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Abstract

Pituitary adenylate cyclase-activating polypeptide (PACAP) is implicated in stress regulation and 

learning and memory. PACAP has neuromodulatory actions on brain structures within the limbic 

system that could contribute to its acute and persistent effects in animal models of stress and 

anxiety-like behavior. Here, male Sprague-Dawley rats were implanted with 

intracerebroventricular (ICV) cannula for infusion of PACAP-38 (0.5, 1, or 1.5 ug) or vehicle 

followed 30 min later by fear conditioning. Freezing was measured early (1, 4, and 7days) or 

following a delay (7, 10, and 13 days)after conditioning. PACAP (1.5 μg) produced a bi-phasic 

response in freezing behavior across test days: relative to controls, PACAP-treated rats showed a 

reduction in freezing when tested 1 or 7 Days after fear conditioning that evolved into a significant 

elevation in freezing by the third test session in the early, but not delayed, group. Corticosterone 

(CORT) levels were significantly elevated in PACAP-treated rats following fear conditioning, but 

not at the time of testing (Day 1). Brain c-Fos expression revealed PACAP-dependent alterations 

within, as well as outside of, areas typically implicated in fear conditioning. Our findings raise the 

possibility that PACAP disrupts fear memory consolidation by altering synaptic plasticity within 

neurocircuits normally responsible for encoding fear-related cues, producing a type of dissociation 

or peritraumatic amnesia often seen in people early after exposure to a traumatic event. However, 

fear memories are retained such that repeated testing and memory reactivation (e.g. re-

experiencing) causes the freezing response to emerge and persist at elevated levels. PACAP 

systems may represent an axis on which stress and exposure to trauma converge to promote 
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maladaptive behavioral responses characteristic of psychiatric illnesses such as post-traumatic 

stress disorder (PTSD).
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1. Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) belongs to the secretin/

glucagon superfamily of peptides and exists in two biologically active forms (as 38- and 27-

amino acid peptides) found in peripheral tissues and in the brain (Vaudry et al., 2009). 

PACAP-38 is the predominant form in the brain and shares identical amino acid sequence 

homology in species including mice, rats, sheep, and humans, indicating strong evolutionary 

conservation (Montero et al., 2000). Although numerous biological and behavioral functions 

have been ascribed to PACAP actions in the CNS (see Zhou et al., 2002), the presence of 

high levels of PACAP and its cognate receptor, PACAP-type-I-receptor (PAC1), in limbic 

brain areas such as the hippocampus, amygdala and bed nucleus of the striaterminalis 

(BNST) suggests a role in modulating neural activity related to stress and emotional states 

(Hammack and May 2014; Hannibal 2002; Joo et al., 2004).

Evidence for a functional role of PACAP in anxiety-like behaviors in laboratory animals 

comes mainly from gene knock-out studies where PAC1 receptors or PACAP itself have 

been ablated, or studies where exogenous PACAP is delivered directly into the brain. The 

data generally indicate that increased PACAP function mimics numerous physiological and 

behavioral responses indicative of a stress or anxiety-like state, including altered coping 

strategies (Legradi et al., 2007), decreased open arm time in the elevated plus maze (Dore et 

al., 2013; Missig et al., 2014; Telegdy and Adamik, 2015), and increased expression of the 

stress peptide corticotropin-releasing factor (CRF) and stress hormone corticosterone 

(Agarwal et al., 2005; Dore et al., 2013). Conversely, reductions in PACAP-mediated 

neurotransmission produce anxiolytic-like responses measured in behavioral assays 

including elevated plus-maze, novel object recognition, light-dark box, and open field test 

(see Hammack and May 2014). Still other studies have shown that chronic stress increases 

mRNA for PACAP or the PAC1 receptor in vivo (Hammack et al., 2009), whereas treatment 

with anxiolytic and/or antidepressant drugs decreases PAC1 mRNA in vitro (Reichenstein et 

al., 2008). Hence, bi-directional changes in PACAP-mediated neurotransmission may 

modulate physiological responsiveness to stress and promote, or reduce, anxiety-like states.

We have demonstrated a role for PACAP in modulating synaptic transmission in the central 

nucleus of the amygdala (CeA; Cho et al., 2012), a brain area that is critically involved in 

fear learning (Li et al., 2013) and receives heavy PACAPergic innervation from the 

brainstem (Missig et al., 2014). There is also considerable evidence that PACAP affects 

synaptic transmission and plasticity in the hippocampus (Otto et al., 2001; Yang et al., 

2010), consistent with the finding that high densities of PACAP receptors are expressed 

throughout this structure (Joo et al., 2004; Vaudry et al., 2009). Direct infusion of PACAP 

into the CA1 region of the hippocampus immediately after training enhances consolidation 
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of the conditioned freezing response, whereas the PACAP antagonist PACAP6-38 into 

either the hippocampus or basolateral amygdala reduces conditioned freezing (Schmidt et 

al., 2015). In Drosophila, mutation of a PACAP homolog (amnesiac mutant) is responsible 

for deficits in olfactory fear conditioning (see Hashimoto et al., 2002). Together, these 

findings are consistent with earlier studies suggesting a role for PACAP in modulating 

learning and memory, particularly in fear conditioning procedures (Otto et al., 2001; 

Adamik and Telegdy, 2005; Takuma et al., 2014), in a wide variety of species.

Here, we examined the effects of intracerebroventricular (ICV) PACAP on the acquisition of 

conditioned fear and effects on blood corticosterone (CORT) levels and neuronal activity 

using the protein product of the immediate early gene c-Fos (Meloni and Davis, 2000). Our 

rationale for using ICV administration of PACAP rather than localized delivery (e.g. 

