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Abstract 28 

Disturbances in prefrontal cortical (PFC) dopamine (DA) transmission are well-established 29 

features of psychiatric disorders involving pathological memory processing, such as post-30 

traumatic stress disorder (PTSD) and opioid addiction. Transmission through PFC DA D4 31 

receptors (D4R) has been shown to potentiate the emotional salience of normally non-salient 32 

emotional memories whereas transmission through PFC DA D1 receptors (D1R) has been 33 

demonstrated to selectively block recall of reward or aversion-related associative memories.  In 34 

the present study, using a combination of fear conditioning and opiate reward conditioning in 35 

male rats, we examined the role of PFC D4/D1R signaling during the processing of fear-related 36 

memory acquisition and recall and subsequent sensitivity to opiate reward memory formation. 37 

We report that PFC D4R activation potentiates the salience of normally sub-threshold fear 38 

conditioning memory cues and simultaneously potentiates the rewarding effects of systemic or 39 

intra-ventral tegmental area (VTA) morphine conditioning cues. In contrast, blocking the recall 40 

of salient fear memories with intra-PFC D1R activation, blocks the ability of fear memory recall 41 

to potentiate systemic or intra-VTA morphine place preference. These effects were dependent 42 

upon dissociable PFC phosphorylation states involving calcium-calmodulin-kinase II (CaMKII-43 

) or extracellular-signal-related-kinase 1-2 (ERK 1/2), following intra-PFC D4 or D1R 44 

activation, respectively. Together, these findings reveal new insights into how aberrant PFC 45 

DAergic transmission and associated downstream molecular signaling pathways may modulate 46 

fear-related emotional memory processing and concomitantly increase opioid addiction 47 

vulnerability. 48 
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Significance Statement: 57 

Post-traumatic stress disorder is highly comorbid with addiction. In this study, we use a 58 
translational model of fear memory conditioning to examine how transmission through dopamine 59 
D1 or D4 receptors, in the prefrontal cortex (PFC), may differentially control acquisition or 60 
recall of fear memories and how these mechanisms might regulate sensitivity to the rewarding 61 
effects of opioids. We demonstrate that PFC D4 activation not only controls the salience of fear 62 
memory acquisition, but potentiates the rewarding effects of opioids. In contrast, PFC D1 63 
receptor activation blocks recall of fear memories and prevents potentiation of opioid reward 64 
effects. Together, these findings demonstrate novel PFC mechanisms that may account for how 65 
emotional memory disturbances might increase the addictive liability of opioid-class drugs. 66 
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INTRODUCTION 85 

Disturbances in emotional memory processing and salience misattribution deficits are 86 

cardinal features of post-traumatic stress disorder (PTSD) and addiction, both of which involve 87 

the pathological recall of memories associated with trauma or drug-related conditioned memories 88 

(Mallory et al., 2016; Sripada et al., 2012;). In addition to these common psychopathological 89 

features, 50-60% of PTSD patients experience some form of co-occurring drug dependence 90 

(Conrod and Steward, 2003; DeHaas et al., 2002). Opioid addiction represents one of the most 91 

intractable forms of drug dependence and occurs frequently in PTSD, where it is associated with 92 

poorer prognoses and treatment outcomes (Banerjee et al., 2016; Dell’Osso et al., 2014; Mills et 93 

al., 2005; 2007; Tull et al., 2010). Nevertheless, the neurobiological mechanisms linking the 94 

recall of traumatic memories to increased vulnerability to drugs of abuse remain poorly 95 

understood.  96 

Neurons in the prefrontal cortex (PFC) are involved in the encoding of both fear and 97 

opiate-related associative memories (Laviolette et al., 2005; Laviolette and Grace, 2006; Sun et 98 

al., 2011, Sun and Laviolette, 2012). Importantly, these PFC-dependent memory processes are 99 

strongly modulated by dopamine (DA) receptor transmission (Laviolette et al., 2005; Lauzon et 100 

al., 2009, 2013). We have previously identified dissociable roles for intra-PFC transmission 101 

through DA D1 vs. D4 (D1R, D4R) receptor subtypes during distinct phases of emotional 102 

memory processing. Thus, while PFC D4R activation is selectively involved in controlling the 103 

salience of fear-related associative memory formation during memory encoding, D1R 104 

transmission selectively controls the recall of phase of these memories (Lauzon et al., 2009; 105 

Lauzon et al., 2013; Laviolette et al., 2005). Specifically, PFC D4R activation dramatically 106 

potentiates the salience of normally sub-threshold fear-related associative memory cues. In 107 

contrast, D1R activation selectively blocks the recall of both associative fear-related and reward-108 

related associative memories, without influencing the salience of these memories during memory 109 

acquisition (Lauzon et al., 2009; Lauzon et al., 2013). In addition, these PFC DAergic memory 110 

mechanisms are functionally associated with downstream signaling through the extracellular 111 

signal-related kinase 1-2 (ERK 1-2) and calcium calmodulin kinase-  II (CaMKII- ), directly in 112 

the PFC (Lauzon et al., 2013; Rosen et al., 2016), two signalling substrates that are involved in 113 
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the processing of both fear and reward-related associative memories via D1R and D4R 114 

transmission (Lyons et al., 2013; Lauzon et al., 2013).  115 

Given the importance of PFC DAergic transmission in modulating emotional memory 116 

and its role in PTSD and addiction-related memory formation, we hypothesized that the ability of 117 

intra-PFC D4R and D1R transmission to modulate fear and reward-related memory encoding or 118 

recall might involve dissociable mechanisms which regulate sensitivity to the rewarding 119 

properties of opioids. Using a combination of fear conditioning, morphine conditioned place 120 

preference (CPP) and localized protein expression analyses in rats, we examined how PFC D4R 121 

vs. D1R-mediated modulation of fear memory encoding vs. recall may modulate sensitivity to 122 

opiate-related reward memory and their associated downstream molecular memory signaling 123 

pathways, ERK 1/2 and CaMKII- . We report that intra-PFC D4R or D1R activation 124 

differentially regulates the acquisition vs. recall stages of fear memory processing and 125 

concomitantly controls the rewarding effects of both systemic or intra-ventral tegmental area 126 

(VTA) morphine conditioning cues. These shared phenomena were controlled via local PFC 127 

activation of distinct phosphorylation states involving D4R-CaMKII-  or D1R-ERK 1/2 128 

signalling pathways. These findings identify a novel PFC DA-dependent mechanism linking the 129 

salience and recall of aversive memory formation with increased vulnerability to opioid-related 130 

reward cues. 131 

Materials and Methods 132 

Animals and Surgery 133 

Experimental animals were adult (350–400 g) male Sprague–Dawley rats (Charles River, 134 

Quebec). A total of n=149 rats were used in the present study. All procedures were conducted in 135 

accordance with Canadian Council of Animal Care guidelines and Western University 136 

Institutional Animal Care and Use Committees. Rats were anesthetized with a ketamine 137 

(80 mg/ml)-xylazine (6 mg/ml) mixture and placed into a stereotaxic device (Kopf). Stainless 138 

steel guide cannulae (22 gauge; Plastics One) were bilaterally implanted using the following 139 

stereotaxic coordinates (in mm). For the PFC (15° angle): from bregma, AP +2.9, L ±1.9, and 140 

from the dural surface, V −3.0. For the VTA (10° angle): from bregma, AP –5.0, L ±2.3, and 141 

from the dural surface, V −8.0.  142 
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Behavioral Conditioning Procedure: Fear Memory and Morphine CPP Conditioning 143 

