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Abstract

a-Synucleinopathies are marked by persistent neuroinflammation and disabling non-motor symptoms involving
nucleus accumbens (NAc) dysfunction, yet the neuroimmune mechanisms linking microglial activation to accumbal
synaptic pathology remain poorly understood. Here, we identify al-antitrypsin (AAT) as a previously unrecognized
modulator of cannabinoid receptor 2 (CB2R)-associated signaling in a-syn pathology. An acute transcriptomic screen
revealed prominent induction of the Serpinal gene family, while primary-microglial and chronic AAV-a-syn experi-
ments showed that Cnr2 deficiency amplified Serpinal/AAT responses, consistent with an insufficient compensatory
reaction to persistent inflammation. Molecular docking, reciprocal co-immunoprecipitation, and surface plasmon
resonance provided complementary evidence supporting an AAT-CB2R association under the respective assay condi-
tions. Functionally, AAT reduced the a-syn-associated elevation of intracellular cAMP in an AM630-sensitive manner
and attenuated ATP-evoked Ca®* responses, calpain-1 activity, GSK-33 N-terminal cleavage, and NLRP3/caspase-1-re-
lated cytokine production; these effects were substantially diminished in Cnr2-deficient microglia. Calpeptin repro-
duced key molecular effects, implicating calpain-related proteolysis in this neuroimmune response. In vivo, intracer-
ebroventricular AAT preserved NAc synaptic ultrastructure, ameliorated excitatory synaptic abnormalities in dopamine
D2 receptor-expressing medium spiny neurons, and improved fear-memory retrieval, spontaneous alternation,

and anxiety-like behavior, without affecting novel object recognition or motor performance. Several effects were
attenuated under Cnr2-deficient conditions, although selected electrophysiological responses persisted. Our findings
identify AAT-CB2R-linked signaling as a modulator of microglial inflammatory homeostasis and support the therapeu-
tic potential of AAT for NLRP3-associated neuroinflammation and non-motor dysfunction in a-synucleinopathies.
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Introduction

a-Synucleinopathies comprise a group of neurodegenera-
tive disorders characterized by the abnormal aggregation
of a-synuclein within neuronal and/or glial inclusions
[1]. Although motor dysfunction is a prominent clinical
feature of Parkinson’s disease (PD), affective and cogni-
tive disturbances are common non-motor manifesta-
tions and may emerge early in the disease course [2]. The
nucleus accumbens (NAc), a key component of mesolim-
bic circuitry, has been implicated in affective and moti-
vational processing [3-5]. Experimental manipulation
of the parafascicular thalamus—NAc pathway modu-
lates depression-like behavior in PD mice [3], whereas
an amygdala—NAc circuit has been shown to encode
negative valence [4]. Consistent with these experimental
findings, altered NAc functional connectivity has been
associated with the subsequent development of apathy
in patients with PD [5]. Together, these observations
identify the NAc as a relevant circuit-level substrate for
selected non-motor manifestations of PD.

Within this circuitry, local neuroimmune interactions may
provide an important link between a-syn pathology and
synaptic dysfunction. Microglia can shape NAc circuitry
through complement-dependent phagocytic remodeling [6].
Under pathological conditions, aggregated o-syn can acti-
vate innate immune pathways, including NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) inflammasome
signaling [7]. NLRP3 inflammasome assembly activates
caspase-1 and promotes the maturation of interleukin-1f3
(IL-1pP) and interleukin-18 (IL-18), thereby amplifying neu-
roinflammatory responses and contributing to neuronal
injury [8]. However, the endogenous mechanisms that con-
strain o-syn-associated microglial inflammatory responses
within the NAc remain incompletely understood.

The cannabinoid type 2 receptor (CB2R) has emerged
as a potential immunomodulatory target in neuroin-
flammatory disorders [9]. Although CB2R expression is
relatively low in the healthy central nervous system, it
can increase in glial and immune-cell populations under
inflammatory conditions [10]. Pharmacological activa-
tion of CB2R has been associated with attenuation of
NLRP3-related signaling and reduced production of pro-
inflammatory mediators [11]. CB2R signaling in striatal
and related neural circuits has also been linked to the
regulation of behavioral responses [10, 12]. Consistent
with these observations, our previous study showed that
constitutive Cnr2 deficiency enhanced a-syn-associated
microglial activation and synaptic engulfment in the NAc
[13], suggesting that CB2R-associated signaling contrib-
utes to the neuroimmune regulation of this circuitry.
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al-Antitrypsin (AAT), encoded by SERPINAI in
humans and by the Serpinal gene family in mice, is a mul-
tifunctional acute-phase serpin with protease-inhibitory,
immunoregulatory, and tissue-protective properties [14].
Alterations in AAT abundance and molecular structure
have been reported in Alzheimer’s disease and parkin-
sonian disorders [15, 16], suggesting a potential associa-
tion with neurodegenerative disease processes. AAT has
also been shown to attenuate amyloid-fB-induced micro-
glial inflammatory responses and cytotoxicity [17]. How-
ever, its functional relevance and signaling mechanisms
in a-synucleinopathies remain poorly defined. Given the
established role of CB2R in regulating microglial inflam-
matory responses and NLRP3-related signaling, we
hypothesized that AAT may influence CB2R-associated
signaling and thereby attenuate a-syn-induced microglial
inflammation and synaptic dysfunction.

