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Abstract

BACKGROUND—Severe or prolonged stress can trigger psychiatric illnesses including mood
and anxiety disorders. Recent work indicates that pituitary adenylate cyclase-activating
polypeptide (PACAP) plays an important role in regulating stress effects. In rodents, exogenous
PACAP administration can produce persistent elevations in the acoustic startle response, which
may reflect anxiety-like signs including hypervigilance. Here we investigated whether PACAP
causes acute or persistent alterations in behaviors that reflect other core features of mood and
anxiety disorders (motivation, social interaction, and attention).

METHODS—Using male Spraque-Dawley rats, we examined if PACAP (0.25-1.0 g,
intracerebroventricular) affects motivation as measured in the intracranial self-stimulation (ICSS)
test. We also examined if PACAP alters interactions with a conspecific in the social interaction
(SI) test. Finally, we examined if PACAP affects performance in the 5-choice serial reaction time
task (5CSRTT), which quantifies attention and error processing.

RESULTS—PACAP produced dose-dependent disruptions in motivation, social interaction, and
attention, as reflected by increases in reward thresholds, decreases in social behaviors, and
decreases in correct responses and alterations in post-error accuracy. Behavior normalized quickly
in the ICSS and 5CSRTT tests, but remained dysregulated in the Sl test. Effects on attention were
attenuated by the corticotropin-releasing factor receptor-1 (CRF-R1) antagonist antalarmin but not
the kappa-opioid receptor antagonist JDTic.
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CONCLUSIONS—Our findings suggest that PACAP affects numerous domains often
dysregulated in mood and anxiety disorders, but that individual signs depend on brain substrates
that are at least partially independent. This work may help to devise therapeutics that mitigate
specific signs of these disorders.
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INTRODUCTION

Severe or prolonged stress is linked to the etiology of mood and anxiety disorders such as
major depressive disorder (MDD) and posttraumatic stress disorder (PTSD) (1-3). These
disorders are often associated with persistent dysregulation of domains including motivation,
social behavior, and attention (4,5). Despite the broad impact of these illnesses, the
mechanisms by which stress induces maladaptive behavioral responses are not fully
understood.

Pituitary adenylate cyclase activating polypeptide (PACAP) is a neuropeptide that plays an
important role in regulating stress effects and is modified by stressful experiences (6,7).
PACAP and its cognate receptor (PAC1) are widely expressed in stress- and anxiety-
associated brain regions, including the amygdala and bed nucleus of the stria terminalis
(BNST) (8,9). In rodents, chronic stress increases expression of PACAP mRNA within these
regions (9,10), raising the possibility that neuroadaptive changes in PACAP systems alter
sensitivity to subsequent stressors. Indeed, PACAP-deficient mice exhibit reduced
corticosterone responses (11), anxiety-like behavior (12-14), and sensitivity to chronic
social defeat stress (15). Exogenous PACAP administration produces many of the same
physiological and behavioral effects of severe or chronic stress, including HPA axis
activation (16), elevations in plasma corticosterone levels (17), increases in corticotropin-
releasing factor expression (CRF) (17), and increases in anxiety-like behavior (9,18,19).
Importantly, a single administration of PACAP produces a persistent (lasting at least one
week) elevation in the acoustic startle response, a putative indicator of hypervigilence (9).
PACAP has also been associated with fear responses in humans (20) and the development of
affective disorders, including PTSD (21-23) and MDD (24). Thus PACAP is implicated in
both the acute and long-lasting effects of stress.

Mood and anxiety disorders involve many domains, including those affecting motivational,
cognitive, and social function. It was recently reported that PACAP produces acute
anhedonia (reduced sensitivity to reward), and this effect is dependent on CRF systems (19).
Considering that psychiatric illnesses are persistent, the present studies were designed to
investigate the dose- and time-dependent effects of exogenous PACAP on motivation, social
behavior, and attention as assessed by the intracranial self-stimulation (ICSS) test, social
interaction (SI) test, and the 5-choice serial reaction time task (5CSRTT), respectively. Since
addiction is often co-morbid with stress and anxiety disorders (25,26), we also evaluated
whether PACAP exposure would affect sensitivity to the reward-related effects of cocaine.
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Finally, we evaluated whether CRF-receptor (CRF-R) or kappa-opioid receptor (KOR)
antagonists attenuate PACAP effects on attention, focusing on this domain because our
previous work suggests that it depends critically on CRF-KOR interactions (19,27).

