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ABSTRACT: Maternal separation (MS) represents a profound
early life stressor with enduring impacts on neuronal development
and adult cognitive function in both humans and rodents. MS is
associated with persistent dysregulations in neurotransmitter
systems, including the serotonin (5-HT) pathway, which is pivotal
for mood stabilization and stress-coping mechanisms. Although the
novel cannabinoid receptor, GPR55, is recognized for its influence
on learning and memory, its implications on the function and
synaptic dynamics of 5-HT neurons within the dorsal raphe
nucleus (DRN) remain to be elucidated. In this study, we sought
to discern the repercussions of GPR55 activation on 5-HT
synthesis within the DRN of adult C57BL/6J mice that
experienced MS. Concurrently, we analyzed potential alterations
in excitatory synaptic transmission, long-term synaptic plasticity, and relevant learning and memory outcomes. Our behavioral
assessments indicated a marked amelioration in MS-induced learning and memory deficits following GPR55 activation. In
conjunction with this, we noted a substantial decrease in 5-HT levels in the MS model, while GPR55 activation stimulated
tryptophan hydroxylase 2 synthesis and fostered the release of 5-HT. Electrophysiological patch-clamp analyses highlighted the
ability of GPR55 activation to alleviate MS-induced cognitive deficits by modulating the frequency and magnitude of miniature
excitatory postsynaptic currents within the DRN. Notably, this cognitive enhancement was underpinned by the phosphorylation of
both NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. In summary, our findings underscore
the capacity of GPR55 to elevate 5-HT synthesis and modify synaptic transmissions within the DRN of juvenile mice, positing
GPR55 as a promising therapeutic avenue for ameliorating MS-induced cognitive impairment.

1. INTRODUCTION
Early life stress (ELS) can lead to permanent changes in
neurodevelopment,1−3 which may increase the risk of
psychopathology in adulthood.4−6 Both human and animal
studies have suggested a strong link between early life trauma
and psychopathology.7−9 Maternal separation (MS) is a
commonly used method to simulate postnatal stress in
experimental animals.10 Even during the stress hyporesponsive
period, characterized by minimal response to most adult
stressors, prolonged MS can exert considerable adverse effects.
MS has been found to cause behavioral abnormalities
resembling psychotic-like symptoms, such as disruption in the
prepulse inhibition response,11 neuroendocrine alterations
associated with stress reactivity,12,13 and cognitive impairment
in juvenile animals.2,3,14

Various neurotransmitter systems, such as glutamatergic,
dopaminergic, and serotonergic activities, can undergo alter-
ations following MS.13,15−17 Serotonin (5-HT) plays a crucial
role in both maturation during sensitive periods and learning-

related neuroplasticity,18 suggesting that inherent differences in
the central serotonergic signaling may impact the long-term
consequences of ELS. The dorsal raphe nucleus (DRN) serves
as the primary site for 5-HT synthesis in the brain, with elevated
expression of tryptophan hydroxylase 2 (TPH2), a key enzyme
responsible for 5-HT synthesis, in this region.19 Previous studies
have identified a correlation between memory performance and
extracellular 5-HT level in this system, and depleting tryptophan
may impact memory formation.20,21 The biosynthesis of 5-HT is
regulated by the rate-limiting enzyme TPH2, and increased
mRNA expression of TPH2 has been shown to enhance TPH2
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activity and subsequent 5-HT synthesis.22,23 Through selective
inactivation of TPH2 in distinct subsets of 5-HTergic neurons
within the dorsal and median raphe, researchers can gain better
insights into the function of various subpopulations of 5-HT

neurons, which target diverse brain regions implicated in the
regulation of cognition and emotionality.24

The endocannabinoid system is a neuromodulatory system
that regulates emotional, cognitive, and motor processes. The

Figure 1. GPR55 agonist O-1602 protects mice against MS-induced learning and memory impairment. (A) Schematic representation of the
experimental timeline detailing the establishment of the MS model, O-1602 treatment, and behavioral tests. We randomly divided the mice into the
following groups: control, control + O-1602, MS + saline, MS + 0.1 mg/kg O-1602, MS + 0.4 mg/kg O-1602, and MS + 2 mg/kg O-1602 groups. (B)
NORT shows the discrimination index of the different groups at 24 h (n = 6 mice per group). (C,D) Total distance traveled (cm) and percentage of
spontaneous arm alternations in the Y-maze test (n = 6 mice per group). (E) Representative track images of mice in the probe trial of the MWM test.
(F,G)Number of entries to the target zone and time spent in the target quadrant in the probe trial of theMWM test (n = 6mice per group). (H) Escape
latency to the platform during the training trial in the MWM test (n = 6 mice per group). All data are shown as mean ± standard error of the mean
(S.E.M); **p < 0.01, ***p < 0.001 vs control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs MS group.
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antidepressant effect mediated by cannabinoid subtype 1
receptor activation is primarily associated with the levels of 5-
HT and noradrenaline,25 as well as neurogenesis and synaptic
plasticity enhancement.26 Cannabinoid subtype 1 receptor
activation has been found to inhibit synaptic transmission in
the basolateral amygdala-nucleus accumbens neural circuit27

and activate extracellular regulated protein kinase 1/2.28

GPR55, a novel cannabinoid receptor, exhibits a high affinity
for cannabinoid ligands. It is expressed in various tissues in mice,
including the nervous system (i.e., hippocampus, striatum,
amygdala, and cortex) and peripheral tissues, such as endothelial
cells and the gastrointestinal tract.29,30 GPR55 agonists exert a
neuroprotective effect in Parkinson’s disease,31,32 anxiety,33 pain
perception,34 and axon innervation and guidance.35,36 GPR55
activation protects pancreatic β-cells against endoplasmic
reticulum stress-induced apoptosis.37 In addition, GPR55
activation may reverse Aβ1−42-induced cognitive impairment
and neurotoxicity in mice by inhibiting the Rho subfamily
protein A/Rho-related curly junction protein kinase 2 path-

way.38,39 However, no study has investigated whether activation
of GPR55 can mitigate MS-induced cognitive dysfunction.