To address this hypothesis, we combined constitutive
Cnr2-knockout mice with NAc-targeted o-syn overex-
pression, primary microglial cultures, biochemical and
biophysical analyses, electrophysiological recordings,
and behavioral assessments. We examined whether Cnr2
deficiency altered endogenous Serpinal/AAT responses
and whether exogenous AAT modulated Ca®*/calpain/
GSK-33/NLRP3-related signaling. We further evaluated
excitatory synaptic transmission in NAc dopamine recep-
tor type 2-expressing medium spiny neurons (D2-MSNs),
synaptic and organelle ultrastructure, and selected affec-
tive and cognitive outcomes. Our findings show that Cnr2
deficiency enhances a-syn-associated Serpinal/AAT
responses, whereas exogenous AAT attenuates microglial
inflammatory signaling, ameliorates selected D2-MSN
synaptic abnormalities, and improves behavioral deficits.
Collectively, these results support an AAT-CB2R-associ-
ated neuroimmune framework in which CB2R signaling
contributes substantially to the anti-inflammatory, synap-
tic, and behavioral effects of AAT, while complementary
CB2R-independent mechanisms may also be involved.

Results

Cnr2 deficiency alters the early NAc transcriptional
response to a-syn, with prominent Serpina1 family
upregulation

To characterize early genotype-associated transcriptional
responses to a-syn, wild-type (CB2R*/*) and constitutive
Cnr2-knockout (CB2R™~) mice received fibrillar a-syn
or PBS, and NAc tissue was collected 2 h later for RNA
sequencing (Fig. 1a). Consistent with our previous findings
[13], a-syn exposure increased CB2R immunoreactivity in
Ibal-positive cells in CB2R*/* mice, whereas CB2R signal
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was not detected in CB2R™/~ mice (Fig. Sla-b), confirming
the loss of receptor expression in the knockout animals.
Principal component analysis revealed separation among
the treatment—genotype groups (Fig. S2a), indicating that
both a-syn exposure and Cnr2 genotype influenced the
early transcriptional response in the NAc. Among approx-
imately 14,000 detected genes, 121 differentially expressed
genes were identified by DESeq?2 in a-syn-treated CB2R™/~
mice relative to a-syn-treated CB2R™* littermates using
the predefined thresholds of |log2FC|>1 and false dis-
covery rate (FDR)<0.05 (Fig. 1b, c, Fig. S2b). Members
of the Serpinal gene family, including Serpinala, Ser-
pinalb, Serpinalc, and Serpinald, were among the most
prominently upregulated transcripts in the CB2R™/~ group
(Fig. 1c, d, Fig. S2c-d). Gene Ontology enrichment analysis
of the genotype-associated differentially expressed genes
highlighted acute inflammatory response-related terms
(Fig. 1e). Kyoto Encyclopedia of Genes and Genomes path-
way analysis further identified alterations in peroxisome
proliferator-activated receptor signaling, lipid and choles-
terol metabolism, and inflammatory pathways (Fig. S2e).
Expression-network analysis placed the Serpinal tran-
scripts within related inflammatory and metabolic mod-
ules (Fig. S2f).

Building on the early-response RNA-seq findings, we
next examined whether pharmacological CB2R activation
was associated with changes in microglial AAT immu-
noreactivity. Primary microglia isolated from CB2R™'*
and CB2R™/~ mice were exposed to PBS, a-syn, or a-syn
together with the CB2R agonist JWH133. In CB2R™'*
microglia, JWH133 significantly attenuated the o-syn-
associated increase in AAT immunoreactivity, whereas
no comparable reduction was detected in CB2R™/~ cells
(Fig. 1f, g). Together with the prominent upregulation of
Serpinal family transcripts in the acute NAc transcrip-
tome, these findings identify Serpinal/AAT as a CB2R-
associated component of the early response to a-syn and
indicate that pharmacological CB2R activation can mod-
ulate microglial AAT abundance under the conditions
examined. The 2-h RNA-seq dataset was therefore used
to nominate Serpinal/AAT for subsequent mechanistic

(See figure on next page.)
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investigation, rather than to infer direct temporal pro-
gression to the chronic AAV-a-syn phenotype.

Complementary analyses support an AAT-CB2R
association and reveal enhanced Serpina1/AAT responses
in Cnr2-deficient a-syn pathology

Having identified Serpinal/AAT as an early CB2R-asso-
ciated response to a-syn, we next examined whether AAT
and CB2R could associate across complementary struc-
tural, biochemical, and biophysical assays. Protein—pro-
tein docking predicted a candidate interaction interface
involving multiple hydrogen-bonding contacts, including
AAT Asnl158 and CB2R His267 (Fig. 2a). Reciprocal co-
immunoprecipitation (Co-IP) of NAc lysates from a-syn-
treated mice recovered AAT and CB2R within the same
immunoprecipitable complex (Fig. 2b). In surface plas-
mon resonance (SPR) experiments, recombinant CB2R
injected over immobilized AAT generated concentration-
dependent sensorgrams. Global fitting to a 1:1 Langmuir
binding model yielded an association rate constant (k,)
of 1.3x10* M~! s7! and a dissociation rate constant (k)
of 9.66x107% s71, resulting in an apparent equilibrium
dissociation constant (K,) of 7.41x10-7 M (Fig. 2c).
Together, these findings support an AAT-CB2R associa-
tion under the respective assay conditions, without defin-
ing the physiological binding site, receptor-activation
mechanism, or an allosteric mode of modulation.

To determine whether the enhanced Serpinal/AAT
response was also evident beyond the acute 2-h tran-
scriptomic screen, we examined an independent chronic
model generated by AAV-mediated a-syn overexpression
in the NAc of CB2R*'* and constitutive CB2R™'~ mice.
CB2R™/~ mice exhibited greater a-syn immunoreactiv-
ity associated with Ibal-positive microglia in the NAc
shell than CB2R** mice (Fig. 2d). RT-qPCR analysis
further revealed higher levels of Serpinala, Serpinalb,
Serpinalc, and Serpinald transcripts in the NAc of
a-syn-overexpressing CB2R ™/~ mice (Fig. 2e). Consistent
with these transcriptional changes, AAT immunoreac-
tivity was increased in CB2R™/~ mice and was detected
predominantly in Ibal-positive cells under the condi-
tions examined (Fig. 2f-h and Fig. S3a). In contrast, only

