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Abstract

PACAP-38 (P38) is a pleiotropic peptide that exerts multiple peripheral and central actions,
including neurotrophic, neuroprotective and anti-inflammatory actions. Previous studies have suggested
an improvement of memory in rats that have received a single systemic injection of P38. In a therapeutic
perspective, we used an analog, acetyl-[Ala’®, Ala?]PACAP-38-propylamide (ALG), to improve both
stability and affinity for PAC1 receptors vs. endogen PACAP. We investigated the effect of P38 and ALG
on memory consolidation using a spatial novelty detection (SND) task in which rats had to memorize a
configuration of objects to identify that, during a test session, a familiar object has been moved to a new

location. Rats received an intravenous injection of P38 or ALG after the last training session. In

1, P38 (30 pg/kg) improved spatial memory consolidation allowing detection of novelty vs.
saline injection. In experiment 2, we confirmed this effect and showed that P38 restored the performance
similar to what was found using non-injected rats. This suggests that, contrary to ALG, P38 exerted a
promesiant rather than an anxiety-related effect whereas ALG did not show similar action. We also
examined whether P38 effect involved an interaction with NR2B-containing NMDA receptors (NMDARS)
by administrating ifenprodil (IFE; a selective NR2B-containing NMDAR antagonist) alone or in
combination with P38 or ALG. The results suggested that P38 action on memory involved NR2B-
containing NMDARs. Lastly, brain-derived neutrophic factor (BDNF) modulation appeared to be not
related to the behavioral performance in the SND task. Overall, the results indicate that P38 exerted a
beneficial effect on memory consolidation in a non-associative task, whereas ALG did not have this

action.
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1. Introduction

PACAP-38 (P38) is a 38 amino-acid neuropeptide discovered by Miyata et al. (1989). P38 acts
through the G protein-coupled receptors VPAC1/2 (with similar affinity as vasoactive intestinal
polypeptide) and PACL1 (highest affinity) (Vaudry et al., 2000; Hirabayashi et al., 2018). Binding to these
receptors induces activation of the Adenylate cyclase/cAMP/CREB signaling pathway (Vaudry et al.,
2000) that is involved in multiple biological functions. P38 is widely distributed in the brain and non-
neural tissues. In the central nervous system, P38-immunoreactive cells and P38 mRNA have been
localized in the hypothalamic area (Arimura et al., 1991; Kdves et al., 1991; Masuo et al., 1992, Piggins
et al., 1996). Significant amount of mMRNA has been also found in many subcortical regions, for example
the nucleus accumbens, substantia nigra, septum, amygdaloid complex, and other nuclei (Masuo et al.,
1992; Ghatei et al., 1993; Piggins et al., 1996; reviews: Vaudry et al., 2000; Vaudry et al., 2009).
Interestingly, the hippocampal formation - including the dentate gyrus, CA1, CA3 fields - contains P38-
immunoreactive cells and P38 mRNA (Hashimoto et al., 1996; Piggins et al., 1996; Hannibal, 2002)
although in a greater amount in the embryo brain than in the adult brain (Skoglésa et al., 1999). In
addition, several neocortical regions and the cerebellum express P38 (Hashimoto et al., 1996; Hannibal,
2002). Consistent with these properties, PAC1 and VPAC1/2 receptors are found in all these subcortical
and cortical regions (Masuo et al., 1992; Shioda et al., 1997; Vertongen et al., 1997). P38 exerts
pleiotropic actions that underlie multiple physiological and pathophysiological processes. In particular,
it has been largely documented that endogenous and exogenous P38 is a major neuroprotective and
regenerative factor that thwarts the deleterious effects of various neurotoxic agents (e.g. NMDA, 6-
OHDA, ethanol) and tissue damaging processes (e.g. oxidative stress, ischemic stress, stroke,
inflammation, neurodegenerative diseases) (reviews in Dejda et al., 2005; Shioda et al., 2006; Waschek,
2013; Shioda and Nakamachi, 2015; Reglodi et al., 2018). A substantial number of studies have also
shown that P38 modulates learning and memory processes (for a review, Ciranna and Costa, 2019).
P38 administration induces a beneficial effect on memory in active (Adamik and Telegdy, 2005), and
passive avoidance tasks (Telegdy and Kokavsky, 2000; Sachetti et al., 2001), fear conditioning (Meloni
et al., 2016; Schmidt et al., 2015) and novel object recognition (Cabezas-Llobet et al.; 2018). Additional
reports showed that P38- or PAC1-deficient mice exhibit memory alteration in fear conditioning (Otto et
al., 2001; Sauvage et al., 2000, Takuma et al., 2014) and novel object recognition task (Ago et al., 2013;

Takuma et al., 2014). Finally, P38 administration was shown to allow memory loss rescue in animal



models of degenerative diseases such as Parkinson’s (Deguil et al.,, 2010), Alzheimer's (Rat et al.,
2011); and Huntington’s (Cabezas-Llobet et al., 2018) diseases.

Based on their properties, P38 and its receptors are therefore being investigated as potential
therapeutic targets. Despite its high molecular weight and hydrophilicity, P38 passes the blood-brain
barrier through a saturable active transport system called PTS-6 (Peptide Transport System-6; Banks
et al., 1993; Mizushima et al., 1999). However, a major limitation for therapeutic applications is the
restricted bioavailability and half-life of P38. Thus, an analog has been designed, acetyl-[Alal®,
Ala2%)PACAP-38-propylamide (ALG), that exhibits with a four times greater affinity for the PAC1 receptor

than P38 and a half-life of 25 minutes in blood plasma instead of less than 5 min for the endogen peptide

(Bourgault et al., 2008). Whether this analog possesses similar functional properties is however unclear.

In a recent study, we have shown that an i.v. P38 injection in rats improves learning in a Morris
water maze navigation task whereas ALG injection did not (Ladjimi et al., 2019). These results are
consistent with the few studies showing an improvement of memory after P38 administration (Telegdy
& Kokavszky, 2000; Sacchetti et al., 2001) and suggest that P38 and ALG do not exert similar actions,
P38 being more efficient regarding memory processes. However, because these effects may be task-
dependent, we investigated in the present study the effect of P38 and ALG in an exploration-based
spatial novelty detection task (SND task). In the SND task, the memory of a spatial configuration of
objects located in the environment is tested. When exposed to a hovel environment containing objects,
rodents exhibit spontaneous exploration of these objects. Exploration eventually yields to the formation
of an internal representation (O’Keefe and Nadel, 1978) thought to be used for novelty detection in the
now-familiar environment. Spatial novelty brought about by displacing a familiar object relative to other
objects (spatial novelty test) has been shown to induce a selective re-exploration of the displaced object
(Save et al., 1992; Lee et al., 2005; Van Cauter et al., 2013), which reflects novelty detection and
updating of the representation. In the SND task, encoding of information occurs during exposure to the
initial configuration of objects, consolidation between exposure and the spatial novelty test and retrieval
during the test. In the present work, we examined the effect of P38 and ALG on memory consolidation
by injecting these compounds after acquisition of the SND task. The effect of P38 in this task was not
previously examined and in a first experiment we sought to determine the dose-effect response of an
i.v. injection of P38. We then conducted a second experiment including a non-injected control group to

address the impact of the saline injection and examined whether ALG produced P38-like effects.



P38 has been shown to modulate NMDA receptors (NMDARS) (Liu and Madsen, 1997; McDonald
et al., 2005; Michel et al., 2006; Review in Yang et al., 2010), which plays a crucial role in synaptic
plasticity, learning and memory (Wang et al., 2006). In addition, NR2B-containing NMDARs have been
suggested to be important for memory consolidation (Ge et al., 2010; Ma et al., 2011; Cercato et al.,
2014). It is therefore possible that the beneficial effect of P38 on consolidation in the SND task involves
an interaction with NR2B-containing NMDARs. To address this hypothesis, we examined whether (i)
NR2B-containing NMDARs affect memory consolidation in the SND task by administrating ifenprodil
(IFE; a selective NR2B-containing NMDAR antagonist; Reynolds and Miller, 1989; Williams, 1993;
Tajima et al., 2016) and (ii) P38 and ALG modulate the performance of IFE-treated rats. It is of note that
in this study, we assumed that if NR2B-containing NMDARSs are involved in memory consolidation in the
SND task, antagonist injection would interfere with the restoring effect found following P38 injection.

In parallel with the behavioral assessment, we investigated some neurobiological consequences
of P38 or ALG administration. We therefore studied hippocampal BDNF that may be modulated by P38
and ALG and would possibly mediate their action in the brain. Not only the hippocampus is critically
involved in the SND task but also BDNF has been shown to be modulated by P38 in in vitro studies
(Pellegri et al., 1998; Yaka et al., 2003; Frechilla et al., 2001; Reichenstein et al., 2008; Dong et al.,
2010). In addition, both P38 and BDNF interact with NMDAR (Suen et al., 1997; McDonald et al., 2005;

Rittase et al., 2014; Schmidt et al., 2015).

