European Review for Medical and Pharmacological Sciences 2018; 22: 11858-11864

Role of the purinergic P2Y2 receptor
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Abstract. — OBJECTIVE: The aim of this study
is to investigate the role of the purinergic P2Y2
receptor in learning and memory processes.

MATERIALS AND METHODS: Behavioral,
electrophysiological, and biochemical tests of
memory function were conducted in P2Y2 recep-
tor knockout (P2Y2R-KO) mice, and the findings
were compared to those of wild-type mice with
the help of unpaired Student’s t-test.

RESULTS: The findings of the behavioral
Y-maze test showed that the P2Y2R-KO mice had
impaired memory and cognitive function. Elec-
trophysiological studies on paired-pulse facilita-
tion showed that glutamate release was higher in
the P2Y2R-KO mice than in the WT mice. Further-
more, PCR and Western blot analysis revealed
that the mRNA and protein expression of ace-
tylcholinesterase E (AChE) and alpha-7 nicotin-
ic acetylcholine receptors (a7 nAChRs) were in-
creased in the hippocampus of P2Y2R-KO mice.

CONCLUSIONS: The findings of this study in-
dicate that P2Y2 receptors are important regula-
tors of both glutamatergic and cholinergic sys-
tems in the hippocampus.
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Introduction

P2 receptors are purinergic ATP receptors that
are essential for regulating memory function'. ATP
is an important regulator in the central nervous sys-
tem?, and once ATP is released in the extracellular
space, it activates both excitatory and inhibitory P2
receptors'. P2 receptors are classified into several
subtypes of ligand-gated cationic channels (P2X)
and G-protein-coupled receptors (P2Y)*. P2Y pu-
rinoceptors (P2YRs), which are activated by extra-
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cellular nucleotides, belong to the superfamily of
G-protein-coupled receptors and are composed of
eight subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12, P2Y13, and P2Y14). P2Y?2 receptors, which
are coupled with Gq proteins, stimulate phospho-
lipase C and result in increased levels of inositol
phosphates and mobilization of Ca?" from intra-
cellular stores, which in turn, activate downstream
signaling pathways*. In addition, P2Y2 receptors
are widely distributed throughout the body, in-
cluding the brain. It has shown that P2Y2 recep-
tors have functions in various cell types, such as
astrocytes, glial cells, epithelial cells, and coronary
artery smooth muscle cells.

A few researches have demonstrated that P2Y2
receptors are expressed in the brain. However,
most of these studies illustrate the importance
of P2Y2 receptors in regulating neurotransmitter
release, enzyme activity, and pro-inflammatory
cytokines in the brain®, and reports describing
the functional effects of P2Y2 receptors in learn-
ing and memory processes are rare. In this study,
we contribute to the literature by examining the
role of P2Y2 receptors in learning and memory
function in P2Y2 receptor-knockout (P2Y2R KO)
mice via behavioral, electrophysiological, and
molecular methodologies. Here, we show that
P2Y2 receptors are required for regulating learn-
ing and memory function and that knockout of the
P2Y2 receptor results in memory deficits.

Materials and Methods

P2YZ2R Knockout Mice

Wild-type (C57BL/6) mice and P2Y2R knock-
out (P2Y2R-KO or P2Y2R") mice on a C57BL/6
background were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred at
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the animal facility of Auburn University. DNA
was extracted from mouse tail snip samples, and
PCR genotyping was routinely performed accord-
ing the instructions of the animal supplier. Mice
were housed in the Biological Research Facility of
Auburn University (AL, USA) in a controlled and
pathogen-free environment (temperature, 25°C;
12:12-h light-dark cycle) with free access to water
and a standard chow diet.