Fig. 1 CB2R deficiency upregulates Serpinal gene and AAT expression following a-syn induction. a Schema of RNA sequencing in the NAc affected
by fibrillar a-syn in CB2R** and CB2R™~ mice. b Venn diagram of the intersection and specific distribution of DEGs among CB2R** and CB2R™/~
mice treated with PBS and a-syn. ¢ Volcano diagram of the DEGs between CB2R™* and CB2R™~ mice treated with a-syn. d Heatmap depicting

the significant upregulation (red) and downregulation (blue) of DEGs from the NAc across four groups. n=3 or 5 per group. e GO enrichment

chord diagram of the DEGs corresponding to the top 10 significantly-enriched GO terms. f IF of Iba1 (red) and AAT (green) in primary microglia
isolated from CB2R** and CB2R™~ mice treated with PBS, a-syn, a-syn+JWH133. scale bar: 10um (n=6). g Quantitative analysis of the AAT-positive
area per microglia. Data are presented as the mean +SEM and assessed by two-way ANOVA with Tukey's multiple comparisons test. fp < 0.05,

#5 <001, " p<0.001, between microglia treated with PBS, a-Syn and a-Syn +JWH133; *p < 0.05, **p < 0.01, **p < 0.001 for genotype comparisons
under the same treatment condition. NAc, Nucleus accumbens; a-syn, a-synuclein; AAT, alpha-1-antitrypsin; CB2R (Cnr2), Cannabinoid receptor 2;

GO, Gene ontology; IF, immunofluorescence
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Fig. 2 Complementary analyses support an AAT-CB2R association and reveal enhanced Serpinal/AAT responses under Cnr2 deficiency. a Protein—
protein docking model showing the predicted AAT-CB2R interaction interface, visualized using PyMOL. b Representative WB of the Co-IP of CB2R
and AAT in mouse NAc extracts. ¢ SPR kinetic analysis showing real-time, concentration-dependent binding of recombinant CB2R (0.03125-1

uM) to immobilized AAT. Sensorgrams represent reference-subtracted binding responses, with black overlay curves showing the global fit to a 1:1
Langmuir binding model. d IF staining of the NAc area using Iba1 (green) and a-syn (red) antibodies. Scale bar: 20 um. Quantification of a-syn*
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in AAV-vector- or AAV-a-syn-treated CB2R** and CB2R™~ mice. scale bar: 50 um, 20 pum. g Quantification of AAT* area per microglia (n=6). The data
are presented as the mean+SEM and assessed by two-way ANOVA followed by Tukey's multiple comparisons test. *p < 0.05, #p <0.01, #¥p < 0.001,
between mice treated with AAV-vector and AAV-a-syn; *p < 0.05, **p <0.01, ***p <0.001, compared between CB2R** and CB2R™~ mice. h The 3D
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limited overlap was observed between AAT immuno-
reactivity and the astrocytic marker GFAP or neuronal
marker BIII-tubulin (Fig. 2i, j and Fig. S3b, c). These colo-
calization findings indicate a predominant association of
AAT immunoreactivity with microglia but do not estab-
lish exclusive microglial synthesis or exclude the uptake
of extracellular AAT.

The structural, biochemical, and biophysical findings
therefore support an AAT-CB2R association under the
respective experimental conditions. In the chronic AAV—
a-syn model, constitutive Cnr2 deficiency was accom-
panied by a greater microglia-associated o-syn burden
and enhanced Serpinal/AAT responses in the NAc. The
predominant association of AAT immunoreactivity with
Ibal-positive cells, together with its increase under Cnr2-
deficient conditions, is compatible with a compensatory
response involving microglia during persistent a-syn-
associated inflammation, although the present data
do not establish this interpretation. Nor do these find-
ings distinguish whether the increased Serpinal/AAT
response reflects direct CB2R-related transcriptional
regulation or an indirect consequence of the heightened
inflammatory state associated with Cnr2 deficiency. This
evidence motivated subsequent experiments to deter-
mine whether CB2R-associated signaling contributes to
the immunomodulatory effects of exogenous AAT.

AAT attenuates microglial NLRP3/caspase-1-related
inflammation through a CB2R-associated mechanism

in an a-synucleinopathy model

Having obtained complementary evidence for an AAT-
CB2R association, we next examined whether CB2R
signaling contributed to the anti-inflammatory effects of
exogenous AAT. In the chronic AAV-a-syn model, CB2R*'*
and constitutive CB2R™~ mice received intracerebroven-
tricular (ICV) AAT, after which microglial morphology and
NLRP3-related inflammatory markers were evaluated in
the NAc (Fig. 3a). Dual immunofluorescence staining for
Ibal and NLRP3, together with three-dimensional recon-
struction, showed increased NLRP3 immunoreactivity in
Ibal-positive cells following o-syn overexpression. AAT
significantly reduced this signal in CB2R** mice, whereas
no comparable reduction was detected in CB2R™'~ mice
(Fig. 3b, c). Sholl and skeleton analyses further revealed
a-syn-associated alterations in microglial process number
and branching complexity (Fig. 3d, e). In CB2R™* mice,
AAT shifted these morphological measures toward the cor-
responding control values. In contrast, the effects of AAT
were markedly attenuated or not detected in CB2R ™/~ mice,
in which microglia retained shorter, thicker processes and
altered branching patterns after treatment (Fig. 3d, e and
Fig. S4a, b). These observations indicate genotype-associ-
ated differences in microglial morphological remodeling,
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although static morphology alone does not define a specific
functional or activation state.