Male Sprague-Dawley rats (Charles River, Raleigh, NC) weighing 250-275 g at the start of
experiments were pair-housed and maintained on a 12 hr light-dark cycle (lights on at 0700
h). Rats in the ICSS and Sl experiments were given free access to food (Purina Rat Chow,
Ralston Purina, St Louis, MO). Rats in the 5CSRTT experiments were food restricted to
85% of their free-feeding weight beginning 2 days prior to training. All rats had free access
to water while in their home cages. Experiments were approved by the McLean Hospital
Animal Care and Use Committee in accordance with National Institutes of Health
guidelines.

PACAP-38 (Bachem, Torrance, CA) was dissolved in artificial cerebral spinal fluid (aCSF;
Harvard Apparatus, Hollister, MA). PACAP (0.25, 0.5, or 1.0 ug) or vehicle (VEH; aCSF)
was infused into the lateral right ventricle with a Hamilton microsyringe (10 ul) attached to
polyethylene (PE 20) tubing at a rate of 0.5 pl/min for 2 min. Because PACAP has long-
lasting effects on acoustic startle (9), separate cohorts of rats were used for each dose.
Antalarmin (ANT; Sigma; St. Louis, MO) was dissolved in 0.5% carboxymethylcellulose
(CMC,; pH 5.5; Sigma,) and injected intraperitoneally (IP) at 20 mg/kg, a dose that blocks
the anxiogenic effects of CRF without producing toxicity (28). JDTic (RTI, Research
Triangle, NC) was dissolved in 0.9% sterile saline (SAL) and injected at 10 mg/kg (IP), a
dose that produces anxiolytic-like effects in rats (29). Cocaine HCI (Sigma) was dissolved in
SAL and administered at 5.0 mg/kg (IP), a dose that produces moderate effects on ICSS
(30).

All rats tested with PACAP or VEH were anesthetized with pentobarbital (65 mg/kg, IP) and
implanted with an intracerebroventricular (ICV) stainless steel guide cannula (23-ga,
Plastics One, Roanoke, VA) with an obturator extending 1.5 mm beyond the cannula tip
aimed at the right lateral ventricle as described previously (31) (from bregma: —0.8 mm
anterior, +1.3 mm lateral, =3.6 mm ventral to dura). Rats in the ICSS experiment were
simultaneously implanted with a unilateral monopolar electrode (0.25-mm diameter; Plastics
One, Roanoke, VA) aimed at the right medial forebrain bundle as described (31) (from
bregma: —2.8 mm anterior, =1.6 mm lateral, —=7.8 mm ventral from dura). Rats were
individually housed post-surgery and given 1 week of recovery.

Behavioral testing

ICSS was performed as described previously (32). ICSS thresholds were calculated using a
least-squares line of best-fit analysis (33). After stable baseline thresholds were established
(x10% for 3 consecutive days), rats received an infusion of VEH to ensure the infusion
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procedure did not affect performance. The following day, rats were infused with VEH or
PACAP (0.25-1.0 ug). Testing (90 min) began immediately after infusions. Rats were tested
for 7 days post-infusion to assess long-term effects of PACAP. Thresholds and maximum
response rates were expressed as % mean baseline established on the 3 days that fulfilled
stability criteria. We also examined if PACAP alters the reward-related effects of a cocaine
challenge on day 8 following PACAP treatment. For this test, responding was first evaluated
for 60 min for each rat, which served as the daily baseline. All rats then received cocaine
(5.0 mg/kg, IP) and tested immediately for an additional 60 min. Data are expressed as %
mean daily baselines.

Social behavior was measured using a modified version of the social interaction (SI) test
(34). Rats were habituated for 10 min to the interaction arena (60 X 60 X 35 cm) one day
before testing. On the test day, rats were infused with PACAP (0.25-1.0 ug) or VEH and
placed in the interaction arena 60 min later with a naive weight-matched partner rat. Partner
rats were housed under identical conditions to, and had no previous contact with the treated
rat. Social behavior was videotaped for 5 min in red light, and an observer blind to the
treatment conditions quantified the following metrics: time spent interacting (active Sl; e.g.,
sniffing, grooming, and play initiated or reciprocated by treated rat), time spent fleeing
(social avoidance), time spent in the arena corners (anxiety-like behavior), and locomotor
activity. Active Sl was also quantified for the partner rat to assess whether its behavior was
affected by the dose of PACAP administered to the treated rat. Rats were retested in the Sl
test with a novel (unfamiliar) partner rat 7 days later. A separate cohort of rats was tested
only at the 1-week post-treatment time-point to control for repeated presentation effects.

