UCLA
UCLA Previously Published Works

Title

Impaired extinction of cued fear memory and abnormal dendritic morphology in the
prelimbic and infralimbic cortices in VPAC2 receptor (VIPR2)-deficient mice.

Permalink
https://escholarship.org/uc/item/41p428b9
Authors

Ago, Yukio

Hayata-Takano, Atsuko
Kawanai, Takuya

Publication Date
2017-11-01

DOI
10.1016/j.nlm.2017.10.010

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/41p428b9
https://escholarship.org/uc/item/41p428b9#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Neurobiol Learn Mem. Author manuscript; available in PMC 2018 November 01.

Published in final edited form as:
Neurobiol Learn Mem. 2017 November ; 145:; 222-231. doi:10.1016/j.nim.2017.10.010.

Impaired extinction of cued fear memory and abnormal dendritic
morphology in the prelimbic and infralimbic cortices in VPAC2
receptor (VIPR2)-deficient mice

Yukio Agol2, Atsuko Hayata-Takanol:3, Takuya Kawanail, Ryosuke Yamauchil, Shuto
Takeuchil, Jesse D. Cushman#®, Abha K. Rajbhandari?®, Michael S. Fanselow?>, Hitoshi
Hashimotol36, and James A. Waschek?”

ILaboratory of Molecular Neuropharmacology, Graduate School of Pharmaceutical Sciences,
Osaka University, Suita, Osaka 565-0871, Japan

2Semel Institute for Neuroscience and Human Behavior, Department of Psychiatry and
Biobehavioral Sciences, David Geffen School of Medicine, University of California Los Angeles,
Los Angeles, CA 90095, USA

SMolecular Research Center for Children’s Mental Development, United Graduate School of Child
Development, Osaka University, Kanazawa University, Hamamatsu University School of Medicine,
Chiba University and University of Fukui, Suita, Osaka 565-0871, Japan

4Neurobehavioral Core Laboratory, National Institute of Environmental Health Sciences, National
Institutes of Health, Durham, NC 27709, USA

SDepartment of Psychology, Brain Research Institute, University of California Los Angeles, Los
Angeles, CA 90095, USA

5Division of Bioscience, Institute for Datability Science, Osaka University, Suita, Osaka 565-0871,
Japan

Abstract

The structurally related neuropeptides vasoactive intestinal peptide (VIP) and pituitary adenylate
cyclase-activating polypeptide (PACAP) have been implicated in stress regulation and learning and
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memory. Several bodies of research have shown the impact of the PACAP specific receptor PAC1
on fear memory, but the roles of other PACAP receptors in regulating fear stress responses remain
to be elucidated. Here we aimed to investigate the effects of genetic deletion of V/PR2encoding
the VPAC2 receptor, which binds both VIP and PACAP, on fear-related memory and on dendritic
morphology in the brain regions of the fear circuitry. Male VPAC2 receptor knockout (VPAC2-
KO) and littermate wild-type control mice were subjected to Pavlovian fear conditioning
paradigm. VPAC2-KO mice displayed normal acquisition of fear conditioning, contextual and
cued fear memory, but impaired extinction of cued fear memory. Morphological analyses revealed
reductions in cell body size and total branch number and length of apical and basal dendrites of
prelimbic cortex neurons in VPAC2-KO mice. In addition, Sholl analysis indicated that the amount
of dendritic material distal to the soma was decreased, while proximal dendritic material was
increased. In the infralimbic cortex, the amount of apical dendritic material proximal to the soma
was increased in VPAC2-KO mice, while other indices of axonal morphology did not differ.
Finally, there were no differences in dendritic morphology in basolateral amygdala neurons
between genotypes. These findings suggest that the VPAC2 receptor plays an important role in the
fear extinction processes and the regulation of the dendritic morphology in the prelimbic and
infralimbic cortices.