2. Results

2.1. Experiment 1

This experiment was aimed at determining the dose-effect response of an i.v. injection of 3 doses
of P38, i.e. 5, 15, and 30 pg/kg. In the SND task, following familiarization with the arena (session 1, S1),
rats explored a configuration of 4 objects during 4 successive sessions (learning phase; sessions 2-5,
S2-S5). Rats then received their treatment immediately after S5. During a post-treatment session (S6),
memory of the configuration was evaluated by the ability to detect a spatial change in the object

configuration.



2.1.1. Pre-treatment locomotion (S1)

All groups displayed similar locomotor activity (one-factor ANOVA: Fs16 = 0.1539, P = 0.9257)

and spent similar time in the peripheral region (one-factor ANOVA: Fz16= 0.1746, P = 0.9120).

2.1.2. Pre-treatment learning (Session 2-5)

As shown in Figure 2A, all groups explored the objects similarly (ANOVA with repeated measures,
no effect of group, Fsez = 0.547, P = 0.6520). The exploration index decreased across sessions for all
groups (effect of session, Fse3z = 12.97, P < 0.0001, no session x group interaction, Fo.e3 = 0.3168, P =

0.9666), which indicated habituation.

2.1.3. Test (Session 6)

A factorial ANOVA revealed a significant effect of group (Fs.:2 = 3.63, P = 0.0232), no effect of
object (F1,32 = 1.508, P = 0.2284) but an object x group interaction; (Fs.30 = 10.94, P < 0.0001) (Fig. 2B).
Post-hoc Newman-Keuls test showed that only the P38-30ug/kg group explored significantly more the
displaced object (DO) than the non-displaced objects (NDO) (DO vs. NDO, P < 0.05), a pattern generally
found in non-treated rats (Save et al., 1992; van Cauter et al., 2013; Lee et al., 2005). This difference
was not found in the two other P38-treated groups (DO vs. NDO, P > 0.05). Surprisingly, in the present
study, the SAL group exhibited an opposite pattern since they explored more the NDO than the DO (P
< 0.01). This result suggests a memory impairment in the SAL group.

In addition, comparisons of each re-exploration score (DO and NDO) with 0 value, no difference
indicating no re-exploration, revealed that: SAL rats re-explored both DO (T-test comparing scores
against 0 value, T4 = 4.57, P = 0.010) and NDO (T4 = 6.87, P = 0.0024), P38-5ug/kg rats re-explored
the NDO (T4 =6.38, P = 0.0031) but not the DO (T4 = 2.23, n.s.), P38-15ug/kg rats re-explored the DO
(Ta=3.74, P =0.0201) but not the NDO (T4 = 0.665, n.s.), and P38-30ug/kg rats re-explored the DO (T4
= 4.346, P = 0.0225) but not the NDO (T4 = 0.549, n.s.) (Fig 2B). To summarize, the results show that i)
The P38-5ug/kg group re-explored the NDO but not the DO; DO vs. NDO re-exploration was not
different, ii) The P38-15ug/kg re-explored the DO and not the NDO; DO vs. NDO re-exploration was not
different, iii) Only the P38-30ug/kg rats re-explored the DO and not the NDO in addition to significantly

different DO vs. NDO re-exploration.



Thus, the ability to detect and identify spatial novelty was impaired in the SAL group whereas it was fully
restored in the P38-30ug/kg group. The beneficial effect of P38 was found to be dose-dependent as the
P38-5ug/kg and P38-15ug/kg groups did not show selective detection of the spatial change.

kkkkkkkkkkkkkkhkkkkhkkkx

Figure 2
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2.1.4. Post-treatment locomotion (session 7)
After treatment, locomotion was not different in the 4 groups (one-factor ANOVA: Fz.15 = 0.7755,
n.s.). Post hoc pairwise tests did not reveal any difference (SAL vs. P38-5ug/kg: P = 0.448; SAL vs.

P38-15ug/kg: P = 0.974; SAL vs. P38-30ug/kg: P = 0.560; Fig. 2C).

2.1.5. Conclusion

Unexpectedly, we did not find in the SAL group the object exploration profile generally observed
in response to a spatial change in non-treated rats. The P38-30ug/kg group however exhibited this
pattern and was therefore able to discriminate the DO and the NDO. Based on these results, we chose
to use thereafter the 30 pg/kg dose and included a non-injected group in experiment 2 to address the

impact of saline injection.

2.2. Experiment 2

This experiment was aimed at examining and comparing the effect of P38-30 ug/kg and ALG
(P38 analog PACL1 agonist) on memory consolidation by injecting these compounds after acquisition of

the SND task. We also investigated whether the effect of P38 on consolidation in the SND task involved



an interaction with NR2B-containing NMDARs. For this purpose we injected IFE, a selective NR2B-

containing NMDA receptor antagonist, after S5.

2.2.1. Pre-treatment locomotion (S1)
Before treatments, all groups displayed similar locomotor activity (one-factor ANOVA: pre-IFE
groups: Fe3s=1.13, n.s.) and spent similar time in the peripheral region (pre-IFE groups: Fe.35=0.9832,

n.s.).

2.2.2. Pre-treatment learning (Session 2-5)
Before treatment, all groups exhibited similar exploration of the objects (ANOVA with repeated
measures: no effect of group (Fe1ss = 1.803, n.s.). The object exploration index decreased across

sessions in all groups (effect of session: Fs139 = 22.59, P < 0.0001; no trial x group interaction: Fig 139 =

0.5432, n.s.), which indicated habituation (Fig 3A).

Figure 3
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2.2.3. Test (Session 6)

A factorial 2-way ANOVA revealed an effect of group (Fe7o = 2.441, P = 0.0336), no effect of

object (F1,70 = 0.4888, P = 0.4868) but an object x group interaction (Fs.70 = 2.628, P = 0.0235) (Fig. 3B).

IFE rats were unable to detect spatial novelty and exhibited a reversed pattern of exploration with the
NDO being more explored than the DO (DO vs. NDO, P < 0.05). Administration of P38 did not improve
spatial novelty detection in IFE-treated rats. Rats did not re-explore more the DO than the NDO
(Newman-Keuls post-hoc test, DO vs. NDO, P < 0.05). However, considering each kind of object
separately, re-exploration (spatial change index) was significantly above 0 value for DO (t test .DO vs.
0 value, Ts = 3.325, P = 0.0209) but not for NDO (t test NDO vs. 0 value, Ts = 0.6166, n.s.). This latter
result indicated that the difference between S5 and S6 was significant for DO only. The ALG treatment
also failed to restore this ability (Fig. 3B).

We also measured locomotion during S6 to evaluate general activity following the treatments.
More unbiased movement was measured in the empty arena (S7), to be compared with pre-treatment
activity (S1)(see below). We found no effect of treatment on distance run during S6 (one factor ANOVA:

Fs3s = 0.4166, n.s.; mean (cm) + s.e.m.: CTL, 10848.66 + 1114.13; SAL, 9110.92 + 1254.65; P38,
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8189.82 + 1182.04; ALG, 8662.32 + 1556.56; IFE, 8396.42 +1980.18; P38+IFE, 9790.92 + 1188.64;
ALG+IFE, 8510.18 + 1770.57)

In summary, consistent with experiment 1, the results showed that SAL rats were not able to
properly detect spatial novelty. Detection of spatial novelty was however observed in CTL rats, i.e. rats
that did not receive any injection. In this context, P38 induced a beneficial effect as the rats’ ability to
detect spatial novelty was similar to that found in CTL rats while ALG did not yield similar effect. In
addition, the IFE group failed to detect spatial novelty. Finally, co-administration of P38 or ALG with IFE

did not restore CTL-like ability although a re-exploration of DO was observed.

2.2.4. Post-treatment locomotion (Session 7)

A significant effect of treatment on locomotion was found (one-factor ANOVA: Fe3s = 4.977, P <
0.0001) (Fig.3C). There was no difference between CTL and SAL groups. P38, but not ALG, treatment
reduced locomotor activity (P38 vs. SAL, P < 0.05; ALG vs. SAL, n.s.). Administration of IFE did not
affect locomotion (IFE vs. SAL, n.s.). Administration of P38 and ALG did not change locomotion in IFE-

treated rats (P38+IFE vs. IFE: n.s.; ALG+IFE vs. IFE: n.s.).

2.3. BDNF levels in the hippocampus

Figure 4 shows that BDNF content were different between groups (one-factor ANOVA: Fe24 =
13.91, P < 0.0001). The IFE group showed the higher BDNF content vs. the SAL group (Newman-Keuls
post hoc test: IFE vs. SAL, P < 0.001) while the P38 and ALG groups did not differ from the SAL group
(P > 0.05). Administration of P38 or ALG to IFE-treated rats produced a decrease in BDNF content vs.

IFE treatment alone (P38+IFE vs. IFE and ALG-IFE vs. IFE: both P < 0.0001).

*kkkkkkkkkkkkkkkkkkhkk

Figure 4
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3. Discussion

In the present study we compared the effects of P38 and its analog ALG in a SND task that taxes
memory of a configuration of objects. We also examined the effects of administrating IFE, a NMDAR
antagonist, after acquisition, alone or in combination with P38 or ALG to address a potential involvement

of NR2B-containing NMDARSs in P38 and ALG effects.



