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 39 
Abstract 40 

 41 
Decision-making often involves motivational conflict due to the competing demands of 42 

approach and avoidance for a common resource: behavior. This conflict must be resolved as 43 

a necessary precursor for adaptive behavior. Here we show a role for the paraventricular 44 

thalamus (PVT) in behavioral control during motivational conflict. We used Pavlovian 45 

counterconditioning in male rats to establish a conditioned stimulus (CS) as a signal for 46 

reward (or danger) and then transformed the same CS into a signal for danger (or reward). 47 

After such training, the CS controls conflicting appetitive and aversive behaviors. To assess 48 

PVT involvement in conflict, we injected an adeno-associated virus (AAV) expressing the 49 

genetically encoded Ca2+ indicator GCaMP and used fibre photometry to record population 50 

PVT Ca2+ signals. We show distinct profiles of responsivity across the anterior – posterior 51 

axis of PVT during conflict, including an ordinal relationship between posterior PVT CS 52 

responses and behavior strength. To study the causal role of PVT in behavioral control 53 

during conflict, we injected AAV expressing the inhibitory hM4Di DREADD and determined 54 

the effects of chemogenetic PVT inhibition on behavior. We show that chemogenetic 55 

inhibition across the anterior – posterior axis of the PVT, but not anterior or posterior PVT 56 

alone, disrupts arbitration between appetitive and aversive behaviors when they are in 57 

conflict but has no effect when these behaviors are assessed in isolation. Together, our 58 

findings identify PVT as central to behavioral control during motivational conflict. 59 

 60 

 61 
  62 
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Significance Statement 63 
 64 
Animals, including humans, approach attractive stimuli and avoid aversive ones. However, 65 

they frequently face conflict when the demands of approach and avoidance are 66 

incompatible. Resolution of this conflict is fundamental to adaptive behavior. Here we show 67 

a role for the paraventricular thalamus, a nucleus of the dorsal midline thalamus, in the 68 

arbitration of appetitive and aversive behavior during motivational conflict.  69 

 70 
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Responding to stimuli or choosing between actions often involves motivational conflict. 71 

Being forced to choose between two desired alternatives, choosing something with positive and 72 

negative consequences, or choosing between two equally, undesirable alternatives are 73 

common. These decisions generate motivational conflict due to the competing demands 74 

between approach and avoidance for a common resource: behavior (Miller, 1944, 1959; Gray 75 

and McNaughton, 2000). This conflict must be resolved as a necessary precursor for adaptive 76 

behavior. 77 

The paraventricular thalamus (PVT) may be especially important for behavioral control 78 

during conflict. PVT, located in dorsal midline thalamus, contains 12 ~ 20 μm aspiny 79 

glutamatergic neurons that receive major inputs from prelimbic cortex, hypothalamus, and 80 

brainstem and project to infralimbic cortex, nucleus accumbens, bed nucleus of the stria 81 

terminalis, and central amygdala (Li and Kirouac, 2008, 2012; Kirouac, 2015; Vertes et al., 2015; 82 

Dong et al., 2017). PVT has been implicated in functions including arousal (Colavito et al., 83 

2015), stress (Bhatnagar et al., 2003; Beas et al., 2018), fear (Do-Monte et al., 2015; Penzo et 84 

al., 2015), appetitive learning (Otis et al., 2017), incentive salience (Haight and Flagel, 2014), 85 

relapse to drug seeking (Hamlin et al., 2009), and feeding (Ong et al., 2017). Recent work 86 

suggests that PVT is especially critical during motivational conflict (Li et al., 2014; Choi and 87 

McNally, 2017; Zhu et al., 2018). Studies identifying a role for PVT in fear show strong effects of 88 

PVT manipulations on reward- and fear-related behavior when these are assessed against the 89 

background of the other, but less so when assessed in isolation (Li et al., 2014; Choi and 90 

McNally, 2017). For example, we reported that chemogenetic silencing of PVT altered 91 

expression of defensive and reward-seeking behaviors when these were assessed together but 92 

not when they were assessed independently (Choi and McNally, 2017). 93 

However, many questions about this role for PVT in conflict remain unanswered. 94 

Notably, few experiments have examined PVT function during tasks that directly assess conflict. 95 

Instead, most evidence is derived from preparations where conflict was incidental to other task 96 

demands. So, when PVT controls behavior under conflict is poorly understood. Second, PVT 97 

can be divided into anterior (aPVT) and posterior (pPVT) portions. PVT neurons are recruited by 98 

appetitive or aversive events and their predictors (Zhu et al., 2018) but whether there are 99 
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differences in activity across aPVT and pPVT is unknown.  aPVT has stronger projections to 100 

dorsomedial accumbens shell and ventral subiculum whereas pPVT has stronger projections to 101 

ventromedial accumbens shell and extended central amygdala (Li and Kirouac, 2012; Colavito 102 

et al., 2015; Kirouac, 2015; Vertes et al., 2015; Dong et al., 2017). The functional relevance of 103 

these differences in connectivity remain poorly understood (Barson et al., 2015; Kirouac, 2015; 104 

Cheng et al., 2018) and whether a role for PVT in conflict depends on aPVT, pPVT, or both is 105 

unknown.  106 

Here we studied motivational conflict using Pavlovian counterconditioning (Dickinson 107 

and Pearce, 1977; Lovibond and Dickinson, 1982; Nasser and McNally, 2012; Nasser and 108 

McNally, 2013; Holmes and Westbrook, 2014). In counterconditioning, a conditioned stimulus 109 

(CS) from one motivational class is transformed into a CS of a contrasting motivational class 110 

(e.g., signal for reward is transformed into a signal for danger). After counterconditioning, the 111 

CS has mixed motivational value, controlling both appetitive and aversive behaviors. We 112 

injected an adeno-associated virus (AAV) expressing the genetically encoded Ca2+ indicator 113 

GCaMP and used fibre photometry to record population PVT Ca2+ signals during 114 

counterconditioning. Next, we injected AAV expressing the inhibitory hM4Di DREADD and 115 

determined the effects of chemogenetic inhibition on counterconditioned behavior.  Finally, to 116 

assess specificity of this role to conflict, we injected PVT with AAV expressing the inhibitory 117 

hM4Di DREADD and assessed effects on appetitive and aversive behavior in the absence of 118 

conflict. Our findings show robust recruitment of PVT during the learning and expression of 119 

motivational conflict and that both aPVT and pPVT, but not either alone, are necessary for 120 

behavioral control during conflict. 121 

Materials and Methods 122 

Subjects 123 

Subjects were 152 adult male Sprague Dawley rats (280-350g) obtained from Animal 124 

Resources Centre (Murdoch, Western Australia) and adult male Long Evans (350-420g) 125 

supplied by the University of New South Wales (Sydney, NSW, Australia). Animals were 126 

housed in groups of four in ventilated racks and the room was temperature-controlled with a 12 127 

- 12 hr light/dark cycle (lights on 07:00). Experiments were conducted during the light cycle. 128 
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Food and water were available ad libitum until 3 days prior to the experiment when animals 129 

were maintained on 2 hours access to water per day until the end of experiments. The UNSW 130 

Animal Care and Ethics Committee approved all procedures. 131 

Apparatus 132 

Behavioral procedures were conducted in standard operant chambers with grid floors 133 

connected to a scrambled shock generator (24 [length] x 30 [width] x 21 cm [height] (Med 134 

Associates, St Albans, VT). A 3 W house light was mounted on the top of the right wall opposite 135 

to the left wall where a recessed magazine (5 x 5 cm) was located. The subjects were trained 136 

and tested in standard operant chambers (Med Associates), enclosed in sound- and light-137 

attenuating cabinets equipped with fans providing constant ventilation and low-level background 138 

noise. For counterconditioning experiments, these chambers were divided into two sets of four, 139 

each set had distinct visual, tactile and olfactory properties (e.g. shock context: a houselight on, 140 

grid floor, and peppermint odor; sucrose context: a houselight off, Perspex floor, and rose 141 

essence odor). Each chamber contained bedding material in a tray below the floor. Syringe 142 

pumps were located above each chamber and were connected to the magazine via polyethylene 143 

tubing. A camera was mounted on the back wall of each cabinet to record the behavior of each 144 

subject in each chamber. The camera was connected to a monitor and DVD recorder in the 145 

room. An infrared light source (940 nm) illuminated each chamber. All stimulus presentations 146 

were controlled by MedPC software (Med Associates).  147 

Locomotor activity was assessed in Plexiglas chambers (Med Associates, VT, USA) 148 

(43.2cm (width) x 43.2cm (length) x 30.5cm (height)). Three 16 beam infrared arrays, located on 149 

both the x- and y-axes, tracked movement of animals. 150 

Viral vectors 151 

AAV5-CamKIIα-GCaMP6f-WPRE-SV40 (4.25 x 1013 vp/ml) was obtained from Penn 152 

Vector Core (University of Pennsylvania, Philadelphia, PA). AAV5 vector encoding hM4Di 153 

(AAV5-CaMKIIα-HA-hM4Di-IRES-mCitrine, 2 x 1012 vp/ml) or eYFP (AAV5-CaMKIIα- eYFP, 4 x 154 