Assessment of Spatial Memory

The Y-maze test assesses the ability of an ani-
mal to recognize places already explored and its
propensity to explore a new place®. Therefore,
the Y-maze was used to assess working memo-
ry and spatial memory functions in P2Y2R-KO
mice and wild-type (WT) mice, as described pre-
viously’. The apparatus for the Y-maze test con-
sists of three plastic arms separated by an angle
of 120°. The apparatus was placed on a floor with
a light at the top of each arm and a camera placed
above the apparatus to record all the test sessions.
The Y-maze tests were carried out when the mice
were 12 weeks old. The training sessions were 15
min long, and animals were allowed to explore
only two of the arms: the arm they were initial-
ly placed in (entry arm) and one (known arm) of
the two other arms located to the left and right
of the entry arm. During the second session, the
mice were allowed to explore all three arms of the
maze, including the newly available arm (novel
arm), during a session lasting approximately 6
min. The first and second sessions were separated
by a period of 3 h. The second session was video
recorded to score the number and order of arm
entries. An arm entry was registered when more
than half of the mouse’s body was within any of
the three arms. The dwell time in each arm was
also recorded for the all mice. The number of en-
tries and time spent in the novel arm were scored
and analyzed.

Preparations of Acute Hippocampal
Slices

The animals were euthanized with CO,, and
then, decapitated for removal of the brain. The
resected brains were washed with oxygenated
cutting solution to remove the blood. Then, brain
sections (thickness, 350 um) were created with a
vibratome Series 1000 tissue sectioning system
(Technical Products International Inc., St. Lou-
is, MO, USA) and washed with an oxygenated
cutting solution (NaCl, 85 mM; KCI, 2.5 mM;
MgSO,, 4.0 mM; CaCl,, 0.5 mM; NaH PO,, 1.25

mM; NaHCO,, 25 mM; glucose, 25 mM; sucrose,
75 mM; kynurenic acid, 2.0 mM; ascorbate, 0.5
mM). The slices were submerged in oxygenated
artificial cerebral spinal fluid (ACSF) in a holding
chamber for 2 h at 30°C, and following this, long-
term potentiation (LTP) recording was started.

Extracellular Field Recordings

Sections were transferred into a submerge-type
recording chamber, which was held between two
nylon nets and viewed under a microscope. This
submersion chamber was continuously perfused
with oxygenated ACSF (32°C) at a flow rate of 2-3
ml/min. A platinum bipolar electrode was placed
on the CA3 region of the hippocampus. A glass
microelectrode (outer diameter, 1.5 mm) was filled
with ACSF with a micropipette (Narishigie Scien-
tific Instruments Lab., Tokyo), and then, placed
on the stratum radiatum in the CA1 region of the
hippocampus to record field excitatory postsyn-
aptic potentials (fEPSPs) from the Schaffer collat-
eral pathway. Two electrodes were inserted in the
middle of the stratum radiatum with a Model 4D
Digital Stimulus Isolation Amplifier to stimulate
the CA3 region. Field potentials were recorded
using the LTP Recording software with Axocla-
mp 2B (Axon Instruments, Foster City, CA, USA)
and analyzed using the WinLTP software®.

General and Real-Time RT-PCR Analysis
Tissue samples were obtained from isolat-
ed hippocampi of WT and P2Y2R” mice. To-
tal RNA and DNA were extracted from tissue
samples using the TRIzol reagent (Sigma-Al-
drich, St. Louis, MO, USA), and the RNeasy
and DNeasy kits, respectively (Qiagen, Hilden,
Germany). Subsequently, total RNA was treat-
ed with RNase-free DNase (Ambion, Carlsbad,
CA, USA) to eliminate possible traces of genom-
ic DNA. For the synthesis of first-strand com-
plimentary DNA (cDNA), 500 ng of total RNA
was reverse transcribed using a cDNA synthe-
sis kit (Applied Biosystems, Foster City, CA,
USA). The cDNA samples were then amplified
by PCR using 2.5 units of TagDNA polymerase
(Qiagen, Shanghai, China). Real Time-PCR was
performed on an iCycler iQ5 detection system
(Bio-Rad, Hercules, CA, USA) with SYBR Green
reagents (Bio-tool). The sequences of the primers
used were as follows: mouse nicotinic receptor
(alpha polypeptide 7) mRNA, 5-ACATGTCT-
GAGTACCCCGGA-3" (forward) and 5-AG-
GACCACCCTCCATAGGAC-3' (reverse); mouse
acetylcholinesterase (AChE) mRNA, 5-ATCG-
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GTGTACCCCAAGCAAG-3' (forward) and 5'-
TGCAGTTAGAGCCACGGAAG-3'  (reverse);
mouse [B-actin, 5~ATGGATGACGATATCGCT-
GCG-3' (forward) and 5'- CTAGAAGCACTTGC-
GGTGCAC-3' (reverse). All the kits and reagents
were used according to the manufacturers’ in-
structions.

