danger
or reward without consistently favoring expression of one over
the other.

Materials and Methods

Subjects. Subjects were 126 adult male Sprague Dawley rats, group-
housed in ventilated racks in a climate-controlled colony room on a
12:12 h light/dark cycle (lights on 7:00 A.M.). Experiments were con-
ducted during the light cycle. All procedures were approved by the Uni-
versity of New South Wales Animal Care and Ethics Committee. Unless
otherwise noted, rats were on a schedule of daily access to 12-18 g of
standard chow commencing 3 d before the start of any behavioral
procedures.

Apparatus. Standard operant chambers [24 (length) X 30 (width) X
21 cm (height); Med Associates] were used. A recessed magazine (5 X 5
cm) in one wall of the chamber was attached to a pellet delivery system
that delivered 45 mg of grain pellets and a retractable lever was placed 4
cm to its right. For Experiment 5, these chambers were divided in to two
sets of four, each with distinct visual (houselight-on vs houselight-off),
olfactory (no odor vs peppermint), and tactile (metal grid vs Perspex
floor) properties. The conditioned stimulus (CS) was a 30 s, 85 dB (A
scale), 1800 Hz tone (0.1 s rise and fall) in Experiments 1, 2, and 4. In
Experiment 3, the auditory fear conditioning to a tone CS (CSA) was a
20, 82 dB (A scale), 750 Hz tone and the fear conditioning to a different
auditory CS (clicker; CSB) was an 82 dB, 10 Hz clicker. In Experiment 5,
the CS was 20 s, 82 dB (A scale), 750 Hz tone. The foot shock stimulus
(US) was a 0.5 s, 0.55 mA (Experiments 1, 2, and 4) or 0.7 mA (Experi-
ments 3 and 5) scrambled shock delivered to the grid floor of each cham-
ber. The shock was delivered during the last 0.5 s of the CS.

Viral vectors and clozapine-N-oxide injection. AAV5-CaMKIla-HA-
hM4Di-IRES-mCitrine [2 X 10'2 viral particles per milliliter (vp/ml)] and
AAV5-CaMKIla-enhanced yellow fluorescent protein (eYFP; 4 X 102 vp/
ml) obtained from the University of North Carolina Vector Core (Chapel
Hill, NC) were used. All rats were injected intraperitoneally with clozapine-
N-oxide (CNO; 20 mg/kg in Experiment 1, 2 and 4; 15 mg/kg in Experiment
3 and 5; Mahler et al., 2014; Smith et al., 2016) 45 min before test. These
doses of CNO were chosen based on past research and our immuno-
histochemical data showing that they yielded a 40-50% reduction in
c-fos expression among designer receptor exclusively activated by a
designer drug (DREADD)-expressing PVT neurons (see Fig. 7).

Surgery. Rats received intracranial stereotaxic surgery under ketamine
(100 mg/ml)-xylazine (20 mg/ml) anesthesia with 0.5% bupivacaine at
the incision site and subcutaneous injection of carprofen (5 mg/kg).
Once anesthetized, their heads were shaved and they were placed in a
stereotaxic apparatus (Model 942, Kopf Instruments). The skull was ex-
posed and a hand drill used to make two craniotomies above the PVT and
0.3 pl of adeno-associated virus (AAV) vectors infused into PVT [—2.6
anteroposterior (AP), 0.1 mediolateral (ML), —6.0 dorsoventral (DV)
and —3.6 AP, 0.1 ML, —6.1 DV in mm from bregma; Paxinos and Wat-
son, 2007]. The infusion was made over a 3 min period at a rate of 0.1
wl/min (UMP3 with SYS4 Micro-controller, World Precision Instru-
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ments). The syringe remained in place for 5-7 min. Immediately after
surgery, rats were injected with procaine penicillin (Benicillin; Illium)
and cephazolin sodium (Hospira). Daily postoperative and recovery pro-
cedures were conducted for the remainder of the experiment. Behavioral
procedures commenced =3 weeks later.

Behavioral procedures. In Experiment 1 (Fig. 1A), rats in Group Lever
(n = 8) were trained to lever press for food pellets in 60 min sessions for
7 d before fear conditioning. Initially, they received a 45 mg grain pellet
for each lever press (Day 1 and 2 FR[Fixed Ratio]1), and thereafter on
variable interval schedule (VI) 30 s (Day 3) then VI 60 s (Day 4 onwards).
This VI 60 s remained in effect for Group Lever for the remainder of the
experiment. Group None (n = 8) remained in their home cages during
this lever training. On Day 1 of fear conditioning, after a 10 min baseline
(BSL) period, both groups received five CS-alone presentations then
seven CS-US pairings with a 3 min intertrial interval (ITI; Do-Monte et
al., 2015b). Rats were returned to their home cages immediately after this
session and remained there on Days 2 and 3. Rats were tested on Days 4
and 5. These tests involved a 12 min BSL followed by four presentations
of the tone CS at a 3 min ITL. Rats in Group Lever had access to the lever
and magazine in all stages. Rats in Group None had access to the maga-
zine only.

In Experiment 2 (Fig. 2A), the procedure was similar to that described
for Group Lever in Experiment 1. Rats in Groups eYFP-Lever (n = 8),
eYFP-Lever+ (n = 7), hM4Di-Lever (n = 7), and hM4Di-Lever+ (n =
8) were trained to press a lever for food pellets as outlined in Experiment
1. On Day 1, rats received fear conditioning in a manner identical to that
of Experiment 1. Rats were tested on Day 4 in a manner identical to that
of Experiment 1. Rats in Group Lever remained undisturbed in their
home cage on Days 2 and 3, whereas rats in Group Lever+ were returned
to the training context for 20 min on Days 2 and 3 and allowed to respond
for food on the VI 60 s schedule. All groups had access to the lever and
magazine at all stages in the context.