The 5CSRTT was performed as described previously (35). Sessions ended after 90 trials or
30 min, whichever came first. The following performance measures, as defined previously
(34), were analyzed on each day: % correct responses, % omissions, accuracy, premature
responses, correct response latency, reward latency, and latency to complete the task. We
also examined % correct responses post-error [=% correct/total trials following an incorrect
response] and % correct responses post-correct [=% correct/total trials following a correct
response], since these are affected in psychiatric illness (36). Rats were required to perform
at criteria (>60% correct responses and <20% omissions, +10% for 3 consecutive days) prior
to ICV surgery and again before testing. Before the first test session, all rats received an
infusion of VEH to examine the effects of the ICV infusion alone. The following day, rats
received infusions of VEH or PACAP (0.25-1.0 pg) and were tested 60 min later, and on
each day for 7 consecutive days.

Separate cohorts of rats were used to test whether pretreatment with the CRF-R1 antagonist
antalarmin (ANT) or the KOR antagonist JDTic could attenuate PACAP effects. For ANT
studies, the rats first received an IP injection of CMC (ANT vehicle) and were infused with
VEH (aCSF) 10 mi later. On the next test day, they received ANT (20 mg/kg, IP) and were
infused with VEH 10 min later. On the final test day they received ANT and were infused
with PACAP (0.5 pg) 10 min later. For JDTic studies, the study and drug design was similar
except JDTic pretreatment (10 mg/kg, IP) was given 24 hrs prior to VEH infusion to
accommodate its long-lasting actions (>14 days) (29,37).
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One- and two-way ANOVASs were used to examine group differences, with repeated
measures when examining time effects. Significant effects were further examined with post-
hoc Bonferroni tests. Post-error adjustments in the 5SCSRTT experiment were analyzed with
preplanned contrasts between VEH and PACAP treatment days based on a specific a priori
hypothesis that PACAP would produce post-error adjustments similar to those seen in
depressed humans (38).

RESULTS

PACAP dose-dependently increased ICSS thresholds, indicating reduced sensitivity to the
rewarding stimulation (anhedonia) (Fig. 1A). Effects of PACAP on ICSS thresholds
depended on main effects of dose [F(3,20)=5.23, P<0.01] and time [F(5,100)=8.09,
P<0.01)]. Administration of 0.5 pg PACAP elevated thresholds 45 (P<0.05), 60 (P<0.01),
and 90 min (P<0.05) after treatment compared to VEH, whereas 1.0 ug PACAP elevated
ICSS thresholds 75 (P<0.01) and 90 min (P<0.05) after treatment. Collapsed across time
[F(3,20)=4.68, P<0.05] (Fig. 1B), PACAP elevated ICSS thresholds in rats treated with 0.5
ug (P<0.05) and 1.0 pg (P<0.01). PACAP did not affect maximum response rates (Fig. 1C),
although there was a main effect of time [F(5,100)=3.862, P<0.01]. Collapsed across time,
there were no significant differences among treatment groups (Fig. 1D). Rats were tested for
an additional 7 days without any additional treatment; for clarity, only select days are shown
(Fig. 1E). PACAP effects across this time period depended on main effects of dose
[F(3,20)=3.53, P<0.05] and time [F(3,60)=4.023, P<0.05]. Administration of 0.5 and 1.0 g
PACAP increased thresholds on PACAP treatment day compared to VEH (P’s<0.05), but
thresholds returned to pre-treatment baseline levels the following day. These data indicate
that PACAP produces acute but transient anhedonia. Regardless of PACAP dose
administered on the treatment day, all rats displayed equivalent sensitivity to the threshold-
lowering effects of cocaine (Fig. 1F). There was a main effect of time [F(3,60)=12.25,
P<0.01], but not of PACAP dose [F(3,20)=0.37, P=0.78].

