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A B S T R A C T

Aims: Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) is an endogenous neuropeptide of the central 
nervous system (CNS), whose biological activities are mediated via three G protein-coupled receptors PAC1, 
VPAC1, and VPAC2. While its neuroprotective functions are well-characterised, the role of PAC1 receptor- 
specific signalling in neuronal plasticity remains insufficiently understood. This study aimed to define the 
contribution of PAC1 signalling in excitatory pyramidal neurons across brain regions critical for cognitive and 
motor functions.
Materials and methods: We employed a tamoxifen-inducible, conditional knockout mouse model to delete the 
PAC1 receptor gene (Adcyap1r1) specifically in Camk2a-expressing excitatory neurons. The model was crossed 
with Thy1-YFP and Thy1-mitoCFP reporter lines to enable high-resolution imaging of neuronal structures and 
mitochondria in the cortex and hippocampus. Behavioural assessments, molecular analyses, and confocal im
aging were conducted to evaluate structural, functional, and biochemical consequences of PAC1 deletion.
Key findings: Loss of PAC1 in Camk2a+ neurons resulted in spatial memory deficits and locomotor impairments. 
These were associated with elevated expression of neuronal nitric oxide synthase (nNOS) and GAD65/67, 
reduced CREB phosphorylation at Ser133, diminished dendritic spine density, and decreased mitochondrial 
content. The most pronounced effects were observed in the CA1 region of the hippocampus.
Significance: Our findings establish PAC1 as a key modulator of synaptic integrity, neuronal plasticity, and energy 
homeostasis in excitatory neurons. These insights underscore PAC1’s potential as a therapeutic target in 
neurological disorders characterised by cognitive decline and synaptic dysfunction.

1. Introduction

In the central nervous system, neuropeptides play a critical role in 
cell-to-cell communication, physiology, and homeostasis [1,2]. So far, 
over 100 different neuropeptides have been described in the human 
brain, exerting a wide range of biological functions [3]. Two key neu
ropeptides endogenously produced in our central nervous system are the 
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) and the 
Vasoactive Intestinal Peptide (VIP). These are part of the secretin/VIP 
peptide family and exert their biological activities through three G 

protein-coupled receptors called PAC1, VPAC1 and VPAC2, though with 
different binding affinities [4,5]. PAC1 has a higher affinity for PACAP 
than for VIP, whereas VPAC1 and VPAC2 receptor subtypes have a 
similarly high binding affinity for both PACAP and VIP [6,7].

Disturbances of the PACAP/VIP neuropeptide system – which in
cludes both neuropeptides and PAC1/VPAC type receptors – have been 
associated with several neurological conditions such as Post-Traumatic 
Stress Disorder, Alzheimer’s disease, Parkinson’s disease, Huntington’s 
disease and multiple sclerosis (MS) [8–13]. The neuropeptides have also 
shown to mediate potent anti-inflammatory and neuroprotective 
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signalling pathways, contributing to the regulation of immune responses 
and promoting neuronal survival [8,9,12–14].

Abundant data indicates that the VPAC1/VPAC2 signalling arms 
exert potent immunomodulatory actions, whereas PACAP/PAC1 sig
nalling is strongly linked to the maintenance of neuronal homeostasis 
and neuroprotection [8,15–19]. For example, PACAP treatment pre
vents cell death upon ischemic insult in cultured neurons and promotes 
axonal regeneration after spinal cord injury [16,20]. Additionally, se
lective loss of PAC1 in retinal neurons has been associated with 
increased axonal damage and decreased dendritic arborisation in a 
chronic model of MS-associated optic neuritis [18]. This highlights the 
importance of PAC1 signalling in preserving neuronal function.

PACAP/PAC1 signalling has been directly implicated in hippocam
pal function [21]. In experiments in which the neuropeptide PACAP was 
delivered directly into the CA1 region of the hippocampus, rich in 
Camk2a+ neurons, the neuropeptide enhanced the consolidation of 
contextual fear conditioning [22]. A similar infusion of PACAP, but in 
the dentate gyrus, provided immediate anti-depressive effects via a 
Camk2a-dependent mechanism [21]. PACAP treatment also ameliorates 
spatial memory impairments in mice [23]. PACAP signalling enhances 
neuronal excitability and facilitates hippocampal synaptic plasticity via 
long-term potentiation [24–28].

Most of these studies have primarily focused on investigating the role 
of the PACAP/PAC1 signalling axis in neurons through the exogenous 
administration of PACAP. While PAC1 receptors interact with PACAP 
with an affinity 100-fold higher than VIP, it is crucial to consider that 
PACAP and VIP also activate VPAC1 and VPAC2 receptors with a similar 
high affinity. [29]. These latter two neuropeptide receptors are known 
to play a critical role in axonal outgrowth and dendritic arborisation and 
could thus explain some of the findings highlighted above [30–32]. 
Finally, PACAP and VIP receptors are expressed in both neuronal and 
glial cells throughout the central nervous system [13]. Consequently, 
global knockout (KO) models targeting PACAP or PAC1 disrupt multiple 
central nervous system cell types, complicating the efforts to delineate 
the specific role of the PACAP/PAC1 signalling axis in neurons.

The PAC1 receptor is highly enriched in Camk2a-expressing excit
atory neurons, particularly in the cortex and hippocampus; two CNS 
regions that play pivotal roles in spatial memory and synaptic plasticity 
[21,23,33]. Camk2a+ neurons are central to experience-dependent 
plasticity and learning-related signalling via CREB activation [34,35]. 
Therefore, targeting this neuronal subpopulation allows for a more 
refined analysis of PAC1-dependent effects in the CNS while avoiding 
the confounding influence of PAC1 expression in non-neuronal or 
inhibitory cell types.

To our knowledge, the cell type-specific roles of the PAC1 receptor in 
synaptic plasticity have only recently been explored [23,33]. This study 
aims to investigate how the selective ablation of the PACAP-preferring 
PAC1 from Camk2a expressing (Camk2a+) neurons influences spatial 
memory, locomotion and neuronal plasticity, utilising inducible/con
ditional Camk2a-CreERT2+/− PAC1flox/flox mouse line that also harbour 
YFP+ and CFP+ transgenes under the control of the Thy1 promoter to 
allow in-depth analyses of both neurons and mitochondria.

2. Methods

2.1. Animals and breeding strategy

The generation of transgenic Camk2aCreERT2+/− -PAC1flox/flox 

Thy1-YFP-mitoCFP mice involved the strategic crosses between estab
lished mouse lines on a C57BL/6 J background: 

• Thy1-YFP transgenic mice (B6.Cg-Tg(Thy1-YFP)HJrs/J; RRID: 
IMSR_JAX:003782) express yellow fluorescent protein under the 
neuron-specific Thy1 promoter.

• Thy1-mitoCFP mice (B6.Cg-Tg(Thy1-CFP/COX8A)S2Lich/J; RRID: 
IMSR_JAX:007967) express cyan fluorescent protein) specifically in 
mitochondria under the Thy1 promoter.