1012 vp/ml) were obtained UNC Vector Core (University of North Carolina, Chapel Hill NC) 155 

(Armbruster et al., 2007). Rats were injected intraperitoneally with clozapine-N-oxide (CNO, 156 

National Institute of Mental Health Chemical Synthesis and Drug Supply Program, RTI 157 
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International, NIMH Code C-929; 10 mg/ml, 5% DMSO, 2 ml/kg) or vehicle (5% DMSO, 2 ml/kg) 158 

(Mahler et al., 2014; Smith et al., 2016; Choi and McNally, 2017) 45 min before test. CNO dose 159 

was chosen based on our past research showing that it yields a minimum 40 – 50% reduction in 160 

c-Fos expression among DREADD-expressing PVT neurons (Choi and McNally, 2017) without 161 

having non-specific effects on behavior (see Fig. 4E and 4F). 162 

Surgery 163 

Rats received intracranial stereotaxic surgery under ketamine (Ketamil; 100 mg/ml, Ilium, 164 

Australia)-xylazine (Xylazil; 20 mg/M, Ilium, Australia) anaesthesia after subcutaneous injection 165 

of 0.1 mL of Atropine sulfate (Atrosite; 0.65 mg/mL, Ilium, Australia). Once anesthetized, the 166 

heads were shaved, and rats were placed in a stereotaxic apparatus (Model 942, Kopf 167 

Instruments, Tujunga, CA). 0.1 mL of 0.5% bupivacaine was injected at the incision site and 168 

0.05 mL of Carprofen (Rimadyl; 50 mg/m, Zoetis) injected s.c. The skull was exposed, and a 169 

craniotomy made using a hand drill above the target PVT region. For anterior PVT the 170 

stereotaxic coordinates were -1.8 A/P, 0.1 M/L, -6.0 D/V. For posterior PVT the stereotaxic 171 

coordinates were -3.4 A/P, 0.1 M/L, -6.0 D/V. For combined anterior and posterior PVT the 172 

stereotaxic coordinates were -2.6 A/P, 0.1 M/L, -6.0 D/V, and -3.6 A/P, 0.1 M/L, -6.1 D/V. All 173 

stereotaxic co-ordinates are in mm from bregma (Paxinos and Watson, 2007). All AAV infusions 174 

were made over a 3 - 5 min period at a rate of 0.1 μl/minute (0.5 l for fibre photometry 175 

experiments; 0.3 l each spot for DREADD experiments; UMP3 with SYS4 Micro- controller, 176 

World Precision Instruments) and the syringe (1 l, 23-gauge conical tipped microinfusion 177 

syringe, SEG) remained in place for 5-7 minutes to permit diffusion of the injected vectors. For 178 

fibre photometry rats received implantations of 400 m optic fibres into anterior PVT (1.8 A/P, 179 

0.1 M/L, -5.5 D/V) or posterior PVT (-3.4 A/P, 0.1 M/L, -5.7 D/V). All stereotaxic co-ordinates are 180 

in mm from bregma (Paxinos and Watson, 2007). Immediately after surgery, rats were 181 

subcutaneously injected with 0.3 ml of procaine penicillin (Benicillin; 300mg/ml, Illium, Australia) 182 

and 0.3 ml of cephazolin sodium (Cephazolin; 100mg/ml, Hospira, Australia). Daily post-183 

operative and recovery procedures were conducted over 7 days. 184 

 185 

 186 
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Behavioral Procedures 187 

Experiment 1: Fibre photometry of PVT during appetitive-to-aversive counterconditioning.  188 

On Days 1 and 2, rats (n = 16) were exposed to the two contexts for 20 min each. There 189 

was a 90 min-interval between exposures on the same day. During exposure to the to-be 190 

aversive context there were no scheduled events. During exposure to the to-be appetitive 191 

context, rats received unsignalled 20 x 0.15 mL presentations of an 8% sucrose solution on 192 

variable time 60-s schedule. On Day 3 – 9, rats received daily Pavlovian appetitive conditioning 193 

in the appetitive context. This conditioning consisted of eight 85 dB[A] 1,800 Hz tone, 30 s tone 194 

conditioned stimulus (CS) – sucrose unconditioned stimulus (US) (0.15ml) pairings with an inter-195 

trial interval of 3 min. The US was delivered randomly at 5, 10, 15, 20 or 25 s after CS onset. On 196 

Day 10, rats received a single session of Pavlovian fear conditioning in the aversive context that 197 

consisted of four tone CS – 0.4 mA 0.5 s shock (US) pairings. The CS was the same as that 198 

used during appetitive conditioning. Fear conditioning commenced after a 6 min baseline period. 199 

The US was delivered randomly at 5, 10, 20 or 25 s after CS onset with a fixed 3 min inter-trial 200 

interval. Rats remained undisturbed in their home cages on Days 11 and 12. On Days 13 and 201 

14 rats were tested. During these tests, there were eight 30 s presentations of the CS with a 202 

fixed inter-trial interval of 2 min. CS presentations began 2 min after placement in the context. 203 

One of these tests was conducted in the appetitive context whereas the other was conducted in 204 

the aversive context. The order of these tests was counterbalanced within animals.  205 

 206 

Experiment 2: Fibre photometry of PVT during aversive-to-appetitive counterconditioning. 207 

On Days 1 and 2, rats (n = 24) were exposed to the two contexts for 20 min each. The 208 

procedure for these exposures was identical to that described above. On Day 3, rats received 209 

a single session of Pavlovian fear conditioning in the aversive context. This was identical to 210 

fear conditioning described above. On Day 4 – 10, rats received daily Pavlovian appetitive 211 

conditioning in the appetitive context and this was also identical to that described above. Rats 212 

remained undisturbed in their home cages on Days 11 and 12. On Days 13 and 14 rats were 213 

tested. The procedures for these tests were identical to those described above and the order 214 

of tests was counterbalanced within animals. 215 
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Experiment 3a – 3c: Chemogenetic inhibition of PVT (Experiment 3a), aPVT (Experiment 3b), 216 

or pPVT (Experiment 3c) on appetitive-to-aversive counterconditioning. 217 

On Days 1 and 2, rats (n = 16 per experiment) were exposed to the two contexts for 20 218 

min each. The procedures for these exposures were identical to that described above. On Day 3 219 

– 9, rats received daily Pavlovian appetitive conditioning in the appetitive context. The 220 

procedure for this was identical to that described above. On Day 10, rats received a single 221 

session of Pavlovian fear conditioning in the aversive context. The procedure was identical to 222 

that described above. Rats remained undisturbed in their home cages on Days 11 and 12. On 223 

Days 13 and 14 rats were tested for CS responses in the appetitive and aversive contexts. The 224 

procedures for these tests were identical to that described above. The order of these tests was 225 

counterbalanced within animals. Rats received CNO injection 45 min prior to these tests.  226 

 227 

Experiment 4: Chemogenetic inhibition of PVT on aversive-to-appetitive counterconditioning. 228 

On Days 1 and 2, rats (n = 16) were exposed to the two contexts for 20 min each. The 229 

procedures for these exposures were identical to that described above. On Day 3, rats received 230 

a single session of Pavlovian fear conditioning in the aversive context. This was identical to that 231 

described above. On Day 4 – 7, rats received daily Pavlovian appetitive conditioning in the 232 

appetitive context and this was identical to that described above. On Day 8 and 9, rats were 233 

tested. The procedures for these tests were identical to that described above. The order of 234 

these tests was counterbalanced within animals. Rats received CNO injection 45 min prior to 235 

these tests.  236 

 237 

Experiments 5a – 5d. Chemogenetic inhibition of PVT during appetitive (Experiments 5a and 5b) 238 

or aversive (Experiment 5c) memory retrieval and on locomotor activity. 239 

In Experiment 5a (n = 16), on Days 1 - 7, rats received daily appetitive conditioning in a 240 

manner identical to the appetitive conditioning used in the counterconditioning experiments. 241 

Rats remained undisturbed in their home cages on Days 8 and 9 and were tested on Day 10 via 242 

8 30 s CS presentations with a 3 min inter-trial interval. Rats received CNO injections 45 min 243 

prior to test.  244 
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In Experiment 5b, on Days 1 – 4, rats (n = 16 from Experiment 4) received 4 daily 30 245 

min appetitive conditioning sessions. These consisted of 8 clicker (85db[A], 10Hz) (CS) – sugar 246 

pellet (45 mg, Dustless precision pellet sugar, Bio-Serv) (US) pairings. The US was delivered 247 

randomly 5, 10, 15, 20 or 25 sec after CS onset. The inter-trial interval was 3 min. On Day 5, 248 

rats were tested via 8 30 s CS presentations with a 3 min inter-trial interval. Rats received CNO 249 

injections 45 min prior to this test. 250 

In Experiment 5c (n = 16), rats received a single session of fear conditioning on Day 1. 251 

This consisted of 4 tone (CS) – shock (US) pairings in a manner identical to the fear conditioning 252 

used in the counterconditioning experiments. Rats remained in their home case on Days 2 and 3. 253 

