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 40 
Abstract 41 

 42 
Foraging animals balance the need to seek food and energy against the accompanying dangers of 43 

injury and predation. To do so, they rely on learning systems encoding reward and danger. Whereas 44 

much is known about these separate learning systems, little is known about how they interact to 45 

shape and guide behavior.  Here we show a key role for the rat paraventricular nucleus of the 46 

thalamus (PVT), a nucleus of the dorsal midline thalamus, in this interaction. First we show 47 

behavioral competition between reward and danger: the opportunity to seek food reward 48 

negatively modulates expression of species-typical defensive behavior. Then, using a chemogenetic 49 

approach expressing the inhibitory hM4Di DREADD in PVT neurons, we show that PVT is central to 50 

this behavioral competition. Chemogenetic PVT silencing biases behavior towards either defense or 51 

reward depending on the experimental conditions, but does not consistently favor expression of 52 

one over the other. This bias could not be attributed to changes in fear memory retrieval, learned 53 

safety, or memory interference. Rather, our results demonstrate that PVT is essential for balancing 54 

conflicting behavioral tendencies towards danger and reward, enabling adaptive responding under 55 

this basic selection pressure. 56 

 57 

Keywords: paraventricular thalamus; reward; danger; freezing; competition 58 

  59 
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Significance statement 60 

Among the most basic survival problems faced by animals is balancing the need to seek food and 61 

energy against the accompanying dangers of injury and predation. Although much is known about 62 

the brain mechanisms that underpin learning about reward and danger, little is known about how 63 

these interact to solve basic survival problems. Here we show competition between defensive (to 64 

avoid predatory detection) and approach (to obtain food) behavior. We show that the 65 

paraventricular thalamus, a nucleus of the dorsal midline thalamus, is integral to this behavioral 66 

competition. Paraventricular thalamus balances the competing behavioral demands of danger and 67 

reward, enabling adaptive responding under this selection pressure. 68 

 69 
  70 
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Foraging animals balance the need to seek food and energy against the dangers of injury 71 

and predation. This is accomplished by multiple learning and memory systems enabling prediction 72 

of, and responding to, sources of danger and reward in the environment. Much has been learned 73 

about the organisation of these learning and memory systems. Learning to predict and respond to 74 

danger relies on amygdala, hippocampal and prefrontal circuitries, among others, that encode fear 75 

associations (Maren and Quirk, 2004; Senn et al., 2014; Tovote et al., 2015) and interface with 76 

hypothalamic and brainstem circuitries for production of scalable defensive responses according to 77 

the imminence of danger (Fanselow and Lester, 1988; Lee et al., 2014; Kunwar et al., 2015; Assareh 78 

et al., 2016; Tovote et al., 2016). Learning to predict and approach rewards depends on amygdala, 79 

prefrontal, and dorsal striatal circuitries that encode and store reward associations (Gallagher and 80 

Holland, 1994; Roesch et al., 2012), interfacing with ventral striatal, hypothalamic, and brainstem 81 

circuitries for generation of approach and ingestive behaviors (Kelley, 1999; Kelley et al., 2005; 82 

Petrovich et al., 2005). 83 

In contrast, less is known about how these learning systems interact to accomplish basic 84 

survival needs. These neural systems are often segregated (but see Matsumoto and Hikosaka, 85 

2009) so that separate populations of neurons in several brain regions (e.g., basolateral amygdala, 86 

ventral tegmental area) are excited by rewarding versus dangerous events (Lammel et al., 2013; 87 

Gore et al., 2015), and these separate populations are often located in different input - output 88 

circuitries (Lammel et al., 2013; Namburi et al., 2015). The paraventricular thalamus (PVT), located 89 

in the dorsal midline thalamus, is one candidate locus for interactions between reward and danger. 90 

PVT receives inputs from brainstem and hypothalamic regions conveying energy balance and 91 

motivational states, and, in turn, projects to amygdala, prefrontal, and striatal regions important for 92 

reward and fear learning (Groenewegen and Berendse, 1994; Parsons et al., 2007; Li and Kirouac, 93 

2012; Colavito et al., 2015; Kirouac, 2015). This diverse connectivity underpins PVT contributions to 94 

various aspects of learning and motivation (Kirouac, 2015), including circadian rhythms (Colavito et 95 

al., 2015), drug reward and withdrawal (Neumann et al., 2016; Zhu et al., 2016), reinstatement of 96 
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drug seeking  (Hamlin et al., 2009; James et al., 2010; James and Dayas, 2013), Pavlovian appetitive 97 

conditioning (Haight and Flagel, 2014; Haight et al., 2015), as well as fear memory retrieval (Padilla-98 

Coreano et al., 2011; Dong et al., 2015; Do-Monte et al., 2015b). 99 

Here we studied the role of PVT in interactions between reward and danger. We used a 100 

behavioral task permitting concurrent assessment of defensive and reward approach behaviors to 101 

reveal competition between them. Then, using a chemogenetic approach (Urban and Roth, 2015), 102 

we examined the role of PVT in these interactions as well as in other forms of motivational and 103 

memorial competition. Our results show that PVT serves a critical role in balancing behavioral 104 

tendencies towards danger or reward without consistently favoring expression of one over the 105 

other. 106 

Materials and Methods 107 

Subjects 108 

 Subjects were 126 adult male Sprague Dawley rats, group housed in ventilated racks in a 109 

climate controlled colony room on a 12:12 hr light/dark cycle (lights on 07:00). Experiments were 110 

conducted during the light cycle. All procedures were approved by the University of New South 111 

Wales Animal Care and Ethics Committee. Unless otherwise noted, rats were on a schedule of daily 112 

access to 12 – 18 g of standard chow commencing 3 days prior to the start of any behavioral 113 

procedures. 114 

 115 

Apparatus 116 

 Standard operant chambers (24 [length] x 30 [width] x 21 cm [height] (Med Associates, St 117 

Albans, VT) were used. A recessed magazine (5 x 5 cm), in one wall of the chamber was attached to 118 

a pellet delivery system that delivered 45 mg grain pellets and a retractable lever was placed in 4 cm 119 

to its right. For Experiment 5, these chambers were divided in to two sets of four, each with distinct 120 

visual (houselight on vs. houselight off), olfactory (no odour vs. peppermint), and tactile (metal grid 121 

vs. Perspex floor) properties. The CS was a 30 s 85 dB (A Scale), 1800 Hz tone (0.1 s rise and fall) in 122 
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Experiments 1, 2, 4. In Experiment 3 CSA was a 20 s 82 dB (A Scale), 750 Hz tone and CSB was an 82 123 

dB, 10 Hz clicker. In Experiment 5, the CS was 20 s 82 dB (A Scale), 750 Hz tone. The footshock US 124 

was a 0.5 s 0.55 mA (Experiments 1, 2, and 4) or 0.7mA (Experiments 3 and 5) scrambled shock 125 

delivered to the grid floor of each chamber.  The shock was delivered during the last 0.5 s of the CS. 126 