Keywords

VPAC?2 receptor (VIPR2); fear conditioning; extinction; dendritic morphology; prelimbic and
infralimbic cortices

1. Introduction

Fear represents a natural emotion based on a perception of a threat. However, dysfunction in
the fear system can produce inappropriate and excessive fear responses that lead to
psychiatric diseases, such as anxiety disorders (Dymond, Dunsmoor, Vervliet, Roche, &
Hermans, 2015), post-traumatic stress disorder (PTSD) (Maren, Phan, & Liberzon, 2013),
autism spectrum disorder (Evans, Canavera, Kleinpeter, Maccubbin, & Taga, 2005; Gillott,
Furniss, & Walter, 2001), and schizophrenia (Holt et al., 2009; Holt, Coombs, Zeidan, Goff,
& Milad, 2012). Pavlovian fear conditioning in rodents has been widely used to understand
mechanisms that underlie distinct components of learning and memory (Fanselow &
Wassum, 2015; Herry & Johansen, 2014, Sanders, Wiltgen, & Fanselow, 2003; Tovote,
Fadok, & Llithi, 2015). The study of fear behavior in rodents can provide a valuable
platform to study how various gene mutations linked to psychiatric diseases may lead to
deficits in cognition. Importantly, many of the implicated genes encode proteins believed to
play common, yet incompletely understood roles in the development of neural circuits and in
synapse formation, maintenance and plasticity. Therefore, identification and investigation of
these processes and the mechanisms that control them may eventually provide new
opportunities for early identification and therapeutic intervention for these diseases.

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a member of the secretin/
glucagon/vasoactive intestinal peptide (VIP) family and it functions as a hypothalamic
hormone, neurotransmitter, neuromodulator, and neuroprotective/regeneration factor
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(Falluel-Morel et al., 2007; Harmar et al., 2012; Hashimoto et al., 2011; Tan & Waschek
2011; Vaudry et al., 2009; Waschek, 1996, 2002). The diverse activities of PACAP are
mediated by G protein-coupled receptors, including a PACAP-specific receptor (PAC1) and
two other receptors (VPACL and VPAC?2), shared with the VIP (Hashimoto, Shintani, &
Baba, 2006; Waschek, 2013). PACAP, VIP, and their receptors are widely distributed in the
central nervous system, with high expression levels shown within the brain regions of the
fear circuitry including the amygdala, prefrontal cortex, and hippocampus (Condro et al.,
2016; Hashimoto et al., 1996; Joo et al., 2004; Kallé, Kalamatianos, Piggins, & Coen, 2004;
Marzagalli et al., 2016; Sheward, Lutz, & Harmar, 1995; Vaudry et al., 2009; Vertongen,
Schiffmann, Gourlet, & Robberecht, 1997). The VPAC2 receptor gene was linked in large
genetic studies to schizophrenia in 2011 (Levinson et al., 2011; Vacic et al., 2011), whereas
the PACAP-PAC1 pathway in the same year was linked to PTSD diagnosis and symptom
severity in females (Ressler et al., 2011; Wang et al., 2013). The PACL1 receptor gene
polymorphism has been found to impact conditioned fear behaviors in humans via its effects
on the neural circuitry that regulates fear responses (Pohlack et al., 2015; Stevens et al.,
2014). In rodent models, mutant mouse strains harboring a global loss or a forebrain-specific
inactivation of the PAC1 receptor showed deficits of contextual, but not cued, fear memory
(Otto et al., 2011), whereas mice lacking the ligand (PACAP) showed impairment of
contextual fear memory while fear acquisition was intact (Takuma et al., 2014b). Other
studies suggest that other PACAP receptors, including VPAC1 and VPAC2 might also be
critically involved in fear behaviors. For example, VIP knockout mice exhibited impaired
recall of contextual fear conditioning (Chaudhury, Loh, Dragich, Hagopian, & Colwell,
2008) and intracerebroventricular (icv) injection of VIP facilitated extinction of active and
passive avoidance behavior (Cottrell, Veldhuis, Rostene, & de Kloet, 1984). Yet other
studies seem to specifically implicate a specific involvement of the VPACL receptor. In this
regard, PACAP was shown to facilitate neurotransmission at excitatory glutamatergic
projections from the basolateral nucleus to the lateral division of the central nucleus of the
amygdala, a projection known to be implicated in responses to innately aversive stimuli (Tye
etal., 2011), through activation of the VPAC1 receptor (Cho et al., 2012). Finally, icv
injection of PACAP to rats just prior to conditioning reduced freezing in contextual fear
memory tests at 1 and 7 days, but enhanced freezing at 14 days, although the responsible
receptor subtypes were not examined (Meloni, Venkataraman, Donahue, & Carlezon, 2016).
However, the role of VPAC2 receptors in fear responses and the associated neural circuitry
remain to be understood.