In the SND task and similar tasks, it has been shown that non-treated rats are able to detect
spatial novelty and selectively re-explore the displaced object relative to the non-displaced objects (Save
et al., 1992; Lee et al., 2005; Maasberg et al., 2012; van Cauter et al., 2013), this behavior being
considered to reflect an updating of the spatial representation. In the present experiments we found that
this ability was unexpectedly disrupted in rats that had received saline immediately after learning, 24h
earlier. In experiment 1, SAL rats selectively re-explored the non-displaced objects and in experiment
2, they exhibited equivalent exploration of the displaced object and the non-displaced objects. In
contrast, rats that did not receive any injection (CTL group); exhibited the well-documented pattern of
behavioral response, i.e. re-explored the displaced object more than the non-displaced objects. The
difference SAL vs. CTL was probably not due to different learning levels because the two groups
exhibited similar object exploration throughout the learning sessions. This suggests that behavior and
cognitive processes were influenced by external and/or internal factors that interacted with P38
treatment to produce inconsistent behavior in control conditions. The SND task is probably more likely
to be influenced by these factors than other tasks with repeated training trials because it involves
spontaneous behavior during a one-shot sequence of sessions including learning and testing. However,
in spite of various factors potentially affecting behavior, we were able to obtain a pattern of exploration
consistent with previous studies in non-treated rats (Save et al., 1992; Lee et al., 2005; van Cauter et
al., 2013). Among these factors, it is possible that the difference between SAL and CTL groups resulted
from the i.v. injection procedure which is likely to be a stressful experience that may affect per se memory
consolidation and/or exploratory behavior during the test session.

Stress has been shown to have a clear impact on memory and hippocampus-dependent learning
(reviews: Kim and Diamond, 2002; Schwabe et al., 2012) but the literature does not strongly support
this hypothesis on at least two aspects. First, the animals underwent movement restraint for 30 s while
in acute stress studies that reveal memory effects, rats are generally submitted to much longer
immobilization, i.e. 30 min, 1h and even more (Blank et al., 2002; Conrad et al., 2004; Telegdy and
Adamik, 2015; Uwaya et al., 2016; Aguayo et al., 2018). Second, memory consolidation is generally
enhanced following stress (Roozendaal et al., 2006; Schwabe et al., 2012). In spite of this, we cannot
strictly rule out that immobilization for 30 s is sufficient to induce stress that would affect consolidation
for long term memory. The effects of a short-lasting restrain on physiological markers of stress is poorly

known. Heath et al., (1971) have shown that a mild 30 s restraint, tail-warming alone or associated with
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injection in the tail vein produced peripheral biochemical changes that may underlie physiological
impairments and beyond, central effects. Thus, it is possible that the injection conditions we used here
yielded some stress that, even weak, occurred within a short time window after learning and eventually
disrupted memory consolidation in this task (Schwabe et al., 2012). This needs however to be further
investigated. Finally, both SAL and CTL groups exhibited similar locomotor activity during S6 (spatial
novelty test session) and S7, suggesting that a general effect on behavior during the test session did
not account for this effect.

Because P38 is also implicated in peripheral functions (Vaudry et al. 2009 for a review), another
alternative explanation is that effects in the SND task resulted from a peripheral rather than central
effect. This possibility appears unlikely however. First, it has been found that P38 crosses the blood-
brain barrier (Banks et al., 1993). Second, P38 produced a specific behavioral effect, i.e. increased
exploration of the displaced objects but not the non-displaced objects, which reflects cognitive processes
(Save et al., 1992; Lee et al., 2005). Such object discrimination has been shown to be affected by brain
lesions (van Cauter et al., 2013) and is therefore not likely to result from a general peripheral, e.g.
cardiovascular or respiratory, response (Farnham and Pilowsky, 2010; Farnham et al., 2012). Third,
locomotor activity that may be affected by P38 peripheral action was not different in all groups after the
test session. Thus although we cannot strictly exclude that P38 produced peripheral effects in addition
to central effects, we conclude that our results in the SND task could not be accounted for by these
peripheral effects. Another issue is that the absence of effect of ALG would be due to the fact that it
does not cross the blood-brain barrier. On the contrary, a study by Dejda et al. (2011) suggests that it
does cross the blood-brain barrier because an i.v. injection of ALG induced a central effect (decrease
of brain infarction in a brain ischemia model). That ALG crosses the BBB remains however to be
confirmed in physiological conditions.

We show that injection of P38 allowed restoration of the ability to detect spatial novelty in the SND
task. In experiments 1 and 2, rats treated with P38 (30ug/kg) selectively re-explored the displaced object
although 5 and 15 pg/kg doses did not induce this pattern of response. In contrast, the pattern of
response in P38-30 pg/kg-treated animals was similar to that in CTL rats, which suggests that P38
thwarted the deleterious effects of a saline injection on memory. As P38 has been shown to elicit anxiety-
related effects (Kormos and Gaszner, 2013), a readily hypothesis is that P38 abolishes the stressful

effects of the injection due to anxiolytic properties. However, administration of P38 in the central nervous
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system produces anxiogenic rather than anxiolytic effects (Hammack et al., 2009; Telegdy and Adamik,
2015) and P38-deficient mice exhibit lower anxiety-related behavior (Hashimoto et al., 2001; Gaszner
et al., 2012). In addition, PAC1-deficient mice show decreased anxiety-like behavior (Otto et al., 2001).
Thus, an alternative hypothesis is that P38 produces an anxiogenic effect and therefore modulates the
hypothalamic-pituitary-adrenal axis and activates the corticotropin-releasing factor (CRF) (Mustafa et
al.,, 2013). Enhancement of memory consolidation may then result from a specific effect on memory
through activation of CRF1 receptors in the hippocampus (Wang et al. 1998). However, the anxiogenic
hypothesis fails to explain why P38-induced anxiety allowed effective consolidation whereas saline-
induced anxiety (due to injection procedure) did not. In addition, this anxiety-related hypothesis cannot
really account for the results of other studies showing an implication of P38 in memory. Indeed these
studies used various approaches to manipulate the P38ergic system (P38-deficient or PAC1 receptor-
deficient mice, intracerebroventricular or systemic P38 injection), used various memory tasks (water
maze task, fear conditioning, active or passive avoidance, object recognition, radial maze working
memory task, etc.) and targeted various memory processes (acquisition, retrieval) but they all showed
an implication of P38 in memory (Telegdy and Kokavszky, 2000; Sauvage et al., 2000; Sacchetti et al.,
2001; Otto et al., 2001; Adamik et al., 2005; Takuma et al., 2014; Meloni et al., 2016; Ladjimi et al.,
2019). More specifically, some of them have described an improvement of memory following P38
administration. Post-acquisition administration of P38 induces an enhancement of consolidation
(Sacchetti et al., 2001) as well as acquisition, and retrieval (Telegdy and Kokavszky, 2000) of a passive
avoidance response. Recently, using a more cognitive task, we have found that P38 improved place
learning in the water maze when a weak massed-learning procedure was used (Ladjimi et al., 2019).
Thus, our current results using the SND task and the literature suggest that P38 administration shortly
after acquisition rescues memory consolidation.

The rats treated with IFE exhibited a pattern of object exploration consistent with a deficit in
detection of spatial novelty. Not only they failed to specifically re-explore the displaced object like CTL
rats did but they actually displayed the opposite response: they re-explored more the non-displaced
objects than the displaced one. It is unlikely that this behavior results from anxiogenic effect since IFE
has been reported to produce an anxiolytic rather than anxiogenic effect (Fraser et al., 1996; Kincheski
and Carobrez, 2010). Our results are consistent with those of Frihauf et al., (2015) who found a similar

effect of IFE 10 mg/kg on consolidation in a novel object recognition task. Thus, the fact that IFE rats
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did not re-explore the displaced object supports the hypothesis that NR2B-containing NMDARs are
important for memory consolidation in this task.