In this study, we sought to elucidate the effects of MS-induced
learning and memory impairments on GPR55 expression within
the DRN in juvenile mice. In addition, we investigated the
potential protective role of the GPR55 agonist O-1602 as a
treatment against cognitive deficits induced by MS. We also
evaluated the recovery effect of O-1602 treatment on irregular 5-
HT transmission in the DRN following MS. Our data revealed
that activation of GPR55 increased the levels of 5-HT
synthetase, facilitating an enhanced release of the 5-HT
neurotransmitter. This culminated in a significant mitigation
of MS-induced cognitive impairments. Our results offer a
compelling rationale for exploring GPR55 as a therapeutic target
for addressing learning and memory deficits associated with MS.

2. RESULTS
2.1. GPR55 Activation Mitigates Learning and Mem-

ory Impairment Induced by MS. To investigate the role of
GPR55 in the learning and memory impairment induced by

Figure 2.GPR55 activation promotes 5-HT synthesis and release of the 5-HT transmitter. (A) Schematic representation of the experimental timeline.
(B) Representative images showing double immunostaining of GPR55 (red) and TPH2 (green) in the DRN of control mice (n = 3 mice per group).
Scale bar = 100 μm. (C,D) Representative western blot images and densitometric analysis of GPR55 protein expression in the DRN (n = 3 mice per
group). (E) Representative immunofluorescent images of TPH2 staining of the control andMS groups. Scale bar = 100 μm. (F) Immunofluorescence
density in 5-HT neurons by image J (n = 3 mice per group). (G,H) Representative western blot images and densitometric analysis of TPH2 protein
expression in the DRN (n = 3mice per group). (I) Effects ofMS on themRNA level ofTPH2 in the DRN (n = 3mice per group). (J,K) Enzyme-linked
immunosorbent assay (ELISA) results show the levels of amino acid neurotransmitters 5-HT and 5-HIAA in the DRN of the control, MS + saline, MS
+ 0.1 mg/kg O-1602, MS + 0.4 mg/kg O-1602, andMS + 2 mg/kg O-1602 groups (n = 5 mice per group). All data are shown as mean ± S.E.M; **p <
0.01, ***p < 0.001 vs control group; #p < 0.05, ##p < 0.01 vs MS group.
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ELS, we first established a MS mouse model. After 16 days of
MS, the mice were kept for an additional 21 days until they
reached young adulthood [postnatal day (PND) 42−47].
Following this, the mice (PND 42 ± 2) were intraperitoneally
injected with varying concentrations of O-1602, a selective
GPR55 agonist, for five consecutive days, after which all
behavioral tests were conducted. At first, the novel object
recognition test (NORT) was performed after 24 h of training,
indicating that mice from the MS group manifested a distinct
decline in object location memory relative to the controls. This
was evident in their recognition index (RI), where MS mice
showed a significant decrease, indicating their reduced
propensity to explore the novel object (F(5, 30) = 22.17, P <
0.0001, Figure 1A,B). While a dosage of 0.1 mg/kg of O-1602
did not significantly alter the MS-induced cognitive deficits,
dosages of 0.4 and 2.0 mg/kg notably mitigated these
impairments (P < 0.0001). The Y-maze test, geared toward
assessing spatial and working memory, demonstrated a marked
decrease in the spontaneous alternation behavior of MS mice
(PND 42 ± 2) (P < 0.0001). Notably, the overall distance
traversed did not present any significant disparity. Moreover, the
test reflected a considerable impairment in the working memory
of these mice (F(5, 27) = 36.39, P < 0.0001, Figure 1C,D).

Nonetheless, the concentrations of 0.1, 0.4, and 2.0 mg/kg O-
1602 administration resulted in a marked enhancement in the
cognitive performance ofMSmice. Using theMorris water maze
(MWM) to evaluate spatial learning, it was observed that MS
mice required a longer duration (escape latency) to identify the
platform in comparison to controls (F(5, 28) = 15.63, P < 0.0001,
Figure 1E,F). Furthermore, MS mice exhibited compromised
memory functions during the probe trial, as evidenced by their
reduced time spent in the target quadrant and fewer platform
crossings than control mice (F(5, 30) = 8.702, F(5, 30) = 14.24, P <
0.0001, Figure 1G,H). Remarkably, the doses of 0.1, 0.4, and 2.0
mg/kg O-1602 treatment counteracted these behavioral
discrepancies seen in MS mice. Meanwhile, after treatment
with 0.4 mg/kg O-1602, the behavioral analysis of control mice
had no significant changes. Our data underscores that GPR55
activation through O-1602 plays a pivotal role in counteracting
the learning and memory deficits elicited by MS.
2.2. GPR55 Activation Promotes the Synthesis and

Release of the 5-HT Transmitter. GPR55 is a cannabinoid-
and lysophosphatidylinositol-sensitive receptor that is expressed
throughout the central nervous system and can boost the release
of neurotransmitters.30,40 5-HT is an important neurotransmit-
ter involved in learning and memory. Recent studies have shown