• PAC1flox/flox mice (C57BL/6 N-Atm1Brd Adcyap1r1tm1a(KOMP) 
Wtsi) were obtained through the NIH Knockout Mouse Project 
(KOMP) with loxP sites flanking the PAC1 gene.

• Camk2aCreERT2 mice (B6;129S6-Tg(Camk2a-cre/ERT2)1Aibs/J; 
RRID:IMSR_JAX:012362) express a tamoxifen-inducible Cre recom
binase under the Camk2a (calcium/calmodulin-dependent protein 
kinase II alpha) promoter.

To establish the quadruple transgenic line, homozygous Thy1-YFP 
and Thy1-mitoCFP mice were first inter-crossed to obtain Thy1-YFP+/ 
mitoCFP+ double transgenics. These were then bred separately with 
either PAC1flox/flox or Camk2aCreERT2+ mice to generate triple trans
genic founders. Offspring from these branches were crossed to produce 
Camk2aCreERT2+/− ; PAC1flox/+; Thy1-YFP+; mitoCFP+ mice, which 
were then backcrossed with PAC1flox/flox; Thy1-YFP+; mitoCFP+ animals 
to yield the final experimental cohort: Camk2aCreERT2+/− ; PAC1flox/flox; 
Thy1-YFP+; mitoCFP+.

Littermates lacking Cre (Camk2aCreERT2− /− ; PAC1flox/flox; Thy1- 
YFP+; mitoCFP+) served as controls and are referred to as PAC1 cKO 
throughout the text.

This quadruple transgenic model enables conditional PAC1 deletion 
in excitatory Camk2a+ neurons while simultaneously labelling neurons 
and mitochondria for imaging-based analyses. Mice (half males and fe
males) were housed under environmentally controlled conditions (12-h 
light/dark cycle, ad libitum food and water). All procedures were 
approved by the University of Technology Sydney (ETH21–6281) and 
conducted in accordance with the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes. Breeding and transgene 
characterisation were approved by the institutional Biosafety committee 
(ETH21-6743, approved on the 11th November 2022).

2.2. Tamoxifen injections

4-week-old PAC1flox/flox or Camk2a-CreERT2+/− -PAC1flox/flox 

received either corn oil (vehicle) or 75 mg/kg tamoxifen (in corn oil) 
injections over a period of four consecutive days as outlined in the 
schematic shown for each experimental section. Since tamoxifen is an 
estrogen-receptor agonist, a three-week washout was implemented to 
ensure tamoxifen was no longer bioactive prior to the commencement of 
any behavioural or biochemical assessment.

2.3. Genotyping

At 4 weeks of age, mice were ear-notched and DNA was extracted 
using the KAPA Express Extract kit (KK7302, Roche) according to 
manufacturer’s instructions. Briefly, DNA was extracted from tissue 
samples using 10 μl 10X KAPA Express Extract Buffer, 2 μl 1 U/μl KAPA 
Express Extract Enzyme in a total volume of 100 μL by incubating the 
samples for 15 min at 75 ◦C followed by 5 min at 95 ◦C. After DNA 
extraction from the ear-notches, polymerase chain reactions (PCR) were 
set up to: (1) determine the allelic presence of the PAC1-flox construct 
and (2) resolve the presence of the Camk2a-CreERT2 construct in our 
mice. Each reaction (final volume of 25 μl) was set up as follows: 12.5 μl 
2X KAPA2G Fast (HotStart) Genotyping Mix, 1.25 μl of forward and 
reverse primers (10 μM), 1 μl template DNA from the DNA extraction 
and topped up with 9 μl ddH2O.

Primer sequences used for genotyping the PAC1 flox gene are: For
ward: 5’-ACGTGCTCTCTTGGACCTTAGTAGC-3’ and reverse: 5’-ATG
GAGAGTAGGTGAATGAGCGACC-3’. Primer sequences to resolve the 
presence of the Camk2a-CreERT2 construct in our mice are: Forward: 5’- 
GACCTGGATGCTGACGAAG-3’ Reverse: 5’-AGGCAAATTTTGGTG
TACGG-3’. PCR settings were as outlined in Table 1. PCR products were 
resolved on a 2% agarose gel (Sigma-Aldrich in 1× Tris/Borate/EDTA 
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buffer; 1× SYBR Safe DNA stain; ThermoFisher Scientific) using 
HyperLadder™ 1 kb (Bioline) as a marker. Images were acquired using 
the Bio-Rad ChemiDoc MP Imaging System (Bio-Rad). A product of 818 
base pair (bp) was expected if the mice harboured the PAC1flox 
construct in both alleles (homozygous) and a 638 bp product was ex
pected for any wild-type PAC1 alleles. The heterozygous presence of 
Camk2a-CreERT2 was confirmed by the detected 200 bp product.

2.4. Open field test

The open field test was performed as outlined in [9]. Briefly, mice 
were acclimatised to the behaviour room for 30 min prior to performing 
the Open Field test in the dark. The Open Field arena consisted of a dark 
grey square Perspex box (40 × 40 × 50 cm), where recordings of the 
mice locomotor behaviour were filmed for 5 min from the top using an 
infrared video camera (Sony FDRAX53 4 K Full HD Handycam, 1/50fps) 
held by a Manfrotto 190× tripod. Location tracking of the footage was 
performed using ezTrack (3 min/mouse) [36].

2.5. Object location task

The Object Location task (OLT) was performed to assess short-term 
spatial memory in mice. This behavioural assessment was performed a 
day after the completion of the Open Field test to give animals sufficient 
rest between tasks to minimise fatigue or test interference. For this test, 
we adapted a protocol from [37]. Mice were allowed to acclimatise to 
the room for 30 min in the light prior to commencing the behavioural 
task. Mice were then put in the same arena used for the Open Field test in 
the presence of two identical objects that were placed in two distinct 
spots within the box and mice were allowed to explore these objects for 
5 min. Thereafter, mice were taken back to their home cage for a 5 min 
retention period and the box and objects were cleaned with 70 % 
ethanol to remove any olfactory cues. Afterwards, objects were placed 
back into the box; however, one of the two objects was moved to a new 
location. Mice were then returned to the box for a 3 min test period. The 
exploration and the actual test were filmed using the Sony FDRAX53 4 K 
Full HD Handycam (1/50fps) held by a Manfrotto 190× tripod. Videos 
were then analysed using ODLog (V2.7.2; Macropod Software) and the 
exploration ratio was calculated as follows: 

Exploration ratio =
novel exploration time

(novel + familiar exploration time)

This metric reflects spatial memory, as a higher ratio indicates that 
the animal recognises the object in the new location and preferentially 
explores it, suggesting intact spatial recognition. A ratio lower than 0.5 
implies the animal exhibits no clear preference for the displaced object, 
indicating impaired or less discriminative spatial memory.

2.6. Rotarod test

General motor coordination was tested using the Rotarod apparatus 
(Ugo Basile, Milan, Italy) which, for the purpose, was programmed with 
a speed ranging from 4 to 40 rpm with progressive acceleration for a 
total of 300 s. The average time in seconds, also called latency, that each 
mouse spent on the rotating rod (averaged over three separate trials with 
a 5 min interval between each trial) was measured. A drop or full 

rotation of the mouse determined the end of the trial.