 127 

Viral Vectors and CNO injection 128 

 AAV5-CaMKII -HA-hM4Di-IRES-mCitrine (2 x 1012 vp/ml) and AAV5-CaMKII -eYFP (4 x 1012 129 

vp/ml) obtained from the University of North Carolina Vector Core (Chapel Hill, NC) were used. All 130 

rats were injected i.p. with CNO (20 mg/kg in Experiment 1, 2 and 4; 15 mg/kg in Experiment 3 and 131 

5) (Mahler et al., 2014; Smith et al., 2016) 45 min prior to test. These doses of CNO were chosen 132 

based on past research and our immunohistochemical data showing that they yielded a 40 - 50% 133 

reduction in c-Fos expression among DREADD-expressing PVT neurons (Figure 7). 134 

 135 

Surgery 136 

Rats received intracranial stereotaxic surgery under ketamine (100 mg/ml)-xylazine (20 137 

mg/M) anaesthesia with 0.5% bupivacaine at the incision site and s.c. injection of carprofen (5 138 

mg/kg). Once anesthetized, their heads were shaved, and were placed in a stereotaxic apparatus 139 

(Model 942, Kopf Instruments, Tujunga, CA). The skull was exposed and a hand drill used to make 140 

two craniotomies above the PVT and 0.3 μl of AAV vectors infused into PVT (-2.6 AP, 0.1 ML, -6.0 141 

DV and -3.6 AP, 0.1 ML, -6.1 DV from bregma) (Paxinos and Watson, 2007). The infusion was made 142 

over a 3 min period at a rate of 0.1 μl/minute (UMP3 with SYS4 Micro-controller, World Precision 143 

Instruments). The syringe remained in place for 5-7 minutes. Immediately after surgery, rats were 144 

injected with procaine penicillin (Benicillin; Illium) and cephazolin sodium (Hospira, Australia). Daily 145 

post-operative and recovery procedures were conducted for the remainder of the experiment. 146 

Behavioural procedures commenced a minimum of 3 weeks later.  147 

 148 
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Behavioral Procedures  149 

Experiment 1 (Figure 1A): Group Lever (n = 8) were trained to lever press for food pellets in 150 

60 min sessions for 7 days prior to fear conditioning. Initially, they received a 45 mg grain pellet for 151 

each lever press (Day 1 and 2 FR1), and thereafter on an interval schedule of VI 30 s (Day 3) then VI 152 

60 s (Day 4 onwards). This VI60 remained in effect for group Lever for the remainder of the 153 

experiment. Group None (n = 8) remained in their homecages during this lever training. On Day 1 of 154 

fear conditioning, after a 10 min baseline (BSL) period, both groups received 5 CS alone 155 

presentations then 7 CS-US pairings with a 3 min inter-trial interval (ITI) (Do-Monte et al., 2015b). 156 

Rats were returned to their home cages immediately after this session and remained there on Days 157 

2 and 3. Rats were tested on Days 4 and 5. These tests involved a 12 min BSL followed by 4 158 

presentations of the tone CS at a 3 min ITI. Group Lever had access to the lever and magazine in all 159 

stages, Group None had access to the magazine only. 160 

Experiment 2 (Figure 2A): The procedure was similar to that described for groups Lever in 161 

Experiment 1. Groups eYFP – Lever (n = 8), group eYFP – Lever+ (n = 7), group hM4Di – Lever (n = 7), 162 

and group hM4Di – Lever+ (n = 8) were trained to press a lever for food pellets using an FR1 then 163 

VI30 then VI60s schedule. This VI60s schedule was in effect for the remainder of the experiment. On 164 

Day 1, rats received fear conditioning in a manner identical to Experiment 1. Rats were tested on 165 

Day 4 in a manner identical to Experiment 1. Group Lever remained undisturbed in their home cage 166 

on Days 2 and 3 whereas group Lever+ were returned to the training context for 20 min on Days 2 167 

and 3 and allowed to respond for food on the VI60s schedule. All groups had access to the lever and 168 

magazine at all stages in the context. 169 

Experiment 3 (Figure 3A): On Stage I Day 1, group eYFP (n = 8) and group hM4Di (n = 8), 170 

with free access to food in their home cages, were subjected to fear conditioning. After a 10 min 171 

BSL period, rats received 3 CSA-US pairings with a 3 min inter-trial interval (ITI). Rats were returned 172 

to their home cage immediately after this session and remained there undisturbed on Days 2 and 3. 173 

They were tested on Day 4. This involved a 12 min BSL period followed by 4 presentations of the 174 
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tone CSA at a 2 min ITI. In Stage II, the same animals had access to 12 – 18 g food per day in their 175 

home cages and were trained for 7 days to press a lever for food pellets in a different context using 176 

an FR1 then VI30 then VI60s schedule described in Experiment 1. They then received fear 177 

conditioning of CSB on Day 1. Conditioning involved a 10 min BSL followed by 3 CSB-US pairings at 178 

a 3 min ITI. Rats were returned to their home cage immediately after this session. On Days 2 and 3 179 

rats were returned to the training context for 20 min each day and allowed to respond for food on 180 

the VI60s schedule. On Day 4 rats were tested. This involved a 12 min BSL period followed by 4 181 

presentations of CSB at a 2 min ITI. All groups had access to the lever and magazine in the context 182 

during all phases of Stage II. 183 

Experiment 4 (Figure 4A): There were four groups: group Hungry – eYFP (n = 8), group 184 

Hungry – hM4Di (n = 8), group Sated – eYFP (n = 8), and group Sated – hM4Di (n = 8) that refer to 185 

the DREADD manipulation and the nature of the feeding schedule used. Groups Hungry received 186 

the same feeding schedule as used in Experiment 1 and this was in effect for the same duration prior 187 

to, and during the fear conditioning, as in Experiment 1. Groups Sated were maintained on free 188 

access to food in their homecages throughout the experiment. There was no lever available in this 189 

experiment and there was no delivery of food pellets. The procedure for fear conditioning on Day 1 190 

and for test on Day 4 was the same as Experiment 1. Rats remained undisturbed in their homecages 191 

on Days 2 and 3.  192 

Experiment 5 (Figure 5A): Two groups, eYFP (n = 8) and hM4Di (n=8), were trained to lever 193 

press for food pellets in 60 min sessions for 9 days prior to test of CNO effects on appetitive 194 

behavior. Initially, rats received a 45-mg grain pellet for each lever press (Day 1 and 2 FR1), and 195 

thereafter on an interval schedule of VI 30 s (Day 3) then VI 60 s (Day 4 onwards). This VI60 196 

remained in effect for both groups for the remainder of the experiment. After the establishment of 197 

stable appetitive responses rats were tested on Day 10, 45 min after injection of 20mg/kg CNO. 198 