Figure 3. TPH2DRNknockdown reduced the effect of GPR55 agonist on learning and memory in MS mice. (A) Schematic representation of the
experimental timeline. (B) Representative confocal images of the mouse DRN after AAV injections. Scale bars = 100 μm. (C,D) Representative
western blot images and densitometric analysis of TPH2 protein expression in the DRN after AAV injections (n = 3mice per group). (E) ELISA results
show the concentrations of amino acid neurotransmitter 5-HT in the DRN of NC and shTPH2 mice (n = 5 mice per group). (F) NORT shows the
discrimination index of theNC,MS,MS + 0.4mg/kgO-1602, shTPH2, shTPH2 + 0.4mg/kgO-1602, and shTPH2 +MS+ 0.4mg/kgO-1602 groups
at 24 h (n= 6mice per group). (G,H)Number of entries to the target zone and time spent in the target quadrant in the probe trial of theMWMtest (n=
6 mice per group). (I) Escape latency to the platform during the training trial in the MWM test (n = 6 mice per group). All data are shown as mean ±
S.E.M; **p < 0.01, ***p < 0.001 vs control or NC group. #p < 0.05, ##p < 0.01 vs MS; $p < 0.05 vs shTPH2; &p < 0.05 vs MS + O-1602.
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that 5-HTergic neurons mainly distributed in the DRN region
are essential in early postnatal development, influencing the
maturation and modulation of higher-order emotional, sensory,
and cognitive circuitry.41−44 Thus, the connection between
GPR55 and the 5-HT transmitter release was given priority.

First, we found that GPR55was almost entirely colabeled with
TPH2 (a marker of 5-HTergic neurons and an initial and rate-
limiting enzyme for 5-HT synthesis) in the mouse DRN region
via immunofluorescence staining (Figure 2A,B). Then, western
blotting results indicated that the expression level of GPR55 in
the DRN of MS mice (on the 16th day) was significantly
reduced, and intraperitoneal injection of different concen-
trations of GPR55 agonist O-1602 could significantly increase
the expression level of GPR55 (F(4, 10) = 5.402, P < 0.0001,
Figure 2C,D). Next, we further investigated whether GPR55
activation can regulate 5-HT synthesis. In contrast to the control

group, a significant reduction in 5-HTergic neurons was
observed in MS mice (Figure 2E,F, P < 0.0001). The levels of
5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA)
were also significantly decreased (Figure 2G,H, P < 0.0001).
Furthermore, the protein and mRNA levels of TPH2 were
significantly lower in MS mice than in the control group.
However, O-1602 treatment restored the expression of TPH2 in
MS mice (F(4,10) = 83.36, P < 0.0001, Figure 2G,H, F(4,10) =
85.95, P < 0.0001, Figure 2I). Additionally, 0.1 mg/kg O-1602
treatment had no significant effects on the levels of 5-HT and its
metabolite 5-HIAA in the MS mice (P = 0.8060), while 0.4 and
2.0 mg/kg of O-1602 significantly increased the levels of 5-HT
and its metabolite 5-HIAA (F(4, 10) = 65.51, P < 0.0001, Figure
2J; F(4, 10) = 22.74, P < 0.0001, Figure 2K). Moreover, the
protein expression of GPR55 and TPH2 had no significant
changes in the DRN of control mice with 0.4 mg/kg O-1602

Figure 4.O-1602 reversed MS-induced reduction of excitatory synapse transmission in the DRN. (A) One representative whole-cell-patched neuron
in the DRN was injected with biocytin (labeled with Alexa 488, green). Representative autofluorescence of the hM3Dq + TPH2 groups were labeled
with red. Scale bars = 100 μm (above) and 25 μm (below). (B) Representative electrophysiological traces of spontaneous synaptic transmission in the
DRN. (C,D) Cumulative frequency (C) and amplitude (D) histograms of the mEPSCs recorded from cells in each group. (E,F) Summary of mEPSC
frequency (E) and amplitude (F) in neurons frommice (n = 7 neurons/3mice in the control group; n = 9 neurons/3mice in theMS + saline group; n =
9 neurons/3mice in theMS +O-1602 group). All data are shown as mean ± S.E.M; *p < 0.05, **p < 0.01, ***p < 0.001 vs control group; #p < 0.05, ##p
< 0.01, ###p < 0.001 vs MS group.
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treatment (Figure S1). These findings indicate that GPR55
activation enhances the expression of TPH2 and promote the
synthesis of the 5-HT transmitter in the DRN of MS mice.
2.3. TPH2DRN Knockdown Reduced the Effect of GPR55

Agonist on Learning and Memory in MS Mice. To further
clarify whether GPR55 activation specifically affects TPH2
activity and the synthesis of 5-HT in the DRN, thus mitigating
learning and memory impairment induced by MS, we injected a
TPH2 knockdown adeno-associated virus (AAV) into the DRN
of mice. Four weeks (28 days) after microinjections of shTPH2,
western blotting analysis showed a knockdown rate of 67% in
control mice (6−8 weeks old) (Figure 3B,C, P < 0.0001).
Furthermore, the levels of 5-HT were significantly decreased
after TPH2 knockdown (Figure 3D,E, P < 0.0001). Surprisingly,
the NORT was initiated on day 29 following AAV injection, and
a significant reduction in the discrimination index was detected
in the NC (negative control) compared with mice with
TPH2DRN knockdown (F(5, 28) = 8.137, P = 0.0022, Figure
3F). In theMWM test, the NC andmice withTPH2 knockdown
showed a decreased frequency of platform crossing, a reduced
percentage of time spent in the target quadrant, and an increased
latency time (F(5, 30) = 15.14, P < 0.0001, Figure 3G; F(5, 30) =
18.54, P < 0.0001, Figure 3H; F(5, 32) = 7.404, P = 0.0001, Figure
3I). Furthermore, MS mice with TPH2DRN knockdown were
administered intraperitoneal injections of O-1602 (0.4 mg/kg)

for five consecutive days, and we found that MS mice with
TPH2DRN knockdown significantly weaken the improvement
effect of O-1602 on learning and memory impairment, as
indicated by the performance in the NORT and MWM test
(Figure 3F−I). Our behavioral tests revealed that TPH2
knockdown in the DRN region led to significant cognitive
deficits of NC mice and also reduced the beneficial effect of
GPR55 activation on learning and memory deficits of MS mice.
2.4. O-1602 Reversed the Reduction of Excitatory