Schmidt et al., 2015) was to investigate how PACAP actions (direct and indirect) in multiple 

brain areas simultaneously might interact to affect learning of aversive contingencies. The 

complex interactions of multiple brain areas recruited during fear conditioning (Maren et al., 

2013), and modified by the effects of exogenously applied PACAP, may produce a different 

behavioral outcome to that seen with brain-specific infusions alone (Schmidt et al., 2015). 

Accordingly, ICV administered PACAP could recapitulate a condition where elevated levels 

of endogenous PACAP—putatively increased by exposure to chronic stress—affects 

multiple brain areas thereby sensitizing (or protecting) the brain to the consequences of 

exposure to atraumatic event. Considering that preclinical fear conditioning paradigms have 

been useful tools to help understand the neurobiology of psychiatric conditions such as post-

traumatic stress disorder (PTSD; Mahan and Ressler, 2012), a disorder where dysfunction 

within PACAP systems has been implicated (Ressler et al., 2011), the current study may 

have useful face and construct validity.

Our data indicate that ICV PACAP can induce a profound but temporary amnestic-like 

effect early after fear conditioning that evolves into a hypermnestic phenotype after multiple 

re-exposures to the conditioned cues. This behavioral readout, as well as an analysis of the 

involvement of different brain areas following PACAP plus fear conditioning, may provide 

a heuristic model to help understand how stress and exposure to trauma converge to produce 

some of the symptoms commonly seen in PTSD, such as dissociation and peritraumatic 

amnesia, and may evolve over time with multiple re-experiencing episodes.

2. Methods and Materials

2.1. Animals

The animals were male Sprague-Dawley rats (Charles River; Raleigh, NC) weighing 250 g 

housed in group cages of four rats each and acclimated to the vivarium for six weeks until 

surgery. Rats were maintained on 12/12 h light dark cycles and food and water were 

provided ad libitum. Experiments were performed from 1000h to 1600h. The sample sizes 

were determined in concordance with our previous work using the conditioned-freezing 

behavioral assay (Meloni et al., 2014)and c-Fos analyses (Meloni and Davis, 2000). All 

animal procedures were approved by McLean Hospital’s Institutional Animal Care and Use 

Committee (Office of Laboratory Animal Welfare Assurance number A3685-01) in 
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accordance with the National Institute of Health Guide for the Care and Use of Laboratory 

Animals (8th Edition).

2.2. Intracerebroventricular (ICV) cannulation

Rats were anesthetized with Nembutal (65 mg/kg, IP) and placed in a Kopf stereotaxic 

instrument (model 900; Kopf Instruments, Tujunga, CA) with blunt ear bars. The skin was 

retracted, and a hole was drilled in the skull above the lateral ventricle. Stainless-steel guide 

cannulas (23 gauge; Plastics One, Roanoke, VA) with an internal dummy stylet extending 

1.5 mm beyond the guide cannula tip were lowered into the brain using the following 

coordinates: −0.8 mm caudal to bregma, +1.3 mm lateral to the midline, −3.5 mm ventral to 

dura according to the Rat Brain Atlas of Paxinos and Watson (2008). Three stainless-steel 

screws (size 0–80; Small Parts, Miami Lakes, FL) were also placed in the skull to anchor the 

guide cannula and dental acrylic (Stoelting, Wood Dale, IL) was used to cement the cannula 

in place. Rats were placed under a heating lamp, and after recovery, the rats were singly 

housed in plastic Nalgene cages (45 × 24 × 20 cm) with wood-shaving bedding.

2.3. ICV PACAP infusion

The timeline for procedures and tests used in the current study are illustrated in Figure 1. 

Ten days after surgery, rats were transported in their home cages to a room adjacent to the 

fear conditioning room, placed in individual plastic cages, and their dummy stylettes were 

removed and replaced with infusion cannulas (30 gauge, 1.5 mm projection from the tip of 

the guide cannula; Plastics One) attached to Hamilton microsyringes (10 μl) by polyethylene 

tubing. A Harvard Apparatus infusion pump (model 22; Harvard Apparatus, Holliston, MA) 

was used to deliver 3 μl of either vehicle [artificial CSF (aCSF); Harvard Bioscience, 

Holliston, MA] or PACAP-38 (0.167, 0.333, 0.5 μg/μl; Bachem, Torrance, CA) directly into 

the lateral ventricle at a rate of 1 μl/min for 3 min. The infusion cannulas were left in place 

for 2 min after the infusion and then removed and the dummy stylettes replaced. Rats were 

placed back in their individual home cages for 30 min followed by fear conditioning.

2.4. Fear-conditioning apparatus

Rats were trained and tested for fear conditioning using procedures adapted from Phillips 

and LeDoux (1992) as described (Meloni et al., 2014). These procedures enabled us to 

evaluate the expression of conditioned freezing to both context alone and cues (a tone 

presented within the same context) that were conditioned while brain PACAP levels were 

elevated. Conditioning and testing were conducted in four identical 19×9×14-cm Plexiglas 

behavioral chambers contained in a sound-attenuating cubicle (Med-Associates, Georgia 

VT). On the conditioning day (Day 0), rats were placed in chambers and after 2 min 

received two pairings of a 30-s, 5-kHz, 75-dB tone (CS) co-terminating with a 0.6-mA, 0.5-s 

footshock (US) delivered through the floor bars of the chamber. Shock reactivity (cage 

movement in response to shock delivery) was measured after each training trial by an 

accelerometer at the base of the cage. Accelerometer analog output was amplified and 

digitized on a scale of 0–20 units by an analog-to-digital card interfaced with a PC computer 

(Med-Associates). The intertrial interval of CS-US pairings was 30 s. After an additional 30 

s in the chamber, animals were returned to their home cages. Twenty-four hours, or 7 days, 
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after training rats were returned to the testing chambers and after 2 min animals were 

exposed to the tone CS (5-kHz, 75-dB) for 60 s. Freezing behavior was video-recorded on 

each day and scored by an experimenter blind to treatment conditions. Percent freezing was 

calculated as the % total time that animals remained immobile (frozen), other than breathing, 

during the first 2 min of re-exposure to the chamber (Context alone) and during the 60-s CS 

presentation (Context plus tone). Subsequent freezing tests were conducted every third day 

(Day 4 and 7 or 10 and 13), adapted from previously described procedures (Philips and 

LeDoux, 1992).