These tests involved a 26 min session with access to lever and magazine which was the same 199 

duration as tests in the other experiments.  200 
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Experiment 6 (Figure A): Two groups, eYFP (n = 8) and hM4Di (n = 8) with free access to 201 

food in their home cage were subjected to an ABA fear renewal procedure (Bouton and Bolles, 202 

1979). The procedure for conditioning was identical to Stage I of Experiment 3. Extinction involved 203 

18 CS alone presentations 20 s each, 3 min ITI in a second, distinctive context. Rats were tested in 204 

the extinction (ABB) and training context (ABA) on Days 3 and 4, 45 min after injection of CNO. 205 

These tests involved a 2 min BSL followed by 4 presentations of the 20s s CS at 2 min ITI. There was 206 

no lever available at any stage. 207 

 208 

Immunohistochemistry 209 

For histological verification of DREADD expression, rats were anaesthetised within 2 weeks 210 

of the end of behavioural training and fixed brains were extracted, postfixed, and cryoprotected in 211 

20% sucrose (24–48 h). Brains were sectioned and stored in 0.1% sodium azide in 0.1 M PBS, pH 7.2. 212 

An eGFP antibody was used to detect DREADD or eYFP expressing cells. Sections were washed (0.1 213 

M PB (pH7.4), 50% ethanol, 50% ethanol with 3% hydrogen peroxidase, and then 5% normal horse 214 

serum (NHS) in PB for (30 min each), then incubated for 24-48 hr in chicken antiserum against eGFP 215 

(1:2000; Life Technologies, cat. no. A10262) diluted in a PB containing 2% NHS and 0.2% Triton X-216 

10 in 0.1 % sodium azide at room temperature. After washing in PB, sections were incubated in 217 

biotinylated donkey anti-chicken (1:2000; Jackson ImmunoResearch Laboratories, 24 h at room 218 

temperature) diluted in a PB solution blocking buffer (2% NHS and 0.2% Triton X-10 in PB). The 219 

sections were washed then incubated in avidin-biotinylated horseradish peroxidase complex 220 

(Vector Elite kit: 6 μl/ml avidin and 6 μl/ml biotin; Vector Laboratories), diluted in PB containing 0.2 221 

% Triton X-10 for 2 h at room temperature. Then, the sections were washed twice in PB and once in 222 

0.1 M acetate buffer (pH 6.0) and incubated (15 min) in a diaminobenzidine solution (DAB) 223 

containing 0.1% 3,3-diaminobenzidine, 0.8% D-glucose and 0.016% ammonium chloride. 224 

Immunoreactivity was catalysed by the addition of 0.2μl/ml glucose oxidase (24 mg/ml, 307 U/mg, 225 

Sigma-Aldrich).  226 



                                                                                                 Choi, E.A., & McNally, G.P. -  

 

10

10

For c-Fos and eYFP immunohistochemistry, rats were anesthetized 2 h after injection of 15 227 

or 20 mg/kg CNO. Two-color peroxidase immunohistochemistry was used to detect c-Fos and eYFP 228 

immunoreactivity (IR). Sections were washed in 0.1 M PB, 50% ethanol, 50% ethanol with 3% 229 

hydrogen peroxidase, and then 5% NHS in PB as mentioned above and allowed for 48 h to incubate 230 

in rabbit anti-c-Fos (1:2000; Santa Cruz Biotechnology; sc-52) and chicken antiserum against eGFP 231 

(1:2000; Invitrogen; A10262) diluted in a PB solution blocking buffer in 0.1 % sodium azide for 48 h 232 

at room temperature. After washing in PB, they were incubated in biotinylated donkey anti-rabbit 233 

(1:2000; Jackson ImmunoResearch Laboratories, 24 h at room temperature) diluted in 2% NHS and 234 

0.2% Triton X-10 in PB for c-Fos IR. The sections were then washed in PB and incubated in ABC 235 

solution. Then, the sections were washed in PB and once in 0.1 M acetate buffer (pH 6.0) and then 236 

incubated (15 min) in a DAB solution containing Nickel (II) sulfate hexahydrate (Sigma-Aldrich, 237 

N4882) for black color. Immunoreactivity was catalyzed by 0.2μl/ml glucose oxidase, stopped the 238 

reaction in acetate buffer and washed in PB three times. Then the sections were incubated in 239 

biotinylated donkey anti-chicken (1:2000; Jackson ImmunoResearch Laboratories, 24 h at room 240 

temperature) diluted in 2% NHS and 0.2% Triton X-10 in PB for eYFP IR. After washing in PB and 241 

once in acetate buffer it was incubated in DAB solution without Nickel (II) sulfate hexahydrate for 242 

brown color. The reaction was catalyzed by adding 0.2μl/ml glucose oxidase and stopped in acetate 243 

buffer. Then brain sections were then washed in PB and then mounted and coverslipped with 244 

Entellan as mentioned above. C-Fos-IR and eYFP-IR were imaged at 20× using a transmitted light 245 

microscope (Olympus BX51) and counted using Photoshop (Adobe). Three sections from each brain 246 

were counted and the sections were located -2.52, -3.0, and -3.60 mm from bregma. 247 

 248 

Scoring and statistics 249 

 Rats were scored every 2 s as either freezing (defined as the absence of all movement other 250 

than that required for breathing) or not freezing. The numbers of observations scored as freezing 251 

were summed and converted to a percentage. The number of lever presses and magazine entries 252 
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were also recorded. These data were analyzed using a planned orthogonal contrast testing 253 

procedure and the Type I error rate (α) was controlled at 0.05 for each contrast tested (Harris, 254 

2004). 255 

Results 256 

Experiment 1: Competition between danger and reward. 257 

 First we examined behavioral interactions between reward and danger. To do so we used a 258 

task that pitted expression of the species-specific defense response of ‘freezing’ (a crouching, 259 

immobile posture that hinders detection of the rat by predators (Bolles and Fanselow, 1980; 260 