Here we aimed to investigate the roles of the VPAC2 receptor in fear acquisition, contextual
and cued fear memory, and cued fear extinction using VPAC2 receptor knockout (VPAC2-
KO) mice. We observed that VPAC2-KO mice exhibited a deficit of fear extinction, whereas
fear learning processes were intact. We thus subsequently analyzed the dendritic
morphology in the prelimbic (PrL) and infralimbic (IL) cortex and basolateral amygdala
(BLA), the critical sites of plasticity for fear extinction (1zquierdo, Wellman, & Holmes,
2006; Maroun et al., 2013; Moench, Maroun, Kavushansky, & Wellman, 2015; Orsini &
Maren, 2012; Quirk & Mueller, 2008; Wellman et al., 2007).
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2. Materials and methods

2.1. Animals

All animal studies were approved by the Animal Research Committee at University of
California, Los Angeles (UCLA) and the Animal Care and Use Committee of the Graduate
School of Pharmaceutical Sciences, Osaka University. All experimental procedures were
conducted in accordance with the guidelines of the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996). Every effort was made to minimize
animal suffering, and to reduce the number of animals used. The generation of VPAC2-KO
mice was described previously (Harmar et al., 2002). VPAC2 receptor null and littermate
wild-type control mice obtained by interbreeding C57BL/6 serially-backcrossed VPAC2
receptor heterozygous mice were used and compared in all studies. Mice were housed in
clear cages in groups of 3-5 animals under controlled environmental conditions (12-h light-
dark cycle, lights on at 0700 h; food and water ad /ibitum). All experiments were conducted
on 3-4 months-old male mice between 10 AM and 4 PM during the lights-on phase.
Experimenters were blinded to the genotype during testing. All behavioral tests were
performed in the UCLA behavioral test core.

2.2. Fear conditioning test

All behavioral testing was performed using four identical fear conditioning chambers (30 cm
x 24 cm x 21 cm, Med-Associates, Inc. St. Albans, VT), equipped with a MedAssociates
VideoFreeze system as previously reported (Ago et al., 2015). Tone conditioning on Day 1
in the conditioning chamber (Context A) consisted of a 150-s baseline period followed by
five (Fig. 1) or three (Fig. 2) tones (30 s, 2.8 kHz, 80 dB) paired with electric footshock (2 s,
0.5 mA) that began immediately after the offset of each tone presentation, with a 90-s inter-
trial interval in between the termination of each shock and the onset of the following tone.
Freezing was recorded during both the baseline period and each tone period. Twenty-four
hours later (Day 2), mice were placed in the same conditioning chamber (Context A) for an
8-min context fear test. No stimuli were presented during this period. Freezing was recorded
throughout the 8-min test. In the cued fear test on Day 3, mice were placed in the chamber
with a dark roof-like triangular ceiling and grid floor covering (Context B) and allowed to
explore the novel environment for 150 s, and then five or three tones (30 s, 2.8 kHz, 80 dB)
were presented, each spaced by a 90-s inter-trial interval. Freezing was recorded during both
the baseline period and each tone period. Data are expressed as the average of five or three
tones. The extinction phase started in Context B 24 h following the cued fear test. After 3-
min of exploration, the mice were exposed to 20 tones (30 s, 2.8 kHz, 80 dB) with a 5-s
inter-trial interval each day for two consecutive days (Day 4 (extinction learning) and Day 5
(extinction recall)). Mice were removed from the chamber 3 min after the final cue
presentation. Freezing was recorded during both the baseline period and each tone period.
Data are expressed as four bins from the average for every five tones.