In Experiment 3 (Fig. 3A), on Stage I Day 1, rats in Group eYFP (n = 8)
and Group hM4Di (n = 8), with ad libitum access to food in their home
cages, were subjected to fear conditioning. After a 10 min BSL period, rats
received three CSA-US pairings with a 3 min ITI. Rats were returned to
their home cage immediately after this session and remained there un-
disturbed on Days 2 and 3. They were tested on Day 4. This involved a 12
min BSL period followed by four presentations of the tone CSA at a2 min
ITL. In Stage II, the same animals had access to 12—18 g of food per day in
their home cages and were trained for 7 d to press a lever for food pellets
in a different context using an FR1 schedule, then a VI 30 s schedule, and
then a VI60 s schedule, as described in Experiment 1. They then received
fear conditioning of CSB on Day 1. Conditioning involved a 10 min BSL
followed by three CSB-US pairings at a 3 min ITI. Rats were returned to
their home cages immediately after this session. On Days 2 and 3 rats
were returned to the training context for 20 min each day and allowed to
respond for food on the VI 60 s schedule. On Day 4 rats were tested. This
involved a 12 min BSL period followed by four presentations of CSB at a
2 min ITL. All groups had access to the lever and magazine in the context
during all phases of Stage II.

In Experiment 4 (Fig. 4A), there were four groups: Group Hungry-
eYFP (n = 8), Group Hungry-hM4Di (n = 8), Group Sated-eYFP (n =
8), and Group Sated-hM4Di (n = 8). These groups varied according to
the DREADD manipulation and the nature of the feeding schedule used.
Rats in the Group Hungry-eYFP and Group Hungry-hM4Di received the
same feeding schedule as used in Experiment 1 and this was in effect for
the same duration before and during the fear conditioning, as in Exper-
iment 1. Rats in Group Sated-eYFP and Group Sated-hM4Di were main-
tained on ad libitum access to food in their home cages throughout the
experiment. There was no lever available in this experiment and there
was no delivery of food pellets. The procedures for fear conditioning on
Day 1 and for test on Day 4 were the same as Experiment 1. Rats remained
undisturbed in their home cages on Days 2 and 3.

In Experiment 5 (Fig. 5A), two groups, eYFP (1 = 8) and hM4Di
(n = 8), were trained to lever press for food pellets in 60 min sessions for
9 d before test of CNO effects on appetitive behavior. Initially, rats re-
ceived a 45 mg grain pellet for each lever press (Day 1 and 2 FR1), and
thereafter on an interval schedule of VI 30s (Day 3) then VI 60s (Day 4
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Figure 1.

Reward

Competition between danger and reward. A, Design and procedure for None (n = 8) and Lever (n = 8) groups. B, Freezing behavior on the conditioning day for tone—shock pairings.

C, Defense and reward behavior during tone presentations on the test day. Defense is percentage of observations where freezing was expressed. Reward is sum of approach behavior (lever press and
food magazine entry). D, Scatterplot of freezing and reward behavior for Group Lever during tone presentations on test day. Data are means = SEM. *p << 0.05.

onwards). This VI 60 remained in effect for both groups for the remain-
der of the experiment. After the establishment of stable appetitive re-
sponses, rats were tested on Day 10, 45 min after injection of 20 mg/kg
CNO. These tests involved a 26 min session with access to lever and
magazine, which was the same duration as tests in the other experiments.
In Experiment 6 (Fig. 6A), two groups, eYFP (n = 8) and hM4Di
(n = 8) with ad libitum access to food in their home cages, were subjected
to an ABA fear renewal procedure (Bouton and Bolles, 1979). The pro-
cedure for conditioning was identical to Stage I of Experiment 3. Extinc-
tion involved 18 CS-alone presentations 20 s each, 3 min ITIs in a second,
distinctive context. Rats were tested in the extinction (ABB) and training
context (ABA) on Days 3 and 4, 45 min after injection of CNO. These
tests involved a 2 min BSL followed by four presentations of the 20 s CS at
2 min ITL There was no lever available at any stage.
Immunohistochemistry. For histological verification of DREADD ex-
pression, rats were anesthetized within 2 weeks of the end of behavioral
training and fixed brains were extracted, postfixed, and cryoprotected in
20% sucrose (24—48 h). Brains were sectioned and stored in 0.1% so-
dium azide in 0.1 m PBS, pH 7.2. An eGFP antibody was used to detect
DREADD-expressing or eYFP-expressing cells. Sections were washed
[0.1 M PB, pH 7.4, 50% ethanol, 50% ethanol with 3% hydrogen perox-
idase, and then 5% normal horse serum (NHS) in PB for 30 min each],
then incubated for 2448 h in chicken antiserum against eGFP (1:2000;
Life Technologies, catalog #A10262) diluted in a PB containing 2% NHS
and 0.2% Triton X-10 in 0.1% sodium azide at room temperature. After
washing in PB, sections were incubated in biotinylated donkey anti-
chicken (1:2000; Jackson ImmunoResearch Laboratories; 24 h at room
temperature) diluted in a PB solution blocking buffer (2% NHS and
0.2% Triton X-10 in PB). The sections were washed and incubated in
avidin-biotinylated horseradish peroxidase complex (Vector Elite kit: 6
wl/ml avidin and 6 pl/ml biotin; Vector Laboratories), diluted in PB
containing 0.2% Triton X-10 for 2 h at room temperature. Then, the
sections were washed twice in PB and once in 0.1 m acetate buffer, pH 6.0,
and incubated (15 min) in a diaminobenzidine solution (DAB) contain-

ing 0.1% 3,3-diaminobenzidine, 0.8% D-glucose and 0.016% ammo-
nium chloride. Immunoreactivity (IR) was catalyzed by the addition of
0.2 pl/ml glucose oxidase (24 mg/ml, 307 U/mg; Sigma-Aldrich).