We next assessed NLRP3/caspase-1-related inflamma-
tory signaling in a-syn-stimulated primary microglia. AAT
reduced a-syn-induced increases in NLRP3, pro-caspase-1,
and caspase-1 protein abundance in CB2R*™* microglia
(Fig. 3f-i). These AAT-associated reductions were markedly
attenuated or not detected in CB2R™~ cells. Consistent with
the protein findings, AAT also reduced a-syn-associated
increases in IL-1B and IL-18 levels in CB2R™* micro-
glia, whereas no comparable reductions were observed
in CB2R™~ counterparts (Fig. 3j, k). Overall, these find-
ings support a substantial contribution of CB2R signaling
to AAT-mediated effects on o-syn-associated microglial
remodeling and NLRP3/caspase-1-related inflammatory
responses, while also allowing for the involvement of parallel
anti-inflammatory mechanisms.

AAT attenuates a-syn-associated microglial Ca*/calpain
signaling and GSK-3f cleavage in a CB2R-associated
manner

Dysregulation of intracellular Ca®* homeostasis has been
implicated in microglial NLRP3 inflammasome-related
signaling and the amplification of neuroinflammatory
responses in neurodegenerative disorders [18, 19]. To deter-
mine whether AAT altered this response, we monitored
ATP-evoked intracellular Ca** dynamics in a-syn-treated
primary microglia using the Ca*-sensitive fluorophores
Fluo-4 and Fura Red. a-Syn treatment increased the ATP-
evoked Fluo-4/Fura-Red fluorescence ratio, whereas AAT
attenuated this increase in CB2R™"* microglia. No compa-
rable reduction was detected in CB2R™'~ cells (Fig. 4a, b).
Similarly, AAT reduced «-syn-associated NLRP3 protein
upregulation in CB2R*'* microglia, whereas this effect was
not detected in CB2R™'~ cells under the conditions exam-
ined (Fig. S5a, b).

Elevated cytosolic Ca** can activate calpain, a Ca*-
dependent cysteine protease that mediates N-terminal cleav-
age of glycogen synthase kinase-3f (GSK-3f), a proteolytic
modification reported to enhance GSK-3f activity [20].
GSK-3p has also been implicated in the regulation of NLRP3
inflammasome-related signaling and neuroinflammatory
responses in models of PD [21, 22]. We therefore examined
whether calpain/GSK-3p signaling was associated with the
CB2R-related effects of AAT in a-syn-stimulated microglia.
a-Syn exposure increased both calpain-1 activity (Fig. 4c)
and calpain-1 protein abundance (Fig. 4d, e). AAT attenu-
ated both changes in CB2R** microglia, whereas no signifi-
cant reductions were detected in CB2R ™'~ cells.

a-Syn exposure also increased the abundance of the
N-terminally cleaved GSK-3p species, a proteolytic
form previously associated with enhanced kinase activ-
ity (Fig. 4f). AAT reduced the abundance of this cleaved
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species in CB2R™* microglia but did not significantly

alter it in CB2R™~ cells. Because GSK-3p is also regu-
lated by inhibitory phosphorylation at Ser9, we exam-
ined the abundance of Ser9-phosphorylated GSK-3p.
No significant differences in the Ser9-phosphorylated
species were detected among the experimental condi-
tions (Fig. 4g). Thus, the measured AAT-associated
effect was evident in GSK-3 N-terminal cleavage

), interleukin-18

rather than in the Ser9 phospho-signal. Nevertheless,
the potential involvement of other phosphorylation
sites or regulatory mechanisms cannot be excluded.

To further examine the contribution of calpain-related
signaling, a-syn-stimulated CB2R*'* primary microglia
were treated with the calpain inhibitor calpeptin. Cal-
peptin reduced both GSK-3p N-terminal cleavage and
NLRP3 protein abundance, partially recapitulating the



Feng et al. Molecular Biomedicine (2026) 7:180 Page 8 of 18

a PBS b
< o _ = CB2R*-PBS
S =i HA — CB2R"-PBS
§ NS g = CB2R"-a-Syn
2. . 23 = CB2R"*-a-Syn
g : éé = CB2R"-a-Syn-AAT
= == CB2R**-a-Syn-AAT
% 0 10 20 30 (min)
c 2 - d PBS a-Syn  a-Syn-AAT
% 4 ¥ — e e W F
: 3 5 Calpin-1 [ o S 75
£
g 2 N-GSK3p [BSSSSSSSSI8®[ 46— coor
o 3 &
o 1 a
e pGSK3p [EEEEEEREREES| 46 = coRr-
2 =
g asyn - + + GAPDH | - - - - - |-37
AAT - - +
e  Calpain-1 Pse®-GSK-3B
£ fo g
0] £
° 2
a o
5 <
—_ o
8 E
2 r
3 2
ko) &
« &
h 1 N-GSK3p ] NLRP3 k
a-Syn - + + + w = 2
Calpeptin - - + - S5 0 # £00q 2 _* i
ART - - - g s 7 |
kDa 0.1 o S 15 § 6
2 2 =
N-GSK3PB[= = = o» o a0 e ow o0 o s e | 465 § %10 &4
T =1 3 3 o
GAPDH | 137 £0° 205 2,
NLRP3 EE S SR aaee M7 gool il ool oL
[P @] 37 oSyn - + + + a-Syn - + + + aSyn - + + +
GAPDH | F Calpeptin - - + + Calpeptn - - + +  AAT - + o+ -
AT - - + - AT - - + - AMB0 - - - + -
JWH133 - - - -+