Synapse Transmission in the DRN Caused by MS. To gain
further insight into the direct influence of GPR55 on 5-HT
neurons within the DRN of MS mice, we employed whole-cell
patch-clamp recordings to assess alterations in miniature
excitatory postsynaptic current (mEPSC). Biocytin was injected
into the recorded neurons to verify that the recorded neurons
(green) and hm3dq + TPH2 (red) were 5-HT neurons in the
DRN (Figure 4A). To determine the role of GPR55 in excitatory
synaptic transmission in the DRN, we recorded α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR)-mediated mEPSCs (Figure 4B). A significant
decrease in the mEPSC frequency was detected in MS mice
compared with the control animals (F(2, 15) = 20.17, P < 0.0001,
Figure 4C,E). The mEPSC amplitude was also decreased in MS
mice compared with the controls (F(2, 15) = 24.25, P < 0.0001,
Figure 4D,F). O-1602 treatment effectively reversed the

Figure 5.O-1602 upregulated the NMDAR and AMPAR in the MS model. (A−D) Representative western blot images and densitometric analysis of
GluN2A, GluN2B, and CaMKIIα protein expression in the DRN. The protein expression levels were normalized to beta-actin expression (n = 3 mice
per group). (E−H) Representative western blot images and densitometric analysis of the phosphorylation of GluR1 at Ser845 (pGluR1-S845) and
Ser831 (p-GluR1-S831), and GluA1 protein expression in the DRN. The protein levels were normalized to beta-actin expression (n = 3 mice per
group). ns, not significant. All data are shown as mean ± S.E.M; **p < 0.01, ***p < 0.001 vs control group; #p < 0.05, ##p < 0.01 vs MS group. ns: no
significance.
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decreased mEPSC frequency and amplitude induced by MS
(Figure 4C−F). These findings proved that O-1602 directly
enhanced excitatory glutamatergic neurotransmission impli-
cated in MS via GPR55 activation.
2.5. O-1602 Upregulated the Expression of the N-

Methyl-D-aspartate Receptor (NMDAR) and AMPAR in
the DRN of MS Mice. The suppression of glutamatergic
transmission by MS could result from the reduced number of
glutamate receptors. To test this, we performed western blotting
experiment to detect the levels of AMPAR and NMDAR
subunits in the DRN from MS, young (6 week-old) male mice.
Here, we observed a significant decrease in the expression of
GluN2A, GluN2B, and CaMKIIα in the MS group compared to
the control group in the DRN of juvenile mice (PND 42 ± 2).
However, following treatment with O-1602, the expression of
GluN2A, GluN2B, and CaMKIIα was notably increased,
particularly at doses of 0.4 and 2 mg/kg (F(4, 10) = 23.89, P <
0.0001, Figure 5A,B; F(4, 25) = 77.25, P < 0.0001, Figure 5C;
F(4, 10) = 36.15, P < 0.0001, Figure 5D). GluA1 phosphorylation
is crucial for AMPAR function and synaptic plasticity.45 In the
model group, a significant reduction in the phosphorylation
levels of GluA1 (Ser 831 and Ser845) was observed compared to
the control group (F(4, 10) = 54.64, P < 0.0001, Figure 5F; F(4, 10)
= 18.98, P = 0.0001, Figure 5G). Treatment with O-1602,
however, led to an elevation in these levels, with the most robust
effects observed at doses of 0.4 and 2 mg/kg for both Ser831
(Figure 5G, P = 0.0001) and Ser845 (Figure 5F, P < 0.0001).
Additionally, we measured the expression levels of total GluA1
and phosphorylated GluA1. Interestingly, treatment with O-
1602 did not affect the levels of total GluA1 compared to the
model group with the controls (F(4, 10) = 10.56, P = 0.6694,
Figure 5H). Our research results indicate that O-1602 treatment
can upregulate the NMDAR and AMPAR in the DRN. GPR55
may improve MS-induced learning and memory impairment by
affecting the postsynaptic NMDAR and AMPAR functions.

3. DISCUSSION
The research findings indicated that MS leads to significant
cognitive impairments, particularly in learning and memory. On
the one hand, the protein concentrations of GPR55 and TPH2
were reduced in the DRN of MS mice, subsequently impacting
the release of 5-HT in the DRN. On the other hand, the
excitatory synaptic transmission of 5-HTergic neurons in the
DRN of MS mice and the expression of postsynaptic NMDAR-
and AMPAR-related proteins are abnormal. However, GPR55
activation promoted the synthesis of TPH2 and release of 5-HT,
as well as increase the excitatory synaptic transmission of 5-
HTergic neurons and the expression of postsynaptic NMDAR-
and AMPAR-related proteins. Understanding the mechanisms
by which GPR55 activation influences the expression of TPH2
and these synaptic proteins may lead to the development of
therapeutic strategies aimed at mitigating the cognitive deficits
observed in MS mice. By restoring 5-HT signaling and
promoting synaptic plasticity, these interventions could
potentially improve learning and memory processes in mice
with MS.