For c-fos and eYFP immunohistochemistry, rats were anesthetized 2 h
after injection of 15 or 20 mg/kg CNO. Two-color peroxidase immuno-
histochemistry was used to detect c-fos and eYFP IR. Sections were
washed in 0.1 M PB, 50% ethanol, 50% ethanol with 3% hydrogen per-
oxidase, and then 5% NHS in PB as mentioned above and allowed for
48 h to incubate in rabbit anti-c-fos (1:2000; Santa Cruz Biotechnology,
sc-52) and chicken antiserum against eGFP (1:2000; Invitrogen, A10262)
diluted in a PB solution blocking buffer in 0.1% sodium azide for 48 h at
room temperature. After washing in PB, they were incubated in biotin-
ylated donkey anti-rabbit (1:2000; Jackson ImmunoResearch Laborato-
ries; 24 h at room temperature) diluted in 2% NHS and 0.2% Triton X-10
in PB for c-fos IR. The sections were then washed in PB and incubated in
ABC solution. Then, the sections were washed in PB and once in 0.1 M
acetate buffer, pH 6.0, and then incubated (15 min) in a DAB solution
containing nickel (II) sulfate hexahydrate (Sigma-Aldrich, N4882) for
black color. IR was catalyzed by 0.2 ul/ml glucose oxidase. Then the
reaction was stopped the reaction in acetate buffer and the sections were
washed three times in PB. Then the sections were incubated in biotinyl-
ated donkey anti-chicken (1:2000; Jackson ImmunoResearch Laborato-
ries; 24 h at room temperature) diluted in 2% NHS and 0.2% Triton X-10
in PB for eYFP IR. After washing twice in PB and once in acetate buffer,
sections were incubated in DAB solution without nickel (II) sulfate hexa-
hydrate for brown color. The reaction was catalyzed by adding 0.2 ul/ml
glucose oxidase and stopped in acetate buffer. All brain sections were
then washed in PB and mounted and coverslipped with Entellan.
C-fos-IR and eYFP-IR were imaged at 20 X using a transmitted light
microscope (Olympus BX51) and counted using Photoshop (Adobe).
Three sections from each brain were counted and the sections were
located —2.52, —3.0, and —3.60 in mm from bregma.

Scoring and statistics. Rats were scored every 2 s as either freezing (defined
as the absence of all movement other than that required for breathing) or not



Choi and McNally e Paraventricular Thalamus

J. Neurosci., March 15,2017 - 37(11):3018 —3029 * 3021

A Training Test
Day 1 Days 2 + 3 Day 4
® 2,
Homecage

Lever lg
&)
Lever+ l!’

20! #!

|!‘
oo

B Training C Defense Reward
100+ 100+ 20
YFP
2 EM4Di ] sYEp
i - * hM4Di i
o o .
o 60+ o 601 — (12 o
L L e
& 404 S 404 s =
S S
[0) [0)
o 204 o 204 L4
. 0 -0
1234567 Lever Lever+ Lever Lever+
Trial

Figure2.

Effects of PVTsilencing on competition between dangerand reward. 4, Design and procedure for Lever and Lever+ groups. B, Freezing behavior on the conditioning day for tone—shock

pairings. , Defense and reward behavior during tone presentations on the test day. Defense is percentage of observations where freezing was expressed. Reward is sum of approach behavior (lever
press and food magazine entry). Data are means == SEM. *p << 0.05. Group sizes were as follows: eYFP-Lever, n = 8; eYFP-Lever+, n = 7; hM4Di-Lever, n = 7; hM4Di-Lever+,n = 8.

freezing. The numbers of observations scored as freezing were summed and
converted to a percentage. The number of lever presses and magazine entries
were also recorded. These data were analyzed using a planned orthogonal
contrast testing procedure and the type I error rate (o) was controlled at 0.05
for each contrast tested (Harris, 2004).

Results

Experiment 1: competition between danger and reward

First we examined behavioral interactions between reward and
danger. To do so we used a task that pitted expression of the
species-specific defense response of “freezing” (a crouching, im-
mobile posture that hinders detection of the rat by predators;
Bolles and Fanselow, 1980; Fanselow and Lester, 1988) against
approach behaviors to obtain a food reward. All rats received
Pavlovian fear conditioning involving pairings of an auditory CS
with foot shock (Fig. 1A). They were later tested for their defense
reactions (freezing) to that CS. The groups differed, however, in
the nature of their reward training. For Group None (n = 8),
there was no reward training at any point in the experiment. For
Group Lever (n = 8), both fear conditioning and testing occurred
against a background of the opportunity to voluntarily lever press
for a food reward. Presentations of the auditory fear CS on test
should elicit the defensive response of freezing. The question was
whether expression of defensive behavior was affected by the con-
current opportunity to respond for a food reward.

Freezing behavior during the training session is shown in Fig-
ure 1B. In all experiments, levels of freezing before tone CS pre-
sentations on conditioning and test did not differ between groups
(Table 1). Freezing behavior was low initially but increased across
conditioning trials as shown by a main effect of Trial (F(, 4 =

148.2, p < 0.05). There was a main effect of Group so that
Group None showed more freezing behavior than Group Le-
ver (F 4 = 5.8, p < 0.05), but there was no Group X Trial
interaction so freezing behavior for both groups increased at the
same rate (F, 4y = 1.6, p > 0.05). Hence, concurrent reward
approach interfered with the development of defensive behavior.