Fig. 4 AAT modulates microglial Ca?*/calpain/GSK-3B-related signaling with attenuated responses under Cnr2-deficient conditions. a
Representative time-lapse images of intracellular calcium (Ca?*) flux in primary microglia stained with a Ca**-sensitive dye (Fura Red/Fluo-4)

over 30 min. Scale bar:50 um. b Quantification of relative intracellular Ca”* levels (Fluo-4/Fura Red fluorescence ratio) following ATP stimulation.
(n=4). c Relative calpain-1 activity in primary microglia isolated from CB2R** and CB2R™~ mice under the indicated treatment conditions (n=6).
d-g Representative WB (d) and densitometric quantification of calpain-1(e), N-terminal GSK-3f (N-GSK-3) (f), and phosphorylated GSK-3( (Ser9)
(g) protein levels, GAPDH was used as a loading control. (n=4). The data are presented as the mean +SEM and assessed by two-way ANOVA
followed by Tukey's multiple comparisons test. fp < 0.05, #p < 0.01, #p < 0.001, between primary microglia treated with PBS, a-syn, and a-syn +AAT;
*p<0.05,*p <001, **p <0001 indicate genotype comparisons between CB2R** and CB2R™~ microglia under the same treatment condition. h-j
Representative WB (h) and densitometric quantification of N-GSK-3(3 (i) and NLRP3 (j) protein levels in WT primary microglia treated with a-syn,

in the presence or absence of the calpain inhibitor calpeptin or AAT (n=3). k Intracellular cAMP levels measured via ELISA under the indicated
treatment conditions (n=5). The data are presented as the mean + SEM and assessed by one-way ANOVA followed by Tukey's multiple comparisons
test. Gsk-3B, glycogen synthase kinase 3 beta; N-Gsk-33, N-terminal glycogen synthase kinase 3 beta; P***-Gsk-3[3, phospho-serine 9-glycogen
synthase kinase 3 beta; cCAMP, cyclic adenosine 3',5'-monophosphate

molecular effects of AAT (Fig. 4h-j). These findings are  response similar in direction to that observed with the
consistent with an upstream contribution of calpain to CB2R agonist JWH133 (Fig. 4k). The AAT-associated
these molecular changes, although they do not establish  reduction in cAMP was attenuated by the CB2R antag-
GSK-3p as an obligatory intermediate linking calpain  onist AM630, providing pharmacological evidence for
activity to NLRP3 regulation. We next measured intracel-  the functional involvement of CB2R signaling under
lular cAMP as a downstream pharmacological readout the experimental conditions examined. Together with
relevant to CB2R signaling. AAT reduced the a-syn- the Cnr2-deficient experiments, these findings support
associated elevation in intracellular cAMP, producing a a mechanistic framework in which CB2R-associated
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signaling contributes to AAT-mediated regulation of
intracellular Ca** responses, calpain activity, GSK-3f
N-terminal cleavage, and NLRP3-related inflammatory
signaling.

Broader inflammatory transcriptional responses were
subsequently profiled in o-syn-stimulated microglia.
In CB2R** cells, AAT attenuated the a-syn-induced
increases in 1l1b, Ifng, Inos, and Tnfa mRNA abundance
and shifted 7/10 mRNA abundance toward control levels.
These transcriptional effects were markedly attenuated
or not detected in CB2R™/~ microglia (Fig. 5a, b), pro-
viding further evidence that CB2R-associated signaling
contributes to the immunomodulatory actions of AAT.
Ultrastructural examination by transmission electron
microscopy further suggested comparatively better preser-
vation of mitochondrial morphology and less pronounced
alterations in lysosome-like vesicle profiles in NAc micro-
glia from AAT-treated CB2R*" mice. Similar qualitative
improvements were not evident in CB2R ™~ mice, in which
mitochondrial abnormalities and altered lysosome-like
vesicle profiles remained apparent following AAT admin-
istration (Fig. 5¢). As these observations were based on
static, representative electron micrographs without quan-
titative or functional assessment, they provide descriptive
evidence of genotype-associated differences in organelle
ultrastructure but do not establish enhanced lysosomal

I CcB2R* 6

a., [ CB2R™
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biogenesis, restoration of lysosomal function, or irrevers-
ible organelle injury.

Taken together, the genetic, pharmacological, molecular,
and qualitative ultrastructural findings provide conver-
gent evidence that CB2R-associated signaling contributes
substantially to the effects of AAT on a-syn-associated
intracellular Ca* responses, calpain activity, GSK-3p
N-terminal cleavage, NLRP3-related inflammatory signal-
ing, and microglial organelle morphology. These results
support a contributory CB2R-associated mechanism while
allowing for the involvement of parallel CB2R-independent
pathways.

CB2R signaling contributes to AAT-mediated improvement
of selected excitatory synaptic abnormalities in NAc
D2-MSNs during a-syn pathology

Given that microglial inflammatory signaling can influence
neighboring neuronal circuits, we next examined neu-
ronal and synaptic alterations within the NAc. GABAergic
medium spiny neurons constitute the principal neuronal
population in this region and integrate dopaminergic and
glutamatergic inputs that shape NAc circuit output. In
a-syn-overexpressing mice, immunoreactivity for glu-
tamate decarboxylase 1 (GAD67), the 67-kDa protein
encoded by GAD1, was reduced in the NAc, consistent
with an altered GABAergic neuronal phenotype, although

Cc

Microglia

Ym1

Arg1

Tnfa

Fig. 5 AAT modulates inflammatory gene expression and microglial organelle ultrastructure under a-syn-associated conditions. a, b RT-qgPCR
analysis of mRNA levels for pro-inflammatory (a; /116, /6, Ifng, Inos, Tnfa) and anti-inflammatory (b; /110, Ym1, Arg1) markers in primary microglia
isolated from CB2R** and CB2R™~ mice under the indicated treatment conditions (n=6). ¢ Representative TEM images of microglia in the NAc
across different AAV treatment groups. Red arrows indicate mitochondria, and green arrows indicate lysosomes. Scale bar, 2 um. The data are
presented as the mean +SEM and assessed by two-way ANOVA followed by Tukey’s multiple comparisons test. *p <0.05, p < 0.01, ##p < 0.001,
between primary microglia treated with PBS, a-syn, and a-syn + AAT; *p <0.05, **p <0.01, ***p < 0.001 indicate genotype comparisons

between CB2R™* and CB2R. ™~ microglia under the same treatment condition. IL-6 (/I6), interleukin-6; IL-10 (//10), interleukin-10; IFN-y (Iifng),
interferon-y; iINOS (Inos), inducible nitric oxide synthase; TNF-a (Tnfa), tumor necrosis factor-alpha; Ym1/Chi313 (Ym1), chitinase-3-like protein 3;