Fanselow and Lester, 1988) against approach behaviors to obtain a food reward.  All rats received 261 

Pavlovian fear conditioning involving pairings of an auditory conditioned stimulus (CS) with 262 

footshock (Figure 1A). They were later tested for their defense reactions (freezing) to that CS. The 263 

groups differed, however, in the nature of their reward training. For Group None (n = 8), there was 264 

no reward training at any point in the experiment. For Group Lever (n = 8), both fear conditioning 265 

and testing occurred against a background of the opportunity to voluntarily lever press for a food 266 

reward. Presentations of the auditory fear CS on test should elicit the defensive response of 267 

freezing. The question was whether expression of defensive behavior was affected by the 268 

concurrent opportunity to respond for a food reward. 269 

----Figure 1 about here---- 270 

 Freezing behavior during the training session is shown in Figure 1B. In all experiments, 271 

levels of freezing prior to tone CS presentations on conditioning and test did not differ between 272 

groups (Table 1). Freezing behavior was low initially but increased across conditioning trials as 273 

shown by a main effect of Trial (F (1, 14) = 148.2, p < .05. There was a main effect of Group so that 274 

group None showed more freezing behavior than group Lever (F (1, 14) = 5.8, p < .05), but there was 275 

no Group x Trial interaction so both groups increased freezing behavior at the same rate (F (1, 14) = 276 

1.6, p > .05), Hence, concurrent reward approach interfered with the development of defensive 277 

behavior. 278 
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 This interference was also observed when rats were tested three days later for fear 279 

responses to the auditory CS (Figure 1C). Group None showed more freezing behavior to the CS 280 

than group Lever (F (1, 14) = 5.4, p < .05). In contrast, as expected group Lever showed more reward 281 

approach behavior during the CS (lever presses and entries to the magazine where food was 282 

delivered) than group None (F (1, 14) = 10.2, p < .05). 283 

 So, expression of a key species-specific defensive behavior was reduced by the concurrent 284 

opportunity to respond for a food reward. We further examined the relationship between defense 285 

and reward behaviors at the level of the individual animal for group Lever (Figure 1D). As expected, 286 

there was a negative correlation between these behaviors (r=-0.82, R2 = 0.67, p < .05). 287 

 288 

Experiment 2: Effects of PVT silencing on competition between danger and reward.  289 

 Next we asked whether PVT contributes to this competition between danger and reward. 290 

We used adenoassociated viral vectors to express the inhibitory hM4Di designer receptor 291 

exclusively activated by a designer drug (DREADD) (Rogan and Roth, 2011; Urban and Roth, 2015) 292 

or a control enhanced yellow fluorescent protein (eYFP) in PVT neurons and trained rats. For all 293 

groups, fear conditioning and testing occurred against a background of lever press responding for a 294 

food reward. The groups differed, however, in the relative strengths of reward training (Figure 2A). 295 

Groups Lever were treated the same as in Experiment 1. Groups Lever+ received this same training 296 

plus additional lever press training between fear conditioning and test. Our goal was to strengthen 297 

reward approach behavior to examine whether this caused additional disruption of defensive 298 

behavior. On test we assessed defensive (freezing) and reward approach (lever presses and 299 

magazine entries) behavior during the auditory CS. All groups received an injection of the hM4Di 300 

ligand clozapine-N-oxide (CNO) prior to this test. Group sizes were: eYFP – Lever (n = 8), group 301 

eYFP – Lever+ (n = 7), group hM4Di – Lever (n = 7), and group hM4Di – Lever+ (n = 8). 302 

----Figure 2 about here---- 303 
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 Freezing behavior during fear conditioning is shown in Figure 2B. Data are collapsed across 304 

behavioral manipulation (Lever or Lever+) because these groups had not yet been differentially 305 

treated. Freezing behavior increased across CS presentations (F (1, 26) = 105.1, p < .05). This fear 306 

learning was the same across all groups. There were no main effects of lever training (F (1, 26) < 1, p 307 

> .05) or DREADD (F (1, 26) < 1, p > .05), or any interactions (Fs (1, 26) < 1.3, p > .05). 308 

 The primary data of interest are defense and reward approach behaviors on test (Figure 309 

2C). Again there was an antagonistic relationship between defense and reward approach but PVT 310 

silencing altered this. For freezing, groups Lever+ showed less defensive behavior than groups 311 

Lever (F (1, 26) = 8.9, p < .05), thus as reward approach was strengthened, defensive behavior was 312 

further reduced. There was no main effect of DREADD (F (1, 26) < 1.6, p > .05): chemogenetic 313 

silencing of PVT did not disrupt or augment overall levels of freezing. Importantly, there was an 314 

interaction between DREADD and behavioral training manipulation (F (1, 26) = 9.5, p < .05). 315 

Chemogenetic silencing of the PVT had opposite effects on defensive behavior in the two 316 

behavioral training conditions. Simple effect analyses showed for the Lever group, chemogenetic 317 

silencing of PVT reduced freezing (F (1, 13) = 5.9, p < .05), whereas for the Lever+ group, PVT 318 

silencing increased freezing but this was marginally short of statistical significance (F (1, 13) = 3.9, p 319 

= .069). 320 

 For reward approach there was a main effect of behavioral training: groups Lever+ showed 321 

more reward behavior than groups Lever (F (1, 26) = 9.9, p < .05). There was no main effect of 322 

DREADD (F (1, 26) = 1.0, p > .05) and there was no interaction between the DREADD and behavioral 323 

training manipulations (F (1, 26) = 1.5, p > .05). However, simple effect analyses showed that for 324 

groups Lever, chemogenetic silencing of PVT increased reward approach (F (1, 13) = 8.2, p < .05) 325 

whereas for groups Lever+ this silencing had no effect (F (1, 13) < 1, p > .05). 326 

 327 

Experiment 3: Effects of PVT silencing on danger in the absence and presence of reward.  328 
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We show an antagonistic relationship between behavioral responses to danger and reward, 329 

and a role for PVT in this behavioral competition. Here we sought to extend this.  First, we included 330 

a control for the effects of PVT silencing on defensive behavior without competition from reward. 331 

Second, we used a different fear conditioning protocol because the protocol we used in the previous 332 

experiments, although based on past research (Padilla-coreano et al., 2011; Do-Monte et al., 2015a; 333 