A simplified schematic summary of experimental conditioning procedures showing the 144 

timing of intra-PFC DA D1R or D4R treatments is presented in Figs. 1A,B. To examine the 145 

effects of associative fear memory recall on subsequent sensitivity to morphine reward effects, 146 

we employed a novel behavioral conditioning assay combining our previously described 147 

olfactory fear conditioning protocol (Lauzon et al., 2009) with our previously described unbiased 148 

morphine place conditioning procedure, using a sub-reward-threshold conditioning dose of 149 

systemic or bilateral intra-VTA morphine microinfusions (0.05 mg/kg; i.p.; 250 ng/0.5 l), 150 

which we have previously reported produce no significant rewarding CPP under normal 151 

conditions (Bishop et al., 2011; De Jaeger et al., 2013). Olfactory fear conditioning took place in 152 

1 of 2 distinct environments, counterbalanced within groups: environment A was a 30″ × 30″ 153 

Plexiglas box with black stripes on a white background, whereas environment B had black dots 154 

on a white background with a grid shock floor. Olfactory cues were either an almond or 155 

peppermint scent, randomly assigned, as previously reported (Laviolette et al., 2005; Lauzon et 156 

al., 2009). Olfactory cues are delivered via an automated olfactometer controlled by solenoid 157 

valves and delivered into the ventilated conditioning chamber through which odours are cleared 158 

into a scavenging unit following the cue delivery. We used two conditioning levels of footshock: 159 

1) A sub-threshold footshock cue (0.4 mA) which we have previously demonstrated to produce 160 

no significant associative fear memory acquisition or 2) a supra-threshold footshock cue (0.8 161 

mA) which we have previously reported produces a robust associative fear memory (Lauzon et 162 

al., 2009). On Days 1-2 of the conditioning procedure, rats (all experimental groups) were pre-163 

conditioned to each of the fear conditioning chambers for 20 min and were then acclimatized for 164 

CPP experiments by being placed in a grey Plexiglas box corresponding to the dimensions of the 165 

conditioning environments for 30 min. On Day 3, rats were randomly assigned to one of the fear 166 

conditioning chambers where one of the odors (almond or peppermint) was presented to the 167 

animal for 19 s and a footshock was delivered (0.4 mA or 0.8 mA) for 1 sec. For groups 168 

receiving challenge drug or VEH administration targeting the ‘acquisition’ phase of fear memory 169 

conditioning (Fig. 1B), intra-PFC microinfusions were administered immediately before the 170 

conditioning phase. During the training session, rats received 5 footshock-olfactory cue pairings 171 

once every 4 minutes for a total 20 min conditioning session. Following the fear conditioning 172 

training, rats were returned to their home cages for 24 hrs. On Day 4, rats were tested for fear 173 
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memory recall in the alternate (safe) conditioning chamber, by presenting the olfactory cue (in 174 

the absence of footshock) previously paired with either sub or supra-threshold footshock the 175 

previous day. For groups receiving challenge drug or VEH administration targeting the ‘recall’ 176 

phase of fear memory conditioning (Fig. 1A), intra-PFC microinfusions were administered 177 

immediately before the fear memory recall test. Freezing behavior (defined as the absence of all 178 

movement except respiration) was scored with video tracking software (AnyMaze) and analyzed 179 

offline. Immediately after fear memory recall test, rats (in all experimental groups) were 180 

removed from the test chamber, received a sub-reward threshold i.p. injection (0.05 mg/kg) or 181 

intra-VTA microinfusion (250 ng/0.5 l) of morphine, and placed in a randomly assigned 182 

morphine conditioning environment for 30 min. Rats were then returned to their home cage for 183 

24 hrs and on Day 5, received a subsequent control environment conditioning session wherein 184 

they received i.p. or intra-VTA administration of saline vehicle, and placed in an alternate 185 

(control) place conditioning environment. Following this final CPP conditioning session, rats (in 186 

all experimental groups) were returned to home cages for 24 hrs. CPP conditioning environments 187 

were as previously described (Bishop et al., 2011). Briefly, one environment was white with a 188 

wire mesh floor, covered in wood chips. The other environment was black with a smooth 189 

Plexiglass floor, wiped down with 2% acetic acid solution. On Day 6, rats (in all experimental 190 

groups) were given a 10 min CPP recall test wherein they were given free choice in a CPP 191 

testing box to spend time in either saline or morphine-paired environments. Times spent in either 192 

environment were recorded with digital timers and analyzed offline. 193 

Drug Administration Procedures 194 

For PFC microinfusions, stainless steel cannulae (22 gauge) were implanted bilaterally 195 

into the PFC and drugs were administered through a 28 gauge injector (Plastics One) via a 196 

Hamilton microsyringe. The selective CaMKII auto-phosphorylation inhibitor, autocamtide-2-197 

related inhibitory peptide, AIP (Tocris, 500 ng/0.5 μl) and morphine sulphate (Johnson-Matthey) 198 

were dissolved in physiological saline, with pH adjusted to 7.4. The selective D4R agonist, PD 199 

168077 (5-50 ng/0.5 l), the D1R agonist SKF81297 hydrobromide (10-100 ng/0.5 ml; Tocris) 200 

and ERK 1/2 inhibitor, U0126 (1 g/0.5 l) were first dissolved in dimethyl-sulphoxide (DMSO) 201 

and then diluted with physiological saline to a final concentration of 5% DMSO in physiological 202 

saline. To examine the roles of intra-PFC DA D1R vs. D4R activation in fear memory 203 
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processing, we targeted two separate phases of fear memory processing: acquisition or recall. We 204 

have previously demonstrated dissociable roles for PFC D1R vs. D4R activation in the control of 205 

fear-related memory processing such that PFC D1R activation selectively blocks recall of supra-206 

threshold associative fear memories (but has no influence on fear memory acquisition; Lauzon et 207 

al., 2009, 2013). In contrast, D4R activation potentiates the salience of normally non-salient fear 208 

memory cues, selectively during the acquisition phase (Laviolette et al., 2005; Lauzon et al., 209 

2009; 2013). Accordingly, to block the recall of supra-threshold (0.8 mA) fear memories, rats 210 

received intra-PFC microinfusions of the D1R agonist (SKF 81297) immediately prior to the fear 211 

memory recall test (Fig. 1A). In contrast, to potentiate the salience of a normally non-salient, 212 

sub-threshold fear memory (0.4 mA), rats received intra-PFC D4R activation with the D4R 213 

agonist, PD168077, immediately before the fear memory acquisition training session (Fig. 1B). 214 

For studies involving sub-reward threshold intra-VTA morphine (250 l/0.5 l), microinfusions 215 

of morphine were performed immediately after fear memory recall testing.  216 

Histological Analyses 217 

At the conclusion of experiments, rats were anesthetized with sodium pentobarbital 218 

(EuthanylTM) and transcardially perfused with isotonic saline followed by 10 % formalin. Brain 219 

sections were mounted and stained with Cresyl violet, and PFC or VTA cannulae placements 220 

were verified with light microscopy according to the anatomical boundaries defined by Paxinos 221 

and Watson (2007). Three rats were found to have cannulae placements outside the boundaries 222 

of the target regions and were excluded from analysis (indicated in associated results sections).  223 

Western Blot Procedure 224 

  To examine the local effects of intra-PFC D1R vs. D4R activation on total or 225 

phosphorylated expression levels of ERK 1/2 or CaMKII-  total (tERK1/2, tCaMKII- or 226 

phosphorylated (pERK1/2, pERK1/2) expression levels, a subset of rats received intra-PFC SKF 227 