They were tested on Day 4. This involved a 2 min preCS prior to 8 30 s CS presentations with a 3 254 

min inter-trial interval. Rats received CNO injections 45 min prior to this test. 255 

In Experiment 5d, on Days 1 and 2, rats (n = 16 from Experiment 5c) were habituated to 256 

the chambers for 30 min. On Days 3 and 5 they were tested for 30 min. One of these tests was 257 

preceded by injection of CNO whereas the other was preceded by injection of vehicle. Injections 258 

were counterbalanced and occurred 45 min prior to test. 259 

 260 

Fibre photometry 261 

Recordings were performed using Fibre Photometry Systems from Doric Lenses and 262 

Tucker Davis Technologies (RZ5P, Synapse). Two excitation wavelengths, 465 nm (Ca2+- 263 

dependent signal) and 405 nm (isobestic control signal) emitted from Doric LEDs, controlled via 264 

dual channel programmable LED drivers, were channeled into 400μm pre-bleached patch 265 

cables via a Doric Dual Fluorescence Mini Cube. Light intensity at the tip of the patch was 266 

maintained at 10-40μW across sessions. GCaMP6 and isobestic fluorescence wavelengths 267 

were measured using femtowatt photoreceivers (Newport, 2151). Synapse software controlled 268 

and modulated excitation lights (465nm: 209Hz, 405nm: 331 Hz), as well as demodulated and 269 

low-pass filtered (3Hz) transduced fluorescence signals in real-time via the RZ5P. 270 

Synapse/RZ5P also received Med-PC signals to record behavioral events and experimenter-271 

controlled stimuli in real time. 272 

 273 
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Immunohistochemistry 274 

Rats were anaesthetised within 2 weeks of the end of behavioral training and fixed 275 

brains were extracted, postfixed, and cryoprotected in 20% sucrose (24–48 h). Brains were 276 

sectioned and stored in 0.1% sodium azide in 0.1 M PBS, pH 7.2. An eGFP antibody was used 277 

to detect GCaMP, DREADD or eYFP expressing cells. Sections were washed (0.1 M PB 278 

(pH7.4), 50% ethanol, 50% ethanol with 3% hydrogen peroxidase, and then 5% normal horse 279 

serum (NHS) in PB for (30 min each), then incubated for 24-48 hr in chicken antiserum against 280 

eGFP (1:2000; Thermo Fisher Scientific Cat# A10262, RRID:AB_2534023) diluted in a PB 281 

containing 2% NHS and 0.2% Triton X-10 in 0.1 % sodium azide at room temperature. After 282 

washing in PB, sections were incubated in biotinylated donkey anti-chicken (1:2000; Jackson 283 

ImmunoResearch Labs Cat# 703-065-155, RRID:AB_2313596), 24 h at room temperature, 284 

diluted in a PB solution blocking buffer (2% NHS and 0.2% Triton X-10 in PB). The sections 285 

were washed then incubated in avidin- biotinylated horseradish peroxidase complex (ABC 286 

solution; Vector Elite kit: 6 μl/ml avidin and 6 μl/ml biotin; Vector Laboratories), diluted in PB 287 

containing 0.2 % Triton X-10 for 2 h at room temperature. Then, the sections were washed 288 

twice in PB and once in 0.1 M acetate buffer (pH 6.0) and incubated (15 min) in a 289 

diaminobenzidine solution (DAB) containing 0.1% 3,3- diaminobenzidine, 0.8% D-glucose and 290 

0.016% ammonium chloride. Immunoreactivity was catalysed by the addition of 0.2μl/ml 291 

glucose oxidase (24 mg/ml, 307 U/mg, Sigma-Aldrich). GCaMP expression in PVT was also 292 

assessed via native GCaMP fluorescence; sections washed for 30 min in PB, mounted and 293 

coverslipped (Permfluor, Thermo Scientific). 294 

For c-Fos and eYFP immunohistochemistry, rats were anesthetized 2 h and 45 min after 295 

injection of 20 mg/kg CNO. Two-color peroxidase immunohistochemistry was used to detect c-296 

Fos and eYFP immunoreactivity. Sections were washed in 0.1 M PB, 50% ethanol, 50% ethanol 297 

with 3% hydrogen peroxidase, and then 5% NHS in PB as mentioned above and allowed for 48 298 

h to incubate in rabbit anti-c-Fos (1:2000; (Santa Cruz Biotechnology Cat# sc-52, RRID: 299 

AB_2106783)) and chicken antiserum against eGFP (1:2000 Thermo Fisher Scientific Cat# 300 

A10262, RRID: AB_2534023) diluted in a PB solution blocking buffer in 0.1 % sodium azide for 301 

48 h at room temperature. After washing in PB, they were incubated in biotinylated donkey anti-302 
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rabbit (1:2000; Jackson ImmunoResearch Labs Cat# 711-065- 152, RRID:AB_2340593), 24 h at 303 

room temperature, diluted in 2% NHS and 0.2% Triton X- 10 in PB for c-Fos IR. The sections 304 

were then washed in PB and incubated in ABC solution. Then, the sections were washed in PB 305 

and once in 0.1 M acetate buffer (pH 6.0) and then incubated (15 min) in a DAB solution 306 

containing Nickel (II) sulfate hexahydrate (Sigma- Aldrich, N4882) for black color. 307 

Immunoreactivity was catalyzed by 0.2μl/ml glucose oxidase, stopped the reaction in acetate 308 

buffer and washed in PB three times. Then the sections were incubated in biotinylated donkey 309 

anti-chicken (1:2000; Jackson ImmunoResearch Labs Cat# 703-035-155, RRID: AB 10015283), 310 

24 h at room temperature, diluted in 2% NHS and 0.2% Triton X-10 in PB for eYFP IR. After 311 

washing in PB and once in acetate buffer it was incubated in DAB solution without Nickel (II) 312 

sulfate hexahydrate for brown color. The reaction was catalyzed by adding 0.2μl/ml glucose 313 

oxidase and stopped in acetate buffer. Then brain sections were then washed in PB and then 314 

mounted and coverslipped with Entellan as mentioned above. 315 

 316 

Experimental design and Statistical Analyses 317 

The criteria for inclusion in final analyses were correct AAV and fibre placements in 318 

PVT as determined after histology, so animals were excluded if either AAV or fibre optic 319 

cannulae were misplaced. To measure fear behaviors, rats were scored every 2 s as either 320 

freezing (a crouching immobile posture with no movement other than required for respiration) 321 

(Blanchard and Blanchard, 1971; Fanselow and Bolles, 1979) or not freezing. The number of 322 

observations scored as freezing were summed and converted to a percentage. The numbers of 323 

magazine entries during the CS and a 30 s pre-CS period were recorded via MedPC. 324 

Behavioral data were analyzed in the Psy Statistical Package (Bird, 2004) using between- 325 

subject (aPVT vs pPVT), within-subject (sessions or trials), as well as interaction contrasts 326 

(Harris, 1994). 327 

For fibre photometry, the primary dependent variable was Ca2+ transients around CS and 328 

US presentations during appetitive training (sessions 1, 3, 5 and 7), US presentations during 329 

aversive conditioning, and CS presentations on test (appetitive and aversive contexts). These 330 

data were analysed using custom MATLAB scripts. Specifically, Ca2+ and isobestic signals 331 
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during recording sessions were extracted and downsampled (15.89 samples/sec); signals 332 

around logged disconnections were removed prior to further signal processing. The isobestic 333 

signal was regressed onto the Ca2+-dependent signal to create a fitted isobestic signal and a 334 

ΔF/F was calculated via: (Ca2+-dependent signal – fitted isobestic) / fitted isobestic. This 335 

produces a motion-artifact-corrected Ca2+ signal with a mean of ~0. Signal-to-noise was further 336 

boosted via filtering after contributions of low and high frequency components were determined 337 

via fast fourier transform; ΔF/F signal was convolved over 90sec (high-pass filtered) and then 338 

low-pass filtered at 1Hz. 339 

ΔF/F within a time window around events was compiled and averaged for each subject. 340 

To determine any change in Ca
2+ 

  transients during this window, a bootstrapping confidence 341 

interval (CI) procedure (99% CI, 1000 iterations) was used (Bland and Altman, 2015). A new 342 

“mean” ΔF/F was generated by randomly resampling from subject mean ΔF/F with replacement 343 

for the same number of samples. So, n for all statistical analyses of photometry data were the 344 

number of subjects in each group. This process was repeated 1000 times to create a non-345 

parametric distribution of population mean estimates for each timepoint within the window. A 346 

statistically significant increase (above 0%) in Ca
2+

 transients was defined as those where the 347 

lower bound of the 99% CI was greater than 0 (Bird, 2004; Bland and Altman, 2015). To analyze 348 

differences in CS-elicited PVT activity between appetitive and aversive tests, an area under the 349 

curve (AUC) of %ΔF/F was obtained using the trapezoidal method for 0.5 to 1.5 s after CS 350 

onset, and compared using within-subject contrasts. 351 

To examine the relationship between CS-elicited PVT activity and conditioned 352 

responding across training, correlational analyses were performed. To overcome between-353 

subject differences in behaviour and photometry signals, CS-elicited activity (0.5-1.5 s AUC) and 354 

accompanying conditioned responding were normalized per subject across sessions 355 