2015b), supported low levels of freezing and these low levels of freezing hinder interpretation. This 334 

is important for interpretation of the effects of Lever+ training in Experiment 2 where additional 335 

training on lever pressing for food blunted the chemogenetic silencing effect so that the tendency 336 

to observe increased freezing during PVT silencing approached, but did not reach, statistical 337 

significance. Here we employed a two stage within-subject procedure to examine effects of PVT 338 

silencing on danger in the absence and presence of reward (Figure 3A).  339 

In Stage I (normal fear conditioning), groups eYFP (n = 8) and hM4Di (n = 8) maintained on 340 

free access to food, received auditory fear conditioning to a tone CS (CSA) using parameters that 341 

yield high levels of defensive behavior (Monfils et al., 2009; Chan et al., 2010). Rats were then tested 342 

for their defensive responses to CSA. Next, in Stage II (fear conditioning and Lever+) rats were 343 

placed on a restricted feeding schedule and trained to lever press for food in a different context. 344 

They then received fear conditioning to a different auditory CS (clicker; CSB) superimposed on this 345 

lever press task, followed by two days of lever press training in the same context, prior to being 346 

tested for their fear responses to CSB. All groups received an injection of CNO prior to both tests.  347 

There were two questions. Is the expression of defensive behavior negatively modulated by 348 

approach behavior to reward? If so, then animals should show less freezing on the Stage II test 349 

compared to the Stage I test. And, does the impact of PVT silencing depend on competition 350 

between defense and reward? If the impact of PVT silencing is independent of competition between 351 

defense and reward, then this silencing should affect fear in hM4Di animals on both tests. On the 352 

other hand, if the impact of PVT silencing depends on such competition, then based on the findings 353 
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from group Lever+ in Experiment 2, this silencing should affect fear in hM4Di animals during Stage 354 

II test only.  355 

  During Stage I training, freezing behavior increased across CS presentations (F (1, 14) = 356 

148.1, p < .05) and was the same across groups (Figure 3B). There was no main effect of DREADD (F 357 

(1, 14) = 2.4, p > .05) or a DREADD x trial interaction (F (1, 14) = 2.4, p > .05). On test, levels of CS-358 

elicited freezing were high (Figure 3B) and there were no differences between groups (F (1, 14) = 359 

1.2, p > .05). So, chemogenetic PVT silencing had no effect on defensive behavior in the absence of 360 

reward. 361 

----Figure 3 about here---- 362 

 During Stage II training (Figure 3C), freezing increased across CS presentations (F (1, 14) = 363 

63.3, p < .05) and again was the same across groups. There was no main effect of DREADD (F (1, 14) 364 

< 1, p > .05) or DREADD x trial interaction (F (1, 14) < 1, p > .05). On test (Figure 3D), for freezing, 365 

there was an effect of DREADD (F (1, 14) = 12.7, p < .05), showing that chemogenetic PVT silencing 366 

increased freezing. For reward approach, there were very low levels of lever pressing and magazine 367 

entries during CS presentations and the groups did not differ (F (1, 14) = 1.9, p > .05). However, 368 

there was still an antagonistic relationship between defense and reward. In this experiment this 369 

relationship was observed across the test trials (Figure 3D inset): group eYFP showed more reward 370 

approach behaviors across the test CS presentations compared to group hM4Di (group x trial 371 

interaction: F (1, 14) = 5.1, p < .05).  372 

 Next, to compare the effect of the presence versus absence of reward on expression of 373 

defensive behavior we compared freezing behavior in the same animals between Stage I (no 374 

reward) and Stage II (rewarded lever pressing) (Figure 3E). We found less freezing in Stage II for the 375 

eYFP but not hM4Di group (DREADD x Stage interaction (F (1, 14) = 7.8, p < .05). So, defensive 376 

behavior was reduced by the opportunity to engage in reward approach and chemogenetic PVT 377 

silencing prevented this reduction. 378 

 379 
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Experiment 4: Effects of PVT silencing on danger during hunger.  380 

In most of the tests reported here, rats were mildly hungry to encourage lever pressing 381 

behavior. Given the extensive inputs to PVT from hypothalamic neuropeptide populations 382 

implicated in energy balance and feeding (Li and Kirouac, 2012; Colavito et al., 2015; Kirouac, 2015), 383 

it is possible that this feeding schedule, and the hunger it generated, was a determining factor in 384 

PVT balancing of danger versus reward (Padilla et al., 2016). To address this possibility, we 385 

examined the effect of food restriction on expression of defensive behavior and the effects of PVT 386 

silencing. Free feeding (group Sated) or restricted feeding (group Hungry) rats with eYFP or hM4Di 387 

expressed in PVT received auditory Pavlovian fear conditioning and were later tested for their 388 

defensive responses to the CS (Figure 4A). There were four groups: group Hungry – eYFP (n = 8), 389 

group Hungry – hM4Di (n = 8), group Sated – eYFP (n = 8), and group Sated – hM4Di (n = 8) that 390 

refer to the DREADD manipulation and the nature of the feeding schedule used. 391 

----Figure 4 about here---- 392 

 During training there was an increase in freezing behavior across trials (Figure 4B) (F (1, 28) 393 

= 235.2, p < .05). Interestingly, sated rats expressed more fear (F (1, 28) = 11.0, p < .05) than hungry 394 

rats. There was no difference between hM4Di and eYFP groups in overall levels of freezing behavior 395 

(F (1, 28) < 1, p > .05) or the rate of freezing acquisition (F (1, 28) < 1, p > .05) and no interaction 396 

between DREADD and food restriction (F (1, 28) < 1, p > .05). On test (Figure 4B), there were high 397 

levels of freezing behavior to the CS in all groups. There was no main effect of food restriction (F (1, 398 

28) > 1, p > .05), no main effect of DREADD (F (1, 28) = 1.3, p > .05), and no DREADD x food 399 

restriction interaction (F (1, 28) = 1.6, p > .05). These findings demonstrate that without the 400 

opportunity to respond for food reward, neither food restriction nor chemogenetic silencing of PVT 401 

affect expression of defensive behavior. 402 

 403 

Experiment 5: Effects of PVT silencing on appetitive behaviour 404 
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 These results show that PVT silencing shifts the balance between responding to reward and 405 

danger but has no effect on expression of defensive behaviour in the absence of reward. It is 406 

possible, however, that chemogenetic inhibition of PVT simply alters responding for rewards. 407 

Although past research suggests that this is unlikely (Hamlin et al., 2009), this remains a possible 408 

explanation for the results observed here. For example, PVT silencing could alter retrieval of the 409 

action – outcome association, the incentive value of the reward, or the capacity to respond. To 410 

examine this possibility, we studied the effects of PVT chemogenetic silencing on instrumental 411 

responding in the absence of danger. 412 

Two groups, eYFP (n = 8) and hM4Di (n = 8), were trained to respond on a lever for delivery 413 

of food reward (Figure 5A). Then, on test, they received injection of CNO. Appetitive behaviour 414 