Arg-1, arginase-1
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this measure does not directly establish impaired MSN
output function (Fig. 6a, b). Representative transmission
electron micrographs further revealed features sugges-
tive of altered synaptic morphology and mitochondrial
ultrastructure, including less well-defined synaptic clefts
and disrupted mitochondrial membrane and cristae pro-
files. These abnormalities appeared more pronounced in
CB2R™/~ mice (Fig. 6¢). These static observations provide
qualitative evidence of ultrastructural differences but do
not independently establish synaptic failure or mitochon-
drial dysfunction.

a GAD1 b

Vector ao-Syn a-Syn+AAT

[ cB2R** EH CB2R*
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NAc D2-MSNs participate in the processing of aver-
sive and motivationally relevant signals and depend on
excitatory inputs from cortical and limbic circuits [23].
We therefore examined whether AAT treatment was
associated with changes in excitatory synaptic input onto
D2-MSNs in the NAc shell. Whole-cell patch-clamp
recordings were performed in EGFP-positive D2-MSNs
to measure spontaneous and miniature excitatory post-
synaptic currents (SEPSCs and mEPSCs; Fig. 6d-h). Elec-
trophysiological data were analyzed using nested ANOVA,
with individual cells nested within their respective animals
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Fig. 6 AAT mitigates neuronal damage and restores synaptic transmission in NAc D2-MSNs. a Representative immunofluorescence images

of GAD1 (green) in the NAc. Scale bar: 20 um. b Quantification of the GAD1" area (n=6). The data are assessed by two-way ANOVA followed

by Tukey's multiple comparisons test. ¢ Representative TEM images of NAc synapses. Red and yellow arrows indicate mitochondria and the synaptic
cleft, respectively (n=3), scale bar: 500 nm. d Merged fluorescence (D2R, green; DAPI, blue) and bright-field images delineating the stereotaxic
injection area of AAV-D2R-EGFP and the patch-clamp recording site within the NAc shell. e, g Representative traces of sEPSCs (e) and mEPSCs (g)
recorded from GFP-positive D2-MSNs across the four experimental groups. f, h Quantitative analyses of the frequency (left) and amplitude (right)
of sEPSCs (f) and mEPSCs (h). Data are presented as mean +SEM (n=8-11 cells nested within N=4 mice per group). Statistical significance

was assessed by nested ANOVA followed by Tukey’s multiple comparisons test. fp < 0.05, #p <0.01, and **p < 0.001 for comparisons between PBS,
AAV-0-Syn +AAT and AAV-a-Syn + PBS within the same genotype; *p <0.05, **p <0.01, and ***p <0.001 for comparisons between genotypes
(CB2R™~ vs. CB2R™*) under identical treatments. D2-MSNs, dopamine receptor type 2-expressing medium spiny neurons; TEM, transmission
electron microscopy; GAD1, glutamate decarboxylase 1; SEPSC, spontaneous excitatory postsynaptic current; mEPSC, miniature excitatory

postsynaptic currents
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to account for the hierarchical structure of the dataset. The
analysis included 8-11 cells from four mice per group.

In a-syn-overexpressing CB2R™* mice, AAT signifi-
cantly increased both sEPSC and mEPSC frequencies
relative to vehicle-treated a-syn controls. Corresponding
frequency increases were not detected in CB2R™/~ mice
(Fig. 6f, h), supporting a substantial contribution of CB2R
signaling to the frequency-related effects of AAT on excit-
atory synaptic input. In contrast, AAT increased sEPSC
amplitude in both genotypes and increased mEPSC ampli-
tude in CB2R™/~ mice. These genotype-divergent ampli-
tude responses indicate that selected electrophysiological
effects of AAT persist in the absence of CB2R.

Collectively, these findings show that AAT ameliorates
selected «-syn-associated abnormalities in excitatory
synaptic transmission onto NAc D2-MSNs. The geno-
type dependence of the sEPSC and mEPSC frequency
responses supports the involvement of CB2R-associ-
ated signaling, whereas the retained amplitude-related
responses in CB2R™/~ mice suggest that complementary
CB2R-independent mechanisms may also contribute.

AAT attenuates affective and domain-specific

cognitive impairments in an a-synucleinopathy model

with a substantial contribution from CB2R signaling

To evaluate the functional consequences of AAT treat-
ment and determine whether the molecular and synaptic
changes described above were accompanied by behavioral
improvement, mice with NAc-targeted A53T a-syn over-
expression were subjected to a comprehensive behavioral
battery assessing associative fear memory, spatial work-
ing-memory-related performance, recognition memory,
anxiety-related behavior, and motor function (Fig. 7a).
a-Syn-overexpressing mice exhibited significant impair-
ments in associative fear memory, as evidenced by reduced
freezing during both contextual and cued retrieval tests
compared with vector-injected controls (Fig. 7b, c). These
deficits were more pronounced in CB2R™'~ mice than in
CB2R*/* littermates, indicating greater behavioral vulner-
ability in the absence of CB2R signaling.