2.5. Corticosterone assay

Serum CORT levels were measured on Day 0 (30 min after fear conditioning) and on Day 1 

(immediately after the freezing test) in different cohorts of animals. Rats were overdosed 

with sodium pentobarbital (115 mg/kg; IP) and upon loss of toe-pinch reflex, the chest 

cavity was opened. A 5 ml syringe with a 20 gauge needle was used to draw 4–5 ml of blood 

from the right ventricle of the heart. This procedure took less than 5 min and previous work 

suggests that it is unlikely that anesthesia significantly impacted CORT levels (Arnold and 

Langhans, 2010). Blood was transferred to a sterile 10 ml serum blood collection tube (BD 

Vacutainer; Becton-Dickson, Franklin Lakes, NJ) and allowed to clot at room temperature 

for 30 minutes before centrifugation for 10 min at 3000 rpm. Serum was removed, aliquoted, 

and stored at −80°C until assayed by ELISA following the manufacturer’s directions for 

quantitative determination of CORT levels in rat/mouse serum (Alpco Diagnostics, Salem 

NH). The interassay and intrassay coefficient of variation was 5.5% and 10.7% respectively, 

and the sensitivity of the assay was 4.1 ng/ml. Brains from these animals were also removed 

and placed in 4% paraformaldehyde for 7 days and then stored for 3–4 d in a 30% 

sucrose/0.1 M PBS solution for subsequent histological verification of accurate cannula 

placement in the lateral ventricle.

2.6. c-Fos immunohistochemistry

Expression of c-Fos protein was measured on Day 0 (60 min after the end fear conditioning; 

Radulovic et al., 1998). Rats were overdosed with sodium pentobarbital (115 mg/kg; IP) and 

perfused intracardially with 0.9% saline (200 ml) followed by 2% paraformaldehyde, 0.05% 

gluteraldehyde, and 0.2% picric acid in 0.1 M PBS (500 ml). After the perfusion, the brains 

were removed and stored for 3–4 d in a 30% sucrose/0.1 M PBS solution. Brains were then 

cut serially in 40 μm coronal sections and every third section was placed in a 4-ml 

borosilicate glass vial (16 sections/vial) for processing of c-Fos immunohistochemistry as 

previously described (Meloni and Davis, 2000). Sections were mounted on microscope 

slides and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA) and observed with 

a Zeiss Axioscope 2 (Zeiss, Oberkochen, Germany). Still frame images were captured with a 

digital camera (Axiocam, Zeiss) interfaced with a PC using image-acquisition software. To 

quantify the number of c-Fos positive cells within each brain area, a fixed region-of-interest 

(ROI) template was transcribed from the atlas of Paxinos and Watson (2008; shaded areas 

shown in Figure 4A) for that brain area and affixed to the captured images using Adobe 

Photoshop software (CS6; Adobe System Incorporated, Mountain View, CA, USA) using 

structural landmarks for placement of the template. Neurons with round/oval nuclei clearly 

stained dark brown were tagged and counted in each brain area by an observer blind to the 
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treatment conditions using the Adobe Photoshop analysis count tool. Data represent the 

average of c-Fos counts from the left and right sides of the brain averaged across at least 

three 40 μm sections for each brain area for both treatment conditions (VEH and PACAP).

2.7. ICV cannula placement

At the end of behavioral testing, all animals not used for CORT or c-Fos analyses were 

overdosed with sodium pentobarbital (115 mg/kg; IP) and perfused intracardially with 0.9% 

saline (200 ml) followed by 4% paraformaldehyde (500 ml). The brains were removed and 

stored for 3–4 d in 30% sucrose/0.1 M PBS and subsequently cut in 40 μm coronal sections. 

Sections were mounted on microscope slides and coverslipped with Permount for 

verification of cannula placement in the lateral ventricle; all animals used in this study were 

found to have accurate cannula placement.

2.8. Statistical analysis

Data are presented as means ± standard error. The effect of PACAP on freezing behavior 

was analyzed using two-way ANOVAs with treatment group (PACAP dose: 0, 0.5, 1, 1.5 

μg) as a between-subjects factor and test day as a within-subjects factor. Shock reactivity 

and CORT levels were analyzed using independent-measures one-way ANOVAs. For 

measurements yielding significant main effect, subsequent multiple pairwise comparisons 

were made using Newman-Keuls tests. Differences in c-Fos expression between VEH and 

PACAP (1.5 μg) treated rats were analyzed with two-tailed t-tests for each brain area 

examined.