2.7. Brain dissections and tissue collection

At the conclusion of each experimental protocol, brain tissues were 
collected for further molecular or histological analyses. For real-time 
quantitative PCR (RT-qPCR) or Western blot, fresh brain tissues were 
extracted under RNAse free conditions and snap-frozen using liquid 
nitrogen. For hippocampal tissue micro-dissections, samples were iso
lated from hemi-brains that were placed on an ice-cold dissection tray 
under a stereoscopic microscope (16× magnification) with the medial 
surface facing up. A spatula was then used to gently lift the midbrain/ 
brainstem structures, exposing the hippocampus underneath. A 23- 
gauge needle was used as a small scalpel to carefully remove the over
laying meninges covering the hippocampus. After meninges were 
removed, the spatula was used to gently peel the hippocampus away 
from the surrounding tissue, paying attention that the hippocampal 
sample retained its natural anatomical curvature along the lateral 
ventricle. Once detached, the hippocampus was placed in ice cold PBS, 
and any residual white matter attached to the contours was carefully 
removed using the needle. This simple technique ensures accurate 
isolation of the hippocampus, with minimal contamination (if any) from 
neighbouring structures.

For immunofluorescence, mice were sacrificed by CO2 asphyxiation, 
followed by a cardiac perfusion using cold 4 % paraformaldehyde (PFA) 
in 0.1 M phosphate buffer saline (PBS; pH 7.5). Afterwards, brains were 
collected and exposed to an overnight post-fixation step (in 4 % PFA) at 
4 ◦C. Then, brains were embedded in Tissue Plus OCT Compound 
(ProSciTech) and 25 μm thick coronal sections were cut using a cryostat 
(Cryostar NX70, Thermo Scientific), with the temperature set at − 20 ◦C. 
Sections were collected in a cryoprotectant solution (30 % Ethyl Glycol, 
20 % Glycerol in 0.05 M PB) and stored at − 20 ◦C until use.

2.8. RNA extraction, cDNA synthesis and Real-Time quantitative PCR

RNA from the dissected brain samples was isolated using TRI- 
Reagent (Sigma Aldrich) and precipitated using 2-propanol as 
described in [9,38]. Complementary DNA was generated using the Tetro 
cDNA synthesis kit (BioLine) as per manufacturer’s instructions using 
1000 μg of input RNA. RT-qPCR was performed and analysed as 
described in previous studies using the ΔΔCt method ([9], [39]). 
Primers sets used for gene expression studies are shown in Table 2.

2.9. Protein isolation and Western blot

Hippocampal tissues were homogenised in radio
immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) in the pres
ence of a protease inhibitor cocktail (cOmpleteTM, Mini, EDTA-free 
Protease Inhibitor Cocktail, Sigma-Aldrich) using a sterile pestle. 
Following sonication (three bursts of 10 s interrupted by 30 s on ice, 50 
% power intensity, QSonica Sonicators), proteins were clarified by 
centrifugation at 10,000 ×g for 10 min at 4 ◦C. Supernatants were then 
used to determine protein concentrations using the Pierce BCA Protein 
Assay kit (Thermo Scientific). Protein lysates (30 μg) were loaded on 
4–20 % TGX Stain free mini-Gels (Criterion 15-well Mini-Protean SFX, 
BioRad) together with a Pre-stained HyperLadder Precision Plus Protein 
Ladder (BioRad), which was used as a molecular weight reference. After 
the gel was transferred onto a 0.2 mm PVDF membrane (BioRad) using 
the Trans-blot Turbo system (BioRad), membranes were blocked for 1 h 
in 5 % milk (in TBS + 0.1 % Tween-20; TBST). Blots were then incubated 
overnight at 4 ◦C in a primary antibody solution (in 5 % milk in TBST). 
An overview of the primary antibodies used in this study is shown in 
Table 3. Following washes in TBST, membranes were incubated with 
secondary antibody (1:10000, Abcam Cat# ab6721, RRID:AB_955447) 
and bands were detected using Clarity Western ECL Blotting Substrate 
(Bio-Rad). Membranes were imaged using the Bio-Rad ChemiDoc MP 

Table 1 
PCR protocol (genotyping).

Step Temperature Duration Cycles

Initial denaturation 95 ◦C 3 min 1
Denaturation 95 ◦C 15 s 35–40
Annealing 60 ◦C 15 s
Extension 72 ◦C 15 s/kb
Final extension 72 ◦C 1 min/kb 1
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Imaging System (Bio-Rad). Densitometric analysis of detected bands was 
performed using ImageJ2 (V2.9.0/1.53 t). Densities were normalised to 
those of GAPDH, here used as loading control.

2.10. Immunofluorescence

Brain tissue sections were washed in 1× PBS (3 × 10 min) to remove 
the cryoprotectant solution and then permeabilised for 30 min in 1×
PBS + 0.1 % Triton-X100 (0.1 % PBST). Sections were blocked in 3 % 
bovine serum albumin (BSA) (in 0.1 % PBST, Bovogen) for 1 h followed 
by an overnight incubation with the primary antibody (1:250 in 3 % 
BSA). The next day, sections were washed 3× in 0.1 % PBST and incu
bated for 3 h with the appropriate secondary antibody. To counterstain 
nuclei, sections were incubated with DAPI (1 μg/ml; Sigma-Aldrich) for 
30 min followed by a further washing step in PBST prior to mounting 
using the VECTASHIELD Vibrance® Antifade Mounting Medium. Anti
bodies used in immunofluorescent staining can be found in Table 3.

2.11. Image acquisition & analyses

Twenty-micron-thick Z-stacks of stained brain tissue sections were 
acquired using a Zeiss Axioscan Slide Scanner (20× magnification; Carl 
Zeiss Inc.) using the ‘extended depth of focus’ option and analysed 
through contrast or maximum intensity projection algorithms in Zeiss 
Zen Software (version 2.6). For the analysis of dendritic spines, images 
were acquired using the Leica Stellaris confocal microscope employing 
the lightning deconvolution mode (63.5×, ~22 μm Z-stack, NA = 1.4). 
Mean grey intensity and % Area of the acquired 20× images were 
analysed using ImageJ software (v2.9.0). YFP+ cell count was performed 
using the Analyse Particles module in ImageJ after thresholding each 
image using the “Otsu” method and applying the watershed function.

Quantification was performed within manually defined regions of 
interest (ROIs) encompassing the CA1, CA2/3, and dentate gyrus (DG) 
subregions of the hippocampus. ROIs were selected based on anatomical 
landmarks [110] to ensure consistency across all brain sections. For each 
animal, 3–4 matched coronal sections were analysed, with at least 3 
ROIs per section. Signal intensity was normalised to background fluo
rescence measured in adjacent non-stained areas of the same section. A 
minimum of n = 6 mice per group was used for quantification. The 
experimenter was blinded to genotype during image acquisition and 
analysis.