This interference was also observed when rats were tested 3 d
later for fear responses to the auditory CS (Fig. 1C). Rats in Group
None showed more freezing behavior to the CS than rats in
Group Lever (F(, 14y = 5.4, p < 0.05). In contrast, as expected
Group Lever showed more reward approach behavior during the
CS (lever presses and entries to the magazine where food was
delivered) than Group None (F(1 1) = 10.2, p <0.05).

So, expression of a key species-specific defensive behavior was
reduced by the concurrent opportunity to respond for a food
reward. We further examined the relationship between de-
fense and reward behaviors at the level of the individual animal
for Group Lever (Fig. 1D). As expected, there was a negative
correlation between these behaviors (r = —0.82, R* = 0.67, p <
0.05).

Experiment 2: effects of PVT silencing on competition
between danger and reward

Next we asked whether PVT contributes to this competition be-
tween danger and reward. We used AAV vectors to express the
inhibitory hM4Di DREADD (Rogan and Roth, 2011; Urban and
Roth, 2015) or a control eYFP in PVT neurons and trained rats.
For all groups, fear conditioning and testing occurred against a
background of lever press responding for a food reward. The
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Figure 3.  Effects of PVT silencing on danger in the absence and presence of reward. 4, Design and procedure for the two stages. B, Freezing behavior on the conditioning day for tone—shock
pairings and for tone presentations on test in Stage I. C, Freezing behavior on the conditioning day for each of the clicker—shock pairings in Stage I1. D, Defense and reward behavior during clicker
presentations on the test day. Defense is percentage of observations where freezing was expressed. Reward is sum of approach behavior (lever press and food magazine entry). Inset shows reward
approach across blocks of two test trials. £, Comparison of freezing behavior during tone presentations on testin Stage | and Stage I1. Data are means == SEM. *p << 0.05. Group sizes were as follows:
eYFP, n = 8; hM4Di,n = 8.

groups differed, however, in the relative strengths of reward  approach behavior to examine whether this caused additional
training (Fig. 2A). All groups were treated the same as in Exper-  disruption of defensive behavior. On test, we assessed defensive
iment 1 with one critical exception. Groups eYFP-Lever+ and  (freezing) and reward approach (lever presses and magazine en-
hM4Di-Lever+ received additional lever-press training between  tries) behavior during the auditory CS. All groups received an
fear conditioning and test. Our goal was to strengthen reward  injection of the hM4Di ligand CNO before this test. Group sizes
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Freezing behavior during fear conditioning is shown in Figure
2B. Data are collapsed across behavioral manipulation (Lever or
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sizes were as follows: eYFP-Hungry, n = 8; eYFP-Sated, n = 8; hM4Di-Hungry, n = 8; hM4Di-Sated, n = 8.

J. Neurosci., March 15,2017 - 37(11):3018 -3029 * 3023

Lever+) because these groups had not yet
been differentially treated. Freezing be-
havior increased across CS presentations
(F(1.26) = 105.1, p < 0.05). This fear learn-
ing was the same across all groups. There
were no main effects of lever training
(F(126)< 1,p > 0.05) or DREADD (F,, 56,
< 1, p > 0.05), or any interactions
(Fs(106) < 1.3, p > 0.05).

The primary data of interest are defense
and reward approach behaviors on test (Fig.
2C). Again, there was an antagonistic rela-
tionship between defense and reward ap-
proach but PVT silencing altered this.
For freezing, Groups eYFP-Lever+ and
hM4Di-Lever+ showed less defensive be-
havior than Groups eYFP-Lever and
hM4Di-Lever (F,,5 = 8.9, p < 0.05).
Thus, as reward approach was strengthened,
100 defensive behavior was further reduced.

There was no main effect of DREADD
80 (F(126) < 1.6, p > 0.05); chemogenetic si-

lencing of PVT did not disrupt or augment
L60 overall levels of freezing. Importantly, there

was an interaction between DREADD and
40 behavioral training manipulation (F(, ,5) =

9.5, p < 0.05). Chemogenetic silencing of
20 the PVT had opposite effects on defensive

behavior in the two behavioral training con-
-0 ditions. Simple effect analyses showed for
the Lever groups that chemogenetic silenc-
ing of PVT reduced freezing (F, 5y = 5.9,
p < 0.05), whereas for the Lever+ groups,
PVT silencing increased freezing but this
was marginally short of statistical signifi-
cance (F(, ;5 = 3.9, p = 0.069).

For reward approach there was a main effect of behavioral
training: Lever+ groups showed more reward behavior than Le-
ver groups (F(, 56y = 9.9, p < 0.05). There was no main effect of
DREADD (F(, ,5) = 1.0, p > 0.05) and there was no interaction
between the DREADD and behavioral training manipulations
(F1.26) = 1.5, p > 0.05). However, simple effect analyses showed
that for Lever groups, chemogenetic silencing of PVT increased
reward approach (F, ;5 = 8.2, p < 0.05), whereas for Lever+
groups, this silencing had no effect (F, 15, < 1, p > 0.05).

Experiment 3: effects of PVT silencing on danger in the
absence and presence of reward.

