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Abstract: Recent data suggest that defects in purinergic signalling are a common denominator of
autism spectrum disorders (ASDs), though nothing is known about whether the disorder-related
imbalance occurs at the receptor level. In this study, we investigated whether prenatal exposure to
valproic acid (VPA) induces changes in purinergic receptor expression in adolescence and whether it
corresponds to glial cell activation. Pregnant dams were subjected to an intraperitoneal injection of
VPA at embryonic day 12.5. In the hippocampi of adolescent male VPA offspring, we observed an
increase in the level of P2X1, with concomitant decreases in P2X7 and P2Y1 receptors. In contrast, in
the cortex, the level of P2X1 was significantly reduced. Also, significant increases in cortical P2Y1
and P2Y12 receptors were detected. Additionally, we observed profound alterations in microglial cell
numbers and morphology in the cortex of VPA animals, leading to the elevation of pro-inflammatory
cytokine expression. The changes in glial cells were partially reduced via a single administration of a
non-selective P2 receptor antagonist. These studies show the involvement of purinergic signalling
imbalance in the modulation of brain inflammatory response induced via prenatal VPA exposure and
may indicate that purinergic receptors are a novel target for pharmacological intervention in ASDs.

Keywords: purinergic signalling; microglia; autism spectrum disorders; valproic acid

1. Introduction

Growing evidence demonstrates the involvement of purinergic signalling in brain
development and neurotransmission [1,2]. Unlike other neurotransmitter systems, which
are characterised by high specificity, the major hallmarks of purinergic signalling are its
omnipresence and versatility [3,4]. Not only is ATP secreted from pre- or post-synaptic
terminals, as well as from other cells in the central nervous system (CNS) in response to
neurotransmitter stimulation, but it is also secreted in response to a variety of other stimuli,
like inflammation or cellular damage [5,6]. Moreover, the release of ATP is mediated via
various mechanisms, including vesicle exocytosis, depending on the vesicular nucleotide
transporter (VNUT) and SNARE complex [7]; the activation of membrane channels (such
as connexins, pannexins, P2X7 receptor); or specific transporters [8–11], like ATP-binding
cassette (ABC) transporter [8–10]. Unlike classical neurotransmitters, which are inactivated
via their reuptake from the synaptic cleft, ATP undergoes rapid enzymatic degradation by
cell membrane ectonucleotidases [12]. Each of the products (ATP, ADP, AMP, adenosine)
involved in the multistep enzymatic conversion of ATP to adenosine can activate different
types of purinergic receptors localized on pre- and post-synaptic membranes [13]. Cur-
rently, four receptors of adenosine (P1 type), seven subtypes of ionotropic ATP receptors
(P2X), and eight subtypes of metabotropic (P2Y) ATP receptors are recognized, many of
which can form heteromultimers [14]. ATP and its end product, adenosine, are important
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signalling molecules in both pre-natal and post-natal development [15], regulating the
short-term neurotransmission/neuromodulation in the CNS, as well as longer-term effects,
including neuronal development and neuroregeneration [14,16–18]. Apart from neurons,
purinergic receptors are also present in glial cells, as well as in each of the following cell
subtypes: microglia, astrocytes, and oligodendrocytes. These subtypes express a unique
pattern of purinergic receptors, which are responsible for orchestrating specific intracellular
downstream signalling that leads to specific responses [19]. Moreover, purinergic recep-
tors are indispensable in regulating the specific interaction between glia and neurons that
largely extend beyond synapses [3]. Neuronal release of ATP and adenosine during action
potential firing was previously shown to evoke calcium waves in astrocytes, Schwann cells,
and oligodendrocytes, as well as state the novel mechanism of sensing neuronal activity by
glial cells [20,21]. ATP also regulates the activity of microglia, which are the immune cells
of the nervous system, leading to rapid changes in their morphology and migration [22,23],
as well as triggering cytokine secretion [24]. Glial cells not only form “the scaffold” for
neurons but also participate in the synaptogenesis and synaptic plasticity, homeostasis,
elimination of used transmitters, facilitation of signal transduction; and in immune system
responses [25]. Importantly, astrocytes and microglia strictly cooperate, and purinergic
signalling is the main mode of communication between them [3,26–28]. Thus, ATP and
adenosine may be indispensable in bidirectional microglia–neuron communication, as
they enable glia to detect synaptic function, further propagate the signal through the glial
cell network, and influence synaptic function at distant sites. These unique properties
greatly expand the significance of purinergic signalling in brain function, especially under
pathological conditions accompanying neurodegenerative or neurodevelopmental disor-
ders [29,30]. Many previous data have found defects in nucleoside/nucleotide signalling
to be a common denominator of autism spectrum disorders (ASDs). Studies of ASD animal
models have indicated that the deregulation of the enzyme activities involved in the control
of ATP and adenosine levels may be involved in the impairment of social interaction [31].
Some clinical reports point out that glial cell deregulation is also engaged in pathologi-
cal processes that may lead to autism since their critical role in enabling brain functions,
astrocytes, and microglia are increasingly linked to ASD features [32]. To date, although
astrocytes and microglia actively respond to brain homeostasis aberration via activation,
which is reflected in morphology change [33,34], most studies on ASD have focused on
changes in the number of astroglia markers or the number of glial cells, rather than a
thorough analysis of morphological changes in these cells [35]. Recent studies indicate
that purine metabolism in glial cells seems to be the most strikingly disturbed pathway in
autism [36], though, currently, nothing is known about whether the ASD-related imbalance
also occurs at the receptor level. Moreover, despite the detailed role of glial cell function in
ASD, little is known about the involvement of particular purinergic receptor subtypes in
abnormalities of these cells. Given that different purinergic receptor subtypes may partici-
pate in various processes across CNS development, in the present study, we first aimed
to investigate the changes in the expression pattern of the selected purinergic receptors in
the cortex and hippocampus of rats at three developmental stages: the late prenatal stage
(gestational day 19), weanling (postnatal day 25), and adolescence (postnatal day 52). Next,
we analysed whether, in the brain of adolescent male autistic-like rats, structure-dependent
alterations in particular purinergic receptors’ expression in the brain occur. In addition, we
explore whether changes in purinergic signalling may be associated with the activation of
glial cells and neuroinflammatory responses.

2. Materials and Methods
2.1. Ethical Statement

All experiments conducted with animals were approved by the Local Ethics Commit-
tee for Animal Experimentation in Warsaw, Poland (reference numbers: WAW2/148/2018,
WAW2/036/2019, WAW2/128/2021) and were carried out following the EC Council Direc-
tive of 24 November 1986 (86/609/EEC), the ARRIVE guidelines, and guidelines published
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in the NIH Guide for the Care and Use of Laboratory Animals. Additionally, the principles
presented in the “Guidelines for the Use of Animals in Neuroscience Research” by the
Society for Neuroscience were followed. We made an effort to use the minimal number of
animals necessary to obtain results and proceeded with the animals gently to reduce stress
and suffering.

2.2. Animals—In Vivo Model of ASD

We obtained Wistar female rats from the Animal House of the Mossakowski Medical
Research Institute, Polish Academy of Sciences (Warsaw, Poland). The rats were aged
between 12 and 15 weeks and had a standard weight range of 210–250 g. They were
bred according to the SPF standard for small rodents and kept under a 12-h light/dark
cycle with access to food and water ad libitum, and the temperature and humidity were
strictly controlled.

To determine pregnancy, the presence of a vaginal plug was observed and recorded as
embryonic day 0. On gestational day 12.5, pregnant rats received a single intraperitoneal
injection of valproic acid (VPA) at a dose of 450 mg/kg of body weight to induce the ASD
phenotype [37]. Control dams were given a single injection of saline. All pregnant dams
were injected at the same time of the day (noon). To minimize the risk of litter effect,
randomly selected animals from at least 2 or 3 litters in each experimental group.

For purinergic receptors analysis, several of the control and VPA dams were sacrificed
on embryonic day 19, and foetal brain samples (cerebral cortices with hippocampi) were
microdissected. The remaining pregnant rats were allowed to give birth and raise offspring
under normal conditions. The day of birth was considered postnatal day (PND) 1. At
22–23 days of age, the rat pups were separated from their mothers and housed in groups of
3–4 individuals in open polycarbonate cages with an enriched environment. Juvenile and
adolescent rats (25 PND and 52 PND, respectively) were sacrificed by decapitation. The
brains were quickly removed, and two brain parts, the hippocampus and cerebral cortex,
were collected and placed in liquid nitrogen.