2.3. Histology and dendritic analyses

Dendritic morphological analysis was performed on fear conditioning- and test-naive
animals. Golgi-Cox impregnation was performed using the FD Rapid GolgiStain™ Kit (FD
Neurotechnologies Inc., Ellicott, MD, USA) as previously described (Fujita et al., 2017;
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Hara et al., 2016; Takuma et al., 2014a). Briefly, mice were deeply anesthetized with
isoflurane, and their brains were removed, rinsed with Milli-Q water, and immersed in the
impregnation solution composed of potassium dichromate, mercuric chloride and potassium
chromate. The brains were stored at room temperature for 2 weeks and then transferred and
stored in the cryoprotectant solution for 5 days in the dark. The impregnated brains were
embedded in 3.5% agarose gel and cut with a vibratome (VT1000S; Leica Microsystems) at
room temperature. Coronal sections of 100 um thickness were mounted on Gelatin-Coated
Microscope Slides (FD Neurotechnologies Inc.), and dried naturally at room temperature in
the dark for 24 h. After drying, the sections were rinsed with Milli-Q water, reacted in the
working solution, and dehydrated with a 50%, 75%, 95%, and 100% graded ethanol series.
Finally, the sections were defatted in xylene and coverslipped using Mount Quick (Daido
Sangyo, Saitama, Japan). Digitized images from the PrL cortex (+2.0 through +1.7 mm with
respect to bregma; Franklin & Paxinos, 1997) and IL cortex (+1.6 through +1.3 mm with
respect to bregma) and BLA (-1.2 through —1.6 mm with respect to bregma) were obtained
with an upright light microscope with a cooled CCD digital camera system (Axio
Imager.M2/AxioCam MRc5; Carl Zeiss, Jena, Germany). A 20x lens was used to measure
dendrites. Only fully impregnated neurons that displayed dendritic trees without obvious
truncation and that were isolated from neighboring impregnated neurons were retained for
analysis. Sixty pyramidal neurons with the soma in layer I1/111 were selected in the PrL
cortex and thirty IL pyramidal neurons were sampled from all cortical layers from 3 mice
per group (Cook & Wellman, 2004; Izquierdo, Wellman, & Holmes, 2006; Radley et al.,
2004). For BLA, 8-10 pyramidal neurons and 15-17 stellate neurons were sampled from 3
mice per group (Lau, Bigio, Zelli, McEwen, & Nasca, 2017; Vyas, Mitra, Shankaranarayana
Rao, & Chattarji, 2002). Morphology of apical and basal dendrites was quantified in three
dimensions using Neurolucida neuron tracing system (MBF Bioscience, Williston, VT) with
the experimenter blind to genotype. Cell body size and total length and branch number of
apical and basal dendrites were compared across genotypes. To assess differences in the
amount and location of dendritic material, Sholl analysis was performed using
NeuroExplorer (MBF Bioscience).

2.4. Statistical analysis

All data are expressed as the mean * standard error of the mean (S.E.M.). Data for fear
acquisition, cued fear memory and fear extinction were analyzed using two-way analysis of
variance (ANOVA) with genotype as the intersubject factor and repeated measures with tone
exposure as the intrasubject factor, followed by the Tukey—Kramer post hoc test. Data for
contextual test were analyzed by Student’s #test. For dendritic morphology, cell body size,
total number of dendrites and dendritic length were analyzed by Student’s #test. For Sholl
analysis, data were analyzed using two-way analysis of variance (ANOVA) with genotype as
the intersubject factor and repeated measures with distance from soma as the intrasubject
factor, followed by the Tukey—Kramer post hoc test. Statistical analyses were made using a
software package StatView® 5.0 for Windows (SAS Institute, Cary, NC). A value of P<
0.05 was considered statistically significant.
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3.1. Fear behaviors in VPAC2-KO mice