IMARIS (v9.6.0) Filament tracer (settings: spine diameter = 0.15 μm, 
max spine length = 3 μm) was used to analyse dendritic spine 
morphology and density by harnessing the Golgi-like resolution of Thy1- 
YFP+ neurons in the hippocampus (CA1 region) and cortex of our 
transgenic mice. For our spine classification, we implemented the de
scriptors used in other studies, with minor modifications [40,41]. Spe
cifically, spines were classified as follows: Filopodia: spine length > 2 
μm, long thin: spine length > 1 μm, mushroom: diameter of spine head 
>1.5× diameter of spine neck, with head diameter > 0.6 μm stubby: 
spine length < 1 μm, with lack of a distinguishable neck. For mito
chondria analyses, we utilised IMARIS (v9.6.0) software ‘surface’ 
module to first create a 3D rendering of each individual neuronal cell 
body (surface grain size = 0.5 μm), measuring cell soma volume or 
dendrite volume. Next, we performed our mitochondria analysis using 
the ‘spots’ module (estimated xy-diameter = 0.593 μm, estimated z- 
diameter = 0.6 μm) in IMARIS.

2.12. Statistical analyses

Data is presented as mean ± standard deviation (SD). All statistical 
analyses were computed using GraphPad Prism 9.3.1, which was also 
used to prepare graphs and assemble figures. Representative images of 
fluorescence staining were generated using OMERO Figure. To deter
mine if data was normally distributed, quantile-quantile (Q-Q) plots 
were generated to compare the quantiles of the dataset to those of a 
theoretical normal distribution. Normality was evaluated based on the 

Table 2 
Primer sets used in RT-qPCR. Forward and reverse primers were selected from 
the 5′ and 3′ region of each gene mRNA. The accession number reflects the mRNA 
sequence used for primer design. The expected length of each amplicon (in base 
pair = bp) is indicated in the right column.

Accession # Gene 
name

Primer sequences (5′-3′) Product 
length (bp)

NM_008712.3 NOS1 Fwd: 
AAGCCCTGGTGGAGATTAAC 
Rev.: 
TTTGATGAAGGACTCGGTGG

98

NM_007540.4 BDNF Fwd: 
CGAGTGGGTCACAGCGGCAG 
Rev.: 
GCCCCTGCAGCCTTCCTTGG

160

NM_001313894.1 HMGB1 Fwd: 
GGGAGGAGCACAAGAAGAAG 
Rev.: 
TTGTCAGCCTTTGCCATATCT

133

NM_008077.5 GAD1 Fwd: 
AATTGCACCCGTGTTTGTTC 
Rev.: 
TGACCATCCAACGATCTCTC

70

NM_008078.2 GAD2 Fwd: 
CAGCCTTAGGGATTGGAACA 
Rev.: 
CACTCACCAGGAAAGGAACA

132

NM_011296.2 S18 Fwd: 
CCCTGAGAAGTTCCAGCACA 
Rev.: 
GGTGAGGTCGATGTCTGCTT

145

Table 3 
Primary antibodies used in this study. RRID = Research Resource Identifiers, IF = immunofluorescence.

Company Catalogue number Antibody Dilution RRID Application

GeneTex GTX30026 PAC1 receptor 1:1000 AB_3097721 Western blot
Cell signalling Technology 4691 Total-Akt 1:1000 AB_3492054 Western blot
Cell signalling Technology 4060 p-Akt (Ser473) 1:1000 AB_2315049 Western blot
Cell signalling Technology 9197 Total-CREB 1:1000 AB_3492056 Western blot
Cell signalling Technology 9198 p-CREB (Ser133) 1:1000 AB_2561044 Western blot
BioRad VPA00187 GAPDH 1:2000 AB_3431937 Western blot
GeneTex GTX134514 BDNF 1:500 AB_2887301 Western blot
Sigma-Aldrich SAB4503084 VPAC1 1:500 AB_10751033 Western blot
Millipore AB2266 VPAC2 1:500 AB_11212482 Western blot
Thermo Fisher Scientific 61-7000 n-NOS 1:250 AB_2313734 IF
Abcam ab183999 GAD65/67 1:250 AB_3662875 IF
Thermo Fisher Scientific PA5-85730 BDNF 1:250 AB_2792869 IF
Abcam ab150063 Donkey Anti-Rabbit IgG H&L Alexa Fluor 647 1:500 AB_2687541 IF
Abcam ab150080 Goat Anti-Rabbit IgG H&L Alexa Fuor 594 1:500 AB_2650602 IF
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degree of alignment between the data points and the 45-degree refer
ence line, which represents the expected distribution under normality. 
Once normal distribution was confirmed, pairwise comparisons were 
analysed using an unpaired two-tailed t-test. For the time course 
experiment, we used a two-way ANOVA followed by Holm- ̌Sídák’s post- 
hoc tests for multiple comparisons test to assess statistical significance. 
p-values ≤0.05 were considered statistically significant.

3. Results

3.1. Validation of PAC1 gene knockout in Camk2a+ neurons

Prior to commencing our experimental work, we first set out to 
induce the conditional PAC1 gene (Adcyap1r1) deletion in Camk2a+

excitatory neurons and assessed if there was significant reduction of 
PAC1 expression in the hippocampus, a brain region in which Camk2a 
expression is known to be highly abundant [42]. Fig. 1A provides a 
schematic overview of the gene alterations bred into the mice used in 
this study. Examples of genotyping results to identify the Camk2a and 
PAC1-floxed transgenes are depicted in Fig. 1B and show that mice #4 
and #7 are Camk2a-CreERT2− /− -PAC1flox/flox (Cre− /− ), whereas all the 
others are Camk2a-CreERT2+/− -PAC1flox/flox (Cre+/− ). Four weeks after 
the pups were born, PAC1flox/flox or Camk2aCreERT2+/− PAC1flox/flox 

mice were injected with tamoxifen to induce Cre translocation to the 
nucleus and the consequent molecular excision of the PAC1 gene 
(Adcyap1r1) from Camk2a+ neurons (Fig. 1C). Following a 3-week 
washout period, we isolated the hippocampus from these mice to 
perform protein studies. As visible in Fig. 1D-E, one-week post-induc
tion, we observed a noticeable reduction in PAC1 protein expression 
(**p = 0.0099, Cre− /− vs Cre+/− at week 1). As expected, this reduction 
was stable, as shown three weeks post-tamoxifen induction (*p <
0.0485, Cre− /− vs Cre+/− at week 3). To confirm the absence of 
compensatory mechanisms after PAC1 deletion, we also conducted 
Western blot analyses on hippocampal lysates from Cre− /− and Cre+/−

mice at three weeks post-tamoxifen induction (Fig. 1F-H). As shown, 
neither VPAC1 nor VPAC2 protein expression levels were affected in the 
hippocampus (t6 = 0.1806, p = 0.8626 [VPAC1] and t6 = 1.347, p =
0.2265 vs Cre− /− mice, respectively; Fig. 1G-H).