To analyse the modulation of purinergic signalling, male offspring from the control
or VPA groups were divided into three groups at 52 PND. The rats received a single
intraperitoneal injection of either PPADS or isoPPADS at a dose of 12.5 mg/kg of body
weight. Control rats received the appropriate volume of the vehicle. After 48 h, the rats
were sacrificed. Samples for biochemical analysis were collected as mentioned earlier,
while for IHC staining, rats were perfused with 4% PFA before decapitation and brain
removal. The samples were stored at −80 ◦C until use. Experimental design is shown on
the Scheme 1.
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(b) A Valproic acid-induced model of ASD was performed by a single intraperitoneal injection of
VPA (450 mg/kg, i.p.) or saline into pregnant rats. (c) The investigation of VPA-induced alteration on
the expression of selected purinergic receptors was performed on the brains of 52-day-old animals.
(d) To analyse the modulation of purinergic signalling, rats at 52 PND were divided into three groups
and subsequently injected with PPADS (P2X receptor antagonist), isoPPADS (12.5 mg/kg, i.p.) (P2
receptor antagonist), or saline. Analysis of glial cells and inflammatory cytokine expression was
performed on the brains of 54-day-old animals. The figure was created using BioRender.com.

2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

To isolate RNA from the brain samples, we used TRI-reagent (Sigma-Aldrich, St. Louis,
MO, USA). The extraction procedure was carried out according to the manual provided
by the manufacturer. RNA quantity and quality were analysed with spectrophotometer
measurements using NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA).
Subsequently, we digested the remaining trace amounts of DNA with DNase I (Sigma-
Aldrich, St. Louis, MO, USA) following the manufacturer’s instructions.

For reverse transcription, we utilized the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) in accordance with the manufacturer’s
instructions. The mRNA level of the selected purinergic receptors was measured using
real-time PCR, employing the TaqMan Gene Expression Assays (Applied Biosystems,
Foster City, CA, USA) listed in Table 1. The analysis was performed on the ABI PRISM
7500 apparatus. Actb was used as the reference gene, and each sample was analysed in
three technical replicates. The ∆∆Ct method was employed to calculate the relative changes
in mRNA levels, and the results were expressed as RQ.

Table 1. A detailed list of used TaqMan Gene Expression Assays for qRT-PCR.

Receptor Gene Symbol Assay ID Cat. No.

Adora1 Rn00567668_m1 4331182

Adora2a Rn00583935_m1 4331182

Adora2b Rn00567697_m1 4331182

Adora3 Rn00563680_m1 4331182

P2rx1 Rn00564454_m1 4331182

P2rx2 Rn00586491_m1 4331182

P2rx3 Rn00579301_m1 4331182

P2rx4 Rn00580949_m1 4331182

P2rx5 Rn00589966_m1 4331182

P2rx7 Rn00570451_m1 4331182

P2ry1 Rn00562996_m1 4331182

P2ry2 Rn02070661_s1 4331182

P2ry12 Rn02133262_s1 4331182

Il6 Rn01410330_m1 4331182

Tnf Rn99999017_m1 4331182

Actb Rn00667869_m1 4331182

2.4. Western Blot Analysis

To determine the protein level of selected purinergic receptors, we employed the
Western blotting method. After homogenising the tissue samples, we mixed them with a
Laemmli buffer. Denaturation was carried out at 95 ◦C for 5 min. Proteins were separated
using standard 10% or 15% SDS-PAGE gels. Subsequently, the proteins were transferred to
nitrocellulose membranes using the “wet” transfer method at 50 V for 2 h.
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Immunodetection of specific antibodies began with a 5-min wash in TBS-T (Tris-
buffered saline with Tween 20 buffer: 100 mM Tris, 140 mM NaCl, and 0.1% Tween 20,
pH 7.6). To block non-specific binding, we incubated the membranes with a 5% BSA
solution in TBS-T or a 5% non-fat milk solution in TBS-T for 1 h at room temperature (RT).
The membranes were then incubated with the primary antibodies, and detailed protocols
can be found in Table 2. After three washes with TBS-T, the membranes were incubated with
appropriate secondary antibodies for 1 h at RT, followed by another 3 washes with TBS-T.

Table 2. A detailed list of used antibodies and employed protocols for Western blotting.

Receptor Company Cat. No. Conditions

A1 Thermo Fischer,
Carlsbad, CA, USA PA1041A

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:500 in 5% milk in TBS-T, 2 h at RT

II-ab anti-rabbit 1:5000 in 5% milk in TBS-T, 1 h at RT

A2a Sigma-Aldrich, St.
Louis, MO, USA AB1559P

Blocking: 2% BSA in TBS-T, 1 h at RT
I-ab 1:200 in 2% BSA in TBS-T, overnight at 4 ◦C

II-ab anti-rabbit 1:4000 in 5% milk in TBS-T, 1 h at RT

A2b Sigma-Aldrich, St.
Louis, MO, USA AB1589P

Blocking: 2% BSA in TBS-T, 1 h at RT
I-ab 1:250 in 2% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

A3 Sigma-Aldrich, St.
Louis, MO, USA AB1590P

Blocking: 5% BSA in TBS-T, 1 h at RT
I-ab 1:500 in 2% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2X1 Thermo Fischer,
Carlsbad, CA, USA APR-001

Blocking: 5% BSA in TBS-T, 1 h in RT
I-ab 1:500 in 5% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2X2 Thermo Fischer,
Carlsbad, CA, USA PA5-119683

Blocking: 5% BSA in PBS, 1 h at RT
I-ab 1:500 in 5% BSA in PBS, 2 h at RT

II-ab 1:5000 in 5% milk in TBS-T, 1 h at RT

P2X3 Sigma-Aldrich, St.
Louis, MO, USA P0121

Blocking: 2% BSA in TBS-T, 1h at RT
I-ab 1:200 in 2% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h in RT

P2X4 Alomone Labs,
Jerusalem, Israel APR-024

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:400 in 5% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2X5 Alomone Labs,
Jerusalem, Israel APR-027

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:400 in 5% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2X7 Alomone Labs,
Jerusalem, Israel APR-008

Blocking: 5% BSA in TBS-T, 1 h at RT
I-ab 1:500 in 5% BSA in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2Y1 Sigma-Aldrich, St.
Louis, MO, USA P-6487

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:100 in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h in RT

P2Y2 Alomone Labs,
Jerusalem, Israel APR-010

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:100 in 2% BSA, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

P2Y12 Thermo Fischer,
Carlsbad, CA, USA 702516

Blocking: 5% BSA in TBS-T, 1 h at RT
I-ab 1:1000 in 5% milk in TBS-T, overnight at 4 ◦C

II-ab 1:1000 in 5% milk in TBS-T, 1 h at RT

GFAP Abcam, Cambridge,
UK ab53554

Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:750 in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

Iba-1 Cell Signaling, USA 17198
Blocking: 5% milk in TBS-T, 1 h at RT
I-ab 1:1000 in TBS-T, overnight at 4 ◦C

II-ab 1:4000 in 5% milk in TBS-T, 1 h at RT

HRP-
GAPDH

Proteintech,
Rosemont, IL, USA HRP-60004 Blocking: 5% milk in TBS-T, 1 h at RT

I-ab 1:50,000 in 5% milk in TBS-T, 1 h at 4 ◦C

Goat anti-
rabbit

Proteintech,
Rosemont, IL, USA SA00001-2 1:4000 or 1:1000 in 5% milk in TBS-T, 1 h at RT
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The detection of antibodies was performed using a chemiluminescent reaction and
the Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA) according
to the manufacturer’s instructions. After stripping, the immunolabelling of GAPDH as
a loading control was performed. Densitometric analysis was conducted using TotalLab
v1.11 software.

2.5. Immunohistochemistry Staining

The animals were deeply anaesthetized with ketamine and transcardially perfused
with cold (4 ◦C) phosphate-buffered saline (PBS), followed by 4% paraformaldehyde
(PVA) in PBS. The brains were then removed and placed in 4% PVA for 24 h, followed by
immersion in 30% sucrose for cryoprotection. The brains were frozen on dry ice and stored
at −80 ◦C.

For double immunohistochemical staining, the animal brains from the control and
VPA groups at 52 PND were used, while for single staining, the animal brains from the
control, control + PPADS, control + isoPPADS, VPA, VPA + PPADS, and VPA + isoPPADS
groups at 54 PND were used. Staining was performed on 40 µm coronal sections of the
hippocampus and cerebral cortex.

For double staining, the sections were first incubated with primary antibodies against
MAP-2, GFAP, or Iba-1 for 1 h at RT and overnight at 4 ◦C. On the following day, the sections
were washed in PBS (3 × 5 min) and incubated with the following primary antibodies: P2X1
and P2Y1. Then, they were directly labelled with an ATTO-488 fluorescent dye, or P2X7
and P2Y12. For single staining, primary antibodies against Iba-1 and GFAP were used.

The next day, the sections were washed in PBS (3 × 5 min), and incubated for 1 hour
at RT with the appropriate secondary antibody conjugated with Alexa Fluor 594. The
secondary antibody was diluted to working concentrations in PBS with 1% BSA, and
0.3% Triton X100. To prevent photobleaching, incubation with fluorescent antibodies was
conducted in the dark. The concentration and conditions of the antibodies are indicated in
Table 3. Finally, after washing (3 × PBS), the sections were transferred onto microslides.
The slides were coated with Vectashield Vibrance mounting medium with DAPI, which
counterstained cell nuclei, and covered with a coverslip.

Table 3. Detailed list of used antibodies and employed protocols for immunohistochemistry.