We show an antagonistic relationship between behavioral re-
sponses to danger and reward, and a role for the PVT in this
behavioral competition. Here we sought to extend this. First, we
included a control for the effects of PVT silencing on defensive
behavior without competition from reward. Second, we used a
different fear-conditioning protocol because the protocol we
used in the previous experiments, although based on past re-
search (Padilla-Coreano et al., 2012; Do-Monte et al., 2015a,b),
supported low levels of freezing and these low levels of freezing
hinder interpretation. This is important for interpretation of the
effects of Lever+ training in Experiment 2, where additional
training on lever pressing for food blunted the chemogenetic
silencing effect so that the tendency to observe increased freezing
during PVT silencing approached, but did not reach, statistical
significance. Here we used a two-stage within-subject procedure
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to examine effects of PVT silencing on A
danger in the absence and presence of re-
ward (Fig. 3A).
In Stage I (normal fear conditioning),
Groups eYFP (n = 8) and hM4Di (n = 8)
maintained on ad libitum access to food
received CSA using parameters that yield
high levels of defensive behavior (Monfils
et al., 2009; Chan et al., 2010). Rats were A
then tested for their defensive responses to
CSA. Next, in Stage II (fear conditioning
and Lever+) rats were placed on a re-
stricted feeding schedule and trained to B
lever press for food in a different context.
They then received fear conditioning to a

perimposed on this lever-press task, fol-
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Training
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@ hM4Di
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ward? If so, then animals should show less 0
freezing on the Stage II test compared

different auditory CS (clicker; CSB) su- 1009 O eYFP
lowed by 2 d of lever-press training in the S
same context, before being tested for their

. 60 =60
fear responses to CSB. All groups received
an injection of CNO before both tests. 40- L 40

There were two questions. Is the ex- |
pression of defensive behavior negatively 20 L 20
modulated by approach behavior to re-
1 2 3 123456789

with the Stage I test. And, does the impact Trial

of PVT silencing depend on competition
between defense and reward? If the impact
of PVT silencing is independent of com-
petition between defense and reward,
then this silencing should affect fear in
hM4Di animals on both tests. On the other hand, if the impact of
PVT silencing depends on such competition, then based on the
findings from Group Lever+ in Experiment 2, this silencing
should affect fear in hM4Di animals during Stage II test only.

During Stage I training, freezing behavior increased across CS
presentations (F(, 4, = 148.1, p < 0.05) and was the same across
groups (Fig. 3B). There was no main effect of DREADD (F; ;) =
2.4, p > 0.05) or a DREADD X Trial interaction (F; ;4 = 2.4,
p > 0.05). On test, levels of CS-elicited freezing were high (Fig.
3B) and there were no differences between groups (F(, 14 = 1.2,
p > 0.05). So, chemogenetic PVT silencing had no effect
on defensive behavior in the absence of reward.

During Stage II training (Fig. 3C), freezing increased across
CS presentations (F(, 4y = 63.3, p <0.05) and again was the same
across groups. There was no main effect of DREADD (F, 1, <1,
p>0.05) or DREADD X Trial interaction (F; 14, < 1,p > 0.05).
On test (Fig. 3D), for freezing, there was an effect of DREADD
(F1,14) = 12.7,p <0.05), showing that chemogenetic PVT silenc-
ing increased freezing. For reward approach, there were very low
levels of lever pressing and magazine entries during CS presenta-
tions and the groups did not differ (F, ,,, = 1.9, p > 0.05).
However, there was still an antagonistic relationship between de-
fense and reward. In this experiment, this relationship was ob-
served across the test trials (Fig. 3D, inset): Group eYFP showed
more reward approach behaviors across the test CS presentations
compared with Group hM4Di (Group X Trial interaction:
Fip = 5.1, p < 0.05).

Next, to compare the effect of the presence versus absence of
reward on expression of defensive behavior, we compared freez-
ing behavior in the same animals between Stage I (no reward) and
Stage II (rewarded lever pressing; Fig. 3E). We found less freezing

Figure 6.

ABB ABA
Block of CS

Effects of PVT silencing on discrimination between safe and dangerous memories. A, Design and procedure for
renewal of extinguished fear. B, Freezing behavior on the conditioning day for each of the tone—shock pairings and on test, during
extinction and on test. Data are means = SEM. *p < 0.05. Group sizes were as follows: eYFP, n = 8; hM4Di,n = 8.

in Stage II for the eYFP but not hM4Di group (DREADD X Stage
interaction: F(, 1,y = 7.8, p < 0.05). So, defensive behavior was
reduced by the opportunity to engage in reward approach and
chemogenetic PVT silencing prevented this reduction.

Experiment 4: effects of PVT silencing on danger

during hunger

In most of the tests reported here, rats were mildly hungry to
encourage lever-pressing behavior. Given the extensive inputs to
the PVT from hypothalamic neuropeptide populations impli-
cated in energy balance and feeding (Li and Kirouac, 2012; Co-
lavito et al., 2015; Kirouac, 2015), it is possible that this feeding
schedule, and the hunger it generated, was a determining factor in
PVT balancing of danger versus reward (Padilla et al., 2016). To
address this possibility, we examined the effect of food restriction
on expression of defensive behavior and the effects of PVT silenc-
ing. Ad libitum feeding (Group Sated) or restricted feeding
(Group Hungry) rats with eYFP or hM4Di expressed in the PVT
received auditory Pavlovian fear conditioning and were later
tested for their defensive responses to the CS (Fig. 4A). Four
groups—Hungry-eYFP (n = 8), Hungry-hM4D,; (n = 8), Sated-
eYFP (n = 8), and Sated-hM4D; (n = 8)—varied according to the
DREADD manipulation and the nature of the feeding schedule
used.