We then found that combining administration of P38 and IFE (P38+IFE condition) yielded a
marginal improvement of spatial novelty detection. Indeed, rats significantly re-explored the displaced
object. Full rescue of CTL-like response that would involve re-exploration of the displaced object greater
than the non-displaced objects, was not obtained. Note that there was no indication that locomotor
activity was different in P38+IFE vs. IFE rats. Thus, we did not see a dramatic effect, but it is likely that
there was a mild beneficial effect of P38 on memory consolidation in IFE rats. This suggests that P38
mechanism of action on memory consolidation in the SND task involves - but is not specific of - NR2B-
containing NMDARs. This is consistent with Yaka et al's study (2003) showing that P38 modulates
NR2B-containing NMDARs and produces enhancement of NMDAR-mediated activity in the
hippocampus. To further determine the neurobiological events triggered by P38 and ALG treatments in
this task, we measured BDNF levels in the hippocampus, a structure required for detection of spatial
novelty (Save et al., 1992). In vitro studies have shown that P38 stimulates BDNF production in neuron
cultures (Frechilla et al., 2001; Pellegri et al., 2001; Reichenstein et al., 2008; Dong et al., 2010; Brown
et al., 2014; Kaneko et al., 2018), and hippocampal slices (Yaka et al., 2003), and increases TrkB
receptors in the hippocampus (Pellegri et al., 1998). Furthermore, PAC1-deficient mice exhibit
decreased expression of TrkB receptors in the hippocampus (Zink et al., 2004). In the present study,
we did not observe any modulation of BDNF in P38-treated rats. In contrast, IFE-treated rats had
increased BDNF levels which was reversed following P38 or ALG administration. This supports our
previous results showing similar BDNF content in naive rats and rats treated with P38 and trained in a
place learning task (Ladjimi et al., 2019) and the hypothesis that P38 modulates BDNF expression in
the hippocampus. However, BDNF modulations appeared to be not related to behavioral performance
in the SND task (at least at the doses we used) because we did not find changes in BDNF content in
rats that exhibited preserved memory consolidation following P38 administration vs saline rats.
Conversely, an increase in BDNF was measured in rats with IFE administration though they exhibited
no detection of spatial novelty.

A major aim of the present study was to compare the effects of P38 and ALG in the SND task.
The results show that ALG did not produce similar effects as P38 as they did not re-explore the objects

nor were able to discriminate the displaced object from the non-displaced objects during the test session.
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When ALG was administrated with IFE, animals did not re-explore the displaced objects and there was
no difference between the displaced object and the non-displaced objects, which indicates impaired
novelty detection. No effect of ALG on general activity was found. Thus, our results show that the
biochemical P38-derived analog ALG did not produce the effect of P38 on memory consolidation in this
task despite its high affinity with the PAC1 receptor and its improved metabolic stability vs. P38
(Bourgault et al., 2008). Such properties are essential in a therapeutic perspective. However, whether
ALG shows functional properties similar to those of P38 deserves further investigations. Dejda et al.
(2011) found that an i.v. ALG injection had a neuroprotective effect in an ischemia model. More recently,
we have reported an enhancement of place memory in a Morris water maze navigation task but failed
to demonstrate a similar effect of ALG (Ladjimi et al., 2019).

Overall, the present results complement available data showing that P38 modulates memory
processes. We showed that P38 improved consolidation of spatial memory of a configuration of objects,
an important process for the formation of a spatial representation. In contrast, the analog did not
reproduce this effect. Its multiple biological actions (neurotransmitter, neuroprotective and neurotrophic
factor, to mention a few) make P38 a potentially promising therapeutic agent. Ideally, P38 analogs such
as the acetyl-[Alal®, Ala?°]PACAP-38-propylamide are made not only to improve biological availability
but also functional specificity while reducing unwanted peripheral (e.g. cardiovascular) effects (Warren
et al., 1992; Vaudry et al., 2000 for a review; Farnham et al., 2012). To this end, it is hecessary to seek
selective actions of ALG by using various experimental models addressing neuroprotective, memory,
anti-inflammatory, etc., aspects of P38 actions. That ALG does not exhibit a P38-like memory effect

does not preclude other potential effects that may be developed in a therapeutic perspective.

4. Methods and materials

4.1. Chemicals

P38 and ALG were generously provided by Professor David Vaudry (Laboratory of Neuronal and
Neuroendocrine Differentiation and Communication, INSERM U413, Rouen University, France). P38
and its analog were synthetized using the fluorenylmethyloxycarbonyl (Fmoc) chemistry methodology
as previously described (Bourgault et al., 2008; Jolivel et al., 2009). Following in vitro treatment with
dipeptidyl peptidase 1V, PACAP-38 initially loses its first two amino acids and becomes PACAP(3-38).

It then undergoes cleavage at the Gly* of PACAP(3-38) and becomes PACAP(5-38), which behaves as
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a PACAP antagonist (Bourgault et al., 2008). We used this analog in our study which was verified in Dr
Vaudry’s lab using MALDI-TOF mass spectrometry. Spectrum of acetyl-[ALA5, ALA2CJPACAP38-
propylamide shows a peak at 4502,158 Da corresponding to the theoretical mass of the analog
(Bourgault et al., 2008). Ifenprodil (a-(4-Hydroxyphenyl)-B-methyl-4-benzyl-1-piperidineethanol tartrate

salt) was purchased from Sigma Aldrich (St Louis, US, MO).

4.2. Animals

A total of 62 male Wistar rats (Janvier Labs, Le Genest Saint Isle, France) weighing between 200
and 250 g were housed, two in a cage (40 cm long x 26 cm wide x 16 cm high), with water and food ad
libitum in a temperature-controlled room (20 + 2°C) with natural light/dark cycle. Starting 24 hours after
delivery, the rats were handled daily by the experimenter for one week. The experiments were performed
in accordance with the European guidelines (European Community Council Directive, 2010/63/UE), and
National guidelines (Council directive n°87848 of the Direction des Services Vétérinaires de la Santé et
de la Protection Animale, permission n° 13.24 from the Ministry of agriculture and fisheries to E.S., local
ethic committee and national authorization n° A8-12-12). Behavioral testing was conducted during the

light phase.

4.3. General protocol

4.3.1. Experiment 1: dose-response effect of P38

We first sought to determine a dose that would affect performance in the SND task. On the basis
of-three studies of Akerman and Goadsby (2015), Deguil et al., (2010) and Hong et al., (1998), the
effects of three i.v.-injected doses were tested, 5 ug, 15 ug, and 30 pg/kg in the SND task. We used 20
rats that were subdivided into 4 groups, P38-5 (n = 5), P38-15 (n = 5), P38-30 (n = 5), and SAL (n =5)
before being submitted to the SND protocol. To match the conditions of Experiment 2, the treatment
consisted of an i.v. injection followed 5 min later by an intraperitoneal (i.p.) injection (Frihauf et al.,
2015). For the i.v. injection, the SAL group received NaCl 0.9 %, and the three P38-treated groups
received one of the 3 doses of P38, (5, 10, or 30 ug/kg). For the i.p. injection, all groups received a NaCl
0.9 %. The drug administration and behavior protocols were similar in both Experiment 1 and Experiment
2 (see sections 2.4 and 2.5). The treatments were administrated after the last session of the learning

phase on day 2. The rats were then submitted to the test phase on day 3.
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4.3.2. Experiment 2: effects of P38 and ALG in rats treated with ifenprodil

Following Experiment 1, the 30 ug/kg dose of P38 was chosen to be used in Experiment 2. Forty-
two rats were used and were subdivided into 7 groups (n = 6). Immediately after the last session of the
learning phase on day 2 of the SND task (see below), all groups were given an i.v. injection followed 5
min later by an i.p. injection (Table 1). On day 3, all rats were submitted to the test phase of the SND
task. Table 1 summarizes the groups used in this experiment. An additional control group (CTL) that did
not receive any injection but was submitted to the task was added to control for the effect of the injection

procedure.

4.4. Drug administration

Table 1
S

For i.v. injections, Microlance BD-23G/30 x 0.6 mm needles were used. The injected volume was
100 ul/100 g. The rat was placed delicately head first in a custom-made intravenous injection apparatus
(heareafter termed tailveiner). This tailveiner consisted of a cylindrical portion 20 cm long and 5 cm in
diameter (open on one side) of a PVC tube fixed by hose clamps to a wooden board. This board is itself
fixed by clamps to the bench. Once inside the tailveiner, the entrance was closed so that the tail of the
rat remains outside. The rat's tail was warmed with warm water to reveal the vein and then the injection
was done. Contention in the tailveiner lasted about 30 s. For i.p. injections, Microlance BD-25G/16 x 0.5
mm needles were used. The injected volume was 500 pl/100 g. P38, ALG, and IFE were diluted in NaCl
0.9 % (Dejda et al., 2011; Shioda and Nakamachi, 2015). The animal was grasped firmly by the back,

blocking the four legs with a slight pressure of the fingers and we proceeded to the injection.

4.5. Spatial novelty detection task (SND task)

The apparatus consisted of a black PVC circular arena (diameter 76 cm diameter, wall height, 50
cm) surrounded by a circle of white curtains so that the environment was visually uniform. Homogenous
indirect lighting was provided by 4 x 40W spotlights located outside the curtain and directed toward the
ceiling. As in previous studies (Van Cauter et al., 2013) a piece of white cardboard covering 90° was
placed on the arena wall to provide a polarizing cue. A digital camera was placed 2 m above the center

of arena floor. A radio set was also placed above the arena and produced a background sound (> 70
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dB) to mask possible uncontrolled noises. The camera was connected to a computer and a tracking
software (Videotrack, Viewpoint, France) was used to track the animal on the video image and analyze
the animal’s trajectories and spatial location. The general behavioral protocol used for both experiments
is shown in Figure 1. The animals were submitted to free exploration sessions on 3 successive days.
All behavioral testing was conducted between 6:00 and 10:00 A.M. Between sessions, the floor of the
arena was wiped to shuffle olfactory cues and the feces if any were removed. At the end of the session
sequence for each rat, the arena was cleaned with a 0.1 % alcohol solution.