3. Results

As shown in Figure 2, PACAP given 30 min before fear conditioning had a dose- and test-

day dependent effect on conditioned freezing. Significant main effects include: context 

alone (Figure 2A; test day: F2,72=12.13, P <0.0001; dose x test day interaction: F6,72=7.71, 

P<0.0001) context + tone (Figure 2B; test day: F2,72=3.13, P<0.05; dose x test day 

interaction: F6,72=4.60, P<0.0005). Rats that received the highest dose of PACAP (1.5 μg) 

showed a significant reduction in freezing to context (P<0.0005) and context plus tone 

(P<0.05) on Day 1 and a significant increase in freezing to context (P<0.05) on Day 7 

compared to VEH-treated rats. Rats treated with 0.5 or 1 μg PACAP showed no significant 

differences in freezing across test days compared to VEH-treated animals. The distribution 

of individual freezing responses on Day 1 from individual rats in each treatment group is 

shown in Figure 2C (freezing to context alone) and 2D (freezing to context plus tone). A 

trend for a reduction in freezing with increasing doses of PACAP was observed for both 

freezing to the context alone (r2 = .37, P<0.0001) and context plus tone (r2 = .22, P<0.005) 

on Day 1. Based on these observations, an additional cohort treated with either VEH (n=8) 

or the high dose of PACAP (1.5 μg; n=9) was included to determine if these phenotypes 

persisted when the first test day was delayed until 7 days after fear conditioning. As shown 

in Figure 2 E & F, freezing was significantly reduced on the first test day (Day 7) in 

PACAP-treated animals but was not significantly different from VEH-treated animals by the 

third test (Day 13). Significant main effects include: context alone (Figure 2E; group: 

F1,15=9.76, P < 0.05; test day: F2,30=16.23, P < 0.0001; dose x test day interaction: 
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F2,30=9.48, P<0.005) context + tone (Figure 2F; group: F1,15=18.11, P < 0.005; test day: 

F2,30=7.27, P < 0.05; dose x test day interaction: F2,30=8.92, P<0.005).

Figure 3A & B illustrates the effect of VEH and PACAP (1.5 μg) on shock reactivity (i.e. 

cage movement in response to shock delivery) and blood serum CORT levels in animals that 

did, and did not receive fear conditioning (FC) on Day 0. A one-way ANOVA revealed a 

main effect of treatment on shock reactivity (F3,19=41.39, P<0.0001) but, there was no 

significant difference between fear conditioned animals that received either VEH or 

PACAP. These data suggest that ICV PACAP (1.5 μg) infusion does not affect perception of 

the shock (as indicated by flinch response to shock delivery and movement of the cage), 

which could serve as a confound for the degree of fear conditioning and subsequent 

expression of freezing seen between these treatment groups on Day 1. A one-way ANOVA 

examining serum CORT levels from these same animals sacrificed 30 min after fear 

conditioning revealed a significant main effect (F3,19=3.97, P<0.05). Individual pairwise 

comparisons revealed significant differences between VEH-No FC treated animals and 

PACAP-No FC (F1,19=7.96, P<0.05) and PACAP rats that were fear conditioned 

(F1,19=8.87, P<0.05). There was no significant difference between fear conditioned animals 

that received either VEH or PACAP. We confirm that this was not due to a ceiling effect 

based on the sensitivity of the assay indicated by the standard curve generated from CORT 

samples as high as 2250 ng/ml. Also, there was no significant difference between animals 

that received VEH and either were or were not fear conditioned (VEH No-FC versus VEH 

groups). This finding may be related to the fact that the ICV infusion itself is slightly 

stressful and may have elevated CORT in rats that received VEH but no fear conditioning. 

Although we did not include a control group that did not receive any ICV infusions to test 

this possibility, a comparison of the CORT response from VEH-No FC animals on Day 0 

versus Day 1 (data shown in Figure 3D) raises the possibility that the ICV infusion 

procedure itself is slightly stressful; an independent-groups t-test revealed a near-significant 

difference in VEH-No FC rats on Day 0 versus Day 1(P=0.08).

Figure 3C & D illustrates the effect of VEH and PACAP (1.5 μg) on conditioned freezing 

and blood serum CORT, respectively, on Day 1. In a replication of part of the data presented 

in Figure 2A & B, PACAP significantly reduced conditioned freezing to both the context 

alone and context plus tone compared to VEH-treated animals on Day 1 in this cohort. In 

fact, freezing levels of PACAP-treated rats were indistinguishable from animals that 

received either VEH or PACAP and were not fear conditioned (No FC) indicating a 

complete blockade of conditioned freezing by PACAP on Day 1 in this cohort of animals. A 

two-way ANOVA with treatment as a between subject comparison and exposure condition 

(context alone and context plus tone) as a within-subjects comparison revealed a main effect 

of treatment (F3,28=66.9, P<0.0001) and a treatment x exposure condition interaction 

(F3,28=2.9, P<0.05). Individual pairwise comparisons revealed significant differences in 

freezing levels between VEH and PACAP treated animals to both the context alone 

(F1,28=64.7, P<0.0001) and the context plus tone (F1,28=86.9, P<0.0001). A one-way 

ANOVA examining serum CORT levels from these same animals sacrificed immediately 

after the freezing test revealed no significant main effect of treatment, indicating that 

PACAP-induced elevations in corticosterone seen on Day 0 (Figure 3B) return to control 

levels within 24 hr. Importantly, this finding suggests that the PACAP-induced reduction in 
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conditioned freezing on Day 1 cannot be attributable to elevated CORT levels which could 

potentially interfere with retrieval of the fear memory.