Wild-type and VPAC2-KO C57BL/6 male mice obtained from the intercross of the
heterozygous animals were used for the studies, and were performed at between 10 AM and
4 PM time of day to reduce any potential effects of parental genotype (Stack et al., 2008) or
circadian timing (Harmar et al., 2002; Colwell et al., 2003), respectively. In the training
phase of fear conditioning (Day 1), wild-type and VPAC2-KO mice were exposed to five
trials of tone (conditioned stimulus), paired with an electric footshock (unconditioned
stimulus) that began immediately after the offset of each tone presentation. During
conditioning, both groups of mice showed similar levels of freezing (genotype, £ 26 = 2.3, P
>0.05; conditioning, £ 130 = 168.5, £ <0.0001; genotype x conditioning interaction, /s 130
=0.7, P>0.05) (Fig. 1A). After the conditioning day, we performed the contextual fear test
on Day 2 (Fig. 1B) and the tone-cued fear test on Day 3 (Fig. 1C). There was no significant
difference in contextual freezing responses under context A (P >0.05) or tone-cued freezing
responses under context B (genotype, £ 26 = 0.4, P >0.05; tone, F; 26 = 186.8, P <0.0001,
genotype x tone interaction, £ 26 = 2.1, P >0.05) between groups. We then exposed mice to
repeated conditioned stimulus without unconditioned stimulus under context B on Day 4
(extinction learning; Fig. 1D). Both genotypes showed progressively decreased levels of
freezing, but VPAC2-KO mice maintained persistently high levels of freezing compared
with the wild-type mice. A repeated measures ANOVA revealed the significant main effects
of the genotype (£ 26 = 5.7, P <0.05) and repeated tone exposure (/375 = 23.8, P <
0.0001), but there was no significant interaction between the genotype and tone exposure
(F378 = 0.3, P>0.05). Next, 24 h after extinction learning was complete, mice were re-
exposed to conditioned stimulus without unconditioned stimulus under context B on Day 5
(extinction recall; Fig. 1D). Cued tone stimulation still caused increases in freezing
responses of both wild-type and VPAC2-KO mice, but VPAC2-KO mice showed high levels
of freezing. Freezing behaviors of mice were gradually decreased and then reached a similar
level as the baseline. There were significant main effects of the genotype (£ 26 = 10.3, P <
0.01) and repeated tone exposure (/3 7g = 7.6, P <0.001), but there was no significant
interaction between the genotype and tone exposure (/3 7g = 0.2, £ >0.05).

To eliminate the presence of a ceiling effect on the freezing response, we examined the
performance of the two genotypes with a milder training protocol that consisted of 3
conditioned—unconditioned stimulus pairings with 0.5 mA shock (Fig. 2). The results were
similar to those seen when stronger conditioning (above) was employed; VPAC2-KO mice
showed normal conditioning (genotype, £ 2> = 0.3, £>0.05; conditioning, /3 g5 = 103.8, P
<0.0001, genotype x conditioning interaction, /3 ¢ = 0.3, £ >0.05), contextual fear
memory (P >0.05), cued fear memory (genotype, /1 22 = 0.03, £ >0.05; tone, £y o = 122.7,
P <0.0001; genotype x tone interaction, £ »» = 0.7, £ >0.05), but impaired fear extinction
on Day 4 (genotype, £ 22 = 5.1, P<0.05; tone, A3 66 = 19.3, £< 0.0001; genotype x tone
interaction, /3 g6 = 0.8, P> 0.05) and Day 5 (genotype, F1 22 = 4.5, P<0.05; tone, A3 66 =
7.9, P<0.001; genotype x tone interaction, /3 g = 0.4, P> 0.05).

Neurobiol Learn Mem. Author manuscript; available in PMC 2018 November 01.
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3.2. Morphological analyses