81297 (100 ng; n=6) or PD 168077 (50 ng; n=6) immediately prior to being euthanized, 228 

following behavioral conditioning with either SKF 81297 (100 ng) or PD 168077 (50 ng; 229 

respectively). Brains were rapidly removed and flash frozen at −80°C. PFC sections were sliced 230 

on a freezing microtome and microdissections were performed around the injector sites, avoiding 231 

regions with reactive gliosis. PFC samples were then homogenized using a Dounce homogenizer 232 
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and protein isolated using a Noindent P40/SDS lysis buffer (137 mm NaCl, 20 mm Tris, pH 8.0, 233 

1% NP-40, 10% glycerol, and 0.1% SDS) containing protease and phosphatase inhibitors (Halt 234 

100x inhibitor cocktail, ThermoFisher). Following homogenization and centrifugation at 4°C to 235 

remove debris, samples were mixed with an equal volume of 2× Laemmli loading buffer and 236 

heated to 95°C for 5 min before storage at −80°C. 12.5 micrograms of protein from control 237 

(vehicle treated, n=6) or treatment [D1R (n=6) or D4R (n=6) agonist groups] samples were 238 

loaded onto 12% denaturing SDS-PAGE gels. Samples were then subjected to electrophoresis in 239 

a Bio-Rad Mini Protein 3 Western blotting apparatus with Tris/glycine/SDS buffer (Bio-Rad 240 

Cube Solutions) at 125 V for 1.5 h. Molecular weight standards (Froggabio BLUeye) were 241 

included on the gels to confirm the molecular weight of the proteins of interest. Following 242 

electrophoresis, protein was transferred from the gels onto a nitrocellulose membrane (Bio-Rad) 243 

using a Mini Trans-Blot apparatus (Bio-Rad) with a Tris/glycine/methanol solution (Bio-Rad 244 

Cube Solutions) at 75 V for 1 h. To identify changes in levels of phosphorylated or total proteins, 245 

blots were blocked with 5% non-fat dry milk (NFDM) in TBST for 1 h at room temperature with 246 

rocking. After blocking, membranes were incubated overnight in a solution containing 2.5% 247 

BSA in TBST along with antibodies directed against pERK1/2 (Thr202/Tyr204), tERK1/2,  248 

pCaMKII (Thr286) or tCaMKII along with -tubulin (loading control) at 4°C with rocking. 249 

Following incubation with primary antibody, blots were washed in TBST x 3 for 15 min. Last, a 250 

solution containing 5% dried non-fat milk in TBST and secondary antibodies (LI-COR IRDye 251 

680RD and IRDye 800CW conjugated secondary antibodies, 1:10,000) was applied to the blots 252 

and left to incubate for 1 h at room temperature. Following three washes in TBST, the proteins of 253 

interest were imaged using a LI-COR Odyssey imaging system. Densitometry measurements 254 

were obtained using Kodak digital analysis software. Antibody source and dilutions were as 255 

follows: α-tubulin (1:1,000,000; Sigma-Aldrich), tERK1/2 (1:2,000; Cell Signaling Technology), 256 

pERK1/2 (1:1,000; Cell Signaling Technology), tCaMKIIα (rabbit, 1:1,000; Cell Signaling 257 

Technology), pCaMKII (rabbit, 1:1,000; Cell Signaling Technology).  258 

Data Analyses 259 

Data were analyzed with one or two-way analysis of variance (ANOVA) where 260 

appropriate or Student's t-tests. Post hoc analyses were performed with Fisher’s least significant 261 

difference (LSD) or Newman-Keuls tests where appropriate. 262 
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RESULTS 263 

Histological Verification 264 

Histological analyses revealed intra-PFC injector placements to be within the anatomical 265 

boundaries of the PFC as defined by Paxinos and Watson (2007). In Fig. 2A, a representative 266 

microphotograph showing a typical intra-PFC cannulae injector placement is presented. In Fig. 267 

2B, a schematic representation of select experimental groups is presented. Symbols represent the 268 

following experimental groups: ● = PFC VEH controls receiving CS+ presentations during the 269 

fear recall test; □= rats receiving SKF81297 100ng/0.5 l; ■= rats receiving intra-PFC PD168077 270 

50ng/0.5 l. 271 

Fear Memory Recall Potentiates Morphine Reward Sensitivity 272 

To first validate our behavioral assay examining the effects of fear memory recall on 273 

subsequent sensitivity to the rewarding conditioning properties of morphine, we first examined 274 

whether selectively recalling a previously acquired, supra-threshold (0.8 mA footshock) 275 

associative fear memory might potentiate the reward salience of a normally sub-reward 276 

conditioning dose of morphine (Bishop et al., 2011), in the period immediately following fear 277 

memory recall (see methods, Fig.1). Three groups of rats received bilateral intra-PFC cannulae 278 

implantations (n=8 per group) and either 1) olfactory fear conditioning in the presence of the 279 

paired footshock stimulus followed by the presentation of the olfactory fear cue during the fear 280 

memory recall test: ‘shock with recall’; 2) olfactory conditioning in the absence of any footshock 281 

stimulus and the presentation of the unpaired olfactory cue during the fear memory recall test: 282 

‘no shock control’, or; 3) olfactory fear conditioning in the presence of the paired footshock 283 

stimulus followed by the fear memory recall test in the absence of the CS+: ‘shock/no recall’. All 284 

groups received intra-PFC VEH microinfusions prior to the fear conditioning assay. Comparing 285 

freezing behaviors during the fear memory recall test with one-way ANOVA revealed a 286 

significant main effect of group (F(2, 23) = 170.39, p<0.01). Post hoc analyses revealed that rats 287 

experiencing foot shock in the absence of the memory cue at testing displayed slightly increased 288 

freezing levels (22%) relative to the ‘no shock’ control group (p<0.01). However, rats receiving 289 

the CS+ cue presentation immediately prior to recall testing displayed dramatically higher 290 

freezing levels (relative to both the fear conditioning with no recall group, as well as rats that had 291 
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experienced olfactory conditioning in the absence of foot shock conditioning (73%; p’s< 0.01; 292 

Fig. 3A). Thus, consistent with previous reports (Lauzon et al., 2009; 2013 Laviolette et al., 293 

2005), this level of footshock (0.8 mA) produces robust associative fear memories. Comparing 294 

morphine CPP scores between groups revealed a significant effect of group (F (2,47) = 24.9; 295 

p<.0001), treatment (F (2,47) = 181.42; p<.0001) and a group x treatment interaction on times 296 

spent in morphine vs. saline-paired conditioning environments (F(2,47) = 106.74, p<0.0001). Post 297 

hoc analyses revealed that whereas rats conditioned without footshock or rats conditioned with 298 

footshock but not receiving the CS+, displayed no significant differences in times spent in saline 299 

vs. morphine-paired environments (p’s >.05), rats that had received the CS+ presentation during 300 

fear memory recall testing displayed significantly greater time in morphine vs. saline-paired 301 

environments (p<.01) and greater times in morphine-paired environments relative to other 302 

experimental groups (p’s<.01; Fig. 3B). Thus, only rats that actively recalled the supra-threshold 303 

associative fear memory prior to sub-reward threshold morphine CPP conditioning, 304 

demonstrated potentiated morphine reward sensitivity. 305 

Intra-PFC DA D1R activation blocks the recall of salient fear memories and blocks 306 

morphine reward salience potentiation 307 

      Previous evidence has demonstrated that stimulation of PFC D1R transmission potently 308 

suppresses the recall of fear-related associative memories (Lauzon et al., 2013). Accordingly, we 309 

next sought to determine if blocking the recall of a supra-threshold associative fear memory 310 

might similarly block the potentiation of morphine reward salience observed in our previous 311 

control study (Fig. 3). Thus, we challenged the recall of supra-threshold associative fear memory 312 

with bilateral microinfusions of the D1R agonist, SKF 81297, using a dose range (10-100 ng/0.5 313 

l) previously established to be behaviorally effective and pharmacologically selective, while 314 

having no impact on physiological measures of footshock sensitivity (Lauzon et al., 2013). Three 315 

separate groups of rats received either VEH (n=6) 10 (n=8) or 100 ng/0.5 l (n=8) of intra-PFC 316 