PACAP dose-dependently affected active S| behavior [F(3,25)=14.42, P<0.01] (Fig. 2A).
Specifically, PACAP administration decreased active Sl in rats treated with 0.5-1.0 ug
(P’s<0.01) (Fig. 2A), but had no effect on social avoidance (e.g., fleeing from the partner
rat) (Fig. 2B). PACAP also affected the amount of time spent in the arena corners
[F(3,25)=13.06, P<0.01] (Fig. 2C); rats treated with 1.0 pg PACAP (P<0.01) spent
significantly more time in arena corners than those treated with VEH. Horizontal locomotor
activity was significantly decreased [F(3,25)=8.27, P<0.01] only in rats treated with 1.0 pg
PACAP (P<0.01; data not shown); this likely reflects anxiety-like behavior since 1.0 ug
PACAP did not affect maximum ICSS rates. Importantly, the PACAP dose administered to
the treatment rat did not affect SI behaviors of the partner rat (Fig. 2D). PACAP treatment
affected social behavior 1 week later [F(3,20)=8.93, P<0.01] (Fig. 2E). Interestingly, rats
treated with 1.0 pg PACAP spent significantly more time engaging in active Sl behaviors
compared to rats treated with VEH (P<0.05). PACAP also affected the amount of time spent
in the arena corners in the 1-week test (Fig. 2F). While there was a main effect of treatment
[F(3,20)=4.292, P<0.05], driven largely by increased anxiety-like behavior in rats previously
treated with 0.25 ug, there were no significant differences among the doses in post-hoc tests.
Furthermore, there were no significant treatment differences in rats tested only at the 1-week
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time-point, although the data were more variable with nominal decreases in active Sl at the
low doses (not shown).

PACAP dose-dependently produced acute disruptions in performance in the 5CSRTT.
Effects of PACAP depended on significant Dose x Day interactions for correct responding
[F(12,76)=3.416, P<0.01], omission errors [F(12,76)=4.651, P<0.01], accuracy
[F(12,76)=2.83, P<0.01], and head entries into the food magazine [F(12,76)=3.079, P<0.01]
(Fig. 3A-D). Within-group comparisons to the VEH treatment day indicate that PACAP
treatment reduced % correct responses at 0.5-1.0 pg (P’s<0.01) (Fig. 3A), increased %
omissions at 0.5-1.0 ug (P’s<0.01) (Fig. 3B), reduced accuracy at 0.5 pg (P<0.05) and 1.0
ug (P<0.01) (Fig. 3C), and reduced the number of head entries at 0.5-1.0 pug (P’s<0.01) (Fig.
3D). Between-group comparisons to rats that received VEH indicate that PACAP reduced %
correct responses at 0.5-1.0 ug (P’s<0.01) (Fig. 3A), increased % omissions at 0.5-1.0 ug
(P’s<0.01) (Fig. 3B), reduced accuracy at 0.5 pg (P<0.05) and 1.0 pg (P<0.01) (Fig. 3C),
and reduced the number of head entries at 0.5 pg (P<0.05) and 1.0 pg (P<0.01) (Fig. 3D). In
other metrics examined (Table 1), there was a main effect of dose in latency to a correct
response [F(3,19)=4.486, P<0.05], and main effects of day in the time to complete the task
[F(4,76)=3.529, P<0.05], and in reward latency [F(4,76)=2.68, P<0.05]. The overall main of
effect of day in the reward latency analysis was largely driven by decreases in reward latency
in rats treated with 1.0 pg PACAP. PACAP did not significantly alter premature responses.
PACAP effects were not persistent on any metric studied (Fig. 3A-D).

Humans normally adjust their response rates in decision-making tasks after an incorrect
response, but this behavior is altered in depression (38). To determine if PACAP causes
dysregulation of decision-making, we analyzed post-error and post-correct responses (as
reflected by % correct) (Fig. 4). A pre-planned Bonferonni analysis revealed that 0.25 pg
PACAP produced decreases in % correct responses following an error (post-error; P<0.05;
main effect of condition [F(1,16)=5.55, P<0.05]) without affecting % correct responses
following a correct response (post-correct) (Fig. 4A). A higher (0.5 ug) dose produced
disruptions in both post-error and post-correct responses (P’s<0.05; main effect of condition
[F(1,10)=16.14, P<0.01]) (Fig. 4B). These results are consistent with our hypothesis that
PACAP causes disruptions in post-error adjustments that are similar to those seen in humans
with depression.