On day 1 (familiarization), the arena was empty and the rats were submitted to one 8-min-session
(S1). On Day 2 (learning), 4 objects were placed in the arena (Figure 1) and the rats were submitted to
four 4-min-sessions (S2-S5; Inter session interval, 4 min, the animals were replaced in their home cage).
The objects were all different in color, texture, and shape and included a glass bottle (Ob1), a plastic
cylinder (Ob2), a wooden ball (Ob3) and a Rubik's cube (Ob4). Figure 1 shows the initial spatial
configuration of the set of objects in S2-S5 (day 2) and after the spatial change (displacement of one
object) in S6 (day 3). In S2 the objects at the periphery (Obl, Ob2, Ob3) were located 15 cm from the
wall and the central object (Ob4) was half distance between Obl and Ob2. Immediately after the last
session of the learning phase, the animals received their treatment. On day 3 (test), Ob4 was moved to
the periphery of the arena and was located 15 cm from the wall like the other, non-displaced, objects.
The ability to detect a spatial change in the object configuration was evaluated during a post-treatment
4-min-session (S6). Following S6, the animals were submitted to a last 4-min-session (S7) in the empty
arena to measure locomotion after treatment. At the end of the experiment, the rats were sacrificed by
decapitation and their hippocampi were removed for biochemical analyses. In both experiment 1 and 2,

rats from the different groups were trained in pseudorandom order.

4.6. Data Analyses

4.6.1. SND task

All sessions were recorded and the videos were stored on the computer for off line analysis. To
evaluate exploratory activity, we measured locomotion and object exploration. Exploration of an object
was defined as the approach of the animal's snout to a distance of less than 2 cm from an object while
actively exploring it (a contact). Both measures were obtained using the Videotrack system which allows

to track the rat’'s movements as well as the nose position. When the nose was detected in a virtual area
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(appearing only on the computer screen) surrounding each object and corresponding to 2cm in the
actual arena, a contact was counted. To evaluate object exploration during the learning phase, we
calculated a normalized exploration index (Cohen, 1988) for each rat and each session according to the
following formula:

TexpS2-5 x 100) / mTexpS2 where TexpS2-5 is the time of exploration (sec) averaged for all 4 objects by
one rat during each session (S2 to S5), mTextS2 is the mean time of exploration (sec) of the objects by
all rats of the same group during S2.

To evaluate the exploratory response to the spatial change, we calculated a reexploration score for the
displaced object and the non-displaced objects (Parron and Save, 2004; Van Cauter et al., 2008; 2013)
according to the following formulas:

Reexploration score for the displaced object (sec) = (TobaS6 — TonsS5), where TobaS6 is the duration of
contacts (sec) with the displaced object (Ob4) in S6 (new position), and TopsS5 is the duration of contacts
(sec) of Ob4 during S5 (initial position).

Reexploration score for the non-displaced objects (sec) = (Tob1-3 S6 - Tobi-3 S5) where Top1-3S6 is the
duration of contacts in sec averaged on the 3 non-displaced objects during S6, and Tob1-3S5 is the
duration of contacts in sec averaged on the non-displaced objects during S5. It has been repeatedly
shown that detection of spatial novelty induces an increase in object exploration with the displaced
object being more explored than the non-displaced objects (e.g. Save et al., 1992).

*hkkkkkkkkkkkkkhkkkkhkk

Figure 1
P ———

4.6.2. Quantification of BDNF in the hippocampus

We used the hippocampus removed from the trained rats to measure the content of BDNF by
using an enzyme-linked immunosorbent assay kit. The hippocampus was removed and frozen at -80°C.
Hippocampal tissues were homogenized under stirring for 1 hour at 4°C in lysis buffer (50 mM Tris pH
8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100 and 1mM
EDTA) supplemented with protease inhibitors cocktail (Bio Basic Inc, CA). The tissue lysate was then
centrifuged (12 000g, 20 min, 4°C) and the supernatant was stored at -20 °C until use. Protein
concentration was assessed by BCA protein assay following manufacturer’s instructions (Novagen).

BDNF levels were determined using Rat BDNF PicoKine™ ELISA kit purchased from Tebu-bio (Le
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Perray-en-Yvelines, France) according to manufacturer’s instructions and expressed as picograms per

milligram of protein.

4.6.3. Statistical Analyses

Data obtained are presented as means + standard error of the mean (S.E.M). Statistical analyses
were performed using ANOVA followed by a Newman-Keuls post-hoc test (GraphPad Prism 7,
GraphPad software, San Diego, USA). Statistical significance required a P < 0.05. As mentioned above
all groups were trained and tested at the same time. In addition, we examined whether each group
displayed significant re-exploration of DO and NDO by using t-test comparing the re-exploration scores

to 0 value (0 value would indicate no re-exploration).

5. References

Ago, Y., Hiramatsu, N., Ishihama, T., Hazama, K., Hayata-Takano, A., Shibasaki, Y., Shintani, N.,
Hashimoto, H., Kawasaki, T., Onoe, H., Chaki, S., Nakazato, A., Baba, A., Takuma, K., Matsuda,
T., 2013. The selective metabotropic glutamate 2/3 receptor agonist MGS0028 reverses
psychomotor abnormalities and recognition memory deficits in mice lacking the pituitary adenylate
cyclase-activating polypeptide. Behav. Pharmacol. 24:74-77. doi:
10.1097/FBP.0b013e32835cf3e5.

Aguayo, F.l., Tejos-Bravo, M., Diaz-Véliz, G., Pacheco, A., Garcia-Rojo, G., Corrales, W., Olave, F.A.,
Aliaga, E., Ulloa, J.L., Avalos, A.M., Roméan-Albasini, L., Rojas, P.S., Fiedler, J.L. 2018.
Hippocampal memory recovery after acute stress: A behavioral, morphological and molecular

study. Front. Mol. Neurosci. 11:283. doi: 10.3389/fnmol.2018.00283.

Adamik, A., Telegdy, G., 2005. Effects of pituitary adenylate cyclase polypeptide (PACAP) on extinction
of active avoidance learning in rats: involvement of neurotransmitters. Regul. Pept.127:55-62.
Akerman, S., Goadsby, P.J., 2015. Neuronal PAC1l receptors mediate delayed activation and
sensitization of trigeminocervical neurons: Relevance to migraine. Sci. Transl. Med. 7:308ral57.
doi: 10.1126/scitranslmed.aaa7557.

Arimura, A., Somogyvari-Vigh, A., Miyata, A., Mizuno, K., Coy, D.H., Kitada, C., 1991. Tissue distribution
of PACAP as determined by RIA: highly abundant in the rat brain and testes. Endocrinology.

129:2787-2789.

19



Banks, W.A., Kastin, A.J., Komaki, G., Arimura, A., 1993. Passage of pituitary adenylate cyclase
activating polypeptidel-27 and pituitary adenylate cyclase activating polypeptidel-38 across the
blood-brain barrier. J. Pharmacol. Exp. Ther. 267: 690-696.

Blank, T., Nijholt, I., Eckart, K., Spiess, J. 2002. Priming of long-term potentiation in mouse hippocampus
by corticotropin-releasing factor and acute stress: implications for hippocampus-dependent
learning. J. Neurosci. 22:3788-3794.

Bourgault, S., Vaudry, D., Botia, B., Couvineau, A., Laburthe, M., Vaudry, H., Fournier, A-; 2008. Novel
stable PACAP analogs with potent activity towards the PAC1 receptor. Peptides 29: 919-932. doi:
10.1016/j.peptides.2008.01.022.

Brown, D., Tamas, A., Reglodi, D., Tizabi, Y., 2014. PACAP protects against inflammatory-mediated
toxicity in dopaminergic SH-SY5Y cells: implication for Parkinson's disease. Neurotox. Res. 26:230-
239. doi: 10.1007/512640-014-9468-x.

Cabezas-Llobet, N., Vidal-Sancho, L., Masana, M., Fournier, A., Alberch, J., Vaudry, D., Xifr6, X., 2018.
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) Enhances Hippocampal Synaptic
Plasticity and Improves Memory Performance in Huntington's Disease. Mol. Neurobiol. 55:8263-
8277. doi: 10.1007/s12035-018-0972-5.

Cercato, M.C., Colettis, N., Snitcofsky, M., Aguirre, A.l., Kornisiuk, E.E., Baez, M.V., Jerusalinsky, D.A.,
2014. Hippocampal NMDA receptors and the previous experience effect on memory. J. Physiol.
Paris. 108:263-269. doi: 10.1016/j.jphysparis.2014.08.001.

Ciranna, L., Costa, L., 2019. Pituitary Adenylate Cyclase-Activating Polypeptide Modulates
Hippocampal Synaptic Transmission and Plasticity: New Therapeutic Suggestions for Fragile X
Syndrome. Front. Cell. Neurosci. 13:524. doi: 10.3389/fncel.2019.00524.

Cohen J., 1988. Statistical Power Analysis for the Behavioral Sciences, Lawrence Erlbaum Associates
Hillsdale, N.J.