Early adverse life experience during neurodevelopmental
periods is a well-recognized risk factor for several psychiatric
disorders.46,47 One consistent consequence of ELS is cognitive
deficits.48−50 Previous studies have found that mice subjected to
ELS exhibit substantial cognitive impairment in hippocampus-
dependent learning and memory tasks, such as the spatial object
recognition test, compared to the controls.51−54 Therefore, the

ELS animal model has been valuable for investigating treatments
targeting cognitive deficits in psychiatric disorders. In this study,
we examined the cognitive impairment in MS mice through
behavioral tests. Surprisingly, the administration of varying
concentrations of the GPR55 agonist O-1602 significantly
enhanced the learning and memory of MS mice and restored
levels to the ones in control mice. Furthermore, it is worth
noting that both medium and high concentrations have a
consistent effect on improving MS-induced learning and
memory impairment. Additionally, it was observed that the
administration of O-1602 in normal mice did not result in any
behavioral changes. Based on these findings, we selected the
medium dose of O-1602 for further experiments. Coinciding
with our results expressed herein, previous studies revealed that
GPR55 activation ameliorates cognitive impairment and
neurotoxicity in a mouse model of Alzheimer’s disease induced
by Aβ1−42 via inhibiting the Rho subfamily protein A/Rho-
related curly junction protein kinase 2 pathway.38 Furthermore,
GPR55 activation has been shown to improve the cognitive
function of mice by reducing oxidative stress, neuroinflamma-
tion, and synaptic impairment.55 Therefore, we speculated that
GPR55 is a vital receptor affecting cognitive impairment.

5-HTergic neurons in the DRN are essential in early postnatal
development, influencing the maturation and modulation of
higher-order emotional, sensory, and cognitive circuitry.41−43

The DRN located in the midbrain contains most 5-HT neurons
projecting to the forebrain, accounting for approximately two-
thirds of the total neurons.19,44 These 5-HT neurons regulate
depression, anxiety, and cognition by projecting to various brain
areas, such as the cortex, amygdala, and hippocampus.24 The
hippocampus is well-known for their roles in learning and
memory in animals. In this study, GPR55 was colabeled with
TPH2 in the DRN. The protein expression of GPR55 was
significantly downregulated in mice subjected to MS compared
to normal mice. However, the decrease in GPR55 expression
was reversed by O-1602 treatment. These findings suggest a
potential role of GPR55 in the development of learning and
memory in the DRN of MS mice. TPH2 is a crucial enzyme
involved in the synthesis of 5-HT,56 and boosting TPH2
synthesis and enhancing 5-HT release could be potential
therapeutic strategies for addressing cognitive impairments.57

Previous studies have shown that increased mRNA expression
levels of TPH2 can enhance its enzymatic activity, leading to
increased 5-HT synthesis.58 Our experiments demonstrated that
administration of O-1602 increased TPH2 protein concen-
tration and mRNA expression levels, resulting in enhanced 5-
HT secretion and significant improvement in learning and
memory deficits in mice with MS. To further understand the
connection of GPR55 and TPH2 in the DRN, we utilized an
AAV to knock down the TPH2 gene in mice. Behavioral tests
revealed that reduced TPH2 levels in the DRN region
contributed to significant cognitive deficits of normal mice
and also reduced the beneficial effect of GPR55 activation on
learning and memory deficits of MS mice. These results
suggested that the activation of GPR55 could improve MS-
induced learning and memory impairment through facilitating
TPH2 synthesis and restoring 5-HT content in the DRN.
Additionally, we found that GPR55 activation by O-1602
restored behavior deficits even in TPH2 knockdown mice. This
counterintuitive result might be explained as TPH2 short
hairpin RNA (shRNA) did not generate a complete knockout,
only about 67% knockdown.
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Synapses are pivotal in transmitting neuronal impulses,
encoding learning and memory and exchanging information.59

Synaptic loss is the primary reason for cognitive impairment.60,61

Therefore, enhancing synaptic function has emerged as an
effective approach to improving learning and memory deficits.
MS resulted in a reduction in the frequency and amplitude of
mEPSCs of 5-HTergic neurons in the DRN, while treatment
with the GPR55 agonist increased both mEPSC frequency and
amplitude. Therefore, our experimental results are consistent
with the reported studies that both presynaptic and postsynaptic
GPR55 are involved in these effects.30,62 The plasma glutamate
receptors, the NMDAR and AMPAR, are distributed in the
postsynaptic density area of excitatory synapses. Activation of
these receptors can trigger various forms of synaptic plasticity
and facilitate rapid synaptic transmission.45 Our data showed
that MS significantly downregulated the expression of GluN2A
and GluN2B in the DRN, while O-1602 administration restored
the levels of both receptors.

The Ca2+-CaM-calmodulin-dependent protein kinase II alpha
(CaMKIIα) signaling pathway, activated by NMDA receptors,
plays an essential role in synaptic plasticity, learning, and
memory. ELS has a significant impact on the structural and
functional plasticity of the hippocampus and prefrontal cortex in
adolescents, and the expression of synaptophysin and CaMKIIα
was decreased.63 Our study showed that the decrease in the
expression of p-CaMKIIα/CaMKIIα in the DRN of the MS
group was reversed by O-1602 treatment. Upon activation of
NMDA receptors, calcium ions enter cells, activating calcium
ion/CaMKII. This process involves direct phosphorylation of
various subunits of AMPARs, particularly the phosphorylation
of Ser 831 at the carboxyl terminal of the GluA1 subunit, which
is critical for the induction and maintenance of long-term
potentiation.64 The expression of the AMPAR GluA1R did not
differ. However, the phosphorylation levels of Ser 845 and Ser
831 of GluA1R were significantly changed in the MS and O-
1602 groups. These results suggest that GPR55 reduces
excitatory postsynaptic currents by mediating the phosphor-
ylation of AMPARs.