(Experiment 1: appetitive conditioning session 1, 3, 5, 7 [session average]) or trials (Experiment 356 

2: aversive conditioning trials 1-4). Fisher r-to-z transformation was used to compare predictions 357 

of behavioral strength between aPVT and pPVT. 358 

To verify hM4Di inhibition of PVT, we assessed expression of the immediate-early gene 359 
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c-Fos in PVT. c-Fos-IR and eYFP-IR were imaged at 20 x using a transmitted light microscope 360 

(Olympus BX51) and counted using Photoshop (Adobe). Three sections from each brain were 361 

counted and the sections were located -2.52, -3.0, and -3.60 mm from bregma. These data were 362 

analysed using between-subjects ANOVA. 363 

Results  364 

Experiment 1: Fibre photometry of PVT during appetitive-to-aversive 365 

counterconditioning.  366 

First, we used fibre photometry to examine Ca2+ signals in aPVT or pPVT during 367 

motivational conflict generated by transforming a reward signal into a danger signal. We used 368 

AAV to express GCaMP6 in aPVT or pPVT in separate animals and implanted fibre optic 369 

cannulae into these regions. Rats then received appetitive-to-aversive counterconditioning that 370 

involved 7 days of Pavlovian appetitive conditioning where an auditory CS was paired with 371 

sucrose delivery. Next, they received 1 day of Pavlovian aversive conditioning where the CS 372 

was paired with shock. These two stages of training were conducted in different contexts to 373 

ensure adequate expression of both behaviors. Rats were then tested for appetitive and 374 

aversive responses to the CS in the two contexts. At the end of this training, the CS controls 375 

conflicting appetitive and aversive behaviors. We recorded Ca2+ signals (to the CS, appetitive 376 

US, and aversive US) in aPVT or pPVT on Days 1, 3, 5, and 7 during appetitive conditioning, 377 

during fear conditioning, and during tests. The questions of interest were how do Ca2+ signals 378 

relate to the CS, appetitive US, aversive US, the emergence of behavior, and do these differ 379 

across aPVT and pPVT?  380 

Histology 381 
 382 

Only rats with both GCaMP expression and fibre optic placements in the aPVT or pPVT 383 

were included. 6 animals were excluded due to incorrect placements, leaving final group sizes 384 

of n = 6 (aPVT) and n = 4 (pPVT). Fig. 1A shows representative images showing native 385 

GCaMP expression (green) and DAPI staining (blue) in PVT, example of GCaMP expression in 386 

aPVT and pPVT with an optic fibre placement from separate animals, and a complete mapping 387 

of the location of fibre tips for each animal included in the analyses. Fig. 1B shows 388 

representative Ca2+-dependent signals and isobestic control signals in aPVT and pPVT from 389 
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appetitive (aPVT) and aversive (pPVT) training sessions.  390 

Appetitive conditioning 391 
 392 

In this and remaining experiments, levels of pre-CS magazine entries were low and did 393 

not differ significantly between groups (all p > 0.05). During Pavlovian appetitive conditioning 394 

(Fig. 1C), rats readily learned to approach the magazine during CS presentations. There was a 395 

main effect of day (F (1, 8) = 36.480, p < 0.001). There was no difference between aPVT and 396 

pPVT groups (F (1, 8) = 1.774, p = 0.220) and there was no interaction between Group and 397 

Day (F (1, 8) = 2.066, p = 0.189). 398 

Using fibre photometry, we examined PVT Ca2+ signals in the aPVT and pPVT during CS 399 

and appetitive US presentations on Days 1, 3, 5 and 7 of conditioning. We used a bootstrapped 400 

99% confidence interval procedure (Bland and Altman, 2015) to estimate population mean 401 

%ΔF/F during the 1s prior and 3s following CS and US presentations. A significant increase in 402 

%ΔF/F from 0 – 3 s after events was determined whenever the lower bound of the 99% CI was 403 

greater than 0. These points of statistical significance are shown as colored lines above the 404 

%ΔF/F curve. aPVT showed robust and significant Ca2+ signals to CS presentations but, 405 

surprisingly, not to reward consumption. aPVT signals to CS presentations were variable across 406 

days, with no obvious relationship between these and the amount of training (Fig. 1C). In 407 

contrast, pPVT showed robust and significant Ca2+ signals to both CS presentations and reward 408 

consumption (Fig. 1C). Moreover, there was an ordinal relationship between PVT Ca2+ signals to 409 

CS presentations and training days.  410 

To further investigate the relationship between CS transients and behavior, we used 411 

correlational analyses (Fig. 1F). CS-elicited PVT activity (area under curve 0.5 to 1.5 s after CS) 412 

and accompanying conditioned responding were normalized per subject. CS-elicited aPVT Ca2+ 413 

signals were a weak but significant predictor of magazine approach behavior (R2 = 0.26, F (1, 414 

20) = 7.317, p = 0.014). In contrast, CS-elicited pPVT Ca2+ signals were an excellent predictor of 415 

magazine approach behavior (R2 = 0.86, F (1, 14) = 86.70, p < 0.0001). pPVT Ca2+ signals were 416 

a significantly better predictor of magazine approach (z = 2.97, p = 0.003, Fisher r-to-z 417 

transformation) compared to aPVT Ca2+ signals. 418 
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Aversive conditioning 419 
 420 

In this and remaining experiments, levels of pre-CS freezing were low and did not differ 421 

significantly between groups (all p > 0.05). During Pavlovian aversive conditioning (Fig. 1D), rats 422 

readily acquired fear responses to the CS. There was a significant increase in CS-evoked 423 

freezing across trials (F (1, 8) = 35.073, p < 0.001). This fear conditioning was the same across 424 

both groups because there was no main effect of Group (F (1, 8) = 1.304, p = 0.287) and no 425 

Group x Trial interaction (F (1, 8) = 0.989, p = 0.349). 426 

Using fibre photometry, we examined PVT Ca2+ signals in the aPVT and pPVT during CS 427 

and aversive US presentations across the single day of aversive conditioning (Fig. 1D). There 428 

were weak CS-related Ca2+ signals in aPVT that reached significance only towards the end of 429 

training and stronger CS-related Ca2+ signals in pPVT that were significant on each trial. There 430 

were also robust and significant shock US-related Ca2+ signals in both aPVT and pPVT across 431 

most training days (Fig. 1D). So, whereas pPVT was responsive to both the aversive and 432 

appetitive US, aPVT was responsive only to the aversive US.  433 

 434 

Test 435 
Rats were tested twice, once in the aversive context and once in the appetitive context. 436 

As expected (Nasser and McNally, 2012; Nasser and McNally, 2013; Holmes and Westbrook, 437 

2014), rats expressed appetitive (i.e. magazine entries) and aversive (i.e. freezing) behavior in 438 

both contexts (Fig. 1E). There was some context-dependency in expression of these behaviors, 439 

so for appetitive behaviors there was a main effect of Context (F (1, 8) = 9.351, p = 0.016) 440 

showing more CS-elicited appetitive behaviors in the appetitive context but there was no main 441 

effect of Group (F (1, 8) = 1.451, p = 0.263) and no Group x Context interaction (F (1, 8) = 442 

0.006, p = 0.940). For aversive behaviors, there was a main effect of Context (F (1, 8) = 5.871, 443 

p = 0.042), showing more CS-elicited freezing in the aversive context, with no main effect of 444 

Group (F (1, 8) = 0.813, p = 0.394) and no Group x Context interaction (F (1, 8) = 0.015, p = 445 

0.906). Fibre photometry showed that both aPVT and pPVT exhibited significant CS-evoked 446 

Ca2+ signals during tests (Fig. 1E), with no obvious difference in the magnitude of these signals 447 

across the appetitive and aversive contexts (AUC; aPVT, (F (1, 5) = 0.001, p = 0.976) and 448 
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pPVT, (F (1, 3) = 0.266, p = 0.628)). 449 

 450 

Experiment 2: Fibre photometry of PVT during aversive-to-appetitive 451 

counterconditioning 452 

Next, we used fibre photometry to examine PVT activity during motivational conflict 453 

generated by transforming a danger signal into a reward signal. To do this, we reversed the 454 

order of behavioral training so that rats first received fear conditioning of a CS and then received 455 

appetitive conditioning with the same CS. The questions of interest were how do Ca2+ signals 456 

relate to the CS, appetitive US, and aversive US, do these differ across aPVT and pPVT, and 457 

were these changes similar to or different to those observed in Experiment 1?  458 

Histology 459 

Six animals were excluded due to misplacement of either GCaMP expression or fibre 460 

optic, leaving final group sizes of n = 10 (aPVT) and n = 8 (pPVT). Fig. 2A shows 461 

representative GCaMP expression in aPVT and pPVT (from separate animals as well as 462 

location of fibre tips for each animal included in the analyses. Fig. 2B shows representative 463 

Ca2+-dependent signals and isobestic control signals in aPVT (aversive training) and pPVT 464 

(appetitive training) from behavioral training sessions. 465 

Aversive conditioning 466 

Rats readily acquired fear responses to the CS (Fig. 2C). There was a main effect of 467 

trial (F (1, 16) = 102.202, p< 0.001), but no difference between aPVT and pPVT groups (F (1, 468 