Conrad, C.D., Jackson, J.L., Wieczorek, L., Baran, S.E., Harman, J.S., Wright, R.L., Korol, D.L., 2004.
Acute stress impairs spatial memory in male but not female rats: influence of estrous cycle.
Pharmacol. Biochem. Behav. 78:569-579.

Deguil, J., Chavant, F., Lafay-Chebassier, C., Pérault-Pochat, M.C., Fauconneau, B., Pain, S., 2010.
Neuroprotective effect of PACAP on translational control alteration and cognitive decline in MPTP

parkinsonian mice. Neurotox. Res. 17: 142-55. doi: 10.1007/s12640-009-9091-4.

20


https://www.ncbi.nlm.nih.gov/pubmed/?term=Banks%20WA%5BAuthor%5D&cauthor=true&cauthor_uid=8246142
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kastin%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=8246142
https://www.ncbi.nlm.nih.gov/pubmed/?term=Komaki%20G%5BAuthor%5D&cauthor=true&cauthor_uid=8246142
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arimura%20A%5BAuthor%5D&cauthor=true&cauthor_uid=8246142
https://www.ncbi.nlm.nih.gov/pubmed/8246142

Dejda, A., Sokotowska, P., Nowak, J.Z., 2005. Neuroprotective potential of three neuropeptides PACAP,
VIP and PHI. Pharmacol. Rep. 57:307-320.

Dejda, A., Seaborn, T., Bourgault, S., Touzani, O., Fournier, A., Vaudry, H., Vaudry, D., 2011. PACAP
and a novel stable analog protect rat brain from ischemia: Insight into the mechanisms of action.
Peptides 32: 1207-1216. doi: 10.1016/j.peptides.2011.04.003.

Dong, Y.X., Fukuchi, M., Inoue, M., Takasaki, |., Tabuchi, A., Wu, C.F., 2010. Tsuda M., Pituitary
adenylate cyclase-activating polypeptide (PACAP) is an upstream regulator of prodynorphin mRNA
expression in neurons, Neurosci. Lett. 484:174-177. doi; 10.1016/j.neulet.2010.08.044.

Farnham, M.M., Lung, M.S., Tallapragada, V.J., Pilowsky, P.M., 2012. PACAP causes PAC1/VPAC2
receptor mediated hypertension and sympathoexcitation in normal and hypertensive rats. Am. J.
Physiol. Heart Circ. Physiol. 303:H910-917. doi: 10.1152/ajpheart.00464.2012.

Farnham, M.M., Pilowsky, P.M., 2010. The role of PACAP in central cardiorespiratory regulation. Respir.
Physiol. Neurobiol. 174:65-75. doi: 10.1016/j.resp.2010.05.004.

Fraser, C.M., Cooke, M.J., Fisher, A., Thompson, I.D., Stone, T.W. 1996. Interactions between ifenprodil
and dizocilpine on mouse behaviour in models of anxiety and working memory. Eur.
Neuropsychopharmacol. 6:311-316.

Frechilla, D., Garcia-Osta, A., Palacios, S., Cenarruzabeitia, E., Del Rio, J., 2001. BDNF mediates the
neuroprotective effect of PACAP-38 on rat cortical neurons, Neuroreport 12:919-923.

Frohauf, P.K., Ineu, R.P., Tomazi, L., Duarte, T., Mello, C.F., Rubin, M.A., 2015. Spermine reverses
lipopolysaccharide-induced memory deficit in mice. J. Neuroinflammation, 12:3. doi:
10.1186/s12974-014-0220-5.

Gaszner, B., Kormos, V., Kozicz, T., Hashimoto, H., Reglodi, D., Helyes, Z., 2012. The behavioral
phenotype of pituitary adenylate-cyclase activating polypeptide-deficient mice in anxiety and
depression tests is accompanied by blunted c-Fos expression in the bed nucleus of the stria
terminalis, central projecting Edinger-Westphal nucleus, ventral lateral septum, and dorsal raphe
nucleus. Neuroscience 202:283-299. doi: 10.1016/j.neuroscience.2011.11.046.

Ge, Y., Dong, Z., Bagot, R.C., Howland, J.G., Phillips, A.G., Wong, T.P., Wang, Y.T., 2010. Hippocampal
long-term depression is required for the consolidation of spatial memory. Proc. Natl. Acad. Sci. U.
S. A. 107:16697-71602. doi: 10.1073/pnas.1008200107.

Ghatei, M.A., Takahashi, K., Suzuki, Y., Gardiner, J., Jones, P.M., Bloom, S.R., 1993. Distribution,

21



molecular characterization of pituitary adenylate cyclase-activating polypeptide and its precursor
encoding messenger RNA in human and rat tissues. J. Endocrinol. 136:159-66.

Hammack, S.E., Cheung, J., Rhodes, K.M., Schutz, K.C., Falls, W.A., Braas, K.M., May, V., 2009.
Chronic stress increases pituitary adenylate cyclase-activating peptide (PACAP) and brain-derived
neurotrophic factor (BDNF) mRNA expression in the bed nucleus of the stria terminalis (BNST):
roles for PACAP in anxiety-like behavior. Psychoneuroendocrinology 34:833-843. doi:
10.1016/j.psyneuen.2008.12.013.

Hannibal, J., 2002. Pituitary adenylate cyclase-activating peptide in the rat central nervous system: an
immunohistochemical and in situ hybridization study. J. Comp. Neurol. 453:389-417.

Hashimoto, H., Nogi, H., Mori, K., Ohishi, H., Shigemoto, R., Yamamoto, K., Matsuda, T., Mizuno, N.,
Nagata, S., Baba, A., 1996. Distribution of the mRNA for a pituitary adenylate cyclase-activating
polypeptide receptor in the rat brain: an in situ hybridization study. J. Comp. Neurol. 371:567-577.

Hashimoto, H., Shintani, N., Tanaka, K., Mori, W., Hirose, M., Matsuda, T., Sakaue, M., Miyazaki, J.,
Niwa, H., Tashiro, F., Yamamoto, K., Koga, K., Tomimoto, S., Kunugi, A., Suetake, S., Baba, A.,
2001. Altered psychomotor behaviors in mice lacking pituitary adenylate cyclase-activating
polypeptide (PACAP). Proc. Natl. Acad. Sci. U. S. A. 98:13355-13360.

Heath, D.F., George, D.R., Rose, J.G., 1971. The effects of the stress caused by experimental
procedures on alanine, aspartate, glutamate and glutamine in rat liver. Biochem. J. 125:765-771.

Hirabayashi, T., Nakamachi, T., Shioda, S., 2018. Discovery of PACAP and its receptors in the brain. J.
Headache Pain 19:28. doi: 10.1186/s10194-018-0855-1.

Hong, M., Yon, L., Fournier, A., Vaudry, H., Pelletier, G., 1998. Effect of pituitary adenylate cyclase-
activating polypeptide (PACAP) on tyrosine hydroxylase gene expression in the rat adrenal
medulla. Ann. N.Y. Acad. Sci. 865:478-481.doi: 10.1111/j.1749-6632.1998.th11220.x

Jolivel, V., Basille, M., Aubert, N., de Jouffrey, S., Ancian P., Le Bigot J.F., Noack P., Massonneau M.,
Fournier A., Vaudry H., Gonzalez B.J., Vaudry D., 2009. Distribution and functional characterization
of pituitary adenylate cyclase-activating polypeptide receptors in the brain of non-human primates,
Neuroscience 160:434-451. doi: 10.1016/j.neuroscience.2009.02.028.

Kaneko, Y., Tuazon, J.P., Ji, X., Borlongan, C.V., 2018. Pituitary Adenylate Cyclase Activating
Polypeptide Elicits Neuroprotection Against Acute Ischemic Neuronal Cell Death Associated with

NMDA Receptors. Cell Physiol. Biochem. 51:1982-1995. doi: 10.1159/000495722.

22



Kim, J.J., Diamond, D.M., 2002. The stressed hippocampus, synaptic plasticity and lost memories. Nat.
Rev. Neurosci. 3:453-462.

Kincheski, G.C., Carobrez, A.P., 2010. The dorsal periaqueductal gray modulates the increased fear-
like behavior exhibited by experienced rats in the elevated plus-maze. Behav. Brain Res. 206:120-
126. doi: 10.1016/j.bbr.2009.09.001.

Kormos, V., Gaszner, B., 2013. Role of neuropeptides in anxiety, stress, and depression: from animals
to humans. Neuropeptides 47:401-419. doi: 10.1016/j.npep.2013.10.014.

Koéves, K., Arimura, A., Gorcs, T.G., Somogyvari-Vigh, A. 1991. Comparative distribution of
immunoreactive pituitary adenylate cyclase activating polypeptide and vasoactive intestinal
polypeptide in rat forebrain. Neuroendocrinology 54:159-169.