3.2. PAC1 loss in Camk2a+ neurons disrupts spatial memory and 
locomotion

To study the effects of PAC1 deletion in Camk2a+ neurons, from here 
on referred to as PAC1 conditional knockout (cKO) mice, 4-week-old 
mice were injected with tamoxifen or vehicle for 4 days consecutively 
and then subjected to behavioural analyses after a 3-weeks washout 
period (Fig. 2A). Since the PACAP/PAC1 axis has been implicated in 
locomotion [9], we were interested in determining if a targeted PAC1 
gene ablation in this neuronal subset would be sufficient to elicit any 
effect on locomotor behaviour.

Both the Rotarod and Open Field tests are considered the gold 
standards for the assessment of general locomotor behaviours (i.e. 
ambulation, coordination, and balance) in rodents [43–46]. Here, we 
first used the Rotarod test to assess motor coordination/balance by 
measuring the ability of mice to withstand rotations for a fixed time 
period (Fig. 2B) [43]. As shown, deletion of PAC1 from Camk2a+ neu
rons did not affect the latency of mice to fall off the rods, indicative of 
intact motor coordination/balance (Fig. 2C). In contrast, the Open Field 
test demonstrated that general ambulation was reduced in PAC1 cKO 
mice, as these animals travelled significantly less than control mice in 
the Open Field arena (Fig. 2D-E; t46 = 3.521, ***p = 0.001). However, 
we did not observe any significant change in the time transgenic mice 
spent in the centre of the Open Field arena, suggesting a preserved 
exploratory behaviour of PAC1 cKO mice (Fig. 2F).

Since Camk2a and PAC1 expression is relatively high in the hippo
campus and PACAP-PAC1 signalling axis is critical for spatial memory 

formation and recovery [23,47], our next step was to examine if PAC1 
cKO mice exhibited defects in hippocampal-dependent spatial memory 
function (Fig. 2G). Therefore, both control and PAC1 cKO mice were 
subjected to the Object Location test, a test used to assess this specific 
type of memory [48]. We found a moderate though statistically signif
icant reduction of the exploration ratio when comparing the perfor
mance of control versus PAC1 cKO mice, suggesting an impairment of 
hippocampal-dependent spatial memory in transgenic mice (Fig. 2H; 
t45 = 2.131, *p = 0.0386).

3.3. Targeted deletion of PAC1 in Camk2a+ neurons cause hippocampal 
CA1-specific increase in neuronal nitric oxide synthase and glutamate 
decarboxylase

Since our transgenic mice are bred with a genetic background 
incorporating the Thy1-YFP construct and Thy1+ cells represent a sub
population of Camk2a+ neurons (see Supplementary Fig. 1 for details), 
we harnessed Thy1-YFP+ neurons as a proxy to assess the effects of 
conditional PAC1 deletion on the health of Camk2a+ neurons, axons and 
dendrites [49,50].

Given our observations indicating a reduction in spatial memory, we 
sought to conduct further molecular analyses aimed at revealing any 
changes in genes/proteins involved in regulating synaptic plasticity 
[51–53], memory function [52] and neuronal communication [54,55] in 
PAC1 cKO mice.

Following drug washout, whole hippocampi of vehicle or tamoxifen- 
treated Camk2aCre-ERT2+/− -PAC1flox/flox mice were harvested and 
used for further downstream analysis (Fig. 3A-B). First, we explored the 
gene expression levels of a set of important neuronal markers using RT- 
qPCR (Fig. 3C-G). The NOS1 gene encodes for neuronal nitric oxide 
synthase (nNOS), which synthesises nitric oxide in the brain, a second
ary messenger involved in learning and memory, and synaptic plasticity 
[56]. NOS1 levels were increased in PAC1 cKO mice compared to control 
mice (t8 = 2.846, *p = 0.0216; Fig. 3C). BDNF, encoding for brain- 
derived neurotrophic factor (BDNF), another critical mediator of 
neuronal plasticity, was not altered upon Camk2a+ PAC1 loss (Fig. 3D) 
[57]. Neither was the expression of High Mobility Group Box 1 protein 
(HMGB1), a damage-associated molecular pattern molecule associated 
with inflammation (Fig. 3E) [58]. Interestingly, both GAD1 and GAD2 
genes, which encode for Glutamate decarboxylases (GADs) 67 and 65 
respectively – the enzymes that convert glutamate into γ-aminobutyric 
acid (GABA) – were both significantly increased in PAC1 cKO mice 
(GAD1; t8 = 2.811, *p = 0.0228 and GAD2; t8 = 5.500, ***p = 0.0006; 
Fig. 3F-G) [59].

To complement our gene expression studies, we performed immu
nofluorescence experiments to establish the topographical distribution 
of nNOS (Fig. 3H-K) or GAD65/67 immunoreactivities (Fig. 3L-O) along 
the main anatomical subdivisions of the hippocampus [60]. We 
observed an increase of nNOS immunoreactivity in the CA1 region of 
PAC1 cKO mice only (Fig. 3I; t10 = 3.674, **p = 0.0043), but not in CA2/ 
3 (Fig. 3J). In contrast, nNOS expression was reduced in the dentate 
gyrus (DG; Fig. 3K; t10 = 2.820, *p = 0.0182). GAD65/67 fluorescent 
levels were robustly increased in CA1 (Fig. 3M; t10 = 0.0075, **p =
0.0075). Both in the CA2/3 region and the DG, no statistical difference 
between controls and PAC1 cKO mice was identified (p > 0.05; Fig. 3N- 
O).

Conditional PAC1 depletion in mice at seven weeks of age had no 
effect on the total number of Thy1-YFP+ cells (measured at the end of 
the experiments) in any of the hippocampal regions (Supplementary 
Fig. 2A-C), nor in the somatosensory cortex (Supplementary Fig. 3).

3.4. Loss of dendritic spine density in the hippocampal CA1 region of mice 
with targeted deletion of PAC1 in Camk2a+ neurons

Here, we utilised the Thy1-YFP expression in the hippocampus to 
examine the impact of PAC1 depletion on neurons in more detail. 
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Fig. 1. Validation of PAC1 deletion in our Camk2aCreERT2+/− PAC1flox/flox mouse model. (A) Schematic overview of the Camk2a construct and PAC1-flox alleles in 
our mouse model on a genetic background of mice expressing Thy1-YFP and Thy1-mitoCFP. (B) Exemplary genotyping results for the detection of the Camk2a- 
CreERT2 construct and the floxed PAC1 gene. (C) Timeline of the experimental plan for our validation experiments. (D) Representative Western blot and (E) 
quantification of PAC1 protein expression in the hippocampus of PAC1flox/flox (Cre− /− ) or Camk2aCreERT2+/− PAC1flox/flox (Cre+/− ) at 1- or 3-weeks after tamoxifen 
induction (75 mg/kg intraperitoneal [i.p]). Data shown is mean relative fold change ± SD, obtained using n = 5 different mice per genotype and timepoint. (F) 
Representative Western blot and quantification of (G) VPAC1 and (H) VPAC2 protein expression in hippocampal lysates from Cre− /− and Cre+/− mice at 3-weeks 
after tamoxifen induction (n = 4 mice per genotype). *p < 0.05, **p < 0.01 as determined by two-way ANOVA followed by Holm-Šídák’s multiple comparisons test.
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PACAP/PAC1 signalling has been linked to enhanced synaptic plasticity 
and accelerated hippocampal remodelling after injury [23,24,61]. 
Additionally, Thy1-YFP mice have successfully been used to study 
dendrite spine morphology in the hippocampus [62,63] and our data 
identified localised changes in the CA1 region of PAC1 cKO mice 
(Fig. 3). Therefore, our next aim was to study if PAC1 depletion in 
Camk2a+ neurons caused any effects on dendritic spine remodelling, 
morphology and density in the CA1 region of the hippocampus (Fig. 5A).