(lever press and magazine entries) on the last day of training and on the CNO test are shown in 415 

Figure 5B. Appetitive behaviour did not differ significantly across training and test, averaged across 416 

group (training vs test; no main effect of session: F (1, 14) = 1.1, p > .05). Further, there was no 417 

difference between eYFP and hM4Di in overall levels of appetitive behaviour when averaged across 418 

session (eYFP vs hM4Di; no main effect of group: F (1, 14) < 1, p > .05), nor was there an interaction 419 

between these factors (Session x DREADD interaction: F (1, 14) = 0.1, p > .05). So, chemogenetic 420 

PVT silencing had no effect on appetitive behavior in the absence of competition from danger.  421 

 422 

Experiment 6: Effects of PVT silencing on discrimination between safe and dangerous 423 

memories.  424 

 One interpretation of our results is that animals hold conflicting safe and dangerous 425 

memories. During reward training rats learn that the context is safe and food available whereas 426 

during fear training they learn that this context is now dangerous. Moreover, in the Lever+ groups, 427 

there were additional exposures to the context in the absence of danger. Appropriate behavior 428 

requires, at least in part, discriminating and selecting between these conflicting memories. PVT 429 

may be essential to this discrimination and selection.  430 
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To examine this possibility, we employed a fear renewal procedure (Bouton and Bolles, 431 

1979). This procedure creates conflicting memories of danger and safety whereby rats explicitly use 432 

context as a guide to the danger posed by a CS (safe vs dangerous)  (Bouton, 1993) (Figure 6B). Rats 433 

with eYFP (n = 8) or hM4Di (n = 8) expressed in PVT received auditory fear conditioning in a 434 

distinctive context (A), prior to repeated presentations of the CS alone (extinction) in a different 435 

context (B).  They were tested for fear responses to the auditory CS in the extinction (i.e. safe) and 436 

training (i.e. dangerous) context. Fear will be lower when tested in the extinction context (ABB) 437 

than when tested in the training context (ABA). The question was:                  does PVT chemogenetic 438 

silencing during test affect the balance between safety and danger? 439 

----Figures 5 - 7 about here---- 440 

 Again, during training (Figure 6C), freezing behavior increased across CS presentations (F 441 

(1, 14) = 115.5, p < .05) but did not differ between groups (no main effect of DREADD (F (1, 14) < 1, p 442 

> .05) or DREADD x trial interaction (F (1, 14) = 2.1, p > .05). During extinction, freezing behavior 443 

decreased across CS presentations (F (1, 14) = 33.8, p < .05) and this did not differ between groups 444 

(no main effect of DREADD (F (1, 14) < 1, p > .05) or DREADD x trial interaction (F (1, 14) < 1, p > .05). 445 

On test, as expected, there was more CS-elicited freezing behavior in the training context (ABA) 446 

than the extinction context (ABB) (F (1, 14) = 18.1, p < .05), showing the context-specificity of 447 

extinction and the ABA renewal of extinguished fear. Importantly, there were similar overall levels 448 

of CS-elicited fear behavior (F (1, 14) < 1, p > .05) and ABA renewal (context x DREADD interaction: F 449 

(1, 14) < 1, p > .05) in the eYFP and hM4Di groups. So, chemogenetic silencing of PVT had no effect 450 

on retrieval or discrimination between safe and dangerous memories. 451 

 452 

Histology and DREADD validation 453 

 Figure 7A-E shows the extent of eYFP and DREADD expression for all animals in all the 454 

experiments reported here, with each animal represented at 10% opacity. In general, hM4Di 455 

expression was highest in the PVT with the occasional encroachment ventrally into 456 
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intermediodorsal and central medial thalamic regions. However, even when expression did extend 457 

ventrally, expression levels were always lower than observed in PVT and DREADD expression did 458 

not encroach on the mediodorsal thalamus. No animals were excluded due to misplacements. 459 

 To confirm that CNO reduced activity of PVT neurons we assessed c-Fos expression in the 460 

PVT of groups hM4Di injected with 20 (n = 8) or 15 (n = 8) mg/kg CNO and group eYFP injected with 461 

15 (n = 4) or 20 (n =4) mg/kg CNO (Smith et al., 2016) and perfused 2 hr later (Figure 7 F, G). There 462 

were no differences between groups in the numbers of transduced PVT neurons (F (1, 21) < 2.9 > 463 

.05) or in total number of c-Fos positive neurons (F (1, 21) < 1.5, p > .05). However, there was a 464 

significant reduction in the number of dual eYFP/c-Fos positive neurons (F (1, 21) = 8.1, p < .05), so 465 

that CNO reduced by approximately 50% the number of PVT neurons expressing c-Fos for DREADD 466 

animals compared to the eYFP controls, and there was no difference between the 15 mg/kg and 20 467 

mg/kg CNO dose (F (1, 21) = 3.0, p > .05).  Likewise, CNO significantly reduced the percentage of 468 

transduced neurons expressing c-Fos (F (1, 21) = 21.3, p < .05) with no difference between the 15 469 

mg/kg and 20 mg/kg CNO dose (F (1, 21) = 2.3, p > .05). Hence, CNO at both doses used in these 470 

experiments significantly reduced activity, as indexed by expression of c-Fos, of DREADD 471 

expressing neurons. 472 

 473 

Discussion 474 

We studied behavioral interactions between reward and danger and the role of the PVT in 475 

these interactions. The major findings are that the opportunity to seek food reward negatively 476 

modulates expression of species-typical defensive behavior and that PVT is central to this 477 

regulation. Chemogenetic PVT silencing biases behavior towards either defense or reward 478 

depending on the experimental conditions. This bias could not be attributed to changes in fear 479 

memory retrieval, learned safety, or memory interference. Rather, our results demonstrate that 480 

PVT balances the conflicting behavioral tendencies towards danger and reward, without 481 
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consistently favoring expression of one over the other. In this way, PVT may be crucial to solution of 482 

a basic survival problem. 483 

 Here PVT served a modulatory role, balancing expression of defense and reward approach 484 

depending on the demands of the task. PVT silencing could decrease defense and increase reward 485 

approach or vice versa. The presence and recency of reward were factors determining PVT 486 

involvement and impact of PVT silencing. PVT had no role in the absence of reward. When danger 487 

and reward were recently co-experienced, PVT silencing reduced defense and increased reward 488 

approach. However, when reward approach was more recently experienced than danger, PVT 489 

silencing increased defense and either had no effect or decreased reward approach. This role for 490 