Western Blot Analysis

Hippocampi from 12-week-old P2Y2R-KO
and WT control mice were lysed using lysis buf-
fer. The samples were sonicated with a Q-sonica
homogenizer (Qsonica, Newtown, CT, USA) at
a frequency of 30 Hz pulses for 20 s. Following
this, the samples were centrifuged at 12,000" g for
20 min. The supernatant was collected, divided
into 100-pL aliquots, and stored at -80°C. The
proteins were quantified using the BCA assay
(Pierce, Oakland, CA, USA), combined at the
appropriate ratio with 4° Laemmli buffer (con-
taining p-mercaptoethanol obtained from Sig-
ma-Aldrich), and denatured by heating at 90°C
for 5 min. The denatured proteins were separated
using 10% SDS-PAGE and transferred to poly-
vinylidene difluoride (PVDF) membranes (Im-
mobilon-p, Millipore, Billerica, MA, USA). The
membranes were then blocked for 2 h in 5% non-
fat dried milk dissolved in Tris-Buffered Saline
containing 0.01% Tween 20 (TBST). They were
then washed with TBST and incubated overnight
at 4°C with one of the following primary antibod-
ies: anti-AMPA-GIuR1 (1:1,000, Cell Signaling
Technology, Danvers, MA, USA), anti-PSD-95
(1:1,000, Cell Signaling Technology), and an-
ti-GAPDH (1:1,000, Cell Signaling Technolo-
gy, Danvers, MA, USA). The membranes were
then probed for 4 h at room temperature with the
corresponding secondary anti-rabbit antibodies
(1:10,000) conjugated with fluorophore DyLight
550. Protein bands were visualized using a FLA-
5100 imager with a 532-nM green laser and the
LPG filter set (Fujifilm Inc., Tokyo, Japan). Flu-
orescent signals were visualized by excitation at
A532 nm and emission at A570 nm. Finally, pro-
tein expression was determined based on the den-
sities of these bands relative to that of GAPDH for
both the P2Y2R-KO mice and WT control mice.

Data Analysis

Data are presented as mean + standard error
of the mean (SEM) values for each group, and
they were analyzed using the GraphPad Prism 5
software. Two-tailed unpaired Student’s r-tests
were used to analyze the data obtained from the

Y-maze, -electrophysiological, neurochemistry,
and Western blot analyses, as well as water in-
take, percentage fat mass, percentage lean mass,
percentage body water, and blood glucose and
plasma insulin concentrations. p < 0.05 was con-
sidered to indicate statistical significance.

Results

Behavioral Performance in Y-maze Tests

There was no significant difference in the total
time spent in the novel arm between the WT and
P2Y2R-KO groups (Figure 1A), or in the number
of mice that chose the novel arm at the beginning
of the test session (2/12, P2Y2R-KO group; 2/7,
WT control group). However, significantly fewer
entries into the novel arm were recorded for the
P2Y2R-KO mice than for the WT mice (p < 0.05)
(Figure 1B). The P2Y2R-KO mice also exhibited
a tendency to spend more time in the entry and
other arms than in the novel arm, but the differ-
ence in time spent in these two arms compared
to the WT control group was not significant (p >
0.05). Similarly, although the WT mice showed a
propensity to spend more time in the novel arm,
the difference compared to the P2Y2R-KO mice
was not significant (p > 0.05).