Ladjimi, M.H., Barbouche, R., Ben Barka, Z., Vaudry, D., Lefranc, B., Leprince, J., Troadec, J.D., Ben
Rhouma, K., Sakly, M., Tebourbi, O., Save, E., 2019. Comparison of the effects of PACAP-38 and
its analog, acetyl-[Alal5, Ala20] PACAP-38-propylamide, on spatial memory, post-learning BDNF
expression and oxidative stress in rat. Behav. Brain Res. 359:247-257. doi:
10.1016/j.bbr.2018.10.023.

Lee, I., Hunsaker, M.R., Kesner, R.P., 2005. The role of hippocampal subregions in detecting spatial
novelty. Behav. Neurosci. 119:145-153.

Liu, G.J., Madsen, B.W., 1997. PACAP38 modulates activity of NMDA receptors in cultured chick cortical
neurons, J. Neurophysiol. 78:2231-2234.

Ma, Y.Y., Yu, P., Guo, C.Y., Cui, C.L., 2011. Effects of ifenprodil on morphine-induced conditioned place
preference and spatial learning and memory in rats. Neurochem. Res. 36:383-391. doi:
10.1007/s11064-010-0342-9.

Maasberg, D.W., Shelley, L.E., Gilbert, P.E., 2012. Age-related changes in detection of spatial novelty.
Behav. Brain Res. 228:447-451. doi: 10.1016/j.bbr.2011.12.024.

Macdonald, D.S., Weerapura, M., Beazely, M.A., Martin, L., Czerwinski, W., Roder, J.C, Orser, B.A.,
MacDonald, J.F., 2005. Modulation of NMDA receptors by pituitary adenylate cyclase activating
peptide in CA1 neurons requires G alpha q, protein kinase C, and activation of Src, J. Neurosci.
25:11374-11384. doi: 10.1523/jneurosci.3871-05.2005.

Masuo, Y., Ohtaki, T., Masuda, Y., Tsuda, M., Fujino, M., 1992. Binding sites for pituitary adenylate

cyclase activating polypeptide (PACAP): comparison with vasoactive intestinal polypeptide (VIP)

23



binding site localization in rat brain sections, Brain Res. 575:113-123.

Meloni, E.G., Venkataraman, A., Donahue, R.J., Carlezon, W.A., 2016. Bi-directional effects of pituitary
adenylate cyclase-activating polypeptide (PACAP) on fear-related behavior and c-Fos expression
after fear conditioning in rats, Psychoneuroendocrinology 64:12-21. doi:
10.1016/j.psyneuen.2015.11.003.

Michel, S., Itri, J., Han, J.H., Gniotczynski, K., Colwell, C.S., 2006. Regulation of glutamatergic signalling
by PACAP in the mammalian suprachiasmatic nucleus. BMC Neurosci. 7:15.

Mizushima, H., Banks W.A., Dohi K., Shioda S., Matsumoto H., Matsumoto K., 1999. The effect of
cardiac arrest on the permeability of the mouse blood- brain and blood-spinal cord barrier to
pituitary adenylate cyclase activating polypeptide (PACAP). Peptides 20:1337-40.

Miyata, A., Arimura, A., Dahl, R.R., Minamino, N., Uehara, A., Jiang, L., Culler, M.D., Coy, D.H., 1989.
Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates adenylate cyclase in
pituitary cells, Biochem. Biophys. Res. Commun. 164:567-574.

Mustafa, T., 2013. Pituitary adenylate cyclase-activating polypeptide (PACAP): a master regulator in
central and peripheral stress responses. Adv. Pharmacol. 68:445-57.

Otto, C., Kovalchuk, Y., Wolfer, D.P., Gass, P., Martin, M., Zuschratter, W., Grone, H.J., Kellendonk, C.,
Tronche, F., Maldonado, R., Lipp, H.P., Konnerth, A., Schitz, G., 2001. Impairment of mossy fiber
long-term potentiation and associative learning in pituitary adenylate cyclase activating polypeptide
type | receptor-deficient mice. J. Neurosci. 21:5520-5527.

Otto, C., Martin, M., Wolfer, D.P., Lipp, H.P., Maldonado, R., Schitz, G., 2001. Altered emotional
behavior in PACAP-type-I-receptor-deficient mice. Brain Res. Mol. Brain Res. 92:78-84.

Parron, C., Save, E., 2004. Comparison of the effects of entorhinal or retrosplenial cortical lesions on
habituation, reaction to spatial and non spatial changes during object exploration in the rat.
Neurobiol. Learn. Mem. 82:1-11.

Pellegri, G., Magistretti, P.J., Martin, J.L., 1998. VIP and PACAP potentiate the action of glutamate on
BDNF expression in mouse cortical neurones. Eur. J. Neurosci. 10:272-280.

Piggins, H.D., Stamp, J.A., Burns, J., Rusak, B., Semba, K., 1996. Distribution of pituitary adenylate
cyclase activating polypeptide (PACAP) immunoreactivity in the hypothalamus and extended
amygdala of the rat. J. Comp. Neurol. 376:278-294.

Rat, D., Schmitt, U., Tippmann, F., Dewachter, I., Theunis, C., Wieczerzak, E., Postina, R., van Leuven,

24



F., Fahrenholz, F., Kojro, E., 2011. Neuropeptide pituitary adenylate cyclase-activating polypeptide
(PACAP) slows down Alzheimer's disease-like pathology in amyloid precursor protein-transgenic
mice. FASEB J. 25:3208-3218. doi: 10.1096/fj.10-180133.

Reglodi, D., Tamas, A., Jungling, A., Vaczy, A., Rivnyak, A., Fulop, B.D., Szabo, E., Lubics, A., Atlasz,
T., 2018. Protective effects of pituitary adenylate cyclase activating polypeptide against neurotoxic
agents. Neurotoxicology 66:185-194. doi: 10.1016/j.neuro.2018.03.010.

Reichenstein, M., Rehavi, M., Pinhasov, A., 2008. Involvement of pituitary adenylate cyclase activating
polypeptide (PACAP) and its receptors in the mechanism of antidepressant action. J. Mol. Neurosci.
36:330-338. doi: 10.1007/s12031-008-9116-0.

Reynolds, 1.J., Miller, R.J., 1989. Ifenprodil is a novel type of N-methyl-D-aspartate receptor antagonist:
interaction with polyamines. Mol. Pharmacol. 36:758-765.

Rittase, W.B., Dong, Y., Barksdale, D., Galdzicki, Z., Bausch, S.B., 2014. Dynorphin up-regulation in
the dentate granule cell mossy fiber pathway following chronic inhibition of GIuN2B-containing
NMDAR is associated with increased CREB (Ser 133) phosphorylation, but is independent of
BDNF/TrkB signaling pathways. Mol. Cell Neurosci. 60: 63-71. doi: 10.1016/j.mcn.2014.04.002.

Roozendaal, B., Okuda, S., Van der Zee, E.A., McGaugh, J.L., 2006. Glucocorticoid enhancement of
memory requires arousal-induced noradrenergic activation in the basolateral amygdala. Proc. Natl.
Acad. Sci. U. S. A. 103:6741-6746.

Sacchetti, B., Lorenzini, C.A., Baldi, E., Bucherelli, C., Roberto, M., Tassoni, G., Brunelli, M., 2001.
Pituitary adenylate cyclase-activating polypeptide hormone (PACAP) at very low dosages improves
memory in the rat, Neurobiol. Learn. Mem. 76:1-6.

Sauvage, M., Brabet, P., Holsboer, F., Bockaert, J., Steckler, T., 2000. Mild deficits in mice lacking
pituitary adenylate cyclase-activating polypeptide receptor type 1 (PAC1) performing on memory
tasks. Brain Res. Mol. Brain Res. 84:79-89.

Save, E., Poucet, B., Foreman, N., Buhot, M.C., 1992. Object exploration and reactions to spatial and
non-spatial changes in hooded rats following damage to parietal cortex or hippocampal formation.
Behav. Brain Res. 228:447—-456.

Schmidt, S.D., Myskiw, J.C., Furini, C.R., Schmidt, B.E., Cavalcante, L.E., Izquierdo, I., 2015. PACAP
modulates the consolidation and extinction of the contextual fear conditioning through NMDA

receptors, Neurobiol. Learn. Mem. 118:120-124. doi: 10.1016/j.nlm.2014.11.014.

25



Schwabe, L., Joéls, M., Roozendaal, B., Wolf, O.T., Oitzl, M.S. 2012. Stress effects on memory: an
update and integration. Neurosci. Biobehav. Rev. 36:1740-1749. doi:
10.1016/j.neubiorev.2011.07.002.

Shioda, S., Shuto, Y., Somogyvari-Vigh, A., Legradi, G., Onda, H., Coy, D.H., Nakajo, S., Arimura, A.,
1997. Localization and gene expression of the receptor for pituitary adenylate cyclase-activating
polypeptide in the rat brain. Neurosci. Res. 28:345-354.

Shioda, S., Ohtaki, H., Nakamachi, T., Dohi, K., Watanabe, J., Nakajo, S., Arata, S., Kitamura, S.,
Okuda, H., Takenoya, F., Kitamura, Y., 2006. Pleiotropic functions of PACAP in the CNS:
neuroprotection and neurodevelopment. Ann. N. Y. Acad. Sci. 1070:550-560.