Previous work has established interactions between CRF and KOR systems in regulating
attention (39). The CRF antagonist ANT attenuated, but did not completely reverse, the
effects of PACAP (0.5 pug) and did not have any effects on its own (Table 2). There were no
significant differences in performance among rats treated with CMC plus VEH, ANT plus
VEH, or ANT plus PACAP. Rats that received ANT pretreatment plus PACAP still displayed
nominal deficits, but ANT pretreatment reduced the magnitude of impairment. Pretreatment
with JDTic had no effect on PACAP-induced performance deficits in the 5CSRTT (Table 2),
although it attenuated the effects of PACAP on post-correct and post-error processing.
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DISCUSSION

PACAP disrupts motivation, social interaction, and attention, thereby affecting multiple
domains disrupted in mood and anxiety disorders. Specifically, we found that PACAP
produces anhedonia (as reflected by increased reward thresholds) in the ICSS test, decreases
social behaviors and increases anxiety-like behaviors in the Sl test, and disrupts performance
in the 5CSRTT. Whereas PACAP-induced increases in startle are reportedly persistent (9),
we demonstrate that PACAP effects on motivation and attention recover by the following
day. In contrast, PACAP dysregulation of SI behaviors was long-lasting, suggesting that the
neural substrates that regulate this behavior are at least partially independent of those
regulating motivation and attention. These findings are broadly consistent with previous
work demonstrating the role of PACAP in stress-related behaviors, and extend our
understanding of how this peptide influences aspects of complex cognitive behaviors.

We used ICSS to assess whether PACAP produces anhedonia, a core feature of mood and
anxiety disorders including MDD and PTSD (4). PACAP treatment dose-dependently
increased ICSS thresholds 45-60 min post-infusion, indicating a reduction in reward
sensitivity. Threshold elevations are produced by other manipulations that cause depressive-
like behaviors including chronic social defeat stress (40,41), drug withdrawal (42),
exogenous CRF (43) or KOR agonists (32); these elevations are thought to reflect decreased
motivation and/or anhedonia (33). Our findings corroborate a recent report (19) that PACAP
produces similar effects in the ICSS test, although at a dose (5.0 ug) that we find produces
non-specific disruptions in behavior (e.g., gross motor impairments that produce paradoxical
decreases in the acoustic startle test and non-specific freezing in the homecage) (unpublished
observations). Here, we demonstrate that PACAP induces anhedonia at much lower doses
(0.5-1.0 ug), without affecting motor performance (maximum response rates). We also show
that ICSS thresholds had normalized within 24 hr of treatment, which is important
considering the persistence and intractability of psychiatric illnesses such as MDD and
PTSD. We also demonstrate that prior treatment with PACAP does not alter sensitivity to the
reward-related effects of cocaine when rats were tested 1 week after treatment, although
PACAP may alter cocaine sensitivity or reinstatement of drug seeking under other conditions
(44).

Social withdrawal (diminished interest or participation in social activities) is another core
feature of mood and anxiety disorders (4). We show that rats treated with 0.5 pg or 1.0 ug
PACAP exhibit decreases in active Sl (approach, reciprocal behaviors), which is consistent
with other studies showing that exposure to an aversive stimulus (predatory order, CRF
infusion, fear conditioning) disrupts Sl behaviors in rats (45,46). Our results are broadly
consistent with a report showing PAC1 receptor deficient mice exhibit increases in affiliative
behaviors, implicating endogenous PACAP systems in regulating social behavior (47).
Importantly, the SI behaviors of the untreated partner rats were not correlated with the
PACAP dose administered to the treatment rats. PACAP had no effect on avoidance (fleeing)
behavior, suggesting that the decreases in Sl are driven by increases in impassive behaviors.
Rats treated with the high dose of PACAP (1.0 ug) also exhibited increases in anxiety-like
behaviors in the Sl test, as reflected by increased time spent in corners. This is broadly
consistent with the anxiogenic effects of PACAP reported in other tests (6,7,19). Notably, SI
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deficits were evident at a dose (0.5 pg) that did not increase overt anxiety-like behavior,
suggesting that these behaviors represent distinct domains regulated by separate, yet
overlapping, neural circuits (40). Rats that received PACAP continued to exhibit
dysregulated social behavior when tested 1 week later with a new partner. Surprisingly, the
dose-response pattern observed at the acute test was reversed at the 1 week test; rats that had
received the highest dose of PACAP (1.0 pg) showed increases in direct SI, whereas rats that
received the lowest dose of PACAP (0.25 pg) showed nominal decreases in Sl behaviors and
increases in anxiogenic behaviors. The mechanism of this effect is unclear, although
biphasic effects of PACAP on fear expression have been described in a preliminary report
(48). In that study, PACAP treatment prior to fear conditioning produced initial reductions in
fear expression followed by progressive increases in freezing across test days. While the
pattern of effects on fear is opposite to those observed in the Sl test (i.e., long-term increased
anxiety versus decreased anxiety), these data demonstrate that biphasic responses may be a
consequence of PACAP-induced neuroadaptations. The observation that PACAP-treated rats
tested only at the 1-week time-point did not exhibit significant differences in active Sl or
anxiety-related behavior suggests that an initial SI exposure is necessary for the development
of the long-term pattern observed. However, it remains unclear why the pattern of these
effects is not uniform across behaviors and why PACAP produces persistent effects in some
tests (acoustic startle, Sl, fear conditioning) but not others (ICSS, 5CSRTT).