During training there was an increase in freezing behavior
across trials (Fig. 4B; F(; 55y = 235.2, p < 0.05). Interestingly,
sated rats expressed more fear (F(, 5 = 11.0, p < 0.05) than
hungry rats. There was no difference between hM4Di and eYFP
groups in overall levels of freezing behavior (F(, 54, < 1, p > 0.05)
or the rate of freezing acquisition (F(, 54) < 1, p > 0.05) and no
interaction between DREADD and food restriction (F(, ,5) < 1,
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Table 1. Mean and SEM levels of freezing behavior prior to CS presentations in each experiment

Experiment Group Training Test Extinction Test ABB Test ABA
Experiment 1 Lever 0.4(0.4) 1.0 (0.4)
None 0.0 (0.0) 1.7(1.0)
Experiment 2 Lever-eYFP 29(1.4) 46(1.7)
Lever-Hm4Di 26(1.2) 5.7(2.5)
Lever+-eYFP 0.2(0.2) 0.0 (0.0)
Lever+-hM4Di 0.8 (0.4) 1.7(1.0)
Experiment 3
Stage| eYFP 0.8 (0.4) 2.1(1.3)
hM4Di 3.1(1.8) 6.3(2.9)
Stagell eYFP 1.0 (0.0) 1.5(1.5)
hM4Di 2.0(0.0) 1.0 (0.5)
Experiment 4 Sated-eYFP 44(29) 63.3(10.2)
Sated-hM4Di 13(0.8) 53.5(13.0)
Hungry-eYFP 0.4(0.4) 60.6 (14.1)
Hungry-hM4Di 0.0 (0.0) 50.0 (12.4)
Experiment 5 eYFP 10.4 (8.8) 11.3(5.1) 2.9(0.8)
hM4Di 4.4 (3.1) 6.3(2.7) 3.3(3.1)

p > 0.05). On test (Fig. 4B), there were high levels of freezing
behavior to the CS in all groups. There was no main effect of food
restriction (F(, 55y > 1, p > 0.05), no main effect of DREADD
(F128) = 1.3, p > 0.05), and no DREADD X Food restriction
interaction (F; 55y = 1.6, p > 0.05). These findings demonstrate
that without the opportunity to respond for food reward, neither
food restriction nor chemogenetic silencing of PVT affect expres-
sion of defensive behavior.

Experiment 5: effects of PVT silencing on appetitive behavior
These results show that PVT silencing shifts the balance between
responding to reward and danger but has no effect on expression
of defensive behavior in the absence of reward. It is possible,
however, that chemogenetic inhibition of PVT simply alters re-
sponding for rewards. Although past research suggests that this is
unlikely (Hamlin et al., 2009), this remains a possible explanation
for the results observed here. For example, PVT silencing could
alter retrieval of the action—outcome association, the incentive
value of the reward, or the capacity to respond. To examine this
possibility, we studied the effects of PVT chemogenetic silencing
on instrumental responding in the absence of danger.

Two groups, eYFP (n = 8) and hM4Di (n = 8), were trained to
respond on a lever for delivery of food reward (Fig. 5A). Then, on
test, they received injection of CNO. Appetitive behavior (lever
press and magazine entries) on the last day of training and on the
CNO test are shown in Figure 5B. Appetitive behavior did not
differ significantly across training and test, averaged across group
(Training vs Test; no main effect of Session: F(; 1,y = 1.1, p >
0.05). Further, there was no difference between eYFP and hM4Di
in overall levels of appetitive behavior when averaged across ses-
sion (eYFP vs hM4Di; no main effect of Group: F(; 1, < 1,p >
0.05), nor was there an interaction between these factors (Ses-
sion X DREADD interaction: F, ,,, = 0.1, p > 0.05). So, chemo-
genetic PVT silencing had no effect on appetitive behavior in the
absence of competition from danger.

Experiment 6: effects of PVT silencing on discrimination
between safe and dangerous memories

One interpretation of our results is that animals hold conflicting
safe and dangerous memories. During reward training, rats learn
that the context is safe and food available whereas during fear
training they learn that this context is now dangerous. Moreover,
in the Lever+ groups, there were additional exposures to the

context in the absence of danger. Appropriate behavior requires,
at least in part, discriminating and selecting between these con-
flicting memories. The PVT may be essential to this discrimina-
tion and selection.

To examine this possibility, we used a fear-renewal procedure
(Bouton and Bolles, 1979). This procedure creates conflicting
memories of danger and safety whereby rats explicitly use context
asa guide to the danger posed by a CS (safe vs dangerous; Bouton,
1993; Fig. 6B). Rats with eYFP (n = 8) or hM4Di (n = 8) ex-
pressed in the PVT received auditory fear conditioning in a dis-
tinctive context (A), before repeated presentations of the CS
alone (extinction) in a different context (B). They were tested for
fear responses to the auditory CS in the extinction (i.e., safe) and
training (i.e., dangerous) context. Fear will be lower when tested
in the extinction context (ABB) than when tested in the training
context (ABA). The question was as follows: does PVT chemoge-
netic silencing during test affect the balance between safety and
danger?

Again, during training (Fig. 6C), freezing behavior increased
across CS presentations (F; 1,y = 115.5, p < 0.05) but did not
differ between groups (no main effect of DREADD, F, ;) <1,
p > 0.05; or DREADD X Trial interaction, F, 1,y = 2.1, p >
0.05). During extinction, freezing behavior decreased across CS
presentations (F(, 4, = 33.8, p < 0.05) and this did not differ
between groups (no main effect of DREADD, F, ,,) < 1, p >
0.05; or DREADD X Trial interaction, F(, 4y <1, p > 0.05). On
test, as expected, there was more CS-elicited freezing behavior in
the training context (ABA) than the extinction context (ABB;
F,14) = 18.1, p < 0.05), showing the context-specificity of ex-
tinction and the ABA renewal of extinguished fear. Importantly,
there were similar overall levels of CS-elicited fear behavior
(F1,14) < 1, p > 0.05) and ABA renewal (Context X DREADD
interaction, F; ;,) < 1, p > 0.05) in the eYFP and hM4Di groups.
So, chemogenetic silencing of the PVT had no effect on retrieval
or discrimination between safe and dangerous memories.