Our study establishes a clear link between diminished GPR55
expression in the DRN and the learning and memory deficits
observed in MS conditions. Strikingly, activation of the GPR55
pathway seems to counteract these negative consequences in
young adulthood. Additionally, the activation of GPR55 appears
to modulate TPH2 gene expression and related protein
expression of the NMDAR and AMPAR, offering therapeutic
potential inmitigating the cognitive deficits induced byMS. This
work uncovers a previously unidentified role of GPR55 within
the central nervous system and sheds light on the intricate
molecular underpinnings of learning and memory disturbances
in the context of MS. Undoubtedly, this work has certain
limitations. First, the present study is limited by the fact that the
experiments were only done with male mice. Second, the
pentahydroxy tryptamine neurons have been found to project
numerous nerve fibers throughout the entire brain and play a
significant role in various brain regions.44,65 Third, the
administration of O-1602 intraperitoneally may affect other
brain regions highly associated with learning and memory. In
future research, we aim to explore the depth relationship
between 5-HTergic neurons in the DRN and learning and
memory in the male and female mice, as well as the projection of
5-HTergic neurons to other brain regions inMS, with the goal of
generating novel treatment approaches for this disease.

4. MATERIALS AND METHODS
4.1. Animals and Drugs. Pregnant C57BL/6 female mice,

pregnancy period of 18−19 days, were purchased from the Air
Force Medical University Experimental Animal Center (Xi’an,
China) and housed individually in a temperature- and humidity-
controlled environment, with a 12:12 h light/dark cycle (light on
at 07:00 a.m.) and ad libitum access to food and water. All
behavioral tests were performed during the light period on the
designated day of the experiment. All experimental procedures
were approved by the Air ForceMedical University Animal Care
and Use Committee (no. 20230702). Efforts were made to
reduce the number of animals used and their suffering. O-1602
(purity >98%) was purchased from Tocris Bioscience (Bristol,
UK) and dissolved in saline. According to our previous studies,66

the doses of O-1602 (0.1, 0.4, and 2.0 mg/kg, once a day) were
administered via intraperitoneal injection.
4.2. Establishment of an MS Model. Each pregnant

female mouse was checked for delivery twice daily (10:00 a.m.
and 07:00 p.m.), and the birth day was designated as PND 0.
Then, all pups were randomly assigned to two groups: the
control group and the MS group. In the control group, pups and
their dams remained undisturbed except for biweekly cage
cleaning until weaning. In the MS group, mouse pups were
separated from their mothers daily for 3 h (from 9:00 a.m. to
12:00 a.m.) between PNDs 5 and 21. During this time, they were
placed in an empty cage with similar temperature and humidity
conditions. At the weaning day on PND 22, all litters were
separated based on sex and treatment conditions and were
maintained in group-housing systems. Only male mice (n = 6)
were maintained to perform a series of behavioral tests during
the juvenile period (PND 42−56). The timeline of the
experiment is shown in Figure 1.
4.3. NORT. The NORT was employed to evaluate mice’s

recognition memory. The NORT was performed as described
previously with minor modifications.67 This assessment
encompasses three sequential stages: habituation, training, and
testing. During the initial two-day habituation phase, mice were
introduced to an opaque square enclosure with dimensions of 40
× 40 × 25 cm. Without any objects, mice were allowed to
explore freely for 10 min to adapt to the environment. On the
subsequent training day, the mice were positioned within the
enclosure and permitted to investigate two identical objects for
10min. The next daymarked the testing phase, wherein themice
were exposed to two disparate objects for 5 min. One was a
familiar object, and the other was novel. A mouse’s behavior was
categorized as ‘exploratory’ when it oriented its snout toward an
object, maintaining a proximity of approximately 2 cm. To
ensure unbiased observations, two independent researchers,
uninformed about the experimental groups, meticulously
documented the duration each mouse dedicated to exploring
the objects. The RI was subsequently derived by taking the ratio
of time devoted to the novel object to the cumulative time spent
examining both entities.
4.4. MWM Test. The MWM test was used to evaluate the

cognitive capability of mice in terms of their learning and
memory abilities over five consecutive days. A circular pool
measuring 120 cm in diameter was used, surrounded by blue
curtains. The pool was divided into four quadrants: I, II, III, and
IV. It contained water filled to a depth of 45 cm, which was
consistently maintained at 25 ± 1 °C. A platform measuring 6
cm in diameter was placed within one of the quadrants, located 2
cm below the water’s surface, to remain hidden from the mice.
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The first 4 days were the learning phase. Mice were randomly
placed in one of the four quadrants without the platform present.
Each mouse underwent four trials on each training day at
intertrial intervals of 30−40 min. On the fifth day, the platform
was removed. Mice underwent a probe trial, during which they
were allowed 60 s of free swimming. Themovement paths in this
trial were captured by a digital camera and subsequently
analyzed using the ANY-maze behavioral tracking software
(Stoelting Co., Illinois, USA). The following parameters were
measured: escape latency (latency to find the platform) during
each training session, the percentage of time spent in the target
quadrant during the probe trial, and the number of times the
mouse crossed the platform.
4.5. Y-Maze Test. The Y-maze test was performed to