Basal Synaptic Transmission and LTP
in P2Y2 KO Mice

Theta burst stimulation (TBS) of the presyn-
aptic fibers in the hippocampal CAl region in-
duces LTP of the synaptic transmission (Figures
2A and 2B). Input-output relationship graphs
were constructed to evaluate the strength and
response of synaptic transmission in the WT
and P2Y2R-KO mice (Figure 2C, p > 0.05; n
= 5). There were no significant differences be-
tween the WT and P2Y2R-KO mice in terms of
fEPSP amplitude across the different stimulus
intensities (Figure 2D).

Expression of the P2Y2 Receptor in the
Hippocampus of WT Mice

Previous studies™'” have demonstrated that the
P2Y2 receptor is widely expressed in the nervous
system. First, we demonstrated that the P2Y?2 re-
ceptor was expressed at the mRNA and protein
levels in the hippocampus of WT mice (Figures
3A and 3B). Next, we designed primers to am-
plify the nicotine receptor (a7) and acetylcholin-
esterase (AChE) mRNA. Interestingly, nicotine
receptor expression was three-fold higher in the
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Figure 1. Comparison of number of entries and dwell time in the novel arm between the P2Y2R-KO mice and vehicle mice.
The Y-maze results for 11 WT and 7 P2Y2R-KO mice are shown. A, Representative total dwell time spent in the novel arm
in WT and P2Y2R-KO mice. B, Representative total number of entries into the novel arm in WT and P2Y2R-KO mice. Data
represent the mean+SEM values, and p-values were calculated by two-tailed unpaired Student’s #-tests.

hippocampus of P2Y2RKO mice than in the hip-
pocampus of WT mice. In addition, increased
acetylcholinesterase (AChE) mRNA levels were
also detected in the hippocampus of P2Y2R-KO
mice (Figures 4A, 4B and 4C). All these data in-
dicate the potential functional significance of the
P2Y?2 receptor in the hippocampus.

Discussion

The findings of the present study demon-
strate that the P2Y2 receptor is involved in
modulating learning and memory processes in
the hippocampus. Specifically, our researches
in P2Y2R-KO mice showed that they had be-
havioral memory deficits and increase in LTP.
Additionally, PPF analysis revealed that gluta-
mate release was higher in the P2Y2R-KO mice
than in the control mice. By combining the
data obtained from the PCR, Western blot, and
AChE assays, we found that the facilitation of
glutamate release and increase in acetylcholine
levels in the nerve terminals was caused by a
decrease in AChE in the P2Y2R-KO mice.

The P2Y2 receptor and its role in memory
function are not clear. In the present study,
P2Y2R-KO mice were used as a model to in-
vestigate the role of the P2Y2 receptor in mem-

ory function. Compared to WT control mice,
the P2Y2R-KO mice showed impaired work-
ing memory based on their performance in the
Y-maze test, which is a hippocampal-dependent
task (Figure 1). These cognitive deficits were
manifested in P2Y2R-KO mice in the form of
significantly fewer entries into the novel arm
compared to the control mice. This means that
the P2Y2R-KO mice preferred to avoid new en-
vironments. In addition, once the mice entered
the novel arm, the P2Y2R-KO mice exhibited
a shorter, but not statistically significant, dwell
time than the WT mice. It has been reported
that P2Y2 receptor activation results in a de-
crease in glutamate release from the presynap-
tic terminals of the hippocampus''. According-
ly, our electrophysiological study indicated that
there was an increase in hippocampal glutamate
release in P2Y2R-KO mice. Thus, our findings
reveal the function of the P2Y2 receptor in glu-
tamate release in the hippocampus, and there-
fore, its role in memory function.
Acetylcholinesterase, an enzyme that breaks
down acetylcholine to choline and acetyl-co-en-
zyme A, is important for learning and memory
processes'?. AChE is found mainly in the synaptic
cleft and plays an important role in reducing ex-
cessive acetylcholine in the synapse and regulating
synaptic function. AChE receptors (AChRs) in the
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Figure 2. Long-term potentiation from the Schaffer collateral in the CA1 area of the hippocampus. Field excitatory postsyn-
aptic potentials (fEPSPs) were measured in the hippocampus sections of P2Y2R-KO and WT mice. A, Long-term potentiation
(LTP) was induced by theta burst stimulation (TBS) and measured at 55—60 min after TBS. Representative synaptic responses
recorded indicate that LTP was higher and more persistent after TBS in the of P2Y2R-KO mice (Red) than in the WT mice
(Black). B, Percentage changes in synaptic responses in the P2Y2R-KO and WT tissues (p < 0.01; n = 6). C, Basal synaptic
transmission in the P2Y2R-KO and WT mice. D, Comparison of paired-pulse facilitation (PPF) in P2Y2R-KO (Red) and WT
(Black) mice. PPF ratio (slope2/slopel) in P2Y2R-KO and WT mice measured at different inter-pulse intervals (50 ms, 100 ms,