We also demonstrate that PACAP dose-dependently disrupts performance in the 5CSRTT,
suggestive of attentional deficits, another core feature of mood and anxiety disorders.
PACAP (0.5-1.0 pg) decreased the percentage of correct responses, increased the percentage
of trials in which the rats failed to respond (omission errors), and decreased accuracy
(commission errors). This pattern of effects is broadly consistent with gross impairments in
attention (49). PACAP has been shown to affect feeding and weight (19,50-53) and
locomotor activity (13), raising the possibility that effects on 5SCSRTT performance reflect a
reduced motivation for the sugar pellets or a motor impairment. However, it was reported
recently that ICV administration of 1.0 ug PACAP does not reduce food intake or weight
(53), suggesting that the peptide does not alter motivation for food within the dose range
used for the current studies. Moreover, PACAP did not increase the latency to collect food
reward, a metric that reflects both motor performance and motivation to obtain food
reinforcement (34,49,54); if anything, latency was reduced at the highest dose. Further,
PACAP did not affect maximum rates of responding in the ICSS test, suggesting minimal
effects on motor capabilities at the doses tested here.

While 0.5 ug PACAP produced deficits in correct responding following both correct and
incorrect responses, we found that 0.25 g PACAP reduced accuracy only after incorrect
responses. Interestingly, there were no statistically significant impairments in any of the
traditional metrics at this dose, suggesting that the error-processing analysis is exceptionally
sensitive to depressive-like effects. The deficit in post-error behavior adjustments mimics
deficits observed in depressed humans and in rats treated with CRF (36), and thus may be
broadly useful for translational studies.

PACAP-immunoreactive fibers innervate CRF-expressing neurons in the PVVN and BNST
(55,56), and CRF receptor antagonism blocks the anxiogenic and anhedonic effects of
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PACAP (19). Additionally, PACAP-deficient mice have reduced hypothalamic CRF mRNA
activation in response to emotional stressors (11). We investigated whether the CRF-R1
antagonist antalarmin could mitigate the attention deficits induced by PACAP, using a
PACAP dose (0.5 pug) that produced intermediate performance deficits in 5CSRTT.
Antalarmin attenuated the effects of PACAP, reaching an intermediate level of performance
that was lower than—but not statistically different from—performance after VEH. While
this is consistent with the hypothesized interactions between PACAP and CRF systems,
others have reported that CRF antagonism completely reverses the anhedonic effects of a
much higher dose of PACAP (5.0 pg) in the ICSS test (19). This discrepancy may reflect that
PACAP affects motivational and cognitive behaviors through separate neural mechanisms. It
is also possible that PACAP effects are dependent on both CRF-R1 and CRF-R2 activation.
We used a CRF-1R specific antagonist because CRF-1 receptors have been found to mediate
the anxiety-like effects of CRF (57). Accumulating evidence suggests that stress-related
effects of CRF are also mediated by KORs (58), and that JDTic attenuates CRF effects in the
5CSRTT (39). Here we show that JDTic does not block the effects of PACAP on attention,
but may partially block the effects of PACAP on post-error adjustments in the 5CSRTT, a
potentially more sensitive measure of depressive-like behavior. These data suggest that
stress-related PACAP and CRF circuitries may overlap more completely in the regulation of
specific domains (e.g., anhedonia). A more detailed understanding of this interaction awaits
the development of small molecule PACAP antagonists that can be given systemically.