Receptor Company Cat. No. Conditions

P2X1 Alomone Labs,
Jerusalem, Israel APR-022-AG

I-ab 1:50 in PBS containing 1% BSA, 0.3%
Triton X;

incubation for 1 h at RT, and overnight at 4 ◦C

P2X7 Alomone Labs,
Jerusalem, Israel APR-004

I-ab 1:100 in PBS containing 1% BSA, 0.3%
Triton X; incubation for 1 h at RT, and overnight

at 4 ◦C

P2Y1 Alomone Labs,
Jerusalem, Israel APR-021-AG

I-ab 1:50 in PBS containing 1% BSA, 0.3% Triton
X; incubation for 1 h at RT, and overnight at

4 ◦C

P2Y12 Thermo Fischer,
Carlsbad, CA, USA 702516

I-ab 1:200 in PBS containing 1% BSA, 0.3%
Triton X; incubation for 1 h at RT, and overnight

at 4 ◦C

MAP-2 Invitrogen, Carlsbad,
CA, USA AP18

I-ab 1:1000 in PBS containing 1% BSA, 0.3%
Triton X;

incubation for 1 h at RT, and overnight at 4 ◦C

GFAP Abcam, Cambridge,
UK ab53554

I-ab 1:500 in PBS containing 1% BSA, 0.3%
Triton X;

incubation for 1 h at RT, and overnight at 4 ◦C

Iba-1 Abcam, Cambridge,
UK ab5076

I-ab 1:500 in PBS containing 1% BSA, 0.3%
Triton X;

incubation for 1 h at RT, and overnight at 4 ◦C
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Images were obtained at the Laboratory of Advanced Microscopy Techniques,
Mossakowski Medical Research Institute, Polish Academy of Sciences, using a confocal
laser scanning microscope LSM780 (Zeiss, Jena, Germany) with z-stack acquisition using a
10× objective. For the analysis of glial cell morphology, a 40× objective was utilized, as
described in [38].

Quantitative analysis of astrocytic and microglial processes, cell bodies, and Sholl
analysis were performed following the method outlined by Sanagi et al. [39] with modifica-
tions. Five microglia or astrocytes were randomly selected per section, and their values
were averaged, except for astrocytes in the hippocampus, for which we averaged five cells
derived from each of the three hippocampal layers.

To analyse the images of astrocytes or microglia, the images were converted to an
8-bit format, and the dendrites of individual cells were traced using the NeuronJ plugin for
Fiji [40]. The surface area of the cell body, the surface area of the dendritic tree, the number
of primary dendrites (those originating from the cell soma), the number of secondary
dendrites, and the total length of processes belonging to each glial cell were analysed.

The branches of individual glial cells were determined using the Sholl method [41].
Each cell was analysed by selecting the centre of its body, and then the number of intersec-
tions at circles of increasing diameter from the centre was counted using the SNT plugin
for Fiji. The diameters of all processes were measured at intervals of 2.5 µm.

2.6. Statistical Analysis

All results are presented as the mean values ± standard deviation (SD). To analyse
differences between the average values, we used a Student’s t-test (between two groups) or
one-way analysis of variance (ANOVA) with a Bonferroni comparison post hoc test (be-
tween multiple groups). Statistical significance was considered at p < 0.05. The analysis was
conducted using Graph Pad Prism version 6.0 (Graph Pad Software, San Diego, CA, USA).

3. Results
3.1. The Expression of Selected Purinergic Receptors during Brain Development

To gain insight into the changes in purinergic receptor expression at different stages of
central nervous system (CNS) development, the protein levels of specific receptors were
evaluated in the cortex with hippocampus isolated from the foetal brain (ED19), as well as
in the cerebral cortex and hippocampus isolated from 25-day-old (weanling, PND 25), and
52-day-old (young adult, PND 52) rats. An average of four animals from two litters were
used for each data point.

It was observed that all subtypes of adenosine receptors were present in the embryonic
brain, albeit to varying extents, and their expression continued into adulthood (Figure 1).
The A1 receptor showed strong expression in the embryonic brain, with a subsequent
decline in expression (Figure 1a). The expression of the A2a receptor was lowest at ED19
and significantly increased in the cortex and hippocampus of rats at PND 25, as well as in the
hippocampus at PND 52 (Figure 1b). In adulthood, the level of the A2a receptor significantly
decreased in the brain cortex compared to the hippocampus (Figure 1b). Furthermore,
the A2a receptor was significantly upregulated in the brain cortex of weanling animals
compared to young adult rats. This may be related to the important role of A2a receptors in
controlling glutamatergic long-term potentiation (LTP) [42] during the enhanced synaptic
plasticity observed during the weanling period in rats [43]. The level of the A2b receptor
for adenosine remained constant thorough the investigated developmental stages, with
a slight increase observed in the hippocampus of 25-day-old animals (Figure 1c). The A3
receptor level was lowest in the embryonic brain but significantly increased at PND 25 and
remained constant until adulthood (Figure 1d).
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Figure 1. Protein expression of adenosine receptors during rat brain development. The immunoreac-
tivity of A1 (a), A2a (b), A2b (c), and A3 (d) receptors in the brain of 19-day-old rat embryos, as well
as in the hippocampus (Hipp) and cortex (Ctx) of 25-day-old and 52-day-old rats, was determined
using Western blotting. Actin (ACTB) was used as a loading control. The data represent the mean
value ± SD from four independent experiments. * p < 0.05, *** p < 0.001 vs. ED19, $$ p < 0.01 vs.
cortex PND 25, # p < 0.05 vs. hippocampus PND 52, as determined using one-way ANOVA followed
by the Bonferroni post hoc test.

From the investigated ionotropic receptors for ATP, the level of the P2X1 receptor
remained constant throughout rat brain development, with a minor increase observed
in the cortex of 52-day-old animals (Figure 2a). The P2X2 receptor exhibited the lowest
expression in the embryonic brain, and its immunoreactivity significantly increased in the
hippocampus of 25-day-old and young adult animals. P2X2 receptor was also significantly
upregulated in the hippocampi of both weanling and young adult animals when compared
to cortexes at their respective ages (Figure 2b). A marked predominance of the P2X3 receptor
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was observed in the foetal brain, followed by a substantial decline during postnatal periods
(Figure 2c). In contrast, the P2X4 receptor was not detected at ED19, but its expression was
observed in the brains of weanling rats, with the highest level observed in the cortex of
52-day-old animals (Figure 2d).

Brain Sci. 2023, 13, x FOR PEER REVIEW 10 of 33 
 

postnatal periods (Figure 2c). In contrast, the P2X4 receptor was not detected at ED19, but 

its expression was observed in the brains of weanling rats, with the highest level observed 

in the cortex of 52-day-old animals (Figure 2d).  

The P2X5 and P2X7 proteins exhibited the lowest expression at ED19. While a signif-

icant elevation in the P2X5 receptor expression level was observed in both the hippocam-

pus and cortex of weanling animals, the protein expression of this receptor significantly 

declined at PND 52 (Figure 2e). The functional role of the P2X5 receptor in the CNS has 

been previously demonstrated to be widely distributed in adult rodents [44], in contrast 

to humans, where it occurs as a nonfunctional splice variant [45]. Therefore, the peak ex-

pression of this receptor during weaning may suggest its important role during brain mat-

uration. Interestingly, several reports have linked P2X5 receptor expression with the dif-

ferentiation and turnover of various non-neuronal cells, as well as in different cancer tis-

sues [46]. However, to date, no data are available on the functional role of this receptor in 

the CNS.  

On the other hand, the P2X7 receptor was found to be abundantly present in the brain 

tissue of both 25-day-old and young adult animals (Figure 2f). 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. Ionotropic purinergic receptor protein expression during rat brain development. The im-

munoreactivity of P2X1 (a), P2X2 (b), P2X3 (c), P2X4 (d), P2X5 (e), and P2X7 (f) receptors in the brain 

of 19-day-old rat embryos, as well as in the hippocampus (Hipp) and cortex (Ctx) of 25- and 52-day-

old rats, was determined using Western blotting. Actin (ACTB) was used as a loading control. The 

data represent the mean value ± SD from four independent experiments. ** p < 0.01, *** p < 0.001 

versus ED19, && p < 0.01, &&& p < 0.001 versus hippocampus PND 25, $$$ p < 0.001 versus cortex 

PND 25, ### p < 0.001 versus hippocampus PND 52, as determined using one-way ANOVA followed 

by the Bonferroni post hoc test; n.d.—not detected. 

Figure 2. Ionotropic purinergic receptor protein expression during rat brain development. The
immunoreactivity of P2X1 (a), P2X2 (b), P2X3 (c), P2X4 (d), P2X5 (e), and P2X7 (f) receptors in the
brain of 19-day-old rat embryos, as well as in the hippocampus (Hipp) and cortex (Ctx) of 25- and
52-day-old rats, was determined using Western blotting. Actin (ACTB) was used as a loading control.
The data represent the mean value ± SD from four independent experiments. ** p < 0.01, *** p < 0.001
vs. ED19, && p < 0.01, &&& p < 0.001 vs. hippocampus PND 25, $$$ p < 0.001 vs. cortex PND 25,
### p < 0.001 vs. hippocampus PND 52, as determined using one-way ANOVA followed by the
Bonferroni post hoc test; n.d.—not detected.