In CB2R*'* mice, AAT significantly increased freezing
during both contextual and cued retrieval, shifting per-
formance toward the corresponding control levels. AAT
also improved Y-maze alternation performance, consist-
ent with enhanced spatial working-memory (Fig. 7d).
In contrast, AAT did not significantly alter novel object
recognition performance (Fig. 7e) or the gait and cylin-
der-test measures examined (Fig. S6a, b). While, in the
elevated plus maze, AAT increased open-arm entries,
reflecting reduced anxiety-like behavior (Fig. 7f). These
behavioral benefits of AAT were markedly attenuated
or absent in CB2R™/~ mice, indicating domain-selective
rather than generalized effects.
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The behavioral improvements observed in CB2R*'*

mice occurred in parallel with the attenuation of micro-
glial NLRP3/caspase-1-related inflammatory signaling
and genotype-sensitive changes in excitatory synaptic
input onto NAc D2-MSNs described above. Although
the present experimental design does not establish direct
mediation among these molecular, synaptic, and behav-
ioral outcomes, their convergence supports a functional
contribution of CB2R-associated signaling to several
AAT-mediated effects. Thus, AAT attenuated selected
affective and cognitive impairments associated with NAc
a-syn pathology, with CB2R signaling contributing sub-
stantially to the observed behavioral benefits.

Discussion

This study identifies AAT as a previously unrecognized
modulator of CB2R-associated neuroimmune signaling
in an NAc-centered a-synucleinopathy model (Fig. 8).
Exogenous AAT attenuated microglial NLRP3/caspase-
1-related inflammation and Ca*'/calpain-associated
GSK-3p cleavage while improving selected D2-MSN
synaptic abnormalities and domain-selective affective
and cognitive phenotypes. Molecular association stud-
ies, Cnr2-deficient experiments, and AM630-sensitive
cAMP modulation support a functional contribution of
CB2R signaling, whereas the persistence of selected elec-
trophysiological effects indicates complementary CB2R-
independent actions.

AAT is an acute-phase glycoprotein with canoni-
cal antiprotease and broader immunoregulatory func-
tions [14]. Acute-phase dysregulation has been reported
in parkinsonian disorders [16], and AAT can restrain
microglia-mediated inflammation under neurodegen-
erative stress [17]. Extending our previous finding that
Cnr2 deficiency aggravates a-syn-associated microglial
and synaptic pathology in the NAc [13], a-syn exposure
induced a prominent Serpinal/AAT response that was
further amplified under Cnr2-deficient conditions. Its
predominant localization to Ibal-positive cells identifies
microglia as the principal cellular compartment associ-
ated with this response, although local synthesis cannot
be distinguished from uptake or retention of extracel-
lular AAT. The amplified response may represent an
insufficient compensatory reaction to persistent inflam-
mation. This interpretation also reconciles the reduction
of endogenous AAT immunoreactivity by JWH133 with
the anti-inflammatory effects of administered AAT: CB2R
activation may reduce the inflammatory drive for endog-
enous AAT induction, whereas exogenous AAT may rein-
force immunoregulation through both CB2R-associated
and canonical antiprotease mechanisms [14, 17].

The acute and chronic models provide complemen-
tary but distinct evidence. The 2-h transcriptomic
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Fig. 7 AAT ameliorates affective and domain-specific cognitive deficits in a-synucleinopathy mice. a The schematic graph illustrates

the experimental protocol. b Schema of the contextual and cued test fear condition, day 1: conditioning; day 2a: context test; day 2b: cued test.

c The percentage of freezing time in mice subjected to contextual and cued fear conditioning tests. d The alternation percentage of novel arm
(red) observed in mice during the Y-maze assay. e The observed preference index in mice during the NOR test. f Representative tracking traces

of EPM and quantification of the frequency of entries into the open arm (red) and total distance traveled. The data are presented as the mean + SEM
and assessed by two-way ANOVA followed by Tukey’s multiple comparisons test (n=14-15). 0 <0.05, *p < 0.01, #*p < 0.001, between mice treated
with AAV-vector, AAV-a-syn, and AAV-a-syn +AAT; *p < 0.05, **p < 0.01, ***p < 0,001, compared between CB2R** and CB2R™~ mice with different
treatment. FCT, fear conditioning test; EPM, elevated plus maze; NOR, novel object recognition

screen nominated the Serpinal family as a compo-
nent of the early NAc response to a-syn, whereas the
chronic AAV-a-syn model tested the mechanistic and
therapeutic relevance of AAT after inflammatory, syn-
aptic, and behavioral abnormalities had emerged. Per-
sistent a-syn can sustain innate immune activation and
impede inflammatory resolution [24]. Nevertheless,
the present design does not establish that the acute
Serpinal response progresses directly into the 8-week

phenotype; this possibility requires longitudinal testing
within a unified model.

Docking, Co-IP, and SPR support an AAT-CB2R asso-
ciation at complementary levels. Docking predicted a
candidate interface, Co-IP placed both proteins within
the same immunoprecipitable complex, and SPR demon-
strated concentration-dependent binding of recombinant
CB2R to immobilized AAT under cell-free conditions.
These data do not define the physiological binding site
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or mode of receptor modulation. Peptide and nonca- downstream endpoint, however, the data do not establish
nonical cannabinoid-receptor regulation provide a con-  conventional CB2R agonism or canonical Gi/o coupling.

ceptual precedent [25], but an extracellular or allosteric Within this framework, AAT attenuated ATP-evoked
AAT-CB2R interaction remains to be tested directly. ~Ca' signaling, calpain-1 activity and abundance, and
Functional evidence was provided by the attenuation of = GSK-3 N-terminal cleavage, whereas Ser9 phosphoryla-
multiple AAT responses under Cnr2 deficiency and by  tion was unchanged. Calpain-mediated truncation can
the AM630-sensitive cAMP response, consistent with  enhance GSK-3p activity [27], and calpeptin reduced both
the established immunomodulatory actions of CB2R in  GSK-3p cleavage and NLRP3 abundance, supporting an
the CNS [10, 11, 26]. Because cAMP was measured as a  upstream contribution of calpain. The requirement for
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GSK-3pB cleavage in NLRP3 regulation was not directly
tested, and NLRP3 integrates multiple ionic, metabolic,
organelle, and transcriptional inputs [19, 21, 22]. These
findings support a contributory Ca*'/calpain/GSK-3f
mechanism within a broader inflammatory response
rather than a single obligatory cascade. AAT’s established
antiprotease and immunoregulatory properties [14, 17]
may also explain why selected responses persisted under
Cnr2-deficient conditions.