16) = 0.005, p = 0.945) or interaction between Group and Trial (F (1, 16) = 0.157, p = 0.697). 469 

Similar to Experiment 1, during Pavlovian aversive conditioning, aPVT showed significant Ca2+ 470 

signals to the CS and footshock US with no obvious relationship between the magnitude of 471 

Ca2+ signals and conditioning trials. pPVT showed robust and significant Ca2+ signals to both 472 

CS and footshock US. In contrast to aPVT, there was an ordinal relationship between pPVT 473 

Ca2+ signals and the number of aversive conditioning trials. 474 

To further investigate the relationship between CS transients and behavior, we used 475 

correlational analyses (Fig. 2F). CS-elicited aPVT Ca2+ signals failed to predict defensive 476 

freezing behavior (R2 = 0.004, F (1, 38) = 0.154, p = 0.697). In contrast, CS-elicited pPVT Ca2+ 477 
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signals were an excellent, significant predictor of defensive freezing behavior (R2 = 0.36, F (1, 478 

30) = 17.01, p = 0.0003). pPVT Ca2+ signals were a significantly better predictor of defensive 479 

freezing (z = 2.55, p = 0.0108, Fisher r-to-z transformation) compared to aPVT Ca2+ signals. 480 

 481 

Appetitive conditioning 482 

During Pavlovian appetitive conditioning (Fig. 2D), rats readily learned to approach the 483 

magazine during CS presentations. For CS-elicited magazine entries, there was a main effect 484 

of Day (F (1, 16) = 74.053, p < 0.001). There was no difference between aPVT and pPVT 485 

groups (F (1, 16) = 1.367, p = 0.259) and there was no interaction between Group and Day (F 486 

(1, 16) = 1.522, p = 0.235). Similar to Experiment 1, aPVT showed robust and significant Ca2+ 487 

signals to CS presentations but not to reward consumption (Fig. 2D) and there was no obvious 488 

relationship between these signals and amount of training. pPVT showed robust and significant 489 

Ca2+ signals to both CS presentations and reward consumption (Fig. 2D).  490 

Test 491 

Rats were tested twice, once in the aversive conditioning context and once in the 492 

appetitive conditioning context. Rats expressed appetitive (i.e. magazine entries) and aversive 493 

(i.e. freezing) behavior in both contexts. For appetitive behavior, there was no main effect of 494 

Context (F (1, 16) = 1.440, p = 0.248) showing similar levels of CS-elicited appetitive behaviors 495 

in both contexts. There was no main effect of Group (F (1, 16) = 0.310, p = 0.585) with no 496 

Group x Context interaction (F (1, 16) = 0.015, p = 0.904). For aversive behavior, there was no 497 

main effect of Context (F (1, 16) = 2.874, p = 0.109), no main effect of Group (F (1, 16) = 0.377, 498 

p = 0.548) and no Group x Context interaction (F (1, 16) = 2.276, p = 0.151). The low level of 499 

aversive behaviors at test is likely due to the extended appetitive conditioning between aversive 500 

training and test. Fibre photometry showed that, like Experiment 1, both aPVT and pPVT 501 

exhibited significant CS-evoked Ca2+ signals during tests (Fig. 2E), with no obvious differences 502 

in the magnitude of these signals across the contexts (AUC; aPVT, (F (1, 9) = 1.054, p = 0.331) 503 

and pPVT, (F (1, 7) = 0.064, p = 0.808)).  504 

 505 

 506 
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Experiment 3a – 3c: Chemogenetic inhibition of PVT (Experiment 3a), aPVT (Experiment 3b), 507 

or pPVT (Experiment 3c) on appetitive- to-aversive counterconditioning. 508 

PVT shows robust activity during Pavlovian appetitive and aversive learning and then 509 

during expression of behavior under motivational conflict. So, next we studied the causal role of 510 

PVT in control of behavior under motivational conflict. The first question was does PVT control 511 

appetitive and/or aversive behaviors after counterconditioning? To answer this, rats received 512 

application of AAV encoding the inhibitory hM4Di DREADD (n = 8) or eYFP (n = 8) targeted 513 

across both the aPVT and pPVT (Experiment 3a). They received behavioral counterconditioning 514 

and we silenced PVT, via injection of the DREADD ligand CNO, prior to tests for appetitive and 515 

aversive behavior. The second question was, does the role for PVT in control of behavior vary 516 

across its anterior-posterior axis? To answer this, rats received application of AAV encoding the 517 

inhibitory hM4Di DREADD (n = 8) or eYFP (n = 8) targeted to either the aPVT (Experiment 3b) 518 

or pPVT (Experiment 3c). Rats then received counterconditioning with silencing of aPVT or 519 

pPVT prior to tests. 520 

 521 

Histology 522 

For the PVT (Experiment 3a), 1 animal was excluded due to incorrect placements, 523 

leaving final group sizes of n = 8 (eYFP) and n = 7 (hM4Di). Fig. 3B shows representative 524 

hM4Di expression as well as location of hM4Di expression for each animal included in the 525 

analyses shown at 10% opacity. For aPVT (Experiment 3b), 3 animals were excluded due to 526 

incorrect placements, leaving final group sizes of n = 8 (eYFP) and n = 5 (hM4Di). Fig. 3D 527 

shows representative hM4Di expression as well as location of hM4Di expression for each animal 528 

included in the analyses. For pPVT (Experiment 3c), 1 animal was excluded due to incorrect 529 

placement, leaving final group sizes of n = 7 (eYFP) and n = 8 (hM4Di). Fig. 3F shows 530 

representative hM4Di expression as well as location of hM4Di expression for each animal 531 

included in the analyses.  532 

Behavior 533 

For PVT (Experiment 3a), animals expressed robust CS-elicited magazine entries at the 534 

end of appetitive conditioning (Fig. 3C). CS-elicited magazine entries increased across 535 
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conditioning days (F (1, 13) = 12.420, p = 0.004). This learning did not differ between eYFP and 536 

hM4Di groups because there was no main effect of Group (F (1, 13) = 1.161, p = 0.301) or Day x 537 

Group interaction (F (1, 13) = 1.218, p = 0.290). During fear conditioning, freezing behavior also 538 

increased across conditioning trials (F (1, 13) = 45.599, p < 0.001). This fear learning was the 539 

same across groups, there was no main effect of group (F (1, 13) = 1.635, p = 0.223) or Group x 540 

Trial interaction (F (1, 13) = 0.191, p = 0.669) (Fig. 3C Training).  541 

Rats were tested twice, once in the appetitive context and once in the aversive context 542 

(Fig. 3C Test). For appetitive behavior, there were more CS-elicited magazine entries in the 543 

appetitive context than the aversive context (F (1, 13) = 14.833, p = 0.002). Chemogenetic 544 

inhibition of PVT reduced CS-elicited magazine entries in the appetitive (F (1, 13) = 5.600, p = 545 

0.034) but not aversive context (F (1, 13) = 0.361, p = 0.558). There were no Group x Trial 546 

interactions in either context for magazine entries (F (1, 13) < 0.549, p > 0.471). CS-elicited 547 

freezing was similar in both contexts (F (1, 13) = 1.410, p = 0.256) and chemogenetic inhibition 548 

of PVT increased freezing in both contexts (F (1, 13) = 7.141, p = 0.019). There was a Group x 549 

Trial interaction for freezing in the appetitive context (F (1, 13) = 5.813, p = 0.031) showing 550 

higher initial freezing in hM4Di group across the first two blocks (F (1, 13) = 10.351, p = 0.007) 551 

but no interaction in the aversive context (F (1, 13) = 4.261, p = 0.060, insets Figure 3C). 552 

For aPVT (Experiment 3b), animals expressed robust CS-elicited magazine entries 553 

at the end of appetitive conditioning, (Fig. 3E Training). CS-elicited magazine entries 554 

increased across conditioning days (F (1, 11) = 38.009, p < 0.001) and did not differ 555 

between eYFP and hM4Di groups (no main effect of Group F (1, 11) = 1.059, p = 0.326 or 556 

Day x Group interaction F (1, 11) = 0.490, p = 0.498). During fear conditioning, CS-elicited 557 

freezing increased across conditioning trials (F (1, 11) = 51.807 p < 0.001) and was the 558 

same across groups (no main effect of group F (1, 11) = 0.532, p = 0.481) or Group x Trial 559 

interaction (F (1, 11) = 0.178, p = 0.681). On test (Fig. 3E Test), magazine entries were 560 

similar in the appetitive and aversive contexts (F (1, 11) = 0.642, p = 0.440) and aPVT 561 

chemogenetic inhibition had no effect in either context (appetitive context: F (1, 11) = 562 