Figure 4 illustrates the effect of VEH and PACAP (1.5 μg) on c-Fos expression 60 min after 

fear conditioning on Day 0. Regions (Figure 4A) were selected for analysis based on the 

known involvement of these brain regions in stress, fear conditioning, and/or PACAP-

mediated effects. Figure 4B shows representative coronal brain sections from VEH and 

PACAP treated rats where a significant increase (e.g. CeA, paraventricular nucleus of the 

hypothalamus (PVN)) or decrease (e.g. lateral habenula (lHab), anterior piriform cortex 

(APC)) in c-Fos expression was observed. Averaged c-Fos-positive cell counts for each of 

these areas from VEH and PACAP-treated animals is illustrated in Figure 4C and 4D, 

respectively; individual t-tests between treatment groups for each brain area revealed 

significant differences. For all other brain areas examined, there were no significant 

differences in c-Fos expression between VEH and PACAP treated rats (Table 1).

4. Discussion

The results of the current study extend a growing body of evidence for a role of PACAP in 

modulating learning and memory mechanisms, especially as it applies to fear conditioning. 

Here, we demonstrate that ICV infusion of PACAP prior to fear conditioning has a dose- 

and time-dependent effect on the expression of conditioned freezing tested 1, 4 and 7 days 

after administration. Our data show that PACAP at the highest dose tested (1.5 μg) 

significantly reduced conditioned freezing 24 h after it was given in combination with fear 

conditioning (Figure 2A & 2B). In one replication study focusing on this effect at Day 1 

only (Figure 3C), conditioned freezing to the context alone and context plus tone was 

roughly equivalent to that of rats which did not receive fear conditioning, indicating a near 

total blockade of conditioned freezing in PACAP- (1.5 μg) treated animals. This effect 

appeared, however, to be temporary, since the conditioned freezing response re-emerged 

with subsequent testing and ultimately reached significantly higher levels than those of 

control rats on the third test day (Day 7; Figure 2A & 2B). Lower doses of PACAP, 

including a dose frequently used as a standard in many published studies (e.g. 1 μg) did not 

produce this phenotype, although there was evidence that some animals were sensitive to 

this dose and showed reductions in freezing similar to the majority of animals treated with 

the high dose of PACAP (Fig 2C & 2D). As such, there may be individual differences that 

increase susceptibility to PACAP in this behavioral paradigm. The underlying state of an 

individual’s stress system could be one potential factor contributing to enhanced sensitivity 

to PACAP’s effects, consistent with literature suggesting an interaction between PACAP 

and stress-related neurocircuits (Hammack et al., 2010; Hashimoto et al., 2011; Stroth et al., 

2011). PACAP- (1.5 μg) treated rats tested 1 week after fear conditioning also showed 

reduced freezing (Figure 2E & 2F) on their first test day (Day 7) that re-emerged with 

repeated testing. However, freezing levels did not exceed those of control rats on the third 

test day (Day 13) as was previously seen when memory reactivation tests were closer to the 

conditioning day.

There are numerous interpretations that could potentially explain the reduction of 

conditioned freezing seen on the first test day, including an amnestic-like effect, temporary 
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retrieval deficits, or other non-specific effects that produce a behavior incompatible with 

freezing (i.e. increased locomotion or other motor effects) after administration of PACAP 

plus fear conditioning. Support for an amnestic-like effect rooted in PACAP-dependent 

neuroadaptations comes from data showing that PACAP knockout mice have reduced 

conditioned freezing (exhibiting ~10% freezing to context) similar to that seen in the present 

study (Takuma et al., 2014). Such data suggest that the initial PACAP-dependent deficit in 

conditioned freezing is related to the underlying neurobiology, rather than non-specific 

effects per se, because it is completely restored to control levels by environmental 

enrichment (Takuma et al., 2014). Environmental enrichment is known to enhance 

neuroplasticity, particularly in the hippocampus (Eckert and Abraham, 2013), which is 

critically involved in contextual fear conditioning (Maren et al., 2013) and shows PACAP-

dependent alterations in synaptic transmission and plasticity (Otto et al., 2001; Yang et al., 

2010). Although both studies implicate PACAP in an amnestic-like effect, the question of 

how acute elevations in PACAP present during fear conditioning (our study) and chronic 

depletion of PACAP in the knockout mice (Takuma et al., 2014) can produce a nearly 

identical behavioral phenotype (see also Otto et al., 2001) remains to be reconciled. 

Adaptive changes in the expression or relative ratios of PACAP-sensitive receptors (e.g. 

compensatory up-regulation of PAC1, or vasoactive intestinal peptide receptors VPAC1 & 

VPAC 2 which also bind PACAP) or other receptors modulated by PACAP (e.g. glutamate 

receptors; Cho et al., 2012; Schmidt et al., 2015)could be the variable between the two 

studies that produces similar behavioral outcomes despite differences in the animal models.

The possibility that anamnestic-like effect accounts for our results is also supported by a 

report describing the effects of PACAP on hippocampal dendritic spine remodeling 

(Gardoni et al., 2012). In that study, application of PACAP (300 nM) to hippocampal 

primary cultures produced a significant decrease of dendritic spine-head size and a 

concomitant reduction of glutamate GluR1 receptors along the same time course (e.g. 

maximum effects 30 min after PACAP administration) as we used in our PACAP 

pretreatment prior to fear conditioning. If similar PACAP-dependent effects are happening 

in the hippocampus in vivo (our study) as that seen in vitro (Gardoni et al., 2012), it is 

conceivable that fear conditioning-induced synaptic transmission/plasticity would be 

compromised via a reduction in the available substrates (e.g. dendritic spine heads, 

glutamate receptors) necessary for hippocampal-dependent learning. One limitation of the 

current study is that animals were not tested for cue-induced freezing in a different context, 

which may help to differentiate PACAP effects on hippocampal- versus amygdala-

dependent learning. Our intention in these initial studies was to elucidate the basic 

phenomena using a paradigm similar to that of Phillips and LeDoux (1992), which 

successfully established a differential role for the hippocampus and amygdala in context 

versus cued fear conditioning. On the basis of these data, a more comprehensive set of 

studies is now planned to test PACAP’s effects on cue-induced freezing elicited in a 

different context, as well as studies involving different fear conditioning paradigms (e.g. 