Because medial prefrontal cortex including the PrL and IL cortex and BLA play an
important role in the fear learning and extinction (Herry et al., 2010; Maren et al., 2013;
Martel et al., 2012; Myers & Davis, 2002; Quirk & Mueller, 2008), we examined the
dendritic morphology in these brain regions of VPAC2-KO mice. In the PrL cortex (Fig. 3),
VPAC2-KO mice had smaller neuronal cell bodies than wild-type mice. In addition,
reductions in the total branch number and length of apical and basal dendrites of PrL cortex
neurons from VPAC2-KO mice were observed. Number of primary basal dendrites also
decreased in VPAC2-KO mice. Sholl analysis revealed that apical dendritic material was
increased proximal to the soma and decreased distal to the soma (genotype, £ 118 = 72.5, P
< 0.0001,; distance from soma, /g 1062 = 96.6, £ < 0.0001; genotype x distance interaction,
F9 1062 = 13.4, P< 0.0001). The amount of basal dendritic material proximal to the soma
was decreased in VPAC2-KO mice (genotype, A 118 = 54.9, £< 0.0001; distance from
soma, F4 472 = 724.8, P< 0.0001; genotype x distance interaction, F4 472 = 19.9, P<
0.0001). In the IL cortex (Fig. 4), the amount of dendritic material proximal to the soma in
apical, but not basal, dendrites was increased in VPAC2-KO mice (apical dendrites
[genotype, F1 58 = 1.9, P> 0.05; distance from soma, Fg 348 = 72.5, £< 0.0001; genotype x
distance interaction, Fg 343 = 2.4, P< 0.05]; basal dendrites [genotype, F; 5g = 0.01, P>
0.05; distance from soma, Fg 348 = 234.8, £< 0.0001; genotype x distance interaction, Fg 348
= 0.6, P> 0.05]). Cell body size and total branch number and length of apical and basal
dendrites of IL cortex neurons were not altered in VPAC2-KO mice. On the other hand,
there was no difference in cell body size or dendritic morphology in BLA pyramidal and
stellate neurons between VPAC2-KO and wild-type mice (Fig. 5). For Sholl analysis, a
repeated measures ANOVA revealed the significant main effect of the distance from soma
(F5,75 = 128.6, £< 0.0001 for pyramidal; £ 150 = 248.5, < 0.0001 for stellate), but not of
the genotype (/1 15 = 2.3, P >0.05 for pyramidal; /1 30 = 0.2, £ >0.05 for stellate), and
there was no significant interaction between the genotype and distance (/5 75 = 0.9, £>0.05
for pyramidal; /5 150 = 0.7, £ >0.05 for stellate).

4. Discussion

Given that the VPAC2 receptors are abundant in brain regions of fear circuitry such as the
prefrontal cortex, hippocampus, and the basolateral amygdala (Joo et al., 2004; Kallo,
Kalamatianos, Piggins, & Coen, 2004; Marzagalli et al., 2016; Sheward, Lutz, & Harmar,
1995; Vertongen, Schiffmann, Gourlet, & Robberecht, 1997), the present study was designed
to determine if fear behaviors such as fear acquisition, contextual and cued fear memory, and
extinction are altered in VPAC2-KO mice. Previous studies have shown that the loss of
PACAP, VIP, or the PAC1 receptor does not affect the acquisition of cued and/or contextual
fear conditioning (Chaudhury, Loh, Dragich, Hagopian, & Colwell, 2008; Otto et al., 2011;
Stack et al., 2008; Takuma et al., 2014b). Likewise, VPAC2-KO mice showed normal
acquisition of fear conditioning. On the other hand, both PACAP and PAC1 receptor
knockout mice are known to have deficits of contextual fear memory (Otto et al., 2011;
Takuma et al., 2014b). Moreover, VIP knockout mice exhibit impaired recall of contextual
fear conditioning 48, 72, 96, and 120 h, after fear conditioning, while early recall (at 24 h)
was unaffected. (Chaudhury, Loh, Dragich, Hagopian, & Colwell, 2008). Thus, it seems
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possible that maintenance of contextual fear memory might be affected in VPAC2-KO mice,
but the details are unknown. In any case, the findings suggest that neither the PAC1 nor
VPAC?2 receptor is critically involved in cued fear learning. The roles of the VPACL receptor
in contextual and cued fear memories remain to be elucidated, although PACAP was
reported to enhance excitatory synaptic transmission in the intra-amygdala circuit through
VPAC1 receptors (Cho et al., 2012). An early study by Cottrell, Veldhuis, Rostene, & de
Kloet (1984) showed that central administration of VIP facilitated extinction of active and
passive avoidance behavior, although the distinct role of VIP receptors in that effect was not
determined. In the present study, we found that extinction learning and retrieval were
impaired in VPAC2-KO mice, suggesting that the VPAC2 receptor is involved most-
specifically in the processes of fear extinction.