0.100, p = 0.758; aversive context: F (1, 11) = 0.106, p = 0.751). Levels of freezing were 563 

similar in both contexts (F (1, 11) = 0.429, p = 0.526) and aPVT chemogenetic inhibition 564 
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had no effect on freezing in either context (appetitive context: F (1, 11) = 0.001, p = 0.975; 565 

aversive context: F (1, 11) = 0.050, p = 0.827). There were no Group x Trial interactions on 566 

either test, F (1, 11) < 0.009, p > 0.925).  567 

For pPVT (Experiment 3c), CS-elicited magazine entries increased across 568 

conditioning days (F (1, 13) = 39.355, p < 0.001) and did not differ between eYFP and 569 

hM4Di groups as there was no main effect of Group (F (1, 13) = 0.905, p = 0.359) or Day x 570 

Group interaction (F (1, 13) = 0.309, p = 0.587) (Fig. 3G Training). During fear 571 

conditioning, freezing behavior increased across trials (F (1, 13) = 40.902, p < 0.001) and 572 

was the same across groups (no main effect of group F (1, 13) = 0.010, p = 0.922 or Group 573 

x Trial interaction F (1, 13) = 0.473, p = 0.504) (Fig. 3G Test). Magazine entries were 574 

higher in the appetitive than aversive contexts (F (1, 13) = 16.768, p = 0.001) but pPVT 575 

chemogenetic inhibition had no effect in the appetitive (F (1, 13) = 0.284, p = 0.603) or 576 

aversive context (F (1, 13) = 1.190, p = 0.295). Levels of freezing were similar in both 577 

contexts (F (1, 13) = 0.009, p = 0.926) and chemogenetic inhibition of pPVT had no effect 578 

in either context (appetitive context: F (1, 13) = 0.565, p = 0.466; aversive context: F (1, 13) 579 

= 1.608, p = 0.227). There were no Group x Trial interactions on either test, F (1, 13) < 580 

0.138, p > 0.760). 581 

 582 

Experiment 4: Chemogenetic inhibition of PVT on aversive-to-appetitive 583 

counterconditioning. 584 

 Experiment 3 showed that chemogenetic inhibition of the PVT, but not aPVT or 585 

pPVT alone, disrupted appetitive behavior and increased aversive behavior under 586 

motivational conflict. Our fibre photometry data showed that PVT activity in this task was 587 

similar regardless of the origin of this conflict (i.e. transforming a reward signal into a danger 588 

signal or vice versa). So, we examined whether the effects of PVT inhibition were also 589 

independent of the origin of conflict. To do this, we expressed hM4Di (n = 8) or eYFP (n = 8) 590 

in PVT and trained rats in an aversive-to-appetitive counterconditioning procedure. We 591 

silenced PVT prior to tests for appetitive and aversive behavior. 592 

 593 
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 Histology 594 

One animal was excluded, leaving final group sizes of n = 8 (eYFP) and n = 7 (hM4Di). 595 

Fig. 3I shows representative hM4Di expression in PVT as well as location of hM4Di expression 596 

for each animal included in the analyses. 597 

Behavior 598 

Rats expressed robust CS-elicited freezing behavior at the end of aversive conditioning 599 

(Fig. 3J Training). CS-elicited freezing responses increased across conditioning trials (F (1, 13) 600 

= 150.052, p < 0.001) and was the same for eYFP and hM4Di groups because there was no 601 

main effect of Group (F (1, 13) = 0.081, p = 0.780) or Day x Group interaction (F (1, 13) = 0.055, 602 

p = 0.818). Magazine approach behavior also increased across appetitive conditioning days (F 603 

(1, 13) = 56.237, p < 0.001). This was the same across groups and there was no main effect of 604 

group (F (1, 13) = 0.565, p = 0.466) or Group x Trial interaction (F (1, 13) = 1.347, p = 0.267). 605 

On test (Fig. 3H Test), magazine entries were similar in the appetitive and aversive context (F 606 

(1, 13) = 1.950, p = 0.186) but PVT chemogenetic inhibition reduced magazine entries in the 607 

appetitive (F (1, 13) = 7.659, p = 0.016) but not aversive context (F (1, 13) = 0.020, p = 0.890). 608 

Levels of freezing were greater in the aversive than appetitive context (F (1, 13) = 7.245, p = 609 

0.018) but PVT chemogenetic inhibition had no effect in either context (F (1, 13) = 0.472, p = 610 

0.504). There were no Group x Trial interactions for magazine entries or freezing behavior in 611 

either context (F (1, 13) < 2.347, p > .150). 612 

 613 

Experiments 5a – 5d. Chemogenetic inhibition of PVT during appetitive (Experiments 5a 614 

and 5b) or aversive (Experiment 5c) memory retrieval and on locomotor activity. 615 

These findings show a role for PVT in behavioral control during conflict. We next 616 

examined the effects of PVT chemogenetic inhibition on appetitive and aversive behaviors when 617 

these were assessed in the absence of conflict. To do so, we expressed eYFP (n = 8) or hM4Di 618 

(n = 8) in PVT (aPVT and pPVT) and trained and tested rats for appetitive conditioning based on 619 

a liquid (Experiment 5a) or pellet (Experiment 5b) sucrose reward. Experiment 5a was identical 620 

to the procedure used in counterconditioning whereas Experiment 5b used a different, but 621 

equally effective, conditioning procedure to assess whether the results of Experiment 5a 622 
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generalized to other forms of appetitive conditioning.  We silenced PVT prior to tests for 623 

appetitive behavior. In Experiment 5c, we expressed eYFP (n = 8) or hM4Di (n = 8) in PVT 624 

(aPVT and pPVT) and trained and tested rats for Pavlovian fear conditioning.  We silenced PVT 625 

prior to test for fear. The question of interest was does PVT silencing affect expression of 626 

appetitive or aversive behavior in the absence of conflict? In addition, because our measures of 627 

appetitive behavior (magazine entries) and aversive behavior (freezing) can be influenced by 628 

changes in locomotor activity and because CNO injection can affect locomotor activity under 629 

some conditions (MacLaren et al., 2016), we assessed the effects of PVT chemogenetic 630 

inhibition on locomotor activity in an open field in Experiment 5d. Finally, we verified that CNO 631 

injection in hM4Di expressing animals achieved neuronal inhibition by examining c-Fos protein 632 

expression in PVT. 633 

Histology 634 

For Experiment 5a, all animals had correct AAV placements, leaving final group sizes 635 

of n = 8 (eYFP) and n = 8 (hM4Di). Fig. 4B shows location of hM4Di expression for each 636 

animal (at 10% opacity) included in the analyses. For Experiment 5b, one animal had 637 

misplaced AAV expression so final group sizes were n = 8 (eYFP) and n = 7 (hM4Di). Fig. 4C 638 

shows location of hM4Di expression for each animal (at 10% opacity) included in the analyses. 639 

For Experiment 5c, all animals had correct AAV placements, leaving final group sizes of n = 8 640 

(eYFP) and n = 8 (hM4Di). Fig. 4D shows location of hM4Di expression for each animal 641 

included in the analyses. 642 

Behavior 643 

In Experiment 5a, at the end of appetitive conditioning, animals showed robust CS-644 

elicited magazine entries (Fig. 4A). On the last day of training, there was a modest significant 645 

difference between groups (F (1, 14) = 4.850, p = 0.045, with eYFP group making more 646 

magazine entries than the hM4Di group. Regardless, on test, magazine responses remained 647 

high and there was no effect of PVT chemogenetic inhibition (F (1, 14) = 0.278, p = 0.606). 648 

There was also no interaction between Day (last day of training v test) and Group (F (1, 14) = 649 

0.087, p = 0.772) showing that PVT chemogenetic silencing did not affect appetitive behavior. In 650 

Experiment 5b (Fig. 4C), there was no difference in CS-elicited magazine entries between 651 
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groups on the last day of training (F (1, 14) = 0.262, p = 0.617). During test, magazine entries 652 

remained high and there was again no effect of PVT chemogenetic inhibition (F (1, 14) = 0.213, 653 

p = 0.652). There was also no interaction between Day (last day of training v test) and Group (F 654 

(1, 13) = 0.002, p = 0.965) showing that PVT chemogenetic silencing did not affect appetitive 655 

behaviour. 656 

During fear conditioning (Fig. 4D), freezing behavior increased across conditioning trials 657 

(F (1, 14) = 63.661, p < 0.001). This fear learning was the same across groups (no main effect of 658 

group F (1, 14) = 0.751, p = 0.401 or Group x Trial interaction F (1, 14) = 0.185, p = 0.674). On 659 

test, freezing levels remained high and there was no effect of PVT chemogenetic inhibition (F (1, 660 

14) = 3.484, p = 0.083). 661 

We assessed locomotor activity in hM4Di (n = 7) and eYFP (n = 8) animals after injection 662 

of CNO and vehicle (within-subjects, counterbalanced test order) (Fig. 4E). There was no main 663 

effect of Drug (CNO v Vehicle), Group (hM4Di v eYFP), or Drug x Group interaction on overall 664 

ambulatory counts or distance travelled (largest F (1, 13) = 2.922, p = 0.111). Linear trend 665 

analysis showed that both ambulatory counts (F (1, 13) = 101.775, p < 0.001) and distance 666 

traveled (F (1, 13) = 121.294, p < 0.001) decreased significantly across the 30 min sessions but 667 

these were the same for all groups (largest F (1, 13) = 1.328, p = 0.270).  668 

Finally, to confirm the cellular effects of PVT chemogenetic inhibition we examined c- 669 