Shioda, S., Nakamachi, T., 2015. PACAP as a neuroprotective factor in ischemic neuronal injuries.
Peptides 72:202-207. doi: 10.1016/j.peptides.2015.08.006.

Skoglésa, Y., Takei, N., Lindholm, D., 1999. Distribution of pituitary adenylate cyclase activating
polypeptide mRNA in the developing rat brain. Brain Res. Mol. Brain Res. 65: 1-13.

Suen, P.C., Wu, K., Levine, E.S., Mount, H.T., Xu, J.L., Lin, S.Y., Black, 1.B., 1997. Brain-derived
neurotrophic factor rapidly enhances phosphorylation of the postsynaptic N-methyl-D-aspartate
receptor subunit 1. Proc. Natl. Acad. Sci. U. S. A. 94:8191-8195.

Tajima, N., Karakas, E., Grant, T., Simorowski, N., Diaz-Avalos, R., Grigorieff, N., Furukawa, H., 2016.
Activation of NMDA receptors and the mechanism of inhibition by ifenprodil. Nature 534:63-68. doi:
10.1038/naturel7679.

Takuma, K., Maeda, Y., Ago, Y., Ishihama, T., Takemoto, K., Nakagawa, A., Matsuda, T., 2014. An
enriched environment ameliorates memory impairments in PACAP-deficient mice, Behav. Brain
Res. 272:269-278. doi:10.1016/j.bbr.2014.07.005.

Telegdy, G., Kokavszky, K., 2000. The action of pituitary adenylate cyclase activating polypeptide
(PACAP) on passive avoidance learning. The role of transmitters. Brain Res. 874:194-199.

Telegdy, G., Adamik, A., 2015. Neurotransmitter-mediated anxiogenic action of PACAP-38 in rats.
Behav Brain Res. 281:333-338. doi: 10.1016/j.bbr.2014.12.039.

Uwaya, A., Lee, H., Park, J., Lee, H., Muto, J., Nakajima, S., Ohta, S., Mikami, T., 2016. Acute
immobilization stress following contextual fear conditioning reduces fear memory: timing is
essential. Behav. Brain Funct. 12:8. doi: 10.1186/s12993-016-0092-1.

Van Cauter, T., Camon, J., Alvernhe, A., Elduayen, C., Sargolini, F., Save, E., 2013. Distinct roles of

26



medial and lateral entorhinal cortex in spatial cognition. Cereb. Cortex 23:451-459. doi:
10.1093/cercor/bhs033.

Van Cauter, T., Poucet, B., Save, E., 2008. Delay-dependent involvement of the rat entorhinal cortex in
habituation to a novel environment. Neurobiol. Learn. Mem. 90:192-199. doi:
10.1016/j.nlm.2008.03.001.

Vaudry, D., Gonzalez, B.J., Basille, M., Pamantung, T.F., Fontaine, M., Fournier, A., Vaudry, H., 2000.
The neuroprotective effect of pituitary adenylate cyclase-activating polypeptide on cerebellar
granule cells is mediated through inhibition of the CED3-related cysteine protease caspase-
3/CPP32, Proc. Natl. Acad. Sci. U.S.A. 97:13390-13395.

Vaudry, D., Falluel-Morel, A., Bourgault, S., Basille, M., Burel, D., Wurtz, O., Fournier A., Chow, B.K.,
Hashimoto, H., Galas, L., Vaudry, H., 2009. Pituitary adenylate cyclase-activating polypeptide and
its receptors: 20 years after the discovery. Pharmacol. Rev. 61:283-357. doi:
10.1124/pr.109.001370.

Vertongen, P., Schiffmann, S.N., Gourlet, P., Robberecht, P., 1997. Autoradiographic visualization of
the receptor subclasses for vasoactive intestinal polypeptide (VIP) in rat brain. Peptides 18:1547-
1554.

Wang, H.L., Wayner, M.J., Chai, C.Y, Lee, E.H., 1998. Corticotrophin-releasing factor produces a long-
lasting enhancement of synaptic efficacy in the hippocampus. Eur. J. Neurosci. 10:3428-37.
Wang, H., Hu, Y., Tsien, J.Z., 2006. Molecular and systems mechanisms of memory consolidation and

storage. Prog. Neurobiol. 79:123-135.

Warren, J.B., Cockcroft, J.R., Larkin, S.W., Kajekar, R., Macrae, A., Ghatei, M.A., Bloom, S.R., 1992.
Pituitary adenylate cyclase activating polypeptide is a potent vasodilator in humans. J. Cardiovasc.
Pharmacol. 20:83-87.

Waschek, J.A., 2013. VIP and PACAP: neuropeptide modulators of CNS inflammation, injury, and
repair. Br. J. Pharmacol. 169:512-523. doi: 10.1111/bph.12181.

Williams, K., 1993. Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: selectivity
and mechanisms at recombinant heteromeric receptors. Mol. Pharmacol. 44:851-859.

Yaka, R., He, D.Y., Phamluong, K., Ron, D. 2003. Pituitary adenylate cyclase-activating polypeptide
(PACAP(1-38)) enhances N-methyl-D-aspartate receptor function and brain-derived neurotrophic

factor expression via RACK1. J. Biol. Chem. 278:9630-9638.

27



Yang, K., Lei, G., Jackson, M.F., MacDonald, J.F., 2010. The involvement of PACAP/VIP system in the
synaptic transmission in the hippocampus. J. Mol. Neurosci. 42:319-326. doi: 10.1007/s12031-010-
9372-7.

Zink, M., Otto, C., Zérner, B., Zacher, C., Schiitz, G., Henn, F.A., Gass, P., 2004. Reduced expression
of brain-derived neurotrophic factor in mice deficient for pituitary adenylate cyclase activating

polypeptide type-I-receptor. Neurosci. Lett. 360:106-108.

6. Figure legends

Figure 1. Protocol of the SND task. Rats explore a circular arena which is empty (S1) or contains 4
different objects (S2-S7). After a familiarization session in an empty circular arena (dayl, S1), the rats
are submitted to 4 learning sessions with 4 distinct objects placed in the arena (day 2, S2-S5). Animals
are injected with saline, P38, ALG (P38 analog PAC1 agonist), IFE, P38+IFE, or ALG+IFE, right after
the last learning session (indicated by an arrow). The test session (S6) is conducted 24h after

learning. During S6, spatial novelty is produced by the displacement of an object (Obj4) from the
center to the periphery. The spatial configuration is therefore different. The 3 other objects remain

unchanged. A last session (S7) is made to measure general activity.

Figure 2. Experiment 1. A. Exploration index during learning sessions (S2-S5) for the 4 groups (SAL,
P38-5 pg/kg, P38-15 ug/kg, P38-30 ug/kg). B. Re-exploration score during the test session (S6) for the
displaced object (DO) and the non-displaced objects (NDO). Asterisks show statistically significant
differences between DO and NDO for each group, * P < 0.05; ** P <0.01; Black or white circles represent
statistically significant differences for the comparison between re-exploration scores and 0 value for DO
and NDO; ° P < 0.05; °° P < 0.01; ns: non-significant P > 0.05. C. Total distance run by the rats during
S7 (one-factor ANOVA: Fz.15 = 0.7755, n.s.; SAL vs. P38-5ug/kg, P = 0.448; SAL vs. P38-15ug/kg, P =

0.974; SAL vs. P38-5ug/kg, P = 0.560).

Figure 3. Experiment 2. A. Exploration index during learning sessions (S2-S5) for the 7 groups (CTL,
SAL, P38, ALG (P38 analog PAC1 agonist), IFE, P38+IFE, ALG+IFE). B. Re-exploration score during
the test session (S6) for the displaced object (DO) and the non-displaced objects (NDO). Asterisks show
statistically significant differences between DO and NDO for each group, * P < 0.05, ** P < 0.01; Black
or white circles represent statistically significant differences for the comparison between re-exploration

scores and 0 value for DO and NDO; ° P < 0.05; °° P < 0.01; ns: non-significant P > 0.05. C. Total
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distance run by the rats during S7. Asterisks show statistically significant differences between groups, *

P < 0.05.

Figure 4. BDNF content in the hippocampus (pg/mg of protein) measured after S7 in all groups.
Asterisks show statistically significant differences between groups, ** P < 0.01; *** P < 0.001; ns: non-

significant P > 0.05.
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8. Tables
Table 1
Group i.v. injection i.p. injection n
CTL - - 6
SAL NacCl 0.9 % NacCl 0.9 % 6
IFE NaCl 0.9% Ifenprodil 3 mg/kg 6
P38 P38 30 pg/kg NaCl 0.9% 6
ALG ALG 30 pg/kg NaCl 0.9% 6
P38+IFE P38 30 pg/kg Ifenprodil 3 mg/kg 6
ALG+IFE ALG 30 pg/kg Ifenprodil 3 mg/kg 6

Groups submitted to the SND task. All groups except the CTL group received an i.v. injection followed

by an i.p. injection. The CTL group was submitted to the task only.
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