SKF 81297 immediately prior to the fear memory recall test. One-way ANOVA comparison of 317 

these groups with rats that had received intra-PFC VEH prior to the CS+ cue presentation 318 

revealed a significant effect of treatment on times spent freezing to CS+ presentations (F(2,23)= 319 

109.9; p<.0001; Fig. 4A). Post hoc analyses revealed that intra-PFC D1R activation dose-320 

dependently blocked recall of fear-related associative memory, relative to VEH controls (Fig. 321 
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4A), with the higher dose of 100 ng suppressing memory recall to a significantly greater extent 322 

relative to the lower dose of 10 ng and relative to VEH controls (p’s<.01), as demonstrated by 323 

significant reductions in levels of freezing behavior following the CS+ presentations. Next, 2-324 

way ANOVA of CPP scores revealed a significant effect of group (F(2,43) = 7.03; p<.01), 325 

treatment (F(1,43) = 72.3; p<.0001) and a group x treatment interaction on times spent in morphine 326 

vs. saline-paired conditioning environments (F(2,43) = 29.41, p<0.0001). Post hoc analyses 327 

revealed that whereas rats receiving a lower dose of intra-PFC SKF 81297 (10 ng) showed a 328 

significant morphine reward CPP (p<.01; Fig. 4B), rats receiving the higher dose of 100 ng 329 

failed to demonstrate a significant morphine CPP (p>.05). Furthermore, both groups receiving 330 

intra-PFC D1R activation spent significantly less time in the morphine-paired environments 331 

relative to VEH controls (p’s<.01). Thus, blocking the recall of supra-threshold associative fear 332 

memory with intra-PFC D1R activation dose-dependently blocked the ability of fear memory 333 

recall to potentiate morphine reward CPP. 334 

Intra-PFC DA D4R activation potentiates the salience of sub-threshold fear memory and 335 

morphine reward sensitivity 336 

      Previous evidence has demonstrated that stimulation of PFC D4R transmission is capable 337 

of strongly potentiating the emotional salience of normally sub-threshold fear memory cues, both 338 

behaviorally, and in PFC neurons, selectively during the encoding of associative memories 339 

(Laviolette et al., 2005; Lauzon et al., 2009). Accordingly, we next examined if amplifying the 340 

salience of a fear-related memory cue via PFC D4R stimulation might influence the subsequent 341 

processing of a sub-reward morphine CPP cue. First, we pharmacologically potentiated the 342 

salience of a normally sub-threshold associative fear memory stimulus (0.4 mA) with bilateral 343 

intra-PFC D4R activation, using a previously characterized, effective and selective in vivo dose 344 

range that has been demonstrated to have no impact on physiological measures of footshock 345 

sensitivity (5-50 ng/0.5 l; Laviolette et al., 2005; Lauzon et al., 2009). Three groups of rats 346 

received either VEH (n=9) 5 (n=6) or 50 ng/0.5 l (n=7) of the selective DA D4 agonist, 347 

PD168077, immediately prior to the fear memory training (see Fig. 1). One-way ANOVA 348 

comparison of these groups to rats that had received intra-PFC VEH prior to sub-threshold fear 349 

conditioning training revealed a significant effect of treatment on percentage of time spent 350 

freezing to the CS+ presentation (F(2,23)=29.8; p<.0001; Fig. 5A). Post hoc analyses revealed that 351 
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intra-PFC D4R activation dose-dependently potentiated the salience of normally non-salient fear 352 

conditioning memory cues relative to VEH controls, with rats receiving the higher dose of 50 ng 353 

displaying significantly more freezing behavior during CS+ presentations relative to either VEH 354 

or the 5 ng experimental groups (p’s<.01; Fig. 5A).  Two-way ANOVA comparing morphine 355 

CPP scores between groups revealed a significant effect of group (F(2,47) = 6.18; p<.01), 356 

treatment (F(1,47) = 18.79; p<.01) and a group x treatment interaction on times spent in morphine 357 

vs. saline-paired conditioning environments (F(2,47) = 5.5, p<0.05). Post hoc analyses revealed 358 

that whereas rats receiving the higher dose of intra-PFC PD168077 (50 ng) showed a significant 359 

morphine reward CPP (p<.01), rats receiving the lower dose of 5 ng or VEH failed to 360 

demonstrate a significant morphine CPP (p’s>.05). Furthermore, both groups receiving intra-361 

PFC D4R activation spent significantly more time in the morphine-paired environments relative 362 

to VEH controls (p’s<.05, 0.01, respectively; Fig. 5B). Thus, potentiating the salience of a 363 

normally non-salient fear conditioning cue during the memory acquisition phase concomitantly 364 

potentiated subsequent morphine reward salience. Although previous evidence has demonstrated 365 

that intra-PFC D1R vs. D4R transmission modulate separate phases of associative memory 366 

formation (recall vs. acquisition, respectively; Lauzon et al., 2009, 2013), we next sought to 367 

determine if blocking the recall of a D4R-potentiated fear memory with PFC D1R stimulation 368 

immediately prior to recall, might similarly modulate the acquisition of sub-reward threshold 369 

morphine CPP. Thus, a separate experimental group (n=6) received intra-PFC D1R activation 370 

(100 ng) immediately prior to the recall of a fear memory potentiated by PFC D4R activation 371 

during the acquisition phase. ANOVA comparing freezing times between VEH controls, rats 372 

receiving intra-PFC D4R activation prior to sub-threshold fear conditioning and rats receiving 373 

intra-PFC D1R activation immediately prior to the fear recall test demonstrated a significant 374 

effect of treatment on percentage freezing times during the recall test (F(2,26) = 28.6, p<.0001) 375 

with post-hoc analyses demonstrating that intra-PFC D1R activation immediately prior to recall 376 

significantly blocked the recall of the D4R-mediated potentiated fear memory (p<.01; Fig. 5A). 377 

Thus, intra-PFC D1R activation is not only capable of blocking the recall of supra-threshold 378 

associative fear memory (Fig. 4A), but also blocks the recall of a normally non-salient fear 379 

memory potentiated by PFC D4R activation during memory acquisition. Two-way ANOVA 380 

comparing morphine CPP scores across these same groups revealed a significant group x 381 

treatment interaction (F(1,41) =16.9; p<.0001), with post-hoc analyses revealing that rats receiving 382 
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intra-PFC D1R activation prior to D4R-modulated fear memory recall displayed no significant 383 

morphine CPP (p>.05) and spent significantly less time in morphine-paired environments 384 

relative to rats receiving intra-PFC D4R activation during the memory encoding phase (p<.01; 385 

Fig. 5B). Thus, blocking the recall of a D4R-mediated potentiated fear memory similarly 386 

blocked the potentiation of morphine reward CPP. 387 

Intra-PFC DA D1R and D4R activation regulates morphine reward sensitivity in the 388 

ventral tegmental area 389 

The PFC and ventral tegmental area (VTA) share strong functional connections, with the 390 

VTA serving as a critical neural region for the primary rewarding effects of opioids, including 391 

morphine (Nader and van der Kooy, 1997; Lintas et al., 2011, 2012). In addition, the PFC is 392 

capable of potently regulating the reward salience of morphine directly in the VTA (Bishop et 393 

al., 2011). Accordingly, we next examined if intra-PFC D1R/D4R modulation of systemic opiate 394 

reward salience may extend to the motivational effects of morphine directly in the VTA. 4 395 

groups of rats received combined bilateral PFC-VTA cannulations and were treated either with 396 