fear-potentiated startle, olfactory conditioning) to determine if PACAP effects generalize 

across tests of fear-learning.
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Our data should be considered together with those from a recent report showing that intra-

hippocampus (limited to the dorsal CA1 region) infusion of a very low dose of PACAP (40 

pg) immediately after fear conditioning produced a small but significant increase in 

conditioned freezing measured 24 h later (Schmidt et al., 2015). The most parsimonious 

explanation for the discrepancies between studies lies in the differences in doses of PACAP, 

coverage (dorsal CA1 versus all PACAP-receptor rich areas of the hippocampus that would 

be affected by ICV PACAP) and the timing of administration (before or after fear 

conditioning). Also, it is unclear how local infusion of PACAP directly into hippocampus 

alone might affect CORT release, which we found to be significantly increased with ICV 

PACAP administration (Figure 3B). Considering that the hippocampus is one of the primary 

targets of glucocorticoids (Rodrigues et al., 2009), the influence of PACAP-induced CORT 

in the hippocampus, plus direct modulatory effects of PACAP on synaptic transmission/

plasticity (Yang et al., 2010), could have complex effects on the consolidation of fear 

learning in this structure (e.g., Kaouane et al., 2012) and account for the differences between 

the findings of Schmidt et al., (2015) and the current study.

Although we found a significant increase in serum CORT levels by PACAP on Day 0, 

consistent with other reports (Agarwal et al., 2005; Dore et al., 2013), CORT levels were not 

significantly different from controls 24 h later (Figure 3D) in a cohort that was also tested 

for freezing (Figure 3C). This finding indicates that the reduction in freezing seen in 

PACAP-treated animals on Day 1 is likely not due to the known disruptive effect of CORT 

on memory retrieval (de Quervain et al., 2009). The exogenous PACAP we administered 

would be expected to be degraded by 24 h after ICV administration due to its short half-life 

in blood and brain (Dogrukol-Ak et al., 2004), and therefore not considered to be alingering 

factor that could influence or interfere with fear memory retrieval on Day 1. Indeed, 

previous reports have shown that motor- (e.g. locomotion, rearing, grooming) and more 

complex motivated behaviors (e.g., responding for rewarding brain stimulation, attention) 

that are acutely increased by ICV administration of PACAP returned to normal 24 h later 

(Adamik and Telegdy, 2004; Donahue et al., 2015), suggesting that the reduced freezing 

seen on Day 1 in the current study is not due to a lingering non-specific effect on behavior 

that is incompatible with the freezing response. Further, our data showing that the Day 1 

phenotype is reproduced even when the first freezing test is delayed for 1 week support the 

hypothesis that the amnestic-like effect is due to underlying neuroadaptations (induced by 

the combined effects of PACAP+fear conditioning on Day 0) rather than the presence of 

other PACAP-stimulated hormones/factors (e.g. CRF, somatostatin, growth hormone-

releasing hormone, etc.; Vaudry et al., 2009; Zhou et al., 2002) that could impair memory 

retrieval or have other non-specific effects. However, the possibility that PACAP might 

affect other functions, such as feeding and sleep (Zhou et al., 2002), that contribute to the 

conditioned freezing phenotype discovered in the current study cannot be excluded.

Following the Day 1 amnestic-like effect on conditioned freezing, we observed a rebound in 

the level of freezing over repeated test days in animals treated with the high dose of PACAP 

(1.5 μg). In fact, by Day 7 PACAP-treated rats had significantly higher levels of freezing 

compared to controls. One explanation is that the multiple re-exposures to the conditioning 

cues were able to reshape the rat’s behavior, possibly via an incubation-like process 
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(Elharrar et al., 2013). In this case the fear memory might be retained in the CeA, an area 

that showed a significant increase in PACAP-induced c-Fos expression on Day 0 (Fig 4B & 

4C). With multiple re-exposures, the retained memory may be redistributed to other brain 

areas (e.g. hippocampus) that were initially occluded by the primary effects of PACAP, thus 

re-integrating the nodes of the fear neurocircuitry that now allow the fear response to be 

expressed. Other groups have reported similar re-exposure-dependent, bi-phasic memory 

effects of PACAP in fear learning paradigms (Adamik and Telegdy, 2005). Freezing also re-

emerged in PACAP-treated rats that were not tested until Day 7. Under these conditions, 

however, freezing levels did not exceed that of controls, perhaps due to the fact that VEH-

treated animals showed less between-test extinction of freezing with activation of a remote 

memory versus one that is reactivated closer to the conditioning day. Unresolved questions 

regarding the neurobiological mechanisms that underlie the development of these dynamic 

PACAP-dependent effects and how they interact with phenomena such as incubation and 

extinction will require a significant amount of additional research to address 

comprehensively.