evaluate the discriminatory and spatial workingmemory of mice.
The Y maze consisted of three arms designated A, B, and C,
arranged at 120° intervals. The ANY-maze animal behavior
analysis system was used to record the movements of mice
within the Y maze. Mice were placed in the central junction area
of the Ymaze and allowed to freely explore for 8min. A complete
entry of a mouse’s hind limb into any arm was considered an
entry into that respective arm. Alternation was defined as the
sequential entry of an animal into three different arms (e.g.,
ABC, ACB, BAC, BCA, CAB, and CBA). The percentage of
spontaneous alternation was calculated using the following
formula: spontaneous alternation (%) = (successive triplet sets/
total number of arm entries − 2) × 100. A higher correct
alternation rate indicated stronger spatial discrimination and
memory capabilities.
4.6. Immunofluorescence Staining. After completing

behavior tests, mice from the control and MS groups (n = 6 per
group, 7−8 weeks old) were anesthetized with pentobarbital
sodium. Subsequently, they were intracardially perfused with
sterile saline, followed by 4% paraformaldehyde in 0.1 M PBS
(pH 7.4). The brain was postfixed in 4% paraformaldehyde
overnight and dehydrated through an ascending sucrose series,
including 15 and 30% (w/v) sucrose in 0.1 M PBS at 4 °C
overnight. Subsequently, floating sections (25 μm) of the DRN
were obtained and subjected to immunohistochemistry staining
using anti-GPR55 (Abcam, ab203663; 1:200) and anti-TPH2
(Abcam, ab133477; 1:200) antibodies. After washing three
times, sections were incubated with secondary antibodies
diluted in PBST for 2 h at room temperature in the dark.
DAPI diluted in 0.1 mM PBS (1:1000) was applied to mark cell
nuclei. A confocal fluorescence microscopy (Olympus, Japan)
was employed to observe and acquire the images. Image analysis
and process were carried out using ImageJ (NIH) by researchers
blinded to the experiments.
4.7. Western Blotting.Western blotting was performed as

previously described.68 After completing behavior tests, mice
were euthanized in the control, MS, and O-1602 treatment
groups (n = 3 per group, 7−8 weeks old). Subsequently, their
brains were removed and sliced, and the DRN was carefully
excised under a microscope. Total protein was extracted from
DRN samples using the M-PER protein extraction buffer.
Protein concentration was determined using a BCA kit. Equal
amounts of protein samples were used for western blotting
analysis. The primary antibodies used in this experiment were as
follows: GPR55 (Abcam, ab203663; 1:1000), GluN2A (Abcam,
ab124913; 1:1000), GluN2B (Abcam, ab254356; 1:1000), p-
CaMKIIα (Abcam, ab171095; 1:1000), CaMKIIα (Abcam,
ab52476; 1:1000), p-GluA1R Ser831 (Abcam, ab109464;
1:1000), p-GluA1R Ser45 (Abcam, ab76321; 1:1000), GluA1

(Abcam, ab31232; 1:1000), and TPH2 (Abcam, ab133477;
1:1000). β-Actin (Sigma-Aldrich, A5316; 1:10,000) was used as
a loading control. After three washes with TBST for 10 min, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies. Then, the signal of the target
protein was detected and digitized using the ECL solution and
the ImageJ program. The band intensity of each blot was
quantified as a ratio relative to β-actin. And we normalized all the
data to obtain the same value in the control group.
4.8. Viral Injection.Mice from control andMS groups (6−8

weeks old) were administered sodium pentobarbital (50 mg
kg−1, i.p. injection) for bilateral stereotaxic injection of viruses.
Themice were microinjected in theDRN (anteroposterior (AP)
−4.7 mm, dorsoventral (DV) −3.3 mm) with a total 200 nL of
viral cocktail (1:1) of rAAV-TPH2-CRE-P2A-EGFP-WPREs
and rAAV-Efla-DIO-hM3D(Gq)-mCherry-WPREs (Brain-
VTA, Wuhan, China) to facilitate the initial infection of 5-HT
neurons. Four weeks after the transfection and expression of the
chemogenetic virus in the DRN of mice, behavioral tests were
conducted at 2.5 h following an injection of 1 mg/kg clozapine-
N-oxide.
4.9. Whole-Cell Patch-Clamp Recordings. In voltage

clamp mode, currents were recorded at a holding potential of
−70 mV using recording pipettes filled with an intraelectrode
solution consisting of 0.2 mM tris-GTP, 0.4 mM EGTA, 4 mM
Mg-ATP, 5 mM NaCl, 10 mM HEPES, 20 mM KCl, and 130
mM potassium gluconate (pH 7.2−7.4; osmolality 290−300
mOsm). Spontaneous excitatory postsynaptic currents were
recorded from layer I and layer II neurons using an Axon 700B
amplifier (Molecular Devices Inc., CA, USA).