To our surprise, no changes in dendritic spine length (Fig. 4B), total 
spine volume (Fig. 4C), volume of the head of the spine (Fig. 4D), and 
volume of the neck of the spine (Fig. 4E) were identified in PAC1 cKO 
mice. However, a statistically significant reduction in dendritic spine 
density was observed in the CA1 region of the hippocampus of mutant 
mice (Fig. 4F; t19 = 2.348, *p = 0.0299). This is an effect we also see 

replicated in cortical Thy1+ neurons (Supplementary Fig. 4A, F; t19 =

3.073, **p = 0.0063).
Based on these results, we next sought to determine if the CA1- 

specific spine loss caused by PAC1 gene deletion was confined to a 
specific typology of spines on dendrites (Fig. 4G). Our analyses 
demonstrated that loss of PAC1 in Camk2a+ neurons did not influence 
the density of immature filopodia-like spines in dendrites of CA1 hip
pocampal neurons (Fig. 4H). However, we observed a decrease in the 
density of long-thin spines (Fig. 4I; t21 = 2.253, *p = 0.0351). The more 
mature stubby spines also showed a trend towards a decrease, albeit the 
reduction was not statistically significant (p = 0.0612; Fig. 4J). In 
contrast, the density of mature mushroom spines, which are key for 
long-term memory storage [64], was significantly reduced in dendrites 
of CA1 neurons in PAC1 cKO mice (Fig. 4K; t21 = 2.538, *p = 0.0191). 

Fig. 2. Loss of PAC1 in Camk2a+ neurons causes spatial memory impairments and reduces overall locomotion in mice. (A) Overview of the timeline of our 
experimental design. (B) Schematic image of Rotarod apparatus. (C) Latency measurements of Control and PAC1 cKO mice. (D) Representative line tracks showing 
the trajectory of mice while exploring the open field arena. (E) Mice displayed reduced overall locomotion activity in PAC1 cKO mice in the Open Field test but (F) no 
change in the total time spent in the centre. (G) Schematic overview of the object location task paradigm used to study the mice’ spatial memory capabilities. (H) A 
statistically significant drop in exploration score is seen in PAC1 cKO mice. *p < 0.05, ***p < 0.001, n = 23–24 mice per group. Data is presented as the mean ± SD 
and was analysed using the unpaired t-test. 
OFT = Open Field test, OLT = Object Location test, PAC1 cKO = PAC1 conditional knockout.
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These results suggest that loss of PAC1 expression in neurons may have 
contributed to delay the remodelling of dendritic spines in the CA1 re
gion of the hippocampus.

Given these findings, we next aimed to explore whether PAC1 
ablation in hippocampal neurons would disrupt key pathways involved 
in synaptic plasticity, with the goal of uncovering the intracellular 
mechanisms contributing to the observed reduced dendritic spine den
sity. [25,65,66]. Phosphorylation levels of Akt at serine 473 residue 
(Ser473) were not affected (Fig. 4L-M), whereas a considerable decrease 
in the phosphorylation levels of CREB at serine residue 133 (Ser133) 
were observed in Camk2a+ hippocampal pyramidal neurons of PAC1 
cKO mice (Fig. 4L,N; t4 = 4.506, *p < 0.0108). When total-Akt levels 
were normalised to GAPDH, we observed a significant reduction of total- 
Akt protein expression (Fig. 4O; t₄ = 2.958, *p < 0.0417), and total- 
CREB levels were only marginally reduced (Fig. 4P; t₄ = 2.187, p =
0.094), suggesting a transcriptional effect of PAC1 gene loss.

3.5. Loss of PAC1 in Camk2a+ neurons causes CA1-specific hippocampal 
reduction of BDNF

Further to the identification of region-specific changes in the hip
pocampus of PAC1 cKO mice (Fig. 3), as well as the reduction of 
phospho-CREB protein levels (Fig. 4N), we sought to determine whether 
a similar CA1-specific change could also be observed for BDNF, even 
though mRNA analyses showed no significant differences (Fig. 3D).

We observed a significant reduction of BDNF immunoreactivity in 
the CA1 region of PAC1 cKO mice (Fig. 5A-B; t10 = 2.275, *p = 0.0462); 
however, no changes were detected in the CA2/3 (Fig. 5C) or the DG 
(Fig. 5D).

To complement these findings, we also conducted Western blot an
alyses using an antibody raised against mature BDNF in hippocampal 
lysates from control and PAC1 cKO mice (Fig. 5E). Quantification 
revealed a decrease in BDNF protein expression, although this was not 
statistically significant (Fig. 5F; t6 = 2.309, p = 0.0603).

3.6. PAC1 depleted neurons exhibit CA1-specific loss of mitochondria

Amongst the several biological effects elicited by PACAP, the neu
ropeptide has also been implicated in mitigating mitochondrial stress in 
neurons [67,68]. Additionally, mitochondria density in dendrites is 
known to directly correlate with spine density [69]. Here, we utilised the 
Thy1-mitoCFP construct in our genetic mouse model to study mito
chondria morphometrics more in depth [70]. No difference in cell soma 
volume (Fig. 6A-B), volume of mitochondria (Fig. 6A,C) or mitochondria 
density (Fig. 6A,D) were identified in the cell body of CA1 hippocampal 
neurons when comparing control versus PAC1 cKO mice. Similarly, 
mitochondrial volume was unchanged in the dendrites of these neurons 
(Fig. 6A,E). However, mitochondrial density was significantly reduced 
in the dendrites of PAC1-depleted hippocampal neurons (Fig. 6A,F; t16 
= 2.271, *p = 0.0373).

4. Discussion

Considerable data indicate that PACAP signalling plays an important 
role in synaptic plasticity, transmission and function [24,28,71–73], 
although the receptor subtypes and specific actions are not cell defined. 
Considering the abundance of Camk2a+ neurons in the hippocampus 

(Supplementary Fig. 1) [74–76], and the importance of PAC1 in PACAP 
signalling [5,9], in this study we examined the effects of PAC1 depletion 
in Camk2a+ neurons. For this purpose, we utilised a conditional PAC1 
knockout model developed in mice on a genetic background that also 
allows the concurrent visualisation (at Golgi-like resolution) of Thy1+

neurons, as well as their structural (dendrites, axons) and subcellular 
components (mitochondria).