PVT was not simply due to hunger as PVT silencing had no effect on expression of defensive 491 

behavior in hungry or sated rats. This was not just due to the competing motoric or memorial 492 

demands of the tasks because PVT silencing had opposite effects on the same measures across 493 

experiments and did not alter the rat’s ability to retrieve fear extinction memories, fear conditioning 494 

memories, or to discriminate between extinction and training memories.  495 

 496 

Methodological considerations 497 

 We used a chemogenetic approach to silence PVT neurons. The advantages of this 498 

approach to manipulating PVT, in comparison to pharmacological approaches, are that we could 499 

identify the locus of our manipulation inside midline thalamus and could independently verify its 500 

impact. To control for the expression of the hM4Di, as well as for any DREADD-mediated effects of 501 

non-CNO, we included eYFP expressing control animals in each experiment (Yau and McNally, 502 

2015; Sengupta et al., 2016). We were able to confirm that CNO injection in DREADD-expressing 503 

animals reduced activity in DREADD-expressing neurons. There was no evidence here that 504 

expressing the hM4Di in PVT, or injection of CNO, were themselves sufficient to alter defensive 505 

behaviour because there was no effect of these manipulations across several experiments where we 506 
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omitted behavioural competition between reward and danger. These findings argue against non-507 

specific effects of the DREADD or CNO here. 508 

We expressed the hM4Di DREADD in intermediate and posterior PVT (pPVT). There was 509 

minimal DREADD expression in anterior PVT (aPVT).  There are connectivity differences between 510 

the aPVT and pPVT, with pPVT receiving the greater number of inputs from prelimbic, infralimbic, 511 

and posterior insular cortex and aPVT the greater number of inputs from the subiculum (Li & 512 

Kirouac, 2011). Moreover, pPVT projects extensively throughout the extended amygdala (Kirouac, 513 

2015). So, the location of DREADD expression here was optimal for modulation of function 514 

involving these regions. Whether these differences in connectivity between aPVT and pPVT map 515 

onto functional and behavioural differences is poorly understood and warrants empirical attention. 516 

We pitted behavioural responses to a danger signal against lever pressing for food. We 517 

reasoned that this task best captures the conflict faced by the foraging animal between approach 518 

behavior to obtain food and defensive behavior to avoid predatory detection. There are other 519 

approaches to this issue. For example, it is possible to pit responding to two discrete cues predicting 520 

motivationally contrasted outcomes such as food and shock (Nasser & McNally,2012). PVT is 521 

strongly recruited under such competition (Nasser & McNally, 2013) but its causal role in this 522 

behavioral competition is unknown. 523 

 524 

Dorsal midline thalamus: more than just memory retrieval? 525 

PVT chemogenetic silencing had no effect on defensive behavior in the absence of 526 

competition from reward and had no effect on reward behavior in the absence of competition from 527 

danger.  PVT silencing was not sufficient to increase or decrease lever pressing or magazine entries 528 

when tested only for these behaviors and it was not sufficient to increase or decrease the defense 529 

response of freezing when tested only for defense, hungry or sated, when fear levels were low or 530 

high. Rather, the impact of PVT silencing depended specifically upon concurrent demands from the 531 
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reward and danger tasks, and did not consistently favour expression of one behaviour over the 532 

other.  533 

These results may seem surprising given recent findings implicating midline thalamus in 534 

retrieval of fear memories (Padilla-Coreano et al., 2011; Penzo et al., 2015; Do-Monte et al., 2015b). 535 

However, our finding is consistent with other recent work showing that selective PVT lesions do not 536 

affect fear expression in the absence of concurrent demand from a reward approach task (Li et al., 537 

2014). In fact, there is broad agreement across these studies that manipulations of PVT and 538 

adjacent midline regions, via lesions, reversible pharmacological inactivation, or chemogenetic 539 

silencing, can reduce expression of defensive behaviors such as freezing when animals have the 540 

concurrent opportunity to respond and approach for a food reward (Padilla-Coreano et al., 2011; Li 541 

et al., 2014; Do-Monte et al., 2015b). The important and novel findings here are that we show this 542 

role for PVT is only observed when there is competition between reward and danger and that PVT 543 

silencing can increase or decrease expression of defensive behavior depending on the conditions of 544 

competition.  545 

Pharmacological inactivation of entire dorsal midline thalamus can reduce expression of 546 

freezing in the absence of competition from reward (Do-Monte et al., 2015b).  The dorsal midline 547 

thalamus is heterogeneous, comprising the PVT, mediodorsal, intermediodorsal, and central medial 548 

thalamic nuclei. These nuclei have different connectivity and functions (Groenewegen and 549 

Berendse, 1994; Mitchell et al., 2014). Our DREADD expression was limited to PVT with occasional 550 

but low levels of encroachment on other regions. In contrast, pharmacological inhibition of PVT in 551 

past work affected the entire dorsal midline thalamus (Padilla-Coreano et al., 2011; Do-Monte et al., 552 

2015b). These other nuclei have distinct roles in learning and memory. For example, mediodorsal 553 

thalamic nucleus has a role in cognition and memory via its connectivity to medial and lateral 554 

prefrontal cortex (Parnaudeau et al., 2013; Mitchell, 2015), that contributes to a time-dependent 555 

role in fear memory retrieval (Li et al., 2004; Lee et al., 2011; Mátyás et al., 2014). In contrast, 556 

central medial thalamus has a role in fear learning (Sengupta and McNally, 2014). These 557 
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complementary roles for different dorsal midline thalamic regions in fear learning, memory, and 558 

motivation could account for the different findings of broad midline thalamic manipulations across 559 

studies. Regardless, they underscore the importance of midline thalamus to adaptive behavior. 560 

 561 

A general role in motivational and response resolution? 562 

We show that PVT is essential to balancing the competing behavioral demands of danger 563 

and reward. The conditions under which PVT serves this role remain poorly understood. The relative 564 

recency of the competing behavioral demands may be important. When we manipulated the 565 

recency of reward training relative to fear conditioning, the behavioral impact of PVT silencing was 566 

reversed. This is strong evidence that the role of PVT is to resolve the conflicting behavioral 567 

tendencies towards danger and reward, without consistently favoring expression of one over the 568 

other. Interestingly, there is evidence that PVT may serve this function not just when behavioral 569 

competition is linked to opposing motivational states, such as danger and reward, but also when 570 

this competition occurs within a single motivational state. For example, Flagel and colleagues have 571 

shown that PVT lesions alter the balance between the opposing behavioral tendencies to approach 572 

a signal for reward versus approaching the reward itself in measures of sign and goal tracking 573 