Fos protein expression in PVT after injection of CNO in hM4Di (n = 8) and eYFP (n = 8) 670 

expressing animals. Fig. 4F shows a representative PVT section with hM4Di-expressing, c-Fos 671 

expressing, and dual-labeled hM4Di/c-Fos expressing neurons. As expected (Choi and McNally, 672 

2017), CNO injection caused an approximately 50 – 60% reduction in PVT c-Fos protein 673 

expression. There was a significant reduction in total c-Fos labeled cells (F (1, 14) = 4.966, p = 674 

0.043), total dual labeled c-Fos/eYFP cells (F (1, 14) = 6.925, p = 0.020), and percentage of c-675 

Fos neurons dual labeled with eYFP cells (F (1, 14) = 5.535, p = 0.034) for hM4Di compared to 676 

eYFP animals. 677 

Discussion 678 

Here we studied the role of PVT in motivational conflict. We used Pavlovian 679 

counterconditioning to imbue a CS with mixed motivational valence, eliciting both appetitive and 680 
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aversive behaviors. We combined this with fibre photometry and chemogenetics to study how 681 

PVT activity relates to the learning and resolution of motivational conflict. There are two key 682 

findings. First, although PVT responds to appetitive and aversive events as well as their 683 

predictors, there are significant differences in these responses across its anterior-posterior axis. 684 

Second, despite these differences, the combined function of both aPVT and pPVT is necessary 685 

for behavioral control during motivational conflict. 686 

 687 

Fibre photometry of PVT during counterconditioning 688 

Fibre photometry showed PVT Ca2+ signals to sucrose reward, footshock, as well as to 689 

CSs that predicted these. We also found that PVT Ca2+ signals during CS presentations reliably 690 

predicted the emergence of appetitive and aversive conditioned responses. Interestingly, our 691 

results were similar regardless of the order of appetitive and aversive conditioning. These 692 

findings extend those recently reported for PVT fibre photometry in head fixed mice during 693 

appetitive and aversive Pavlovian conditioning (Zhu et al., 2018). Moreover, like Zhu et al., we 694 

detected an ordinal relationship between CS-evoked PVT Ca2+ signals and the emergence of 695 

appetitive learning and we show that this relationship is also observed in de novo aversive 696 

learning. These findings have been interpreted to mean that PVT determines stimulus salience 697 

during associative learning (Zhu et al., 2018). 698 

 However, a key finding here is that there are regional differences across the anterior-699 

posterior axis of the PVT. Notably, although both aPVT and pPVT showed Ca2+ signals to the 700 

CSs and footshock, only pPVT was responsive to sucrose reward. In addition, pPVT but not 701 

aPVT showed an ordinal relationship between CS-evoked Ca2+ signals and emergence of 702 

conditioned responding. Finally, CS-evoked Ca2+ signals in pPVT were significantly better than 703 

aPVT signals in predicting emergence of conditioned responding, regardless of its valence. 704 

These regional differences between aPVT and pPVT are not surprising based on their 705 

differences in anatomical connectivity (Kirouac, 2015; Dong et al., 2017). However, the lack of 706 

detectable Ca2+ signals to reward delivery in the aPVT and the status of aPVT as a significantly 707 

inferior predictor of both appetitive and aversive responding is surprising because aPVT has 708 

been strongly implicated in consuming and responding to food and drug rewards (Browning et 709 
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al., 2014; Barson et al., 2015; Do-Monte et al., 2017; Cheng et al., 2018). These differences 710 

suggest that any role for PVT in stimulus salience during learning likely varies across its 711 

anterior-posterior axis. 712 

 713 

PVT and behavioral control under conflict 714 

Although showing Ca2+ signals to sucrose delivery, footshock, as well as their predictors, 715 

PVT was not necessary for expression of appetitive or aversive behaviors. That is, 716 

chemogenetic inhibition of PVT had no effect on the expression of these behaviors when they 717 

were assessed independently. It is unlikely that this failure was due to our experimental 718 

conditions. Similar null effects were reported previously for appetitive (Choi and McNally, 2017; 719 

Zhu et al., 2018) and aversive behaviors (Li et al., 2014; Choi and McNally, 2017). For example, 720 

Zhu et al. (2018) showed that optogenetic inhibition of PVT during CS presentations had no 721 

effect on the expression of well learned Pavlovian appetitive behavior in mice even though PVT 722 

neurons showed robust increases in firing rates and Ca2+ signals during CS presentations. This 723 

lack of effect of PVT inhibition on CS-elicited behavior suggests that the role for PVT in behavior 724 

extends beyond stimulus salience. 725 

Rather, here and elsewhere (Li et al., 2014; Choi and McNally, 2017; Zhu et al., 2018), 726 

PVT appears especially important for behavioral control when appetitive and aversive 727 

behaviors are elicited at the same time and the animal must select between them, i.e. during 728 

conflict. Under these conditions, PVT silencing reliably disrupted behavior. Interestingly, 729 

despite differences between aPVT and pPVT in their responses to reward and danger, 730 

silencing either aPVT or pPVT alone had no significant effects, suggesting that their combined 731 

function is necessary when appetitive and aversive behaviors are in conflict.    732 

One locus for this behavioral control could be at the level of selection between neural 733 

circuits for conditioned responding. PVT has extensive projections to amygdala circuits controlling 734 

the freezing response and ventral striatal circuits controlling appetitive conditioned approach 735 

behavior (Kirouac, 2015; Dong et al., 2017). Animals cannot simultaneously freeze and approach 736 

the magazine for reward, so PVT could be essential to determining which of these behaviors 737 

dominates by selecting between the neural circuits controlling incompatible conditioned responses. 738 
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So, after PVT silencing, one response should decrease as the other increased. Indeed, a 739 

reciprocal relationship between appetitive and aversive behaviors was observed under some 740 

conditions (Experiment 3) but it was not observed under others (Experiment 4). This finding 741 

suggests at least partially dissociable PVT control of appetitive and aversive behavior during 742 

conflict. 743 

An alternative locus is at the level of motivational state whereby PVT controls underlying 744 

appetitive and aversive tendencies during conflict. This possibility is attractive because it may 745 

explain why aPVT and pPVT are both necessary for behavioral control. For example, aPVT and 746 

pPVT project to the dorsomedial versus ventromedial accumbens shell, respectively (Dong et 747 

al., 2017). These two accumbens shell regions are differentially implicated in appetitive 748 

(dorsomedial shell) versus aversive (ventromedial shell) motivation (Al-Hasani et al., 2015). 749 

Within accumbens shell, PVT projections converge and interact with inputs from the ventral 750 

hippocampus (Perez and Lodge, 2018). This places PVT at a key location in a classic ‘conflict’ 751 

neurocircuitry. The ventral hippocampus is part of a behavioral inhibition system that 752 

suppresses behavior during conflict (Gray and McNaughton, 2000; Corr and McNaughton, 753 

2012; Corr, 2013; Bach et al., 2014; O'Neil et al., 2015; Ito and Lee, 2016). Interactions between 754 

PVT and ventral hippocampal inputs in accumbens shell are necessary for downstream activity, 755 

including in midbrain dopamine neurons (Perez and Lodge, 2018). So, PVT, via its interaction 756 

with ventral hippocampus in accumbens shell, is well placed to control appetitive and aversive 757 

motivational states during conflict.  758 

 759 

Methodological considerations 760 

There are three methodological issues worth considering. First, fibre photometry yields a 761 

population fluorescence signal. So, we cannot make any claims about the extent of overlap, at 762 

the single neuron level, of responsivity to the CS, appetitive US, or aversive US. Nonetheless, 763 

recent findings using single-unit recordings in PVT during a similar task in head-fixed mice 764 

showed that the vast majority of neurons shared responsiveness to CSs as well as appetitive 765 

and aversive USs (Zhu et al., 2018). 766 

Second, we used CNO as the DREADD ligand. This raises concerns about specificity 767 



 

 28 

(MacLaren et al., 2016) as well as off- target actions due to its back metabolism to clozapine 768 

(Gomez et al., 2017). We assessed non-specific effects of DREADD expression and CNO 769 

injection on locomotor activity. Consistent with our past work (Yau and McNally, 2015; Sengupta 770 

et al., 2016; Choi and McNally, 2017; Gibson et al., 2018), there were none. We also showed 771 

that CNO injection in DREADD expressing animals had no effect on expression of appetitive or 772 

aversive behaviors when these were assessed independently of each other. Finally, CNO 773 

injection in DREADD or eYFP expressing animals had no effect on appetitive or aversive 774 

behavior when DREADD expression was restricted to either the aPVT or pPVT. So, there was 775 

no evidence here that DREADD expression, CNO injection or both DREADD expression and 776 

CNO injection, were sufficient to alter behavior. Rather, effects were only observed when both 777 

aPVT and pPVT were chemogenetically silenced and behavior was assessed under motivational 778 

conflict.  779 

Finally, some features of the behavioral design are worth comment. We used separate 780 

contexts for appetitive and aversive training. This was done to ensure that there would be 781 

measurable levels of appetitive and aversive behaviors. It is possible that PVT manipulations 782 

affected contextual processing rather than behavioral selection but this is unlikely because we 783 

have previously shown that PVT silencing does not affect contextual control over fear behavior 784 