The P2X5 and P2X7 proteins exhibited the lowest expression at ED19. While a signifi-
cant elevation in the P2X5 receptor expression level was observed in both the hippocampus
and cortex of weanling animals, the protein expression of this receptor significantly de-
clined at PND 52 (Figure 2e). The functional role of the P2X5 receptor in the CNS has
been previously demonstrated to be widely distributed in adult rodents [44], in contrast
to humans, where it occurs as a nonfunctional splice variant [45]. Therefore, the peak
expression of this receptor during weaning may suggest its important role during brain
maturation. Interestingly, several reports have linked P2X5 receptor expression with the
differentiation and turnover of various non-neuronal cells, as well as in different cancer
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tissues [46]. However, to date, no data are available on the functional role of this receptor
in the CNS.

On the other hand, the P2X7 receptor was found to be abundantly present in the brain
tissue of both 25-day-old and young adult animals (Figure 2f).

From the large group of metabotropic purinergic receptors, we selected P2Y1, P2Y2,
and P2Y12 for our investigations based on their role in synaptic transmission, regulation of
voltage-gated ion channels, modulation of neuronal circuits, gliotransmission, regulation
of inflammatory response, and synaptic plasticity [47]. Moreover, those receptors have
also been shown to regulate the release of neurotransmitters, including glutamate, in the
synapses of the hippocampus and cerebral cortex [48], as well as to inhibit the excitatory
transmission mediated by postsynaptic NMDA receptors and to increase the inhibitory
action of the GABA receptors, promoting LTP [47,49]. We observed that all investigated
P2Y receptor subtypes were expressed in the embryonic tissue. The levels of both P2Y1 and
P2Y12 receptors remained constant in all investigated developmental periods (Figure 3a,c).
In contrast, the level of the P2Y2 receptor slightly increased in the hippocampus of 25-day-
old animals, as well as in the cortex of 52-day-old rats (Figure 3b).
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Figure 3. Metabotropic purinergic receptor protein expression during rat brain development. The
immunoreactivity of P2Y1 (a), P2Y2 (b), and P2Y12 (c) receptors in the brain of 19-day-old rat embryos,
as well as in the hippocampus (Hipp) and cortex (Ctx) of 25- and 52-day-old rats, was determined
using Western blotting. Actin (ACTB) was used as a loading control. The data represent the mean
value ± SD from four independent experiments. * p < 0.05 vs. ED19, as determined using one-way
ANOVA followed by the Bonferroni post hoc test.

3.2. The Impact of Prenatal Exposure to Valproic Acid (VPA) on the mRNA, Protein Expression
Patterns, and Immunolocalization of Purinergic Receptors Subtypes in the Brain of
52-Day-Old Animals

Prenatal exposure to VPA produces relevant autistic-like phenotypes in rat offspring,
and the specific implementation of this model was recently validated in our study to
induce pathological alterations in synapse ultrastructure and function, as well as to cause
aberrant behavioural outcomes in offspring [50]. Using this model, we have previously
demonstrated the disturbances in purinoreceptors levels occurring at the prenatal stage in
animals subjected to VPA treatment [51]. Additionally, the activity of selected purinergic
receptor subtypes was significantly altered in neuronal cells isolated from embryonic tissue,
suggesting their strong involvement in improper brain development during the early
stage of brain formation. In this study, we investigated whether significant alteration in
purinergic receptor levels also occurs during the developmental period of late adolescence
(PND 52), a critical phase for the exacerbation of autism-related symptoms.
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Pregnant rats were injected with VPA or saline (control) during midgestation (ED12.5),
and cortexes and hippocampi from the offspring at PND 52 were collected. The mRNA
levels and protein expression of selected P1, P2X, and P2Y receptors were measured
as described above and compared to the matched control samples. Five to six animals
from at least three litters were used. Average values were compared between saline and
VPA offspring for each receptor in the selected brain regions. For immunohistochemistry
staining, we investigated the abundance of only those receptors in which we observed
the most prominent changes in the brains of animals prenatally exposed to VPA. Three
animals from at least two litters were included for analysis. Images from the brains of VPA
offspring were analysed and compared to control samples for each selected receptor in the
prefrontal cortex and hippocampus of 52-day-old animals.

We analysed the expression of adenosine receptors in the brains of animals prenatally
exposed to VPA. As shown in Figure 4, the mRNA levels for adenosine receptors in both the
hippocampus (Figure 4a) and cortex (Figure 4b) did not change after VPA prenatal exposure
compared to the control. Additionally, the analysis of protein levels in the investigated
brain structures showed no alterations (Figure 4c,d).
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Figure 4. The effect of prenatal treatment with VPA on the gene expression and protein levels of
adenosine receptors in the hippocampus and cortex of 52-day-old rats. The mRNA levels of adenosine
receptors in the hippocampus (a) and cortex (b) of young adult animals prenatally exposed to VPA
treatment were measured by real-time PCR and normalized to Actb (β-actin). Data are shown as
a percentage of corresponding control and represent the mean value ± SD for 5–6 independent
experiments. The immunoreactivity of adenosine receptors in the hippocampus (c) and cortex
(d) of young adult animals prenatally exposed to VPA treatment was analysed by Western blotting.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Representative
pictures are shown (e). Data are shown as a percentage of the corresponding control and represent
the mean value ± SD for 5–6 independent experiments. Statistical analysis was determined using the
Student’s t-test.

The expression of ionotropic receptors in the brain, caused by prenatal VPA treat-
ment, was distinct and region-specific (Figure 5). In the hippocampus, the P2rx1 mRNA
significantly increased, whereas the mRNA level of P2rx7 was lower in this brain structure
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at PND 52 (Figure 5a). These results are consistent with the analysis of protein levels,
where we detected an increase in P2X1 and a significant decrease in P2X7 (Figure 5c).
In contrast, in the cortex of animals prenatally exposed to VPA, the mRNA level of the
ionotropic P2rx1 decreased, and the P2rx7 remained unchanged, but there was an increase
in the expression of P2rx3 (Figure 5b). The significant decrease in P2X1 and the eleva-
tion of the P2X3 receptor in the cortex of young adult VPA rats were also confirmed at
the protein level (Figure 5d). Prenatal exposure to VPA treatment did not influence the
expression and protein levels of P2X2, P2X4 and P2X5 receptors in the analysed brain
structures (Figure 5a–d). In the following studies, based on the previous data concerning
the relevance of particular ionotropic purinergic receptors to brain function [52,53], we also
analysed the co-localization of P2X1 and P2X7 receptors on neurons and microglial cells
(the nonoverlapping images for the particular photograph are included in Supplementary
Figures S1–S6). As shown in Figure 5f, the P2X1 (green immunostaining) co-localized
predominantly with neuronal MAP-2-positive cells of either the prefrontal cortex or DG
and CA regions of the hippocampus. Basal P2X1 expression in the GFAP-stained astrocytes
in the prefrontal cortex and hippocampal areas was low, whereas positive co-expression of
the P2X1 with the glial marker Iba-1 was not visible. Prenatal treatment with VPA produced
a noticeable increase in P2X1 immunoreactivity in the neuronal cells in the hippocampal
areas, while P2X1 neuronal staining was visually decreased in the prefrontal cortex. We
did not observe any VPA-induced changes in P2X1 expression in GFAP-stained astrocytes.

The immunohistochemical staining of P2X7 revealed that this receptor is abundant in
the perikarya of granule cells in the CA and DG regions of the hippocampus, as well as in
the neurons of the prefrontal cortex. The immunostaining of this receptor was also observed
in the microglial processes, but it was not visualized on the astrocytes. In both regions of
the hippocampus examined, the immunostaining of this receptor visually decreased in the
microglial cells of animals treated with VPA, but its abundance on neuronal cells appeared
unchanged in the investigated brain areas (Figure 5g).
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Figure 5. The effect of prenatal treatment with VPA on the gene expression, protein level, and
immunolocalization of selected ionotropic receptors in the hippocampus and cortex of 52-day-old
rats. The mRNA levels of adenosine receptors in the hippocampus (a) and cortex (b) of young adult
animals prenatally exposed to VPA treatment were measured by real-time PCR and normalized to
Actb (β-actin). Data are shown as a percentage of the corresponding control and represent the mean
value ± SD for 5–6 independent experiments; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. corresponding
control, as determined using the Student’s t-test. The immunoreactivity of ionotropic receptors in
the hippocampus (c) and cortex (d) of young adult animals prenatally exposed to VPA treatment
was analysed by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a loading control. Representative pictures are shown (e). Data are presented as a percentage
of corresponding control and represent the mean value ± SD for 5–6 independent experiments;
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. corresponding control, as determined using the Student’s t-test.
The immunohistochemical analysis of co-localisation of the P2X1 receptor (green) (f) in the neurons
(MAP-2, red), astrocytes (GFAP, red) and the glial cells (Iba-1, red) (f), as well as the analysis of co-
localisation of the P2X7 receptor (green) (g) in the neurons (MAP-2, red), astrocytes (GFAP, red), and
the glial cells (Iba-1, red) (g), was determined in the cortex, dentate gyrus (DG), and cornu ammonis
(CA) of the hippocampus. The nuclei were counterstained with DAPI (blue). Scale bar = 50 µm for
MAP-2 and 20 µm for GFAP and Iba-1.