VEH vs. intra-PFC SKF81297 (100 ng) immediately before supra-threshold fear memory recall 397 

testing or VEH vs. PD168077 (50 ng) during fear conditioning training to a sub-threshold 398 

footshock level (see methods). For comparison with previous experiments using the systemic 399 

dose of sub-reward threshold morphine (Figs. 3-5), we used a dose of intra-VTA morphine that 400 

has previously been established as a sub-reward microinfusion dose (i.e. fails to produce 401 

significant morphine CPP; Nader and van der Kooy, 1997; De Jaeger et al., 2013; Bishop et al., 402 

2011). In Fig. 6A, a representative microphotograph of a typical intra-VTA injector location is 403 

presented. In Fig. 6B, a schematic summary showing bilateral intra-VTA injector placements is 404 

presented. First, in rats receiving intra-PFC D1R activation with SKF81297 (n=8) vs. VEH 405 

(n=7), comparison of freezing scores during the fear memory recall test for supra-threshold fear 406 

memory (0.8 mA) revealed a significant block of fear memory recall relative to VEH controls (t 407 

(14)= 8.45; p<.001; Fig. 6C). Comparing morphine CPP scores revealed a significant main effect 408 

of treatment (VTA saline vs. morphine; F(1,29) = 10.74; p<.01) on times spent in intra-VTA 409 

morphine vs saline environments (Fig. 6D). Thus, consistent with effects observed in 410 

experiments using sub-reward threshold systemic conditioning doses of morphine, blockade of 411 

fear memory recall similarly blocked intra-VTA morphine reward CPP potentiation relative to 412 
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VEH controls. Next, in rats receiving intra-PFC D4R activation with PD168077 (n=7, one rat 413 

was removed due to cannula misplacement) vs. VEH (n=8), comparison of freezing scores 414 

during the fear memory recall test revealed a significant potentiation of normally sub-threshold 415 

fear memory (0.4 mA), relative to VEH controls (t (14) = 7.48; p<.001; Fig. 6E). Comparing CPP 416 

scores revealed a significant effect of group (F(1,31) = 8.14; p<.01), treatment (F(1,31) = 10.72; 417 

p<.01) and a group x treatment interaction (F(1,31) = 28.3; p<.0001) on times spent in intra-VTA 418 

morphine vs saline environments (Fig. 6F). Post-hoc analyses revealed that whereas VEH 419 

control rats failed to demonstrate a significant CPP for intra-VTA morphine-paired environments 420 

(p>.05), rats with potentiated fear memory acquisition displayed significant CPP for intra-VTA 421 

morphine environments, spending significantly more time in morphine vs. saline environments 422 

and greater time in morphine-paired environments relative to VEH controls (p’s<.01; Fig. 6F). 423 

Thus, consistent with effects observed in experiments using sub-reward threshold systemic doses 424 

of morphine, potentiation of non-salient fear memory similarly potentiates intra-VTA morphine 425 

reward CPP. 426 

Intra-PFC DA D1R activation blocks fear memory recall and morphine reward 427 

potentiation via selective upregulation of ERK 1-2 phosphorylation states 428 

Signaling through the ERK 1/2 pathway is critically involved in the consolidation of 429 

morphine-reward memories directly in the PFC (Gholizadeh et al., 2013) and is functionally 430 

linked to transmission through the D1R system during morphine reward memory processing 431 

(Lyons et al., 2013; Rosen et al., 2016). In contrast, whereas CaMKII-  signaling is similarly 432 

involved in the processing of opiate-related reward memories, it has been functionally linked to 433 

transmission through the D2R system during the processing of opiate-related learning and 434 

memory behaviors (Lyons et al., 2013; Rosen et al., 2016). To examine the potential roles of 435 

either ERK 1/2 or CaMKII-  in PFC D1R-mediated blockade of fear memory recall and 436 

morphine reward salience, we next examined the local effects of intra-PFC D1R or D4R 437 

activation on PFC expression levels of total ERK 1/2 (tERK 1/2), phosphorylated ERK 1/2 438 

(pERK 1 / 2), total CaMKII-  (tCaMKII- ) or phosphorylated CaMKII-  (pCaMKII- ; see 439 

methods). First, comparing pERK-1 levels between groups revealed a significant effect of 440 

treatment on normalized densitometry levels (F(2,17) =4.1; p<.05; Fig. 7A,B) with post hoc 441 

analyses revealing that rats receiving intra-PFC SKF 81297 (100 ng/0.5 l, n=6) had 442 
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significantly elevated levels of pERK1 relative to both VEH controls (n=6) or rats receiving the 443 

D4 agonist (PD 168077, 50 ng/0.5 l; p’s <.05; n=5). Similarly, comparing pERK-2 levels 444 

between groups revealed a significant effect of treatment on normalized densitometry levels 445 

(F(2,17) =5.44; p<.05; Fig. 7A,C) with post hoc analyses revealing that rats receiving intra-PFC 446 

SKF 81297 had significantly elevated levels of pERK2 relative to both VEH controls (p<.01) or 447 

rats receiving the D4 agonist (p <.05). Next, comparing tERK-1 levels between groups revealed 448 

no significant effect of treatment on normalized densitometry levels (F (2,17) =3.6; p>.05; Fig. 7 449 

D,E). In contrast, comparing tERK-2 levels between groups revealed a significant effect of 450 

treatment on normalized densitometry levels (F(2,17) =6.01; p<.05; Fig. 7D,F) with post hoc 451 

analyses revealing that rats receiving either intra-PFC SKF 81297 or  the D4 agonist showed 452 

significantly lower levels of tERK2 relative to VEH controls (p’s <.05).  453 

Given our observation that PFC D1R activation selectively increased pERK 1/2 levels, 454 

we challenged the effects of PFC D1R activation on associative fear memory recall inhibition 455 

using the selective MEK 1/2 inhibitor, U0126. We selected a dose of U0126 (1 g/0.5 l) that 456 

we have previously reported to produce no non-selective deficits in associative learning 457 

(Gholizadeh et al., 2013; Lyons et al., 2013), for co-administration with our effective dose of 458 

intra-PFC SKF 81297 (100 ng/0.5 l; n=6; one rat was removed due to cannula misplacement) or 459 

U0126 alone (n=7; one rat was removed due to cannula misplacement), immediately prior to the 460 

memory recall phase following supra-threshold fear conditioning.  Comparing these groups with 461 

rats receiving intra-PFC SKF 81297 alone (n=8), revealed a significant effect of group on 462 

freezing times (F(2,23)= 99.89; p<.0001; Fig. 7G). Post hoc analyses revealed that rats receiving 463 

co-administration of SKF81297 with U0126 displayed significantly greater freezing levels 464 

relative to rats receiving SKF81297 alone (p<.01), demonstrating that inhibition of PFC ERK 1/2 465 

is sufficient to reverse the effects of PFC D1R activation on blockade of fear memory recall. 466 

Furthermore, rats receiving PFC U0126 alone displayed significantly greater freezing levels 467 

relative to rats receiving SKF81297 alone (p<.01), demonstrating that U0126 alone was not 468 

producing any non-specific effects on the recall of a supra-threshold associative fear memory. 469 