Our data show that loss of PAC1 in Camk2a+ neurons impaired 
spatial memory. The effect was associated with increased expression of 
nNOS and GAD65/67 and reduced dendritic spine density in the hip
pocampus. We also identified a significant reduction of BDNF immu
noreactivity selectively in the CA1 region of PAC1 cKO mice, as revealed 
by immunofluorescence analysis, while no changes were observed in the 
CA2/3 or DG subregions. These changes were not detected at the tran
script level, highlighting the importance of evaluating protein distri
bution at high anatomical resolution. Furthermore, Western blot 
analyses of hippocampal lysates revealed a marginal, non-significant 
reduction in mature BDNF protein levels (p = 0.0603), consistent with 
the regionally restricted decrease observed by immunofluorescence. 
Since BDNF is a key upstream activator of CREB, these results provide a 
plausible mechanism for the observed reduction in phospho-CREB and 
support the notion that PAC1 loss disrupts neurotrophic signalling in the 
hippocampal CA1 [77,78]. Notably, we also found that total-Akt protein 
levels were significantly reduced when normalised to GAPDH, while 
total-CREB levels showed only a marginal reduction. These data suggest 
that PAC1 deletion may also impair transcriptional regulation and/or 
trophic signalling pathways in Camk2a+ neurons, further contributing 
to synaptic dysfunction.

It is possible that PAC1 depletion in this subset of neurons generates 
a redox imbalance in favour of nitrosative stress, and that increased 
expression of the GABA-producing enzymes (GAD1 and GAD2) might be 
a compensatory response to increase the inhibitory tone required to 
reduce the neuronal stress burden. An alternative explanation could be 
that, since the PAC1 receptor modulates the neuronal excitability and 
synaptic plasticity of Camk2a+ neurons [73], its deletion might result in 
abnormal hyperexcitability or excitotoxicity in these neuronal sub
populations. In this scenario, the increased nNOS expression would be a 
natural consequence to the increased oxygen demand or calcium influx 
due to heightened neuronal activation [79,80], whereas the increased 
levels of GAD65/67 could represent a homeostatic response to modulate 
the excessive neuronal activation in the effort to preserve hippocampal 
function in the absence of PAC1.

However, interpretation of these results as being solely due to PAC1 
deletion in hippocampal Camk2a+ neurons is potentially confounded by 
PAC1 expression in other brain regions. While our study focused on the 
hippocampus, it is important to note that Camk2a is also expressed in 
the cortex, amygdala, and basal ganglia, regions where PAC1 is likewise 
present [76,81–83]. These structures are critically involved in anxiety, 
emotional regulation, and reward processing. We now acknowledge that 
behavioural outcomes, such as altered spatial memory and anxiety- 
related behaviour, could also be influenced by PAC1 depletion in 
these extra-hippocampal regions.

The causal relationship between PAC1 deletion and altered expres
sion of nNOS and GAD65/67 also remains to be fully established. 
Although we observed these molecular changes shortly after tamoxifen 
administration, suggesting a temporal association, we cannot rule out 
the possibility of indirect or compensatory effects. To address this 

Fig. 3. Targeted PAC1 depletion in hippocampal Camk2a+ neurons induce CA1-specific increase in neuronal nitric oxide synthase and GAD65/67 levels. (A) 
Schematic overview of experimental timeline and approach. (B) Schematic drawing of the mouse brain at the level of the hippocampus, the region of interest used in 
our molecular analyses. Gene expression levels of (C) NOS1, (D) BDNF, (E) HMGB1, (F) GAD1 and (G) GAD2 are measured using RT-qPCR. Representative fluorescent 
staining of hippocampal nNOS can be seen in (H). Relative fluorescence intensity levels of nNOS in the (I) CA1, (J) CA2/3 and (K) DG. The representative image of 
GAD65/67 staining is shown in (L). Quantification of GAD65/67 is plotted for the (M) CA1, (N) CA2/3 and (O) DG. n = 5/group for RT-qPCR. n = 6/group for 
immunofluorescence analyses. Data is the mean ± SD. Pairwise comparisons were analysed using the unpaired t-test. *p < 0.05, ***p < 0.001. 
PAC1 cKO = PAC1 conditional knockout, CA1, 2/3 = Cornus Ammonus 1, 2/3, DG = Dentate Gyrus, NOS1 = neuronal nitric oxide synthase 1, BDNF = brain-derived 
neurotrophic factor, HMGB1 = high-mobility group box 1 protein, GAD1 = Glutamate decarboxylase 1, GAD2 = Glutamate decarboxylase 2.
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limitation, we propose future studies employing region-specific viral 
vectors to selectively delete PAC1 and dissect the region-specific 
contribution to the observed phenotypes. This approach would allow 
us to disentangle hippocampal-specific effects from those arising in the 
amygdala, basal ganglia, or other relevant areas.

Nonetheless, PACAP treatment has previously been shown to facili
tate synaptic transmission through N-methyl-D-aspartate (NMDA)- 
mediated signalling, an effect assisted by nNOS activation, whose 
expression levels positively correlated with spine density [79,84]. 
Despite these possible compensatory mechanisms at play, our stereo
logical analyses still revealed strong reductions in the number of den
dritic spines of PAC1 cKO mice, which have also been reported in 
PACAP-deficient mice [71]. Furthermore, most of the dendritic spine 
loss pertained to the more mature stubby and mushroom-shaped spines, 
which are generally more stable and play a critical role in long-term 
memory storage [85–87]. Cumulatively, our data suggest that the 
observed compensatory mechanisms activated after PAC1 gene deletion 
may not be sufficient to prevent optimal dendritic spine remodelling.

The formation of long-term, mature synaptic connections depends on 
multiple downstream pathways and gene expression changes, including 
the phosphorylation of the transcription factor CREB, a crucial regulator 
of neuronal and synaptic plasticity [88–91]. Evidence shows that 
constitutively activated CREB increases dendritic spine density, whereas 
in CREBS133A mutant mice, in which the serine 133 residue cannot be 
phosphorylated, it leads to reduced spine density [92,93]. Our obser
vation of reduced p-CREBS133 levels, combined with region-specific 
downregulation of BDNF in CA1, and a reduction in total-Akt and 
CREB levels, strongly supports a mechanistic link between PACAP/PAC1 
signalling and the regulation of BDNF-CREB-Akt pathways in structural 
synaptic plasticity.