150 ms, and 200 ms) (p < 0.05, n = 6).

brain play a central role in memory formation and
cognition*!", and AChE is also recognized as the
primary cholinesterase in the brain'*. Previous stud-
ies'®” have shown that decreased P2Y?2 receptor
expression is associated with a decrease in AChE
expression and activity. However, in our study, we
found that both AChE expression and activity were
higher in P2Y2R-KO mice than in WT mice. To
validate our results, we assessed alpha-7 nicotin-
ic acetylcholine receptor (a7 nAChR) expression.
The results showed that there were higher levels of
o7 nAChR in the hippocampus of P2Y2R-KO mice
than in the hippocampus of WT mice. Accordingly,
our gene expression analysis also showed that there
were higher levels of AChE and o7 nAChR mRNA
in the P2Y2R-KO mice than in the WT mice. With
regard to the effects of nicotine on its receptors,
it is well recognized that small concentrations of
nicotine can enhance the function of nicotinic re-

A P2Y2R
RT+ RT- DNA

wrmice |

P2Y2-- WT

Pav2R

Figure 3. Expression of the P2Y2 receptor in the hippo-
campus of P2Y2R-KO and WT mice. A, PCR detection of
P2Y2 receptor (P2Y2R) mRNA in WT mice. DNA extract-
ed from the hippocampus was used as the positive control.
B, Western blot analysis of P2Y2 receptor protein expres-
sion in P2Y2R-KO and WT mice.
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Figure 4. Upregulation of the nicotine receptor in P2Y2R-KO mice. Two pairs of primers were designed to quantify the
mouse alpha-7 nicotinic acetylcholine receptor (07 nicotine receptor) and acetylcholinesterase E (AChE) mRNA in hippocam-
pus tissues from WT and P2Y2R-KO mice by real-time RT-PCR (n = 3). A, Agarose gel images of PCR products. B, Relative
expression of a7 nicotinic acetylcholine receptor and AChE mRNA in WT and P2Y2R-KO mice. C, Western blot showing
P2Y2 receptor protein expression (relative to expression of the internal control GAPDH) in hippocampus tissues from WT and

P2Y2R-KO mice.

ceptors, while high concentrations are inhibitory
and stimulate endocytosis. Therefore, nicotine can
either stimulate or desensitize nicotinic receptors;
hence, the concentration of acetylcholine, the en-
dogenous ligand of nicotinic receptors, is vital for
memory regulation and cognitive function. Thus,
based on nicotinic acetylcholine receptor kinetics,
the present results indicate that in mice that lack
P2Y2 receptors, increased levels of AChE result
in a decrease in acetylcholine levels in the synapse
and an increase in a7 nAChR expression, and this
effect leads to a higher LTP response. Thus, P2Y2
receptors might play a role in cognitive function
through via glutamatergic and cholinergic mech-
anisms.

Conclusions

In summary, the present study provides im-
portant insight into the functional and molecular
mechanisms of the hippocampal nerve terminals
and, therefore, further clarifies the relationship
between P2Y2 receptor expression and learning
and memory processes in the brain.
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