Animals from control, MS, andMS + 0.4 mg/kg groups (n = 6
per group, 6−8 weeks old) were sacrificed by cervical
dislocation. DRN samples (300 μm) were coronally sliced in
ice-cold artificial cerebrospinal fluid (ACSF; pH = 7.2−7.4)
containing 124 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM
MgSO4, 25 mM NaHCO3, 1 mM NaH2PO4, and 37 mM
glucose. The ACSF was saturated with 95% O2/5% CO2,
followed by 1 h incubation at room temperature, and then DRN
brain slices were transferred to the recording chamber on the
stage of an Olympus microscope. Voltage-clamp recordings of
mEPSCs were conducted in a whole-cell mode (Vh = −70 mV)
with 100 μMpicrotoxin and 1 μMTTX using recording pipettes
filled with an intraelectrode solution consisting of 0.2 mM tris-
GTP, 0.4 mM EGTA, 4 mM Mg-ATP, 5 mM NaCl, 10 mM
HEPES, 20 mM KCl, and 130 mM potassium gluconate (pH
7.2−7.4; osmolality 290−300 mOsm). All signals from neurons
were obtained and recorded using a Multi Clamp 700B
Amplifier (Axon Instruments, Forster City, CA, USA). Data
were excluded if the access resistance changed bymore than 15%
during the experiment or if the resting membrane potential was
more depolarized than −70 mV. Offline analysis of voltage
clamp data was performed using the Mini Analysis Program
6.0.7.

To identify the morphological properties of the recorded
neurons, biocytin (0.5%) was applied to the pipet solution. After
finishing data recording, the brain slices were fixed and stored as
mentioned above in the Immunofluorescence Staining section.
4.10. shRNA AAV Construction and Transfection. To

knock down TPH2 (NM_173391.3), plasmids encoding
shRNA targeting TPH2 were designed using validated shRNA
sequences: 5′-ATGTGGCCATGGGCTATAAAT-3′. The
AAV vector was generated by inserting shRNA fragments into
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the AAV vector GV478. A NC shRNA was used as an AAV
infection control.
4.11. Stereotaxic Surgery and Microinjections.Mice in

the control and MS groups (n = 6 per group, 6−8 weeks old)
were anesthetized using a mixture of ketamine (30 mg/mL) and
xylazine (3 mg/mL) and then mounted onto a stereotaxic
apparatus (RWD68001, Shenzhen Ruiwode Life Science,
China). An attenuated glass electrode with a diameter of
approximately 10 μm was bilaterally implanted into the DRN
(−4.7 mm AP and −3.3 mm DV). Microinjections of 200 nL of
shTPH2 (2.49 × 1012 v.g/mL) were administered bilaterally at a
rate of 40 nL/min using an infusion pump (Harvard Apparatus,
MA). An AAV vector containing 200 nL of NC was used as an
infection control. Four weeks after the shRNA infection, mice
were treated with O-1602 for 5 days. All groups (NC, MS,
shTPH2, and shTPH2 + MS + O-1602 groups) of mice were
subjected to behavioral tests at 10−14 weeks.
4.12. ELISA. Brain atlas coordinates and brain localization

were utilized in this study. DRN tissues were extracted from the
mice (n = 5 per group, 7−8 weeks old) brains in the control, MS,
and O-1602 treatment groups under a microscope. Subse-
quently, the tissues were rinsed with precooled PBS (0.01M, pH
7.4) to remove residual blood. The tissue was then weighed and
cut into smaller pieces. These shredded tissue fragments were
combined with an appropriate volume of PBS (typically in a 1:9
weight to volume ratio) in a glass homogenizer, with protease
inhibitors added to the PBS. The mixture was thoroughly
ground on ice to ensure complete homogenization. Following
the manufacturer’s instructions, the microwell coated with
mouse 5-HT and 5-HIAA trapping antibody was added with
specimens, the standard, and a horseradish peroxidase-labeled
detection antibody successively, warmed, and thoroughly
washed. Color development was achieved using the substrate
TMB, initially converting to blue through peroxidase catalysis
and then to yellow in response to acid. The color intensity was
proportional to the concentration of themouse interleukin-1β in
the sample. Absorbance (OD value) was measured at a
wavelength of 450 nm using an enzyme-labeled instrument,
and the sample concentration was calculated.
4.13. RNA Extraction and Quantitative Real-Time PCR

(qRT-PCR). After behavior tests, total RNA was extracted from
DRN brain tissues of control, MS, and O-1602 treatment groups
(n = 3 per group, 7−8 weeks old) using standard phenol/
chloroform extraction method. The One Step SYBR Prime-
Script RT-PCR Kit was used for cDNA synthesis according to
the manufacturer’s protocols. qRT-PCR was performed using
SYBR Premix ExTaq on a Bio-Rad CFX96TM Real-Time PCR
Detection System (Bio-Rad) with the following thermocycling
conditions: 95 °C denaturation for 15min, followed by 40 cycles
of denaturation at 95 °C for 10 s, and annealing at 55 °C for 30 s.
The fluorescent product was detected at the end of 95 °C
extension incubation. Melting curve analysis was then
performed on PCR products, and the relative expression of
each gene was calculated using the 2−ΔΔCT method. All
qRT‑PCR reactions were performed in triplicate, and the
expression of the target gene was normalized to the mRNA
level of GAPDH. The primers for TPH2 (forward: 5′-
CCCAAGTTCGCTCAGTTTTC-3′; reverse: 5′-CACA-
CGCCTTGTCAGAAAGA-3′) and GAPDH (forward: 5′-
CATGCCTTCCGTGTTCCTA-3′; reverse: 5′-CTTCACCA-
CCTTCTTGATGTCATC-3′) were provided by Sangon
Biotech (Shanghai, China).

4.14. Statistical Analysis. All data were expressed as mean
± S.E.M. Statistical comparisons were performed using
GraphPad Prism 8.0 (GraphPad Software) with appropriate
methods specified in the figure legends. Multigroup compar-
isons were conducted using one-way analysis of variance
(ANOVA) followed by Tukey’s test or two-way ANOVA
followed by Bonferroni’s test. A significance level of p < 0.05 was
considered statistically significant.
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