Numerous studies have tried to investigate the neural mechanisms underlying fear
extinction. Converging evidence suggests that extinction of fear memory requires plasticity
in both the medial prefrontal cortex and the amygdala. These brain areas are also deeply
involved in mediating the effects of exposure to stress on memory. Differences in dendritic
patterns and distribution are known to determine the functional properties of cortical neurons
(Koch & Segev, 2000; Mainen & Sejnowski, 1996; Rall et al., 1992), and alterations in
neuronal excitability are associated with changes in dendritic morphology (Gazzaley, Kay, &
Benson, 2002; Monfils & Teskey, 2004; Monfils, VandenBerg, Kleim, & Teskey, 2004;
Muller, Toni, & Buchs, 2000). Thus, the present study examined the dendritic morphology in
the PrL and IL cortices and BLA. We observed the reductions in cell body size and total
branch number and length of apical and basal dendrites of PrL cortex neurons in VPAC2-KO
mice. In addition, Sholl analysis in apical dendrites revealed that the amount of dendritic
material distal to the soma was decreased, while proximal dendritic material was increased.
The amount of dendritic material proximal to the soma in apical dendrites of IL cortex
neurons was also increased in VPAC2-KO mice but total branch number and length of apical
and basal dendrites were not altered. There was no difference in dendritic morphology in
BLA neurons between VPAC2-KO and wild-type mice. These findings suggest that loss of
the VPAC2 receptor affects mainly the development of PrL pyramidal neurons, although the
reason of this region-specific effect is unclear. Chronic stress or corticosterone treatment are
known to impair fear extinction learning and/or subsequent recall of extinction memory
(Baran, Armstrong, Niren, Hanna, & Conrad, 2009; Farrell, Sayed, Underwood, & Wellman,
2010; Garcia, Spennato, Nilsson-Todd, Moreau, & Deschaux, 2008; Gourley, Kedves,
Olausson, & Taylor, 2009; Miracle, Brace, Huyck, Singler, & Wellman, 2006). Acute stress
also impairs fear extinction (Akirav & Maroun, 2007; Maroun et al., 2013; Moench,
Maroun, Kavushansky, & Wellman, 2015). Similar to our findings, chronic corticosterone
administration reorganized apical, but not basal, arbors of layer 11/111 neurons in the PrL
cortex, with an increase of 21% in dendritic material proximal to the soma, along with a
decrease of up to 58% in dendritic material distal to the soma (Wellman, 2001). Chronic
restraint stress also decreases the number and length of apical, but not basal, dendritic
branches of pyramidal neurons of layer 1I/111 in the PrL and anterior cingulate cortices
(Cook & Wellman, 2004; Radley et al., 2004, 2006). Furthermore, Wellman et al. (2007)
have reported that serotonin transporter knockout mice exhibited a selective deficit in
extinction recall and that apical, but not basal, dendritic branch length of IL pyramidal
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neurons in serotonin transporter knockout mice was increased relative to wild-type mice,
while pyramidal neurons in BLA had normal dendritic morphology. Conversely, it is
reported that uncontrollable stress impairs fear extinction but it causes retraction of apical
dendrites in IL, but not PrL, pyramidal neurons (lzquierdo, Wellman, & Holmes, 2006).
These findings suggest that changes in dendritic morphology, especially for apical dendrites,
in the PrL and IL cortices might be related to extinction deficits in VPAC2-KO mice.

Regarding the roles of PrL and IL cortices in fear extinction, it has been suggested that
activity of IL neurons is correlated with and necessary for extinction retrieval, whereas PL
activation is associated with fear learning and a resistance to induce fear extinction learning
(Burgos-Robles, Vidal-Gonzalez, & Quirk, 2009; Do-Monte, Manzano-Nieves, Quifiones-
Laracuente, Ramos-Medina, & Quirk, 2015; Giustino & Maren, 2015; Kim, Cho, Augusting,
& Han., 2016; Kwapis, Jarome, & Helmstetter, 2014; Santini, Quirk, & Porter, 2008; Sierra-
Mercado, Corcoran, Lebrén-Milad, & Quirk, 2006; Vidal-Gonzalez, Vidal-Gonzalez, Rauch,
& Quirk, 2006). VPAC2-KO mice exhibited a specific deficit in fear extinction, so dendritic
retraction in PrL cortex was an unexpected finding. On the other hand, there are contrasting
reports showing that rats with PrL cortex lesions had an increased resistance to extinction
(Morgan & LeDoux, 1995) and that inactivation of IL cortex neurons by microinfusion of
the GABA receptor agonist muscimol or the sodium channel blocker tetrodotoxin before
extinction training facilitated extinction learning (Akirav, Raizel, & Maroun, 2006).
Therefore, precisely how the loss of the VPAC2 receptor might alter the fear circuitry
regarding the extinction deficits remains to be determined. Future studies on neuronal
activities in the PrL and IL cortices and other brain regions such amygdala and hippocampus
in VPAC2-KO mice are needed.