Regarding the metabotropic receptors, we observed a significant decrease in the mRNA
level of P2ry1 in the hippocampus of young adult rats following VPA exposure (Figure 6a),
which was confirmed by the lower protein level for this receptor (Figure 6c). In the cerebral
cortex, however, we observed opposite alterations: a substantial increase in the mRNA of
P2ry1. Moreover, we observed an increased mRNA level of the P2ry12 receptor (Figure 6b).
These abnormalities in the cortex were confirmed by the protein level for those receptors
(Figure 6d).
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rats. The mRNA levels of metabotropic receptors in the hippocampus (a) and cortex (b) of young
adult animals prenatally exposed to VPA treatment were measured by real-time PCR and normalized
to Actb (β-actin). Data are shown as a percentage of the corresponding control and represent the
mean value ± SD for 5–6 independent experiments; # p < 0.05, ## p < 0.01 vs. corresponding control
as determined using the Student’s t-test. The immunoreactivity of metabotropic receptors in the
hippocampus (c) and cortex (d) of young adult animals prenatally exposed to VPA treatment was
analysed by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a loading control. Representative pictures are shown (e). Data are presented as a percentage of
the corresponding control and represent the mean value ± SD for 5–6 independent experiments;
# p < 0.05, ## p < 0.01 vs. corresponding control as determined using the Student’s t-test. The
immunohistochemical analysis of co-localisation of the P2Y1 receptor (green) (f) in the neurons
(MAP-2, red), astrocytes (GFAP, red) and the glial cells (Iba-1, red) (f), as well as the analysis of co-
localisation of the P2Y12 receptor (green) (g) in the neurons (MAP-2, red), astrocytes (GFAP, red), and
the glial cells (Iba-1, red) (g), was determined in the cortex, dentate gyrus (DG), and cornu ammonis
(CA) of the hippocampus. The nuclei were counterstained with DAPI (blue). Scale bar = 50 µm for
MAP-2 and 20 µm for GFAP and Iba-1.

The analysis of P2Y1 immunostaining in the investigated brain areas showed its
co-expression with MAP-positive neurons, whereas the co-expression of P2Y1 with glial
marker Iba-1 was not visible. Surprisingly, weak colocalization was observed with the
astrocyte marker GFAP, both under control conditions and after treatment with VPA
(Figure 6f, Supplementary Figure S2). The specificity of the antibody was confirmed by
the absence of immunoreactivity in tissue slices pretreated with the blocking peptide
(ALOMONE) (Supplementary Figure S13).

The analysis of P2Y12 co-localisation revealed its predominant presence in the rat
hippocampus and prefrontal cortex microglial cells. The immunoreactivity of this receptor
was not observed in GFAP-stained astrocytes and MAP-2-stained neuronal processes in
each investigated brain area (Figure 6g).

3.3. The Impact of Prenatal Exposure to Valproic Acid (VPA) on the Morphology of Astrocytes and
Microglia, and the Expression of Pro-Inflammatory Cytokines in the Brain of 52-Day-Old Animals

Our previous data showed that prenatal exposure to VPA resulted in an increase in
proinflammatory signalling in the brain of adolescent rats in a region-specific manner [50].
Thus, in this study, we addressed the question of whether the effect of VPA on the changes
in purinergic receptor levels may be associated with the activation of glial cells and neuroin-
flammatory response. Since astrocytes, the most abundant cells within the CNS involved
in the regulation of neuroinflammatory response, have been shown to express a variety
of purinergic receptor subtypes, we decided to investigate the activity and morphological
changes occurring in astrocytes in animals prenatally exposed to VPA.

The characteristic feature of reactive astrocytes is the mRNA and protein overex-
pression of glial fibrillary acidic protein (GFAP) [54]. We found that the reactive protein
levels of this astrocyte marker were not changed in the hippocampus or cortex of the VPA
group when compared with the controls (Figure 7a,b). Next, we performed morphometric
analysis of GFAP immunolabeled astrocytes in adolescent control and VPA-exposed male
rats. Since astrocytes display large heterogeneity in the hippocampus, which appears
to be layer-specific [55], we conducted morphological analyses in different layers of the
hippocampus. The reconstruction of skeletonized GFAP-positive structures was performed
in confocal z-stacks obtained from the CA1 and DG subfields, including the CA1 stratum
oriens, stratum lacunosum moleculare, stratum radiatum, DG stratum moleculare, and
hilus. The results obtained from each subregion were then averaged. A similar analysis
was performed on z-stacks acquired from the prefrontal cortex. We did not observe changes
in the cell bodies’ surface area in the investigated brain structures (Figure 7d,e). Using
Sholl analysis, it is possible to represent the complexity of the 3D astrocyte structure of the
rat brain on a one-dimensional scale (Figure 7c). The analysis revealed that the astrocyte
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backbone in terms of arbour complexity (Figure 7f,g), total process length (Figure 7h,i), and
number of primary (Figure 7j,k) and secondary processes (Figure 7l,m) was not significantly
altered in animals prenatally exposed to VPA. We also superimposed spheres of increasing
radius (2.5 µm increase in radius per step, Figure 7c) beginning at the centre of the cell body
and measured the number of process intersections that each sphere encountered. We found
that in both the hippocampus (Figure 7n) and prefrontal cortex (Figure 7o), astrocytes
of VPA-exposed animals did not show a significant loss of complexity (the number of
intersections at each radius remained unchanged).
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Figure 7. The effect of prenatal treatment with VPA on the morphology of astrocytes in the
hippocampus and cortex of 52-day-old rats. The immunoreactivity of GFAP in the hippocampus
(a) and cortex (b) of young adult animals prenatally exposed to VPA treatment was analysed by
Western
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blotting, and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.
Representative pictures are shown. Data are presented as the mean value ± SD for 5 independent
experiments. The subsequent steps in the morphology analysis of astrocytes are shown (c). The
image of an GFAP-labelled astrocyte (I) was converted to an 8-bit format. Processes were traced by
the NeuronJ plugin for Fiji (II). The surface area of the binary profile of the cell was marked with a
dotted line around the astrocyte (III). Digitally applied concentric circles were applied every 2.5 µm,
centred on the soma centre (IV), and used to count the number of intersections for the Sholl analysis.
The surface of the cell body of astrocytes in the hippocampus (d) and cortex (e) of animals prenatally
exposed to VPA was measured. Data are presented as the mean value ± SD for four independent
experiments. The dendritic tree of cells in the hippocampus (f) and cortex (g) of 52-day-old animals
prenatally exposed to VPA was analysed as the surface area of cells together with processes. Data are
presented as the mean value ± SD for four independent experiments. The total length of processes in
the hippocampus (h) and cortex (i) was measured with the NeuronJ plugin. Data are presented as the
mean value ± SD for four independent experiments. The primary dendrites in the hippocampus (j)
and cortex (k), as well as the secondary processes in the hippocampus (l) and cortex (m) of young
adult animals prenatally exposed to VPA treatment, were measured. Data are presented as the mean
value ± SD for four independent experiments. Sholl analysis of complexity branching of astrocytes
in the hippocampus (n) and cortex (o) of 52-day-old animals prenatally exposed to VPA treatment
was performed with the SNT plugin for Fiji. Data are presented as the mean value ± SD for four
independent experiments. Statistical analysis for each data set was determined using Student’s t-test.

To assess the involvement of microglial pathology in the hippocampus of adolescent
VPA animals, we first analysed the protein level of Iba-1, but we detected no differences
between groups (Figure 8a). Next, we quantified the number and morphological complexity
of microglia in the CA1 and DG subfields using confocal microscopy on Iba1-stained
sections (Figure 8b). We observed that neither the number of Iba1+ microglial cells per
mm2 of tissue in VPA-exposed animals nor their morphology, in terms of a cell body area
(Figure 8c), arbour complexity (Figure 8d), and total process length (Figure 8e), displayed
significant differences compared to controls. The analysis revealed no differences in the
number of primary branches in Iba-1+ cells from VPA-exposed animals compared to control
animals (Figure 8f). However, the number of secondary branches significantly decreased
in the hippocampi of animals treated with VPA (Figure 8h). This was further evidenced
by the decreased arborization of microglia in VPA-exposed rats, especially at 15–20 µm
distances from the soma (Figure 8i,k).

Next, we evaluated the mRNA expression levels of interleukin-6 (IL-6) and tumour
necrosis factor–α (TNFα), proinflammatory cytokines often linked with microglia activation
in ASD. These results demonstrate that in the hippocampus, Il6 and Tnfα mRNA levels were
unchanged in VPA-treated animals (Figure 8m,n). We also analysed the involvement of the
selective blockade of P2X and overall purinergic P2 receptors with PPADS and isoPPADS,
respectively, and observed that the treatment with both drugs had a negligible effect
on microglial number, morphology, and activation in control and VPA-treated animals
(Figure 8). Additionally, in the hippocampus, these antagonists did not influence the
morphological changes of microglial cells evoked by prenatal VPA treatment (Figure 8g,k).