Next, comparing morphine CPP scores across the same groups revealed a significant effect of 470 

treatment (F (1,37) = 19.85; p<.001) and a significant group x treatment interaction (F (2,37) = 8.59; 471 

p<.01) on times spent in morphine vs. saline-paired environments recorded during the CPP test. 472 
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Post hoc analyses revealed that rats receiving SKF81297 + U0126 administration as well as rats 473 

receiving U0126 alone showed significant CPP for sub-reward threshold morphine-paired 474 

environments (p’s<.01; Fig. 7H) relative to rats receiving SKF81297 alone prior to the fear 475 

memory recall test. Thus, inhibition of PFC ERK 1/2 signaling is sufficient to reverse the D1R 476 

activation-induced blockade of fear memory recall and concomitantly restore the potentiation of 477 

morphine reward CPP behaviors. 478 

Intra-PFC DA D4R activation potentiates fear memory acquisition and morphine reward 479 

sensitivity via selective upregulation of CaMKII-  phosphorylation states 480 

Previous evidence has demonstrated that the ability of PFC D4R activation to modulate 481 

fear-related memory salience and associated neuronal activity states is functionally dependent 482 

upon CaMKII-  signaling and is functionally linked to D2R-mediated modulation of associative 483 

opiate reward memory processing (Gu et al., 2006; Lauzon et al., 2013; Lyons et al., 2013; Yuen 484 

and Yan, 2011). Therefore, we next examined the potential role of intra-PFC CaMKII-485 

expression and phosphorylation states in the mediation of D4R-activation induced modulation 486 

of fear and opiate-reward related associative memory processing. First, comparing pCaMKII-  487 

levels between groups revealed a significant effect of treatment on normalized densitometry 488 

levels (F(2,14) = 6.56; p<.05; Fig. 8A) with post hoc analyses revealing that rats receiving intra-489 

PFC PD 168077 (50 ng/0.5 l) had significantly elevated levels of pCaMKII-  relative to VEH 490 

controls (n=6). In contrast, receiving the D1 agonist (SKF 81297, 100 ng/0.5 l; p’s <.05) 491 

showed no significant increase relative to VEH controls (p>.05). Comparing tCaMKII-  492 

between groups revealed no significant effect of treatment on normalized densitometry levels 493 

(F(2,14) =0.44; p>.05; Fig. 8B). Thus, intra-PFC D4R activation, but not D1R activation, 494 

selectively increases phosphorylation levels of CaMKII- without influencing total protein 495 

expression levels.  496 

Given our observation of a selective increase in PFC pCaMKII-  levels following D4R 497 

activation, we next challenged the effects of PFC D4R activation on the potentiation of sub-498 

threshold fear memory formation by co-administering a selective inhibitor or CaMKII-  499 

autophosphorylation, Autocamtide-2-Related Inhibitory Peptide (AIP) with a dose (500 ng/0.5 500 

l) we have previously determined to produce no non-selective deficits in associative learning 501 



 

18 
 

(Lyons et al., 2013). Experimental groups received intra-PFC PD168077 (50 ng/0.5 l; n=8) 502 

combined with AIP, AIP alone (n=8) or PD168077 (50 ng/0.5 l, n=8) alone, immediately prior 503 

to fear conditioning with the sub-threshold footshock conditioning cue (0.4 mA).  Comparing 504 

freezing scores between groups revealed a significant effect of group on freezing times (F (2,23)= 505 

32.28; p<.0001; Fig. 8C). Post hoc analyses revealed that rats receiving co-administration of 506 

PD168077 + AIP or AIP alone displayed significantly less freezing levels relative to rats 507 

receiving PD168077 alone (p<.01), demonstrating that inhibition of PFC CaMKII-  508 

phosphorylation is sufficient to reverse the effects of PFC D4R activation on potentiation of 509 

normally non-salient associative fear memory. Furthermore, rats receiving PFC AIP alone 510 

displayed no potentiation of sub-threshold fear memory, demonstrating that AIP alone was not 511 

producing any non-specific effects during the encoding phase of sub-threshold associative fear 512 

memory. Next, comparing morphine CPP scores across the same groups revealed a significant 513 

effect of treatment (F(1,45) = 9.33; p<.01) and a significant group x treatment interaction (F(1,45) = 514 

7.63; p<.01) on times spent in morphine vs. saline-paired environments recorded during the CPP 515 

test. Post hoc analyses revealed that rats receiving PD168077 + AIP administration as well as 516 

rats receiving AIP alone showed no significant CPP for sub-reward threshold morphine-paired 517 

environments (p’s>.05; Fig. 8D) relative to rats receiving PD168077 during sub-threshold fear 518 

memory training (p<.01). Thus, inhibition of PFC CaMKII-  phosphorylation is sufficient to 519 

reverse the D4R activation-induced potentiation of fear memory salience and concomitantly 520 

blocks the potentiation of morphine reward CPP. 521 

Discussion 522 

Abnormal processing of emotionally salient sensory information and associative memory 523 

is linked to PTSD and addiction-related PFC pathology (Bishop et al., 2011; Clausen et al., 2017; 524 

Malejko et al., O'Doherty et al., 2017). Beyond the role of learning and memory, the role of 525 

stress as a critical variable in drug abuse vulnerability is well established. Indeed, exposure to 526 

acute, unconditioned stressors, such as footshock, potently reinstates drug-seeking behaviors, 527 

including those linked to opioids and other drugs of abuse (Shaham and Stewart, 1994; Shaham 528 

et al., 2000: Buczek et al., 1999). However, the identification of common neural mechanisms 529 

responsible for processing traumatic memories as well as modulating vulnerability to drugs of 530 

abuse following their recall, remain elusive. The present study demonstrates that acute recall of a 531 
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fear-related associative memory can potentiate sensitivity to normally non-rewarding systemic or 532 

intra-VTA morphine conditioning cues. Consistent with a generalized effect of footshock 533 

stressor exposure, fear conditioning involving exposure to supra-threshold footshock caused a 534 

slight increase in freezing behaviors when tested in the absence of the CS+ recall cue. However, 535 

only subjects that had been fear conditioned with supra-threshold footshock and exposed to the 536 

CS+ during the recall test displayed significant morphine reward CPP potentiation. This suggests 537 

that the recall alone of a salient, fear-related associative memory is sufficient to cause 538 

behavioral potentiation of normally non-rewarding, morphine-related conditioning cues. Given 539 

the dissociable roles of PFC D4R-D1R transmission in reward and aversion-related memory 540 

acquisition and recall, we examined the potential modulatory roles of these DA receptor subtypes 541 

in the acquisition or recall phases of fear memory and morphine reward learning and memory. 542 

We found that targeting distinct phases of fear memory processing (memory acquisition vs. 543 

recall) via D1R vs. D4R activation, concomitantly regulated both systemic or intra-VTA 544 

morphine CPP reward sensitivity via dissociable ERK 1/2 and CaMKII-  phosphorylation states 545 

in the PFC. 546 

PFC D4R transmission modulates fear memory acquisition and morphine reward salience 547 

processing via CaMKII-  phosphorylation 548 

Prefrontal cortical D4R transmission is strongly linked to the regulation of emotional 549 

salience attribution and related associative memory formation (Lauzon and Laviolette., 2010). 550 

Activation of PFC D4R transmission has previously been shown to strongly potentiate normally 551 

non-salient emotional memory processing both behaviorally, and in terms of associative neuronal 552 

activity patterns in PFC neurons (Lauzon et al., 2009; Laviolette et al., 2005; Laviolette, 2007). 553 

In terms of D4R involvement in PTSD or addiction, genetic variations in the D4R have been 554 

reported to strongly influence the processing of psychological responses to traumatic stressors 555 