To complement these findings, our subcellular analyses identified a 
loss of mitochondria in dendrites, whose presence is needed to sustain 
the energy requirements for neuronal communication at dendritic spines 
[94]. Loss of dendritic mitochondria is associated with synapse and 
spine loss [95,96]. This suggests that the reduction in mitochondrial 
density in neurons lacking PAC1 receptors may have contributed to 
dendritic spine loss, although a causal relationship remains to be 
determined. We now acknowledge that decreased mitochondrial density 
may also reflect a reduction in metabolic demand due to the synaptic 
dysfunction or disruptions in mitochondrial trafficking. Both possibil
ities are supported by studies showing that mitochondrial positioning is 
tightly linked to synaptic activity and plasticity [97–99]. Impaired 
trafficking of mitochondria along dendrites, as a consequence of altered 
microtubule dynamics or motor protein function, has been implicated in 
neurodegenerative and psychiatric diseases and could underlie the 
deficits observed here [100,101]. However, mitochondria in the CA1 
region are also rapidly redistributed based on energy demands [102], 
thus the loss of mitochondria in dendrites could be a response to 
impaired spine formation rather than the cause of this effect. Future 
research should examine the connection between PAC1, dendritic 
spines, and mitochondrial energy metabolism, especially since PACAP 
treatment in trigeminal ganglion cell cultures has been shown to impact 
mitochondrial function [103].

In addition to PAC1, PACAP also binds with high affinity to VPAC1 
and VPAC2 receptors, which are expressed in the hippocampus and 

other brain regions [81,104]. VPAC1 and VPAC2 receptors primarily 
signal through cAMP pathways and have been implicated in modulating 
synaptic transmission and plasticity [30]. VPAC1 activation has been 
shown to inhibit long-term potentiation (LTP) in the CA1 region of the 
hippocampus through a mechanism dependent on GABAergic trans
mission [105]. Conversely, VPAC2 activation enhances pyramidal cell 
excitability and may facilitate synaptic plasticity [106]. However, in our 
study, analyses of VPAC1 and VPAC2 protein expression levels in hip
pocampal lysates of mutant mice did not show any significant differ
ences compared to controls, suggesting that the observed phenotypes 
are primarily attributable to PAC1 deletion.

Another important consideration is the potential influence of sex 
hormones on PACAP signalling. Prior studies have shown that PACAP 
expression and function can be modulated by estrogen and other sex 
hormones, which in turn can affect synaptic plasticity and stress re
sponses [107,108]. Our current study did not include a sex-stratified 
analysis, and while both male and female mice were used, the sample 
size was not powered to detect sex differences. As such, it remains 
possible that some of the observed effects could be influenced by sex- 
dependent variations in PACAP/PAC1 signalling pathways. Future 
studies should investigate whether hormonal status modulates the 
structural and behavioural outcomes of PAC1 deletion, particularly in 
relation to hippocampal plasticity and neuroprotection.

In this study, we demonstrate that PAC1 receptors in Camk2a+

neurons are crucial for structural synaptic plasticity and memory func
tion. PAC1 deletion resulted in impaired spatial memory, decreased 
dendritic spine density, increased expression of nNOS and GAD65/67, 
region-specific reduction in BDNF, and altered mitochondrial density. 
Some of the effects may represent compensatory mechanisms to mitigate 
the effects of PAC1 loss. Despite these adaptations, we observed a 
marked reduction in mature, stable dendritic spines, essential for long- 
term memory storage. Additionally, a loss of dendritic mitochondria 
in the hippocampal CA1 region may contribute to spine reduction, 
though the directionality of this effect remains to be clarified. In any 
case, our findings underscore the role of PAC1 in sustaining synaptic 
integrity, likely through mechanisms involving BDNF-dependent CREB 
phosphorylation and mitochondrial support.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lfs.2025.123843.
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Fig. 4. Targeted PAC1 deletion in neurons causes dendritic spine density loss in the hippocampal CA1 region and reduced CREB(Ser133) phosphorylation. (A) 
Representative image of a CA1 hippocampal neuron (in pseudo colour) in control and PAC1 cKO mice. No change in (B) dendritic spine length, (C) spine volume, (D) 
volume of the head of the spine and (E) volume of the neck of spines were identified in hippocampal neurons from PAC1 cKO mice. (F) Dendritic spine density levels 
were reduced in neurons lacking the PAC1 gene. (G) Schematic overview of dendritic spine types. (H) Filopodia spine density, (I) Long-thin spine density, (J) stubby 
spine density and (K) mushroom spine density in the hippocampal CA1 region of control and PAC1 cKD mice. (L) Representative Western blots showing p-Akt and p- 
CREB in control and PAC1 cKO hippocampal tissue. Quantification of (M) p-Akt normalised to total-Akt, (N) p-CREB normalised to total-CREB, as well as (O) total- 
Akt and (P) total-CREB normalised to GAPDH. n = 9–12 filaments/3 mice for IMARIS filament tracing. n = 3 mice for the Western blots. Data is plotted as mean ± SD 
and analysed using the unpaired t-test. *p < 0.05. CA1 inset (scale bar) = 15 μm, dendrite inset (scale bar) = 2 μm. 
PAC1 cKO = PAC1 conditional knockout, YFP = yellow fluorescent protein, F = filopodia, Lt = long-thin, M = mushroom, S = stubby, Akt = Protein kinase B (Ak 
strain transforming), CREB = cAMP response element-binding protein, GAPDH = Glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 5. PAC1 gene loss in hippocampal Camk2a+ neurons causes CA1-specific reduction of BDNF expression. (A) Representative fluorescent staining of hippocampal 
BDNF in Control and PAC1 cKO mice. Quantification of fluorescence intensity levels of BDNF in (B) CA1, (C) CA2/3 and (D) the DG of Control and PAC1 cKO mice. n 
= 6 mice/group. Data is the mean ± SD. (E) Representative Western blot of mature BDNF in hippocampal lysates from Control and PAC1 cKO mice and (F) 
densitometric analyses of bands (n = 4 mice/group). GAPDH was used as loading control and is the same as in Fig. 1N, as both set of experiments used protein lysates 
from the same experimental groups/mice. Pairwise comparisons were analysed using the unpaired t-test. *p < 0.05. ns = not significant. 
PAC1 cKO = PAC1 conditional knockout, CA1, 2/3 = Cornus Ammonus 1, 2/3, DG = Dentate Gyrus, BDNF = brain-derived neurotrophic factor, GAPDH =
Glyceraldehyde-3-Phosphate Dehydrogenase.
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Fig. 6. Analysis of mitochondrial morphology in the cell soma and dendrites of control and PAC1 cKO mice in the CA1 region of the hippocampus. (A) Representative 
images of mitochondria in both the cell body and a selected dendrite of control and PAC1 cKO mice. (B) Cell soma volume, (C) mitochondria volume and (D) 
mitochondria density in the cell body of CA1 hippocampal neurons in both control and PAC1 cKO mice. (E) Mitochondria volume and (F) mitochondria density in the 
dendrites of CA1 hippocampal neurons. n = 44–47 cells/4 mice for cell soma analysis. n = 9 filaments/4 mice for mitochondria spot analysis. Data is plotted as mean 
± SD and analysed using the unpaired t-test. **p < 0.01. Scale bar (lower magnification) = 15 μm, (Inset at higher magnification) = 5 μm. 
PAC1 cKO = PAC1 conditional knockout, YFP = yellow fluorescence protein, mito-CFP = mitochondrial cyan fluorescent protein.
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