Histology and DREADD validation

Figure 7A)A—E shows the extent of eYFP and DREADD expres-
sion for all animals in all the experiments reported here, with each
animal represented at 10% opacity. In general, hM4Di expression
was highest in the PVT with the occasional encroachment ven-
trally into intermediodorsal and central medial thalamic regions.
However, even when expression did extend ventrally, expression
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Figure7.  A-E, Location of hM4Di expression for all rats in Experiments 2 (A), 3 (B), 4 () 5 (D), and 6 () with the maximal extent of DREADD expression represented at 10% opacity for each rat.
F, Representative PVT section showing single-labeled c-fos (black arrow), single-labeled eYFP (white arrow), and dual-labeled eYFP/c-fos (blue arrow) neurons. Scale bar, 50 wm. G, Mean and SEM
percentages of transduced neurons expressing c-fos for eYFP (n = 8), 15 mg/kg CNO-DREADD (n = 8), and 20 mg/kg CNO-DREADD (n = 8). *p << 0.05.
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levels were always lower than observed in the PVT and DREADD
expression did not encroach on the mediodorsal thalamus. No
animals were excluded due to misplacements.

To confirm that CNO reduced activity of PVT neurons, we
assessed c-fos expression in the PVT of hM4Di groups injected
with 20 (n = 8) or 15 (n = 8) mg/kg CNO and Group eYFP
injected with 15 (n = 4) or 20 (n = 4) mg/kg CNO (Smith et al.,
2016) and perfused 2 h later (Fig. 7F, G). There were no differ-
ences between groups in the numbers of transduced PVT neu-
rons (F(; 55y < 2.9 > 0.05) or in total number of c-fos-positive
neurons (F(, ,,, < 1.5, p>0.05). However, there was a significant
reduction in the number of dual eYFP/c-fos-positive neurons
(Fi21y = 8.1, p < 0.05), so that CNO reduced by ~50% the
number of PVT neurons expressing c-fos for DREADD animals
compared with the eYFP controls, and there was no difference
between the 15 and 20 mg/kg CNO dose (F, ,;, = 3.0, p > 0.05).
Likewise, CNO significantly reduced the percentage of trans-
duced neurons expressing c-fos (F(, 5, = 21.3, p < 0.05) with no
difference between the 15 and 20 mg/kg CNO dose (F, 5, = 2.3,
p > 0.05). Hence, CNO at both doses used in these experiments
significantly reduced activity, as indexed by expression of c-fos, of
DREADD-expressing neurons.

Discussion

We studied behavioral interactions between reward and danger
and the role of the PVT in these interactions. The major findings
are that the opportunity to seek food reward negatively modu-
lates expression of species-typical defensive behavior and that the
PVT is central to this regulation. Chemogenetic PVT silencing
biases behavior toward either defense or reward depending on
the experimental conditions. This bias could not be attributed to
changes in fear-memory retrieval, learned safety, or memory in-
terference. Rather, our results demonstrate that the PVT balances
the conflicting behavioral tendencies toward danger and reward,
without consistently favoring expression of one over the other. In
this way, the PVT may be crucial to solution of a basic survival
problem.

Here the PVT served a modulatory role, balancing expression of
defense and reward approach depending on the demands of the task.
PVT silencing could decrease defense and increase reward approach
or vice versa. The presence and recency of reward were factors deter-
mining PVT involvement and impact of PVT silencing. The PVT
had no role in the absence of reward. When danger and reward were
recently coexperienced, PVT silencing reduced defense and in-
creased reward approach. However, when reward approach was
more recently experienced than danger, PVT silencing increased de-
fense and either had no effect or decreased reward approach. This
role for the PVT was not simply due to hunger as PVT silencing had
no effect on expression of defensive behavior in hungry or sated rats.
This was not just due to the competing motoric or memorial de-
mands of the tasks because PVT silencing had opposite effects on the
same measures across experiments and did not alter the rat’s ability
to retrieve fear-extinction memories, to retrieve fear-conditioning
memories, or to discriminate between extinction and training
memories.

Methodological considerations

We used a chemogenetic approach to silence PVT neurons. The
advantages of this approach to manipulating the PVT, compared
with pharmacological approaches, are that we could identify the
locus of our manipulation inside the midline thalamus and could
independently verify its impact. To control for the expression of
the hM4Di, as well as for any non-DREADD effects of CNO, we
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included eYFP-expressing control animals in each experiment
(Yau and McNally, 2015; Sengupta et al., 2016). We were able to
confirm that CNO injection in DREADD-expressing animals re-
duced activity in DREADD-expressing neurons. There was no
evidence here that expressing the hM4Di in the PVT, or injection
of CNO, were themselves sufficient to alter defensive behavior
because there was no effect of these manipulations across several
experiments where we omitted behavioral competition between
reward and danger. These findings argue against nonspecific ef-
fects of the DREADD or CNO here.

We expressed the hM4Di DREADD in the intermediate and
posterior PVT (pPVT). There was minimal DREADD expression
in the anterior PVT (aPVT). There are connectivity differences
between the aPVT and pPVT, with the pPVT receiving the greater
number of inputs from prelimbic, infralimbic, and posterior in-
sular cortex and the aPVT the greater number of inputs from the
subiculum (Li and Kirouac, 2012). Moreover, the pPVT projects
extensively throughout the extended amygdala (Kirouac, 2015).
So, the location of DREADD expression here was optimal for
modulation of function involving these regions. Whether these
differences in connectivity between the aPVT and pPVT map
onto functional and behavioral differences is poorly understood
and warrants empirical attention.