An analysis of c-Fos expression after PACAP (1.5 μg) administration and fear conditioning 

on Day 0 revealed bi-directional changes in expression levels in different brain areas that, 

taken together, may have influenced the initial consolidation of the fear memory within 

interconnected neurocircuits. The increase in c-Fos in the CeA is consistent with a role for 

this structure in the acquisition of fear conditioning (Li et al., 2013) and of enhanced 

synaptic plasticity in CeA neurons after PACAP application (Cho et al., 2012). Likewise, the 

increase in c-Fos expression in the PVN—a primary structure of the descending limb of the 

hypothalamic-pituitary-adrenal axis—is consistent with PACAP’s ability to increase blood 

CORT levels seen in the present study and others (Agarwal et al., 2005). Interestingly, we 

identified two brain areas that showed a significant decrease in c-Fos expression after the 

Day 0 treatment: the lateral habenula (lHab) and the anterior piriform cortex (APC). The 

lHab is an important node in transmitting input from the limbic system to dopamine neurons 

in the midbrain (e.g. ventral tegmental area (VTA) and substantianigra) and has been 

implicated in a number of functions including: behavioral avoidance, prediction error and 

attention, and stress and anxiety-like behaviors (Hikosaka, 2010; Stamatakis and Stuber, 

2012). The ways in which PACAP-induced inhibition of the lHab (inferred from the 

reduction in c-Fos expression) on Day 0 might influence the consolidation and/or expression 

of freezing are currently unknown. Possibilities include: attentional disturbances (Lecourtier 

and Kelly, 2005; Gill et al., 2013), alterations in dopamine-dependent modulation of 

synaptic plasticity (Pezze and Feldon, 2004) or disruption of motor suppression (i.e. 

freezing; Hikosaka, 2010).

The APC is part of sensory olfactory cortex that is rich in mRNA for PACAP receptors (Joo 

et al., 2004) and may play a role in associative encoding of olfactory information (Roesch et 

al., 2007). The PACAP-induced reduction in c-Fos in this brain area may indicate that 

olfactory sensory information (i.e. any odors associated with the fear conditioning 

chambers) is not being integrated in the memory engram, which could present an obvious 

confound for conditioning of this component of the “context” on Day 0. However, previous 

studies indicate that PACAP neurotransmission does not play a role in odor discrimination 

of non-social olfactory cues (Nicot et al., 2004) suggesting that our PACAP-treated rats 
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would still be able to perceive the smells associated with the conditioning context. The 

posterior piriform cortex (PPC), a secondary associative cortex that does play a role in 

consolidation of olfactory cues in fear conditioning (Sacco and Sacchetti, 2010), also 

showed nominal (but intriguing) reductions in c-Fos expression in PACAP-treated rats on 

Day 0.

There were no significant differences in c-Fos expression between VEH and PACAP-treated 

rats in numerous other brain areas that were examined. Of these areas, the BNST, an area 

that has been strongly implicated in mediating many of the stress-like effects of PACAP 

(Hammack et al., 2010), showed a trend for an increase in c-Fos expression in PACAP-

treated rats, but this difference was not significant. In VEH-treated animals it was somewhat 

surprising that c-Fos expression was low throughout the dorsal hippocampus and basolateral 

amygdala, areas that usually show robust c-Fos expression after fear-conditioning (e.g. 

Milanovic et al., 1998). It is possible that the prior experience of the surgical procedure to 

implant the ICV cannula (e.g. handling, transport, stress) may have reduced the novelty of 

the fear conditioning stimuli and blunted c-Fos expression in these areas as has been 

demonstrated (Radulovic et al., 1998). How this putative reduced-novelty effect may have 

impacted PACAP’s effects on c-Fos expression is not known. An examination of other 

markers of neuroadaptations, such as ΔFosB, activity-regulated cytoskeletal protein (Arc) or 

the phosphorylated form of cAMP response element binding protein (pCREB), could 

provide a more comprehensive picture of PACAP-induced changes that occur after fear 

conditioning in various brain areas and cell types (e.g., CRF or GABA neurons).

Dissociation is a common symptom of trauma exposure that involves “disruption in and 

fragmentation of the usually integrated functions of consciousness, memory, identity, body 

awareness, and perception of the self and the environment” (Lanius et al., 2012; Dorahy and 

van der Hart, 2015) and may be a major risk factor for the development of PTSD (Breh and 

Seidler, 2007). While it is clear that environmental stimuli present during traumas can 

become hyper-consolidated in some patients, thereby contributing to symptoms of avoidance 

and re-experiencing (e.g. flashbacks, nightmares), amnesia for other details surrounding a 

traumatic experience is a common feature of dissociation and may reflect fragmentation of 

normally integrated neural ensembles that code emotionally charged aspects of the traumatic 

memory (Spiegel 1997). The difficulty in recapitulating both the memory intensification and 

amnesia for stimuli associated with the trauma has been a limitation in preclinical models of 

PTSD and is clearly not adequately captured through use of the fear conditioning paradigm 

alone (Layton and Krikorian, 2002; Desmedt et al., 2015). In the current study, we found 

that by elevating brain-wide levels of PACAP during fear conditioning we could induce an 

amnestic-like effect early (24 h) or late (7 days)after fear conditioning that evolved into a 

hypermnestic-like effect with multiple re-experiencing episodes when memory reactivation 

was close to the conditioning event. Given accumulating evidence suggesting an association 

between dys function within brain PACAP systems and PTSD (Ressler et al., 2011; Pohlack 

et al., 2015), the conditions and behavioral endpoints used in the current study may have 

especially strong face and construct validity for the study of PTSD, and facilitate the 

development of more effective strategies to treat or prevent stress-related illness.
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Highlights

• PACAP given prior to fear conditioning produces a dose and time-dependent 

change in the level of conditioned freezing.

• PACAP significantly elevates serum corticosterone levels 30 min after 

administration that returns to normal 24 h later.