Our results show that ICV PACAP administration has profound effects on cognitive
behaviors that represent domains often dysregulated in mood and anxiety disorders. It is
currently not known which brain regions mediate the specific drug effects observed; indeed,
characterization of PACAP effects on these individual behaviors provides an important first
step in the process of identifying the brain circuits involved. In addition to PACAP’s well-
characterized actions in the BNST, the behavioral effects observed in the present studies
provide rationale for studying PACAP effects in regions broadly implicated in motivation,
emotion, and cognition (e.g., ventral tegmental area, nucleus accumbens, prefrontal cortex,
amygdala). While more work is needed to determine whether the effects of PACAP
described here are attributable to different sites or mechanisms, our studies enable a more
comprehensive understanding of the degree to which PACAP contributes to core signs of
mood disorders. A better understanding of the impact and persistence of PACAP effects, and
its ability to regulate CRF systems (59), may facilitate the development of improved
treatments for stress-related illness.
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Figure 1.
Effects of PACAP on ICSS. Rats received VEH (0 pg) or PACAP (0.25-1.0 ug, ICV) and

were immediately tested in ICSS for 90 min; N=6-7/dose. (A) Time course of PACAP
effects on ICSS thresholds. PACAP elevated ICSS thresholds approximately 45-60 min
post-infusion. Data are expressed as mean % mean baseline (+x SEM) from the average pre-
treatment baseline threshold. *P<0.05, **P<0.01 for between-group comparison to VEH.
(B) When data are expressed as mean percentage change from baseline threshold for the
entire 90 min period, PACAP (0.5-1.0 pug) had significant threshold-elevating effects.
*P<(0.05 for between-group comparison to VEH. (C) Time course of PACAP effects on
maximum (Max) rates. Response capabilities were unaltered across the 90 min test period.
(D) There are no significant differences when data are expressed as mean percentage change
from baseline max rates for the entire 90 min period. (E) Rats were tested for 7 days without
any additional treatment (PD=post-treatment day). PACAP (0.5-1.0 pg) increased thresholds
on the PACAP treatment day, but effects were not persistent. (F) Rats were given a drug
challenge test on day 8 to assess sensitivity to cocaine (5 mg/kg, IP). All rats exhibited
equivalent decreases in thresholds. **P<0.01 main effect of time.
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Figure 2.

Effects of PACAP on SI. Rats received VEH (0 pg) or PACAP (0.25-1.0 pg, ICV) and were
tested for SI with a weight-matched untreated partner rat 1 hr later; N=6/dose. (A) PACAP
(0.5-1.0 pg) decreased active Sl. Data are expressed as % time during the 5-min test period.
(B) Avoidance behavior was unaffected by PACAP. (C) PACAP (at the 1.0 pl dose) caused
significant increases in time spent in the corners. (D) Effects were not due to differential
behavior from the partner rats. (E) Rats that had received the 1.0 ug dose PACAP exhibited
increased active S| behavior when re-tested with a new partner 7 days later, without any
additional treatment. (F) PACAP treatment also affected anxiety-like behavior one week
later, with nominal increases in anxiety like behavior in rats that had received the 0.25 g
dose PACAP. *P<(.05, ** P<0.01, between-group comparison to VEH treatment.
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Figure 3.

Effects of PACAP on attention. Rats first received VEH to obtain baseline values. The
following day, rats were infused with PACAP (0-1.0 pg, ICV) and tested 1 hr later. Rats
were tested each day for 8 days without any additional treatment; N=5-7/dose. Rats treated
with PACAP (0.5-1.0 ug) exhibited an acute (A) decrease in percentage correct, (B) increase
in percentage omissions, (C) decrease in accuracy, and (D) decrease in the number of head
entries into the food magazine, however these metrics return to VEH treatment-day levels by
PD1. *P<0.05, **P<0.01, compared to VEH baseline of same treatment group.
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Figure 4.
Effects of PACAP on error processing. (A) Rats treated with 0.5 pg PACAP exhibited

significant decreases in correct responding following both an incorrect and a correct
response. (B) Rats treated with 0.25 ug PACAP exhibited significant decreases in correct
responding only following an incorrect response. *P<0.05 post-hoc Bonferroni tests
compared to VEH.
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