In contrast to the hippocampus, in the prefrontal cortex, we observed that the protein
level for Iba-1 increased in the VPA group (Figure 9a). Moreover, the number of Iba1+ cells
per mm2 of tissue in VPA animals was significantly higher compared to controls, while
treatment with non-selective P2 receptor antagonist isoPPADS resulted in a reduction in
the number of microglial cells in VPA-exposed animals to the control level (Figure 9b).
Microglial cells in the prefrontal cortex of VPA-treated animals exhibited a typically acti-
vated morphology, characterised by a significant increase in the size of microglial cell soma
(Figure 9c), a decrease in arbour complexity (Figure 9d), and a decrease in total process
length (Figure 9e) compared to the control. We also observed a decrease in the number
of primary and secondary branches in Iba-1+ cells (Figure 9f,g) and a reduction in the
number of proximal (Figure 9i) and distal (Figure 9i–k) intersections per radius in the mi-
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croglia of VPA-exposed animals when compared to controls. Interestingly, treatment with
the selective P2X purinergic receptor antagonist did not influence the above-mentioned
changes in microglial cells morphology, whereas the non-selective P2 antagonist isoPPADS
prevented the enlargement of cell bodies of Iba+ cells but had a negligible effect on changes
in microglial cell arborisation. However, this compound significantly inhibited the increase
in the expression of Il6 and Tnfα induced by prenatal exposure to VPA (Figure 8m,n).
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PPADS/isoPPADS treatment on the immunoreactivity of Iba-1 in the hippocampus (a) of young adult
animals prenatally exposed to VPA treatment was analysed by Western blotting. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading control. Representative pictures are
shown. Data are presented as the mean value ± SD for four independent experiments. The effect
of PPADS/isoPPADS treatment on the density of microglia (b) as the number of cells per 1 µm2 in
the hippocampus of young adult animals prenatally exposed to VPA treatment was measured with
the Cell Counter plugin for Fiji. Data are presented as the mean value ± SD for six independent
experiments. The effect of PPADS/iso-PPADS treatment on the surface of the cell body of microglia
(c) and dendritic tree (d) in the hippocampus of animals prenatally exposed to VPA was measured.
Data are presented as the mean value ± SD for 6 independent experiments. The effect of PPADS/iso-
PPADS treatment on the total length of microglial processes (e) in the hippocampus of 52-day-old
animals prenatally exposed to VPA was measured with the NeuronJ plugin. Data are presented as
the mean value ± SD for six independent experiments. The effect of PPADS/iso-PPADS treatment on
the number of primary (f) and secondary (g) dendrites in the hippocampus of young adult animals
prenatally exposed to VPA treatment was counted. Data are presented as the mean value ± SD for
six independent experiments. * p < 0.05, ** p < 0.01, vs. corresponding control, as determined using
one-way ANOVA followed by the Bonferroni test. The subsequent steps in the morphology analysis
of microglia are shown (h). The image of the Iba1-labeled microglia cell (I) was converted to an 8-bit
format. Processes were traced by the NeuronJ plugin for Fiji (II). The surface area of the binary profile
of the cell was marked with a broken line around the microglia. (III) Digitally applied concentric
circles were applied every 2.5 µm, centred on the soma centre (IV) and were used to count the
number of intersections for Sholl analysis. Sholl analysis of complexity branching of microglia (i) in
the hippocampus of 52-day-old animals prenatally exposed to VPA treatment was performed with
the SNT plugin for Fiji. Data are presented as the mean value ± SD for six independent experiments.
* p < 0.05 vs. corresponding control as determined using Student’s t-test. The effect of PPADS/iso-
PPADS treatment on the number of intersections 5 µm (j), 15 µm (k), as well as 25 µm (l) from the
centre of the cell body, was determined. * p < 0.05, vs. corresponding control, as determined using
one-way ANOVA followed by the Bonferroni test. The effect of PPADS/iso-PPADS treatment on
the mRNA level of Il6 (m) and TNFα (n) in the hippocampus of young adult animals prenatally
exposed to VPA treatment was measured by real-time PCR and normalized to Actb (β-actin). Data
are presented as the mean value ± SD for four independent experiments.
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Figure 9. The effect of the inhibition of purinergic signalling on the morphology of microglia
and cytokine expression in the cortex of 52-day-old rats prenatally treated with VPA. The effect
of PPADS/isoPPADS treatment on the immunoreactivity of Iba-1 in the cortex (a) of young adult
animals prenatally exposed to VPA treatment was analysed by Western blotting. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading control. Representative pictures were
shown. Data are presented as the mean value ± SD for four independent experiments. The effect
of PPADS/iso-PPADS treatment on the density of microglia (b) as the number of cells per 1 µm2 in
the cortex of young adult animals prenatally exposed to VPA treatment was measured with the Cell
Counter plugin for Fiji. Data are presented as the mean value ± SD for six independent experiments.
* p < 0.05, *** p < 0.001 vs. corresponding control, # p < 0.05, ### p < 0.001 vs. VPA, as determined
using one-way ANOVA followed by the Bonferroni test. The effect of PPADS/isoPPADS treatment on
the surface of the cell body of microglia (c) and dendritic tree (d) in the cortex of animals prenatally
exposed to VPA was measured. Data are presented as the mean value ± SD for six independent
experiments. * p < 0.05, ** p < 0.01 vs. corresponding control, # p < 0.05 vs. VPA, as determined using
one-way ANOVA followed by the Bonferroni test. The effect of PPADS/isoPPADS treatment on the
total length of microglial processes (e) in the cortex of 52-day-old animals prenatally exposed to was
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measured with the NeuronJ plugin. Data are presented as the mean value ± SD for six independent
experiments. *** p < 0.001 vs. corresponding control, as determined using one-way ANOVA followed
by the Bonferroni test. The effect of PPADS/iso-PPADS treatment on the number of primary (f) and
secondary (g) dendrites in the cortex of young adult animals prenatally exposed to VPA treatment was
measured. Data are presented as the mean value ± SD for six independent experiments. *** p < 0.001,
vs. corresponding control as determined using one-way ANOVA followed by the Bonferroni test.
Sholl analysis of complexity branching of microglia (h) in the cortex of 52-day-old animals prenatally
exposed to VPA treatment was performed with the SNT plugin for Fiji. Data are presented as the mean
value ± SD for six independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. corresponding
control, as determined using Student’s t-test. The effect of PPADS/iso-PPADS treatment on the
number of intersections at 5 µm (i), 15 µm (j), as well as at 25 µm (k) from the centre of the cell
body, was determined. * p < 0.05 vs. corresponding control, as determined using one-way ANOVA
followed by the Bonferroni test. The representative data of microglial cells in the investigated groups
are presented (l). The effect of PPADS/iso-PPADS treatment on the mRNA level of Il6 (m) and TNFα
(n) in the cortex of young adult animals prenatally exposed to VPA treatment was measured by
real-time PCR and normalized to Actb (β-actin). Data are presented as the mean value ± SD for
six independent experiments. * p < 0.05, # p < 0.05 vs. VPA as determined using one-way ANOVA
followed by the Bonferroni test.

4. Discussion

In recent years, it has been shown that purinergic signalling disruption might be
involved in the pathomechanisms related to ASDs. The P2X and P2Y receptors are known
to control a wide range of molecular processes that are disturbed in autism, such as
synaptogenesis and brain development [13], the inflammatory response and microglial
activation [56], regulation of intestinal motility and permeability [57,58], chemosensory
transduction of taste [59] and hearing [60], and sensitivity to food allergens [61]. It was
previously demonstrated that the non-selective blockade of purinergic receptors corrects
aberrant behaviour and prevents morphological and biochemical changes in ASD animal
models [62–65]. Following those observations, the present study provides experimental
evidence suggesting for the first time that ASD-related disturbances in purinergic signalling
might be directly related to changes in the expression of particular subtypes of purinergic
receptors occurring in adolescence. Moreover, these alterations might, at least in part, be
responsible for microglial activation and neuroinflammatory response induction in the
brains of young adult animals.