We pitted behavioral responses to a danger signal against lever
pressing for food. We reasoned that this task best captures the
conflict faced by the foraging animal between approach behavior
to obtain food and defensive behavior to avoid predatory detec-
tion. There are other approaches to this issue. For example, it is
possible to pit responding to two discrete cues predicting moti-
vationally contrasted outcomes, such as food and shock (Nasser
and McNally, 2012). The PVT is strongly recruited under such
competition (Nasser and McNally, 2013), but its causal role in
this behavioral competition is unknown.

Dorsal midline thalamus: more than just memory retrieval?
PVT chemogenetic silencing had no effect on defensive behavior
in the absence of competition from reward and had no effect on
reward behavior in the absence of competition from danger. PVT
silencing was not sufficient to increase or decrease lever pressing
or magazine entries when tested only for these behaviors and it
was not sufficient to increase or decrease the defense response of
freezing when tested only for defense, hungry or sated, when fear
levels were low or high. Rather, the impact of PVT silencing de-
pended specifically upon concurrent demands from the reward
and danger tasks, and did not consistently favor expression of one
behavior over the other.

These results may seem surprising given recent findings im-
plicating the midline thalamus in retrieval of fear memories
(Padilla-Coreano et al., 2012; Do-Monte et al., 2015b; Penzo et
al., 2015). However, our finding is consistent with other recent
work showing that selective PVT lesions do not affect fear expres-
sion in the absence of concurrent demand from a reward ap-
proach task (Li et al., 2014). In fact, there is broad agreement
across these studies that manipulations of the PVT and adjacent
midline regions, via lesions, reversible pharmacological inac-
tivation, or chemogenetic silencing, can reduce expression of
defensive behaviors, such as freezing, when animals have the con-
current opportunity to respond and approach for a food reward
(Padilla-Coreano et al., 2012; Li et al., 2014; Do-Monte et al.,
2015b). The important and novel findings here are that we show
that this role for the PVT is only observed when there is compe-
tition between reward and danger and that PVT silencing can
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increase or decrease expression of defensive behavior depending
on the conditions of competition.

Pharmacological inactivation of the entire dorsal midline
thalamus can reduce expression of freezing in the absence of
competition from reward (Do-Monte et al., 2015b). The dorsal
midline thalamus is heterogeneous, comprising the PVT and
the mediodorsal, intermediodorsal, and central medial thalamic
nuclei. These nuclei have different connectivity and functions
(Groenewegen and Berendse, 1994; Mitchell et al., 2014). Our
DREADD expression was limited to the PVT with occasional but
low levels of encroachment on other regions. In contrast, phar-
macological inhibition of the PVT in past work affected the entire
dorsal midline thalamus (Padilla-Coreano et al., 2012; Do-Monte
et al., 2015b). These other nuclei have distinct roles in learning
and memory. For example, the mediodorsal thalamic nucleus has
arole in cognition and memory via its connectivity to the medial
and lateral prefrontal cortex (Parnaudeau et al., 2013; Mitchell,
2015), which contributes to a time-dependent role in fear-
memory retrieval (Li et al., 2004; Lee et al., 2011; Matydés et al.,
2014). In contrast, the central medial thalamus has a role in fear
learning (Sengupta and McNally, 2014). These complementary
roles for different dorsal midline thalamic regions in fear learn-
ing, memory, and motivation could account for the different
findings of broad midline thalamic manipulations across studies.
Regardless, they underscore the importance of the midline thal-
amus to adaptive behavior.

A general role in motivational and response resolution?

We show that the PVT is essential to balancing the competing
behavioral demands of danger and reward. The conditions under
which the PVT serves this role remain poorly understood. The
relative recency of the competing behavioral demands may be
important. When we manipulated the recency of reward training
relative to fear conditioning, the behavioral impact of PVT silenc-
ing was reversed. This is strong evidence that the role of the PVT
is to resolve the conflicting behavioral tendencies toward danger
and reward, without consistently favoring expression of one over
the other. Interestingly, there is evidence that the PVT may serve
this function not just when behavioral competition is linked to
opposing motivational states, such as danger and reward, but also
when this competition occurs within a single motivational state.
For example, Flagel and colleagues have shown that PVT lesions
alter the balance between the opposing behavioral tendencies to
approach a signal for reward versus approaching the reward itself
in measures of sign and goal tracking (Haight and Flagel, 2014;
Haight et al., 2015). PVT lesions attenuate the development of
goal tracking and facilitated the development of sign tracking.

This role in balancing competing behavioral demands is likely
linked to the PVT’s location as an interface between viscerosen-
sory hypothalamic and brainstem centers for feeding and energy
balance, including hypothalamic peptidergic neurons (Kirouac et
al., 2005, 2006), and limbic, striatal, and prefrontal circuits for
emotion, response selection, and behavioral control (Suand Ben-
tivoglio, 1990; Peng and Bentivoglio, 2004; Li and Kirouac, 2012;
Colavito et al., 2015; Kirouac, 2015). Such connectivity enables
the PVT to modulate behavior dependent on a variety of de-
mands from both the internal (circadian, metabolic, nutritional)
and external (threat salience, presence of food reward, presence
of conspecifics) environments.

Competition between these demands is pervasive and solving
this competition is fundamental to survival and daily function.
However, there is rarely a stable, single solution. Rather, the ap-
propriate solutions vary across different time scales (time of day,
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seasonal) as well as internal states (mood, arousal, sleep). In re-
solving this competition, the PVT may enable adaptive behavior
under complex selection pressures.
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