(Armbruster et al., 2009; Bakermans-Kranenburg et al., 2011; Dragan and Oniszczenko, 2009) 556 

and polymorphisms in the D4R are linked to opioid addiction vulnerability, including sensitivity 557 

to heroin-related associative cues (Kotler et al., 1997; McGeary, 2009; Mel et al., 1998; Shao et 558 

al., 2006). Anatomically, the PFC contains functional D4Rs localized on both inhibitory 559 

interneuron, and pyramidal output neuron populations (Zhong and Yan, 2016) capable of 560 

regulating cortical neuronal activity states (Ceci et al., 1999; Onn et al., 2005). For example, 561 
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acute D4R activation has been shown to transiently increase and then decrease, PFC interneuron 562 

population activity (Zhong and Yan, 2016). Furthermore, PFC D4R transmission is involved in 563 

modulating activation of PFC neurons via inputs from emotional processing regions such as the 564 

basolateral amgydala (Floresco and Tse, 2007; Lauzon et al., 2009). Blockade of PFC D4R 565 

activation prevents associative increases in PFC pyramidal neuron populations (Laviolette et al., 566 

2005), suggesting that D4R activation might potentiate the salience of normally non-salient fear-567 

cues by removing inhibitory input to PFC pyramidal output neurons. Given the ability of PFC 568 

neuronal activity states to modulate VTA DAergic neuronal activity levels and regulate 569 

sensitivity to fear-related conditioning cues (Draycott et al., 2014), one possibility is that PFC 570 

D4R activation may subsequently potentiate morphine-related reward cues, by amplifying sub-571 

cortical DAergic activity levels and associated reward salience processing. 572 

Functionally, PFC D4R transmission strongly regulates local PFC neuronal network 573 

dynamics and associative memory encoding by bi-directionally modulating CaMKII-  signaling. 574 

For example, D4R activation increases CaMKII-  phosphorylation during periods of low 575 

neuronal activity states (Gu et al., 2006) or during the encoding of normally non-salient 576 

associative fear memories (Lauzon et al., 2012). In contrast, D4R activation inhibits CaMKII-  577 

phosphorylation during states of high PFC neuronal activity or during the encoding of supra-578 

threshold associative fear memory formation (Gu et al., 2006; Lauzon et al., 2012). In the 579 

present study, we found that acute PFC D4R activation strongly activated PFC CaMKII-  580 

phosphorylation states and that blocking this effect, was sufficient to both prevent D4R-mediated 581 

potentiation of normally non-salient fear memory, but to concomitantly block the potentiation of 582 

opiate-related reward CPP. Interestingly, there is considerable evidence linking PFC CaMKII-583 

 signaling to both fear and opiate-reward related memory processing. For example, long-term 584 

opioid exposure modulates expression levels of total and phosphorylated CaMKII-  levels in the 585 

PFC and BLA, specifically during states of withdrawal (Lyons et al., 2013; Rosen et al., 2015). 586 

Functionally, blocking PFC CaMKII-  phosphorylation has been shown to prevent the formation 587 

of morphine CPP memories (Rosen et al., 2015; 2016) and blocks the acute consolidation of 588 

morphine CPP memories (Gholizadeh et al., 2013). This would suggest that acute opiate reward 589 

memory formation requires CaMKII-  signaling in the PFC and further, D4R activation of PFC 590 

CaMKII-  signaling may in turn amplify the formation of opiate-related associative memories, 591 
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using a parallel mechanism to that observed with the potentiation of fear-related memory 592 

formation (Lauzon et al., 2012). 593 

PFC D1R transmission modulates fear memory recall and morphine reward salience 594 

processing via ERK 1-2 phosphorylation 595 

While there is currently little direct evidence linking disturbances in the D1R system to 596 

PTSD and addiction co-morbidity, significant evidence has demonstrated a role for PFC D1R 597 

and associated ERK 1/2 signaling in the processing of both positive and aversive associative 598 

memories. Specifically, supra-normal stimulation of PFC D1R transmission can independently 599 

block the recall of both fear and opiate-reward related associative memories (Lauzon et al., 2009; 600 

2013). In contrast, blockade of D1R transmission in non-cortical regions, such as the BLA, can 601 

block the acquisition of associative morphine-related reward memories (Lyons et al., 2013). In 602 

the present study, PFC D1R activation blocked the recall of normally supra-threshold associative 603 

fear memories and concomitantly, prevented the potentiation of sub-reward threshold morphine 604 

CPP behaviors. This effect was correlated with increased phosphorylation of PFC ERK 1/2 and 605 

functionally, pharmacological blockade of ERK was sufficient to reverse the effects of PFC D1R 606 

stimulation on memory recall blockade. Furthermore, PFC D1R activation blocked recall of a 607 

D4R-mediated potentiated fear memory, which concomitantly blocked potentiation of sub-608 

reward threshold morphine CPP, demonstrating that D1R activation is capable of overriding the 609 

effects of D4R modulation during the memory encoding phase and concomitantly blocking the 610 

potentiation of morphine CPP. 611 

The ERK signaling pathway is functionally linked to PTSD and addictive behaviors both 612 

in terms of vulnerability and stress-related neuronal responses. For example, exposure to acute or 613 

prolonged stressors activates ERK phosphorylation in the amygdala and PFC, which has been 614 

linked to increased vulnerability to the reinforcing effects of alcohol and opioids (Bertotto et al., 615 

2010; 2011; Hauger et al., 2012; Wang et al., 2010; Xiao et al., 2011). During opiate-related 616 

reward memory processing D1R transmission is linked to the ERK 1-2 signaling pathway during 617 

acquisition and consolidation phases (Gholizadeh et al., 2013; Lyons et al., 2013) and ERK 618 

expression levels are significantly elevated in the amygdala during states of opioid withdrawal 619 

(Lyons et al., 2013). While PFC ERK 1/2 signaling has not previously been linked to 620 

suppression of either fear or reward-related memory recall, blockade of ERK 1/2 in the central 621 
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nucleus of the amygdala has been shown to prevent the recall of opiate-related reward memories 622 

(Li et al., 2008). Given the common roles of ERK in fear and reward-related memory processing, 623 

the ability of PFC D1R activation to induce ERK 1/2 phosphorylation may underlie D1R-624 

mediated common modulation of fear memory recall and opiate-reward sensitivity.  625 

Nevertheless, important questions remain. For example, both D4R and D1R signaling are 626 

capable of mediating glutamatergic transmission through modulation of NMDA receptor activity 627 

states, via downstream CaMKII-  (Yuen et al., 2010) and ERK 1/2 signaling (Nagai et al., 628 

2007), respectively. Given the critical role of PFC NMDA transmission in both the acquisition 629 

and recall of emotional associative memories (Bishop et al., 2011), future research should 630 

explore how these mechanisms might relate to NMDA-mediated modulation of memory 631 

acquisition and/or recall, in the context of fear and reward-related memory processing. In 632 

contrast to our observed effects on ERK 1/2 phosphorylation states, both PFC D1R and D4R 633 

activation produced small, but significant decreases in total levels PFC ERK 2, while D4R 634 

activation caused a slight but significant decrease in total PFC ERK 1 expression levels. 635 

However, changes in total ERK 1/2 expression levels mediated by PFC D4R did not appear to 636 

modulate ERK 1/2 phosphorylation states, since we observed no concomitant changes in D4R-637 

mediated ERK 1/2 phosphorylation. Importantly, since no pharmacological compound displays 638 

complete specificity, the possibility that other signaling pathways may be functionally involved 639 

in the present effects can not be ruled out. While beyond the scope of the present study, future 640 

experiments are required to fully explore the possible functional effects of D4R activation on 641 

total ERK 1/2 expression levels within the PFC and how these may impact the encoding of fear 642 

or reward-related associative memory salience. In addition, future studies should explore how the 643 

effects of acute pharmacological activation of cortical D1R and D4R substrates may translate 644 

into underlying transmission or expression disturbances in these systems in the context of either 645 

PTSD or addiction. 646 

In summary, the present findings reveal several novel mechanisms by which cortical 647 