• PACAP produces significant changes in c-Fos expression in different brain 

areas.
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Figure 1. Schematic of the experimental design used in this study
On Day 0, animals were fear conditioned30 min after ICV infusion of vehicle (VEH) or 

PACAP (0.5, 1, 1.5 μg). Some animals treated with the highest dose of PACAP (1.5 μg) 

were sacrificed (SAC) 30 min later for analysis of serum corticosterone (CORT) levels; 

other animals were sacrificed 60 min later for analysis of c-Fos expression. Twenty-four h or 

1 week later (Day 1 and Day 7 respectively) animals were tested for conditioned freezing; 

some PACAP (1.5 μg)-treated animals were sacrificed immediately after the Day 1 test for 

analysis of CORT. Other animals from all treatment groups were tested every third day 

(Days 4 and 7 or 10 and 13) for conditioned freezing.
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Figure 2. PACAP produces a dose- and time-dependent effect on the expression of conditioned 
freezing
(A & B) Percent freezing to context alone and context + tone, respectively, in animals 

treated with different doses of PACAP given prior to fear conditioning. Animals treated with 

the highest dose of PACAP (1.5 μg) showed a bi-phasic effect on freezing; freezing was 

significantly reduced on Day 1 and significantly enhanced (context alone only) on Day 7. (C 
& D)Distribution of percent freezing responses for individual animals in each treatment 

group to context alone and context + tone, respectively, on Day 1; bar represents mean 

percent freezing for each treatment group. VEH, n=10; PACAP 0.5, 1, 1.5 μg, n=9, n=9, 

n=12 respectively.(E & F) Percent freezing to context alone and context + tone, 
respectively, in animals treated with PACAP (1.5 μg) given prior to fear conditioning 
and received their first freezing test 1 week later (Day 7). VEH, n=8; n=9. ***P<0.0005; 

**P<0.005; *P<0.05. Data are shown as mean±s.e.m.
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Figure 3. PACAP has acute but not long-term effects on blood corticosterone levels
(A) Shock-reactivity levels in vehicle (VEH) and PACAP (1.5 μg)-treated animals that were 

fear conditioned or not (No FC) on Day 0. PACAP had no effect on the animals’ reaction to 

the shock as measured by cage displacement (arbitrary units) in response to shock delivery. 

(B) Day 0 corticosterone levels were significantly elevated in PACAP-treated rats, 

compared to VEH-treated rats that did not receive fear conditioning (VEH No FC), and was 

independent of whether animals received fear conditioning. VEH-No FC, n=6; PACAP-No 

FC, n=6; VEH, n=5; PACAP, n=6. (C) Conditioned freezing to context alone and context + 

tone measured on Day 1 in vehicle (VEH) and PACAP (1.5 μg)-treated animals that were 

fear conditioned or not (No FC) on Day 0. Conditioned freezing to context alone and context 

+ tone was significantly reduced in PACAP (1.5 μg)-treated rats compared to VEH-treated 

rats. However, corticosterone levels were not significantly different between any of the 

treatment groups measured immediately after the freezing test on Day 1 (D). VEH-No FC, 

n=10; PACAP-No FC, n=11; VEH, n=6; PACAP, n=5. ***P<0.0005; *P<0.05. N.S., not 

significantly different. Data are shown as mean±s.e.m.
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Figure 4. Effects of PACAP plus fear conditioning on c-Fos expression
(A) Brain atlas plates from the atlas of Paxinos and Watson (2008) showing the brain areas 

examined (gray shaded) for c-Fos expression after treatment with VEH or PACAP (1.5 μg) 

followed by fear conditioning on Day 0. Brain section levels are indicated in millimeters 

posterior to bregma. (B) Representative coronal brain sections through areas showing a 

significant increase (e.g. central nucleus of the amygdala, CeA; paraventricular nucleus of 

the hypothalamus, PVN) or decrease (e.g. lateral habenula, lHAB; anterior piriform cortex, 

APC) in c-Fos expression after treatment with PACAP (1.5 ug) compared to VEH. 

Quantification of c-Fos expression in brain areas showing an increase (C) or decrease (D) in 

the number of c-Fos-positive cells after treatment with PACAP (1.5 μg) compared to VEH. 

VEH, n=5; PACAP, n=5. ***P<0.0005; **P<0.005; *P<0.05. Data are shown as mean

±s.e.m.
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Table 1
Quantification of c-Fos expression

Number of c-Fos positive cells per brain area† x treatment

Brain area examined VEH PACAP (1.5 μg)

Hippocampus:

dentate gyrus 4 ±1 6 ±2

CA1 3 ±1 2 ±1

CA2/3 9 ±3 11 ±3

Amygdala:

LA 5 ±2 6 ±2

BLA 8 ±1 7 ±1

BMA 21 ±6 13 ±8

MeA 138 ±26 124 ±21

CeA 9 ±1 29 ±4**

BNST 10 ±4 21 ±4

PVN 78 ±6 249 ±29***

APC 120 ±4 64 ±7*

CxA1 98 ±14 64 ±10

PPC 80 ±11 46 ±10

lHAB 23 ±4 5 ±1**

LA, lateral amygdala; BLA, basolateral amygdala; BMA, basomedial amygdala; MeA, medial amygdala; CeA, central nucleus of the amygdala; 
BNST, bed nucleus of the striaterminalis; PVN, paraventricular nucleus of the hypothalamus; APC, anterior piriform cortex; CxA1, cortex-
amygdala transition zone; PPC, posterior piriform cortex; lHAB, lateral habenula.

†
average of left and right sides across at least three coronal brain sections for each area VEH, n=5; PACAP, n=5.

***
P<0.0005;

**
P<0.005;

*
P<0.05.

Data are shown as mean ± s.e.m.
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