In this study, we used an environmentally triggered rat models of ASD based on pre-
natal exposure to valproic acid (VPA), a commonly used antiepileptic drug [66,67]. Several
large retrospective studies have shown that VPA intake during pregnancy increases the
risk of ASD prevalence almost eightfold when compared to the general population [68–70].
Administering VPA to pregnant rodent females at a critical time during gestation results
in the development of many structural and behavioural features in the adult offspring
that can be observed in ASD patients [50,71]. Because it meets the criteria of construct,
face, and predictive validity, the animal model of VPA exposure is considered relevant to
a psychiatric condition described in humans and is still one of the most frequently used
ASD models [72–74]. Numerous studies have documented that the teratogenicity of VPA is
connected to the deregulation of epigenetic processes that control the coordinated execution
of protein expression involved in neural network maturation [75]. In utero VPA exposure
increases histone acetylation and methylation in mouse foetal tissue [76], which can lead
to increased synapses and robust facilitation of excitatory synapse maturation [77]. We
have previously observed that prenatal exposure to VPA alters the levels of presynaptic
and postsynaptic density proteins, as well as synaptic cell adhesion molecules, in adult
offspring [50]. Additionally, in that study, VPA exposure induced regional changes in the
expression of proinflammatory genes [50]. The current study extends these observations by
showing the deregulation of the protein level of the particular subtypes of purinergic recep-
tors in the cortex and hippocampus of the rat offspring as one of the molecular targets of the
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VPA action. Moreover, our data suggest that the impairment of the purinergic system might
partially contribute to the activation of microglia in the cortex of VPA-treated animals.

We observed prominent ASD-related changes in purinergic receptors in early adult-
hood. These changes in receptor expression may directly or indirectly influence the be-
havioural or cognitive phenotype of ASD. Overall, alterations in the expression of each
purinergic receptor subtype result in the deregulation of cellular Ca2+ level, which largely af-
fects social interaction and induces stereotypic behaviour [78]. Moreover, specific receptors
belonging to the P2 subfamily regulate unique cellular pathways related to neurotrans-
mission, synaptic plasticity, or the inflammatory response. Therefore, any change in their
expression may trigger specific molecular changes related to ASD pathology.

In our study, we found that the purinergic P2X1 receptor was significantly impacted
in both the cortex and hippocampus of adult VPA offspring. The level of this receptor
was the highest in the adult rat cortex, where P2X1 mediates an appreciable fraction
of excitatory synaptic current in ∼85% of layer V neocortical pyramidal neurons [79].
Consistent with an earlier study showing that microglial cells of adult rat brains do not
express P2X1 [80], our study demonstrated that this receptor is predominantly expressed
in neuronal cells in the prefrontal cortex of adult rats. The down-regulation of this receptor
in cortical regions of VPA-treated animals may suggest disturbances in neuronal synaptic
transmission in this brain area. Interestingly, in the hippocampus, where the level of P2X1
is significantly increased in VPA offspring, this receptor was shown to stimulate the evoked
release of glutamate from purified nerve terminals [81]. Therefore, the overexpression of
this receptor in neurons in the hippocampal cornu ammonis or dentate gyrus regions may
suggest its indirect role in the elevation of hippocampal LTP. This study greatly extends
previous findings, showing that prenatal VPA exposure disrupts neurogenesis and alters
the expression levels of multiple proteins associated with glutamatergic and GABAergic
neurotransmission in nonhuman primates [82].

We also observed a significant increase in the level of P2X3 receptors in the brain
cortex of adult VPA offspring. Among other purinergic receptors, the expression of P2X3
is known to rapidly decrease after birth [83], and in our study, we demonstrated that it is
relatively low in the brain of weanling and adult rats. Moreover, its expression and function
are predominantly attributed to the primary sensory neurons of the spinal cord [84] and
are implicated in the modulation of pain sensitivity [85]. Some data suggest that P2X3
receptors can form stable multimers with P2X1 [86] or P2X2 [87] receptors, and antagonists
of P2X2/3 and P2X3 have been shown to inhibit glutamate release in the hippocampus,
suggesting their role in the modulation of excitatory synaptic transmission [81]. However,
little is known about the relevance of the P2X3 receptor in the brain cortex function, and
the conditions under which this alteration becomes functionally important remain to be
determined. Interestingly, upregulation of P2X3 receptors in a murine model has previously
been associated with increased scratching behaviour [88], which is a common problem in
autistic patients [89], suggesting that alterations in P2X3 may be connected with sensory
hypersensitivity observed in some individuals with ASD.

Previously, the purinergic P2X7 receptor was indicated as a key factor involved in ma-
ternal immune-activation-induced autism-like behavioural and biochemical features [90].
Activation of this ligand-gated ion channel, which is sensitive to high extracellular ATP
levels, is mainly associated with inflammatory conditions. Its stimulation acts as a cellular
signal for inflammasome activation and the post-translational processing of proinflam-
matory cytokines, including IL-1β, IL-18, TNF-α and IL-6 [91]. Initially, it was believed
that the functional expression of the P2X7 receptor was exclusive to oligodendrocytes and
microglia in the CNS [92]. However, recent evidence has shown that P2X7 receptors are
widely present in neuronal cells [93,94]. Their activation mediates transmembrane ion
fluxes that mediate fast excitatory transmission in the hippocampus and primary cerebro-
cortical neurons. P2X7 is also involved in the release of glutamate, GABA, and ATP from
neuronal terminals [11,95,96]. Excessive stimulation of P2X7 receptors leads to increased
production of nitric oxide and induces mitochondrial dysfunction in neuronal cells [97].



Brain Sci. 2023, 13, 1088 23 of 32

In this study, we demonstrated the presence of P2X7 receptors in the neuronal
perikarya of the prefrontal cortex and pyramidal cell layers of the CA and DG in the
hippocampus. The level of this receptor was significantly decreased in the hippocampus of
VPA offspring. Interestingly, we did not observe significant activation of microglial cells in
the hippocampus of VPA offspring, suggesting that the down-regulation of this receptor
may also occur in microglia, leading to a lack of activation in these cells. This unexpected
effect was also observed in the study of the Naviaux group, where prenatal exposure to
poly-I:C resulted in a marked decrease in P2X7 receptor levels [62]. The decrease was
normalized after the administration of non-selective purinergic receptor antagonists, such
as suramin. The authors of that study suggested that the observed decrease in receptor
expression may be a result of chronically elevated levels of ATP and other nucleotides. The
idea that the neuronal P2X7 receptor may be overstimulated in ASDs is supported by a
study showing that a single dose of a highly selective and brain-permeable P2X7 antagonist,
JNJ47965567, alleviated behavioural alterations in the offspring [90].

Recent data have suggested the mitochondrial localization of the P2X7 receptor and
its involvement in the control of mitochondrial respiration, mitochondrial matrix Ca2+

levels, and regulation of the expression pattern of oxidative phosphorylation enzymes [98].
Genetic deletion (P2X7 knockout mice) or subchronic pharmacological inhibition has been
shown to increase carbohydrate oxidation [99]. Disturbances in energetic metabolism have
been implicated in cell deregulation and the progression of ASDs [100]. The use of the
ketogenic diet in ASD patients has also been shown to significantly improve behaviour and
intellect [101,102]. Therefore, we hypothesize that the decline in the P2X7 receptor levels af-
ter prenatal VPA administration may be involved in the deregulation of energy metabolism
in neuronal cells. However, this interesting hypothesis requires further examination using
sophisticated quantitative methods.

It has previously been demonstrated that action potentials trigger the axonal release
of ATP and glutamate, and the elevated synaptic ATP acts predominantly on astrocytic
P2Y1 metabotropic receptors [103]. Surprisingly, our findings showed that under physio-
logical conditions, P2Y1 is predominantly expressed in neuronal cells in the hippocampus
or prefrontal cortex. This is in agreement with other researchers showing that the P2Y1
receptor was mainly localized to neuronal cells of the cerebral cortex, cerebellum, hip-
pocampus, caudate nucleus, putamen, globus pallidus, subthalamic nucleus, red nucleus,
and midbrain [29,104,105]. Moreover, it has been demonstrated that P2Y1 is expressed in
the soma and mossy fibre terminals of the CA3 subfield of the hippocampus [103], and in
physiological conditions, it is involved in reducing neurotransmitter release [105]. How-
ever, the expression of these receptors significantly increases in astrocytes during reactive
astrogliosis, where they play the predominant role in the regulation of single-cell transients
and calcium waves [106,107]. P2Y1 expression in astrocytes has been demonstrated to be
increased under different pathological conditions, including oxidative stress [108,109] and
ischemia [110]. In contrast to those studies, we did not observe a significant increase in
P2Y1 levels in the astrocytes in the cortex and hippocampus of VPA animals. What we
did notice was a significant elevation of this receptor’s level exclusively in the neuronal
cells in the brain cortex with a simultaneous decrease in its level in the hippocampus. It
has previously been demonstrated that P2Y1 overactivation in the medial prefrontal cortex
significantly alters cognitive abilities in rats, manifesting in a delay in completing tasks
and reduced learning abilities [111]. Executive dysfunction and social cognition deficits are
often associated with autism in humans [112], therefore it is possible that P2Y1 disturbances
might, at least partly, participate in neurocognitive impairment in individuals with ASD.

It is unclear why we did not detect an elevation of P2Y1 expression in astrocytes, but
this is partially in agreement with previous studies showing that P2Y1 was significantly
upregulated in neurons and microglia, but not in the astrocytes, in status epilepticus [105].
Other studies have also demonstrated the upregulation of P2Y1 in microglial cells following
TGF-β treatment [113]. Unlike these reports, we did not observe any increase in the expres-
sion of P2Y1 in microglial cells after VPA exposure. However, our study largely extends
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the previous findings by defining an interesting aspect of P2Y1, which is its overexpression
in different cell subtypes depending on the type of insult or pathological state.