In conclusion, VPAC2-KO mice exhibited impaired extinction of cued fear memory,
whereas they showed normal acquisition of fear conditioning and no differences in
contextual and cued fear memory compared with wild-type mice. Loss of the VPAC2
receptor reorganized apical and basal dendritic arbors of PrL cortex neurons and apical, but
not basal, dendritic arbors of IL cortex neurons. These results suggest that the VPAC2
receptor plays an important role in fear extinction and the regulation of the dendritic
morphology in the prelimbic and infralimbic cortices.
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Highlights

. VPAC?2 receptor (VIPR2)-deficient mice showed normal acquisition of fear
conditioning.

. No differences in contextual and cued fear memory between groups.

. VPAC?2 receptor-deficient mice showed impaired extinction of cued fear
memory.

. Abnormal pyramidal dendritic morphology in prelimbic and infralimbic
cortices.

. Results suggest a critical role of VPAC2 receptors in fear extinction.
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Figure 1.
Freezing behaviors of VPAC2-KO mice in the fear conditioning test. On Day 1, mice were

trained with 5 tone-shock pairings (A). Then, mice were subjected to the contextual fear
memory test on Day 2 (B), cued fear memory test on Day 3 (C), and cued fear extinction
paradigm on Days 4 and 5 (D). Results are expressed as the mean + S.E.M. of 14 mice per
group. BL: Baseline. TT£< 0.01, compared with the baseline. *~< 0.05, **P< 0.01,
compared with wild-type.
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Figure 2.
Defective fear extinction in low shock-conditioned VPAC2-KO mice. On Day 1, mice were

trained with 3 tone-shock pairings (A). Then, mice were subjected to the contextual fear
memory test on Day 2 (B), cued fear memory test on Day 3 (C), and cued fear extinction
paradigm on Days 4 and 5 (D). Results are expressed as the mean + S.E.M. of 12 mice per
group. BL: Baseline. TT£< 0.01, compared with the baseline. *~< 0.05, compared with
wild-type.

Neurobiol Learn Mem. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ago etal.

Page 18

A Images of Prl cortex pyramidal neurons
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Figure 3.
Dendritic morphology of PrL pyramidal neurons in VPAC2-KO mice. (A) Golgi-stained

pyramidal neuron in PrL cortex and representative tracings of the dendrites of wild-type and
VPAC2-KO mice. (B, C) Cell body size and total branch number and length of apical and
basal dendrites are shown. The number of intersections of dendrites with 20 um concentric
spheres centered on the soma was measured by Sholl analysis. Results are expressed as the
mean + S.E.M. of 60 neurons from 3 mice per group. *P< 0.05, **P< 0.01, ***P< 0.001,
compared with wild-type.

Neurobiol Learn Mem. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ago et al. Page 19

A Images of IL cortex pyramidal neurons
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Figure 4.
Dendritic morphology of IL pyramidal neurons in VPAC2-KO mice. (A) Golgi-stained

pyramidal neuron in IL cortex and representative tracings of the dendrites of wild-type and
VPAC2-KO mice. (B, C) Cell body size and total branch number and length of apical and

basal dendrites are shown. The number of intersections of dendrites with 20 um concentric
spheres centered on the soma was measured by Sholl analysis. Results are expressed as the
mean + S.E.M. of 30 neurons from 3 mice per group. *P < 0.05, compared with wild-type.
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A Images of BLA pyramidal and stellate neurons
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Figure 5.
Dendritic morphology of BLA pyramidal and stellate neurons in VPAC2-KO mice. (A)

Golgi-stained pyramidal and stellate neuron in BLA and representative tracings of the
dendrites of wild-type and VPAC2-KO mice. (B) Cell body size and total branch number
and length of dendrites are shown. The number of intersections of dendrites with 20 um
concentric spheres centered on the soma was measured by Sholl analysis. Results are
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expressed as the mean + S.E.M. of 8-10 pyramidal neurons and 15-17 stellate neurons from
3 mice per group.
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