DAergic transmission modulates the acquisition and recall of associative, fear-related memory 648 

while regulating sensitivity to opiate-related reward effects, directly in the mesolimbic pathway. 649 

Given the high co-morbidity between PTSD and opioid dependence, these findings identify 650 
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D4R-CaMKII- and D1-ERK-1/2 signaling pathways in the PFC as potential biomarkers and 651 

mechanisms controlling how traumatic memory recall may serve to increase addiction liability. 652 
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 817 

FIGURE CAPTIONS 818 

Figure 1. Schematic summary of experimental timeline and behavioral conditioning procedures 819 

combining olfactory associative fear conditioning and morphine CPP assays. Intra-PFC D1R or 820 

D4R pharmacological activation was administered immediately prior to fear memory recall 821 

testing or acquisition phases, respectively. 822 

Figure 2. Histological analysis of PFC injector placements. A, Representative microphotograph 823 

showing a typical intra-PFC injector placement. B, Schematic representation of bilateral intra-824 

PFC injector placements. Figure symbols represent the following experimental groups: ● = PFC 825 

VEH controls receiving CS+ presentations during the fear recall test; □ = rats receiving 826 

SKF81297 100 ng/0.5 l; ■ = rats receiving intra-PFC PD168077 50ng/0.5 l. 827 

Figure 3. Effects of recalling a supra-threshold associative fear memory on sub-threshold 828 

morphine reward CPP. A, Whereas rats tested after conditioning with the absence of footshock 829 

stimuli (n=8) or with the presence of footshock and absence of a CS+ cue display (n=8) low 830 

levels of associative freezing, rats conditioned with footshock and then presented with the CS+ 831 

fear memory cue (n=8) immediately before testing displayed significantly greater freezing levels 832 

relative to other groups (p<.01). B, When tested for CPP after sub-threshold (0.05 mg/kg) 833 

morphine CPP conditioning, only rats receiving footshock and fear memory recall cues during 834 

recall testing displayed a significant morphine reward CPP. The symbols * = p<.05; ** = p<.01. 835 

Bars represent mean ± standard error of the mean, for this and all subsequent figures.  836 

Figure 4. Effects of PFC D1R activation on the recall of supra-threshold fear memory and 837 

morphine reward CPP behaviors. A, Relative to VEH (n=6) controls, intra-PFC D1R activation 838 

with SKF81297 immediately prior to the recall test, dose-dependently blocks the recall of supra-839 

threshold fear memories demonstrated by significantly lower levels of associative freezing in rats 840 

receiving 10 ng (n=8) or 100 ng (n=8) of intra-PFC SKF81297. B, Blockade of supra-threshold 841 
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fear memory recall with SKF81297 similarly blocks the potentiation of sub-threshold morphine 842 

reward CPP, demonstrated by attenuated morphine environment preferences in rats receiving 10 843 

ng or 100 ng intra-PFC SKF81297. 844 

Figure 5. Effects of PFC D4R activation on the acquisition of sub-threshold fear memory and 845 

morphine reward CPP behaviors. A, Relative to VEH controls (n=9), intra-PFC D4R activation 846 

with PD 168077 during fear memory acquisition, dose-dependently potentiates the formation of 847 

sub-threshold fear memories demonstrated by significantly higher levels of associative freezing 848 

in rats receiving 50 ng intra-PFC PD 168077 (n=7) but not a lower dose of 5 ng (n=6). This 849 

effect is blocked by intra-PFC D1R activation with SKF 81297 (100 ng) immediately prior to 850 

recall testing (n=6).  B, Potentiation of normally sub-threshold fear memory with PD 168077 851 

similarly potentiated the reward salience of normally sub-reward threshold conditioning doses of 852 

morphine (0.05 mg/kg; i.p.) in these same groups. Again, this effect is also blocked when fear 853 

memory recall is prevented with intra-PFC SKF 81297 immediately before recall testing. 854 

Figure 6. VTA histological analysis and effects of intra-PFC D1R or D4R activation on fear 855 

memory processing and intra-VTA morphine reward CPP behaviors. 6A, Microphotograph 856 

showing typical intra-VTA injector location. 6B, Schematic summary of bilateral intra-VTA 857 

cannulae injector locations; = intra-PFC VEH; = intra-PFC PD168077 (50 ng/0.5 l); = 858 

intra-PFC SKF81297 (100 ng/0.5 l). 6C, Intra-PFC SKF81297 administration immediately 859 

prior to fear memory recall significantly attenuates freezing behaviors. 6D, Relative to VEH 860 

controls (n=7), rats receiving intra-PFC SKF81297 (n=8) do not display morphine CPP. 6E, 861 

Intra-PFC PD168077 (n=7) administration during fear memory acquisition significantly 862 

potentiates sub-threshold associative fear memory and 6F, potentiates intra-VTA morphine 863 

reward CPP relative to VEH controls (n=8). 864 

Figure 7. Effects of PFC D1R activation on total and phosphorylated ERK 1/2 levels in the PFC 865 

and effects of intra-PFC ERK inhibition on PFC D1R modulation of fear and morphine reward 866 

behaviors. A, Sample Western blots showing PFC pERK 1/2 bands relative to loading controls in 867 

intra-PFC VEH (n=6), SKF 81297 (100 ng, n=6) or PD 168077 (50 ng, n=5) treated rats. B,C 868 

Normalized densitometry values comparing average levels of pERK 1 or 2 following intra-PFC 869 

VEH, SKF 81297 or PD 168077 administration. D, Sample Western blots showing PFC tERK 870 

1/2 bands relative to loading controls in intra-PFC VEH, SKF 81297 (100 ng) or PD 168077 (50 871 
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ng) treated rats. E,F, Normalized densitometry values comparing average levels of tERK 1 or 2 872 

following intra-PFC VEH, SKF 81297 or PD 168077 administration. G, Co-administration of 873 

SKF 81297 (100 ng) with the MEK 1/2 inhibitor U0126 (1 g, n=6) reverses the effects of intra-874 

PFC D1R activation on blockade of fear memory recall, with U0126 having no effect on its own 875 

(n=8), relative to SKF 81297 (100 ng) on its own (n=7). H, Similarly, reversing the block of 876 

D1R-mediated memory recall with U0126 restores the potentiation of sub-reward threshold 877 

morphine reward CPP in these same groups. Rats receiving U0126 alone showed a normal 878 

potentiated morphine CPP. 879 

Figure 8. Effects of PFC D4R activation on total and phosphorylated PFC CaMKII-  expression 880 

levels and effects of intra-PFC CaMKII-  phosphorylation inhibition on PFC D4R modulation 881 

of fear and morphine reward behaviors. A, Sample Western blots showing PFC pCaMKII-  882 

bands relative to loading controls in intra-PFC VEH, SKF 81297 (100 ng) or PD 168077 (50 ng) 883 

treated rats. B, Sample Western blots showing representative PFC tCaMKII-  bands relative to 884 

loading controls in intra-PFC VEH, SKF 81297 (100 ng) or PD 168077 (50 ng) treated rats. C, 885 

Co-administration of PD 168077 (50 ng) with the CaMKII-  phosphorylation inhibitor AIP (1 886 

g, n=8) reverses the effects of intra-PFC D4R activation on potentiation of sub-threshold fear 887 

memory acquisition, with AIP having no effect on its own (n=8), relative to PD 168077 (50 ng) 888 

on its own (n=8). D, Similarly, reversing the potentiation of D4R-mediated fear memory recall 889 

with AIP blocks the potentiation of sub-reward threshold morphine reward CPP in these same 890 

groups. Rats receiving AIP alone show no potentiation of morphine reward CPP. 891 
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