Interestingly, the overexpression of P2Y1 in astrocytes has been predominantly linked
to protective effects, such as the prevention of astrocyte damage caused by oxidative
stress [108] or the inhibition of neuronal damage induced by IL-6 release [109]. Treatment
with the P2Y1 agonist also had beneficial effects in reducing ischemic lesions through an
increase in intracellular Ca2+ mobilization and enhanced mitochondrial metabolism in
astrocytes [110]. In our study, we did not observe significant changes in astrocytic mor-
phology and number, parameters that have been previously shown to be closely associated
with the response of astrocytes to different pathological cues, including alterations in
the metabolic state of neighbouring cells [114,115]. Therefore, we speculate that in VPA
animals, the overexpression of P2Y1 in astrocytes might be somehow blocked, thereby
preventing the protective activity of these cells. The lack of proper support from astrocytes
may be the cause of neuronal or synaptic alterations, which may lead to the incidence of
neuropsychiatric disorders, including autism. This hypothesis is especially interesting in
light of the data showing that impaired calcium signalling in astrocytes resulted in atypical
social interaction and repetitive behaviour in mice [78]. Astrocyte abnormalities have also
been identified post-mortem in the cortex of brains of individuals with autism [35,116,117],
and recently, the transplantation of iPSC-derived human ASD astrocytes to the healthy
mouse brain was sufficient to induce repetitive behaviour as well as impaired memory and
long-term potentiation [118].

Finally, we demonstrated that the expression of the metabotropic P2Y12 is significantly
enhanced in the cortex of animals prenatally exposed to VPA. These receptors are gener-
ally considered to be a signature of microglia since they are universally and specifically
expressed in these cells in all regions of rodent [119] and human brains [120]. The presence
of P2Y12 distinguishes CNS resident microglia from peripheral macrophages [22,119]. Our
study also showed the specific abundance of this purinergic receptor subtype in the mi-
croglial cells in the brains of control and VPA-treated rats. Moreover, we observed that,
similar to humans [120], the expression of these receptors is stable across different stages of
rat brain development.

The activation of P2Y12 receptors on microglia has been associated with various
pathological conditions in the CNS [22,121,122]. Compared to physiological extracellular
ATP levels in the brain, high concentrations of this signalling molecule (1 mM) have been
shown to induce P2Y12-receptor-dependent prompt chemotaxis of microglia towards the
ATP-releasing source [23]. Moreover, stimulation of the P2Y12 receptor in microglia rapidly
induces lamellipodia formation, process extension, and morphological conversion [22]
into the ramified state. Microglial process convergence towards hyperactivated neurons
has been specifically mediated by P2Y12 [31,123], and this receptor also participates in
the formation of neuron–microglia junctions, thus regulating mitochondrial function in
neurons, neuronal calcium load, and functional connectivity [124]. Therefore, the activation
of P2Y12 on microglial cells has been previously considered neuroprotective. Further-
more, robust expression of P2Y12 was demonstrated in the ‘resting’ state of microglia but
is dramatically reduced after microglial activation [22]. Activation of microglial TLR-4
receptors by lipopolysaccharide (LPS) has been associated with almost a total loss of P2Y12
receptors [125,126]. Also, gradual and almost complete disappearance of P2Y12 receptors
on microglia has been observed in stroke [127].

Considering these findings, we expected that P2Y12 overexpression in the cortex of
animals prenatally exposed to VPA would result in increased microglial chemotaxis and
intensification of microglial process extension. However, while we observed an increase
in the number of microglial cells in the cortex of VPA rats mediated by purinergic recep-
tors, the morphology of microglial cells underwent a transition that is characteristic of
reactive microgliosis, which has previously been associated with the down-regulation of
microglial P2Y12 receptor expression [128], as demonstrated in various neurological disor-
ders [128,129]. However, recent studies have indicated the presence of P2Y12 in activated
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microglia in post-mortem tissues of patients suffering from major depressive disorder [130]
or Alzheimer’s disease [131]. Moreover, it has recently been demonstrated that microglial
P2Y12 is a critical mediator of stress-induced neuronal remodelling in the prefrontal cortex
and contributes to associated behavioural consequences [132].

Also, in animal models of neuropathic pain, upregulation of the P2Y12 receptor in
microglial cells resulted in the activation of the GTP-RhoA/ROCK2 signalling pathway,
elevation of phosphorylated p38-mitogen-activated protein kinase (MAPK) levels and
upregulation of excitatory synaptic transmission in the dorsal horn [121,133]. Taking into
consideration the recent data obtained from the high-resolution single-cell technologies,
which reveal the large diversity of microglial cells populations both under homeostatic and
pathological conditions [134], it is therefore plausible that epigenetic changes induced by
prenatal VPA exposure might result in the formation of P2Y12-positive microglial cells that
adopt an activation-specific phenotype. Consistent with this suggestion, it was demon-
strated that P2Y12-positive microglia can overexpress pro-inflammatory mediators, such as
iNOS, IL-1β, and TNF-α, upon LPS stimulation, and this effect was significantly reduced
by P2Y12-inhibitor treatment [135]. In line with that study, we demonstrated that the
purinergic receptor antagonist prevented cytokine overexpression in the cortex of animals
prenatally exposed to VPA. Previous evidence has shown that aberrant release of cytokines,
especially Il-6, alters neural cell adhesion and migration, and also disrupts the balance of
excitatory and inhibitory circuits in ASD patients [136]. Our study additionally shows the
direct involvement of purinergic receptors in the brain cytokine imbalance, which is closely
related to the pathogenesis of autism. Despite the apparent involvement of purinergic sig-
nalling in the elevation of cytokine expression in cortical microglial cells, our study revealed
that those receptors are not involved in the regulation of morphological changes observed
in microglia in the cortex of VPA animals. In light of previous observations showing that mi-
croglial process surveillance could also be regulated by other factors, such as β2-adrenergic
receptors [137] or changes in extracellular adenosine levels [138], it is possible that the
observed changes in microglial morphology could be induced by one of those mechanisms.
This is particularly interesting since both β2-adrenergic receptors [139,140] and imbalances
in adenosine signalling [141] have previously been shown to be involved in conditions
related to ASD. Another noteworthy observation that explains our results is that mutations
or epigenetic changes can induce abnormalities in P2Y12 function in platelets, leading to
clopidogrel resistance [142,143]. Therefore, prenatal exposure to histone acetylase inhibitor
VPA might induce epigenetic changes that result in the expression of dysfunctional P2Y12
receptors. In that case, the overexpression of this receptor in microglial cells might be
ineffective in preventing microglial cell de-ramification. This interesting hypothesis ap-
pears to be quite probable in light of the data showing valproate-mediated disturbances of
haemostasis and platelet function [144] and will be further tested in our future research.

We are aware of the limitations of this study. First, Western blotting analysis of the
brain tissue homogenate only allows for the net assessment of changes in particular protein
levels without providing information about their alteration in specific cell subtypes and/or
cellular compartments, such as pre- or post-synaptic terminals. To partially overcome these
limitations, we performed IHC staining on selected purinergic receptors to observe their
presence in particular cells within the CNS. Furthermore, we focused on the investigation of
the expression of particular receptor subtypes only in a selected stage of CNS development,
while purinergic signalling might also be significantly altered in other stages of neuronal
development when neurogenesis, neuronal migration, axon growth, and functional axonal
maturation occur. Finally, a general limitation of using the VPA rodent model is that the
results obtained might not easily translate to the broader human ASD population. Even
though prenatal exposure to VPA recapitulates many features characteristic of idiopathic
autism, the aetiology of this disorder in the majority of people is not directly connected to
prenatal exposure to HDAC inhibitors. Thus, there is a risk that the observed phenomenon
may not appear in a certain population of patients. However, the results obtained in
this study indicate an urgent need to investigate the changes in purinergic receptors
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expression and activity in humans suffering from ASD and the relation of these changes
to disorder outcomes. This is especially pertinent since a few previous studies showed a
certain effectiveness of purinergic receptor inhibition on motor coordination and social
impairments in animal ASD models [62,63,65], the genetic Fragile X model [64], as well as
in autistic children [145]. Therefore, studying the changes in purinergic neurotransmission
in ASD seems to be a promising target for future investigations, especially when various
centrally penetrant P2 receptors antagonists are now undergoing clinical trials for the
treatment of CNS disorders, such as neuropathic pain, multiple sclerosis, stroke, epilepsy,
or Alzheimer’s disease [146,147].

5. Conclusions

In summary, our report is the first to show that prenatal exposure to VPA induces
significant structure-dependent changes in the expression of purinergic receptors in early
adulthood. Moreover, we demonstrated the partial involvement of purinergic signalling im-
balance in modulating the brain inflammatory response induced by prenatal VPA exposure.
Thus, this study establishes a solid foundation for future investigations into the involve-
ment of purinergic receptor deregulation in ASD, and the development of therapeutic
strategies for treatment of this neurodevelopmental disorder.
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