(Haight and Flagel, 2014; Haight et al., 2015). PVT lesions attenuate the development of goal 574 

tracking and facilitated the development of sign tracking.  575 

This role in balancing competing behavioral demands is likely linked to PVT’s location as an 576 

interface between viscerosensory hypothalamic and brainstem centers for feeding and energy 577 

balance, including hypothalamic peptidergic neurons (Kirouac et al., 2005; 2006), and limbic, 578 

striatal, and prefrontal circuits for emotion, response selection and behavioral control (Su and 579 

Bentivoglio, 1990; Peng and Bentivoglio, 2004; Li and Kirouac, 2012; Colavito et al., 2015; Kirouac, 580 

2015). Such connectivity enables PVT to modulate behavior dependent on a variety of demands 581 

from both the internal (circadian, metabolic, nutritional) and external (threat salience, presence of 582 

food reward, presence of conspecifics) environments.  583 
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Competition between these demands is pervasive and solving this competition is 584 

fundamental to survival and daily function. However, there is rarely a stable, single solution. Rather, 585 

the appropriate solutions vary across different time scales (time of day, seasonal) as well as internal 586 

states (mood, arousal, sleep). In resolving this competition, PVT may enable adaptive behavior 587 

under complex selection pressures. 588 

  589 
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 743 
Figure Legends 744 

 745 
Figure 1. Competition between danger and reward. (A) Design and procedure for groups None (n = 746 
8) and Lever (n = 8). (B) Freezing behavior on the conditioning day for tone-shock pairings.  (C) 747 
Defense and reward behavior during tone presentations on the test day. Defense is percentage of 748 
observations where freezing was expressed. Reward is sum of approach behavior (lever press and 749 
food magazine entry), (D) Scatterplot of freezing and reward behavior for group Lever during tone 750 
presentations on test day. Data are means ± SEM. * p < 0.05. 751 
 752 
Figure 2. Effects of PVT silencing on competition between danger and reward. (A) Design and 753 
procedure for groups Lever and Lever+. (B) Freezing behavior on the conditioning day for tone-754 
shock pairings.  (C) Defense and reward behavior during tone presentations on the test day. 755 
Defense is percentage of observations where freezing was expressed. Reward is sum of approach 756 
behavior (lever press and food magazine entry). Data are means ± SEM. * p < 0.05. Group sizes 757 
were: eYFP – Lever (n = 8), group eYFP – Lever+ (n = 7), group hM4Di – Lever (n = 7), and group 758 
hM4Di – Lever+ (n = 8). 759 
 760 
Figure 3. Effects of PVT silencing on danger in the absence and presence of reward.  (A) Design and 761 
procedure for the two stages. (B) Freezing behavior on the conditioning day for tone-shock pairings 762 
and for tone presentations on test in Stage I.  (C) Freezing behavior on the conditioning day for each 763 
of the clicker-shock pairings in Stage II. (D) Defense and reward behavior during clicker 764 
presentations on the test day. Defense is percentage of observations where freezing was expressed. 765 
Reward is sum of approach behavior (lever press and food magazine entry). Inset shows reward 766 
approach across blocks of two test trials. (E) Comparison of freezing behavior during tone 767 
presentations on test in Stage I and Stage II. Data are means ± SEM. * p < 0.05. Group sizes were: 768 
eYFP n = 8, hM4Di n = 8. 769 
 770 
Figure 4. Effects of PVT silencing on danger during hunger. (A) Design and procedure for groups 771 
Hungry and Sated. (B) Defense is freezing behavior on the conditioning day for the tone-shock 772 
pairings and on test. Data are means ± SEM. * p < 0.05.  Group sizes were: eYFP Hungry n = 8, eYFP 773 
– Sated n = 8, hM4Di – Hungry n = 8, hM4Di – Sated n = 8. 774 
 775 
Figure 5. Effects of PVT silencing on instrumental responding for a food reward. (A) Design and 776 
procedure. (B) behavior (sum of lever press and food magazine entry) on the final training day and 777 
CNO test day. Data are means ± SEM.  Group sizes were: eYFP n = 8, hM4Di n = 8.  778 
 779 
Figure 6. Effects of PVT silencing on discrimination between safe and dangerous memories. (A) 780 
Design and procedure for renewal of extinguished fear. (B) Freezing behavior on the conditioning 781 
day for each of the tone-shock pairings and on test, during extinction and on test. Data are means ± 782 
SEM. * p < 0.05. Group sizes were: eYFP n = 8, hM4Di n = 8. 783 
 784 
Figure 7. Location of hM4Di expression for all rats in Experiment 2 (A), 3 (B), 4 (C) 5 (D), and 6 (E) 785 
with the maximal extent of DREADD expression represented at 10% opacity for each rat. (F) 786 
Representative PVT section showing single-labelled c-Fos (black arrow), single labelled eYFP (white 787 
arrow), and dual labelled eYFP/c-Fos (blue arrow) neurons. Scale bar = 50μm. (G), Mean and SEM 788 
percentages of transduced neurons expressing c-Fos for eYFP (n = 8), 15 mg/kg CNO DREADD (n = 789 
8), and 20 mg/kg CNO-DREADD (n = 8). * p < 0.05.  790 
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 791 
Table 1. Mean and SEM levels of freezing behavior prior to CS presentations in each experiment. 792 

 793 

 794 
 795 

Experiment  Group 

Training Test 
Experiment 1 Lever 0.4 (0.4) 1.0 (0.4) 

None 0.0 (0.0) 1.7 (1.0) 

Training Test 
Experiment 2  Lever - eYFP 2.9 (1.4) 4.6 (1.7) 

Lever - Hm4Di 2.6 (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) 

Stage I  
Training 

Stage I 
 Test 

Stage II 
Training 

Stage II 
Test 

Experiment 3 eYFP 0.8 (0.4) 2.1 (1.3) 1.0 (0.0) 1.5 (1.5) 
hM4Di 3.1 (1.8) 6.3 (2.9) 2.0 (0.0) 1.0 (0.5) 

Training Test 
Experiment 4 Sated eYFP 4.4 (2.9) 63.3 (10.2) 

Sated hM4Di 1.3 (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 Training Extinction 
Test  
ABB Test ABA 

eYFP 10.4(8.8) 1.3(0.9) 11.3 (5.1) 2.9 (0.8) 
hM4Di 4.4(3.1) 2.1(1.9) 6.3 (2.7) 3.3 (3.1) 
