(Choi and McNally, 2017). In addition, the profile of PVT Ca2+ signals here were similar to those 785 

seen in mice using single context designs. Moreover, in the experiments reported here, there 786 

was evidence for intact contextual processing but disrupted behavioral expression under conflict 787 

(Experiment 4). It might also be suggested that PVT silencing did not affect expression of fear 788 

when it was assessed alone because levels of fear were higher when assessed in the absence 789 

of conflict. However, we have previously shown no effect of PVT silencing on the expression of 790 

freezing across a range of levels of fear, suggesting that the level of fear does not determine the 791 

effect of PVT silencing (Choi and McNally, 2017). 792 

 793 

Conclusions 794 
 795 

Resolution of motivational conflict is fundamental to adaptive behavior. Here we 796 

identify PVT as critical to behavioral control under motivational conflict. We suggest that PVT 797 
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is essential to controlling the strength of appetitive and aversive behaviors when they are in 798 

conflict. This role is likely linked to PVT’s location as an interface between viscerosensory 799 

hypothalamic and brainstem centers for feeding and energy balance, and limbic, striatal, and 800 

prefrontal circuits for response selection and behavioral control.  801 

  802 
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Figure legends 803 

 804 

Figure 1. Experiment 1. A, AAV was used to express GCaMP6 in aPVT or pPVT in separate 805 

animals and fibre optic cannulae implanted into these regions. Representative images show 806 

native GCaMP expression and DAPI staining in PVT (green: native GCaMP; blue: DAPI; Scale 807 

bar = 100 μm), native GCaMP expression for aPVT and pPVT (Scale bar = 500 μm), as well as 808 

location of fibre tips for all animals included in the analyses. B, Representative demodulated 809 

photometry traces from aPVT (during appetitive training) and pPVT (during aversive training). C, 810 

Rats received Pavlovian appetitive conditioning and acquired magazine entries during the CS. 811 

Photometry traces show mean ± SEM %ΔF/F across trials for the 1s prior and 3s after CS and 812 

appetitive US presentations. D, Rats received Pavlovian aversive conditioning and acquired fear 813 

responses to the CS. Photometry traces show mean ± SEM %ΔF/F across trials for the 1s prior 814 

and 3s after CS and aversive US presentations. E, Rats were tested for appetitive and aversive 815 

behaviors in their respective training contexts. There was robust expression of appetitive and 816 

aversive behaviors. Photometry traces show mean ± SEM %ΔF/F across trials for the 1s prior 817 

and 3s after CS presentations in each context. In each panel, a significant increase in %ΔF/F 818 

was determined whenever the lower bound of the 99% CI was greater than 0. These points of 819 

statistical significance are shown as colored lines above each %ΔF/F curve with different colors 820 

corresponding to the respective traces from sessions (C) or trials (D). n = 6 (aPVT) and n = 4 821 

(pPVT). F, Scatterplots of subject-normalized CS-elicited PVT activity (area under curve 0.5-1.5 822 

s from CS onset) and associated conditioned responding across initial appetitive conditioning 823 

sessions. * indicates lower bound 99% CI > 0 %ΔF/F (colored lines above traces). n = 6 (aPVT) 824 

and n = 4  (pPVT). 825 

 826 

Figure 2. Experiment 2. A, AAV was used to express GCaMP6 in aPVT or pPVT in separate 827 

animals and fibre optic cannulae implanted into these regions. Representative images show 828 

native GCaMP expression and DAPI staining in PVT (green: native GCaMP; blue: DAPI; Scale 829 

bar = 100 μm), native GCaMP expression for aPVT and pPVT (Scale bar = 500 μm), as well as 830 

location of fibre tips for all animals included in the analyses. B, Representative demodulated 831 
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photometry traces from aPVT (during aversive training) and pPVT (during appetitive training). C, 832 

Rats received Pavlovian aversive conditioning and acquired fear responses to the CS. 833 

Photometry traces show mean ± SEM %ΔF/F across trials for the 1s prior and 3s after CS and 834 

aversive US presentations. D, Rats received Pavlovian appetitive conditioning and acquired 835 

magazine entries during the CS. Photometry traces show mean ± SEM %ΔF/F across sessions 836 

for the 1s prior and 3s after CS and appetitive US presentations. E, Rats were tested for 837 

appetitive and aversive behaviors in their respective training contexts. Photometry traces show 838 

mean ± SEM %ΔF/F across trials for the 1s prior and 3s after CS presentations in each context.  839 

F, Scatterplots of subject-normalized CS-elicited PVT activity (area under curve 0.5-1.5 s from 840 

CS onset) and associated conditioned responding across initial aversive conditioning trials. * 841 

indicates lower bound 99% CI > 0 %ΔF/F (colored lines above traces). n = 10 (aPVT) and n = 8 842 

(pPVT). 843 

 844 

Figure 3. A, AAV was used to express eYFP or hM4Di in PVT, aPVT or pPVT. Rats then 845 

received appetitive to aversive counterconditioning. B, Experiment 3a. Representative images 846 

showing hM4Di expression for whole PVT and placement map with each animal represented at 847 

10% opacity (n = 8 (eYFP) and n = 7 (hM4Di)). C, Mean ± SEM appetitive responses at the end 848 

of appetitive conditioning, mean ± SEM aversive responses during aversive conditioning, and 849 

mean ± SEM appetitive and aversive responses on tests. Chemogenetic silencing of PVT on 850 

test reduced appetitive behavior and increased aversive behavior. Insets show appetitive and 851 

aversive responses across 4 blocks of two test trials. D. Experiment 3b. Representative 852 

images showing hM4Di expression for aPVT and pPVT for the aPVT experiment and 853 

placement map with each animal represented at 10% opacity (n = 8 (eYFP) and n = 5 (hM4Di)). 854 

E, Mean ± SEM appetitive responses at the end of appetitive conditioning, mean ± SEM 855 

aversive responses during aversive conditioning, and mean ± SEM appetitive and aversive 856 

responses on tests. Chemogenetic silencing of aPVT on test had no effect on appetitive or 857 

aversive behavior. F, Experiment 3c. Representative images showing hM4Di expression for 858 

aPVT and pPVT for the pPVT experiment and placement map with each animal represented at 859 

10% opacity (n = 7 (eYFP) and n = 8 (hM4Di)). G, Mean ± SEM appetitive responses at the end 860 
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of appetitive conditioning, mean ± SEM aversive responses during aversive conditioning, and 861 

mean ± SEM appetitive and aversive responses on tests. Chemogenetic silencing of pPVT on 862 

test had no effect on appetitive or aversive behavior. H, Experiment 4. AAV was used to 863 

express eYFP or hM4Di in PVT, rats then received aversive to appetitive counterconditioning. I, 864 

Representative images showing hM4Di expression for PVT and placement map with each 865 

animal represented at 10% opacity (n = 8 (eYFP) and n = 7 (hM4Di)).  J. Mean ± SEM aversive 866 

responses during aversive conditioning, mean ± appetitive SEM responses at the end of 867 

appetitive conditioning, and mean ± SEM appetitive and aversive responses on tests. # p < .05. 868 

 869 

Figure 4. A, Experiment 5a and 5b. AAV was used to express eYFP or hM4Di in PVT and 870 

rats then received appetitive conditioning using liquid (Experiment 5a) or pellet (Experiment 5b) 871 

reward. B, Placement map showing hM4Di expression with each animal represented at 10% 872 

opacity, eYFP (n = 8) or hM4Di (n = 8). Mean ± SEM appetitive responses at the end of 873 

appetitive conditioning and during test. Chemogenetic silencing of PVT had no effect on 874 

appetitive behaviors. C, Experiment 5b. Placement map showing hM4Di expression with each 875 

animal represented at 10% opacity in PVT, eYFP (n = 8) or hM4Di (n = 7). Mean ± SEM 876 

appetitive responses at the end of appetitive conditioning and during test. Chemogenetic 877 

silencing of PVT on test had no effect on appetitive behaviors. D, Experiment 5c. AAV was 878 

used express eYFP (n = 8) or hM4Di (n = 8) in PVT and rats then received aversive 879 

conditioning. Placement map showing hM4Di expression with each animal represented at 10% 880 

opacity. Mean ± SEM aversive responses during aversive conditioning and during test. 881 

Chemogenetic silencing of PVT had no effect on aversive behaviors. E, Experiment 5d. 882 

Chemogenetic silencing of PVT also had no effect on locomotor activity when assessed in an 883 

open field. F, Experiment 6. c-Fos immunohistochemistry was used to verify PVT 884 

chemogenetic inhibition, group hM4Di n = 8, eYFP n = 8. Example of single Fos (black arrow 885 

head), single eYFP (grey arrow head), and dual-labeled c-Fos/eYFP neurons (white arrow 886 

head) in PVT. Mean ± SEM numbers of total c-Fos, total dual labeled c-Fos/eYFP, and % dual 887 

labeled c-Fos/eYFP neurons in PVT after CNO injection. # p < .05.  888 

 889 
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