This mechanistic heterogeneity extended to the NAc
synaptic and behavioral phenotypes. CB2R can modulate
mesolimbic excitability, whereas D1- and D2-MSNss inte-
grate cortical and limbic glutamatergic inputs relevant to
motivational and affective processing [23, 28-31]. AAT
was associated with relative preservation of NAc synaptic
and mitochondrial ultrastructure and increased sEPSC
and mEPSC frequencies in D2-MSNs of Cnr2*/* mice.
Selected amplitude-related effects persisted under Cnr2
deficiency, indicating differential receptor involvement
across electrophysiological endpoints. At the systems
level, AAT improved contextual and cued fear-mem-
ory retrieval, spontaneous alternation, and anxiety-like
behavior without altering novel object recognition or the
motor measures examined. These convergent findings
support a neuroimmune contribution to domain-selec-
tive behavioral improvement but do not establish direct
mediation by microglial NLRP3 signaling or an NAc-
restricted circuit.

Several limitations define this interpretation. Consti-
tutive global Cnr2 deletion cannot resolve cell-specific
receptor functions and may introduce developmental
adaptation. ICV administration does not confine AAT
exposure to the NAc, and its CNS biodistribution and
pharmacokinetics were not determined. The acute and
chronic models were not linked longitudinally; receptor-
binding site and transducer coupling remain undefined;
ultrastructural observations were primarily qualitative;
and only male mice were studied. Future work should
combine cell-selective genetics, direct receptor pharma-
cology, longitudinal models, and quantitative structural
analyses. Although clinical AAT augmentation estab-
lishes the feasibility of repeated administration [32], CNS
translation will require less invasive delivery and rigorous
assessment of brain exposure, stability, safety, and sus-
tained efficacy. Intranasal or carrier-assisted strategies
represent testable options rather than established solu-
tions [33].

In summary, AAT emerges as a multifunctional modu-
lator of CB2R-associated neuroimmune signaling that
attenuates inflammatory, synaptic, and non-motor con-
sequences of a-syn pathology. These findings provide a
mechanistic rationale for further cell-selective and trans-
lational evaluation of AAT-based interventions.
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Materials and methods

Animals

Cnr2-knockout mice (B6.129P2-Cnr2t™Pgen/y.  RRID:
IMSR_JAX:005786) were originally obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). Experi-
mental male CB2R** and CB2R™/~ littermates were
generated and maintained as previously described [13].
Genotypes were determined by PCR analysis of tail-
biopsy DNA using the primers listed in Table S1, with
representative genotyping results shown in Fig. S1b.
Mice were housed under a 12-h light/12-h dark cycle
at 25+1°C and approximately 55% relative humidity,
with ad libitum access to food and water. Within each
genotype, mice were randomly assigned to the indicated
experimental groups, with group sizes specified in the
corresponding figure legends. Behavioral assessments
were performed by investigators blinded to treatment
allocation. At the experimental endpoint, mice were
euthanized by cervical dislocation in accordance with
the approved animal protocol. All animal procedures
were approved by the Animal Care and Use Committee
of Fujian Medical University (FJ]MU IACUC 2021-0354)
and conducted in accordance with the approved institu-
tional guidelines.

RNA sequencing (RNA-seq)

Total RNA was extracted from NAc tissues using TRI-
z0l® Reagent. RNA quality and quantity were assessed
before library preparation, and qualified samples were
processed by Shanghai Majorbio Bio-pharm Biotechnol-
ogy Co., Ltd. (Shanghai, China). RNA-seq libraries were
prepared from 1 pg of total RNA using the Illumina®
Stranded mRNA Prep kit and sequenced on an Illumina
NovaSeq 6000 platform. Gene abundance was quantified
using RSEM, and differential expression between prede-
fined experimental groups was analyzed exclusively using
the R package DESeq2. Differentially expressed genes
(DEGs) were defined using the predefined thresholds of
[log2FC|>1 and false discovery rate (FDR)<0.05. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were
performed using GOATOOLS and KOBAS, respec-
tively, with all detected genes used as the background set.
Enriched terms and pathways with Bonferroni-corrected
P <0.05 were considered significant.

Stereotaxic surgery and adeno-associated viruses (AAV)
injection

Eight-week-old male CB2R™* and CB2R™'~ mice were
anesthetized with 1.5% isoflurane in 30% O,/68.5% N,O
(1-2 L/min) and subjected to bilateral stereotaxic injec-
tions. Corneas were protected with ophthalmic oint-
ment throughout the procedure. For the chronic a-syn
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model, AAV2/9-hSyn-SNCA(A53T)-WPRE (Heyuan;
2x 10" gp/mL, 1 pL/site), encoding human A53T a-syn,
was bilaterally injected into the NAc. For the acute a-syn
exposure paradigm, recombinant fibrillar A53T «-syn
(rPeptide, S-1002-2) was injected bilaterally at 1 pL/
site and 0.1 pL/min. Stereotaxic coordinates relative to
bregma were AP +1.2 mm, ML +0.75 mm, and DV —4.5
mm. For electrophysiological recordings, rAAV2/9-D2R-
eGFP (Braincase) was subsequently injected to label
D2-MSNs. Postoperative care included systemic meloxi-
cam (1 mg/kg) for 3 consecutive days together with topi-
cal analgesic and antibiotic treatment.

AAT administration

Eight weeks post-virus injection, mice underwent ICV
guide cannula (62,003, RWD Life Science, Shenzhen)
implantation under anesthesia. A 0.5 mm burr hole was
drilled, and the cannula stereotaxically positioned at AP
0.8 mm, ML +1 mm, DV —1.5 mm (dura reference; inser-
tion tip extended 0.5 mm beyond guide). The assembly
was secured with dental resin (iTENA, France). After
3-day recovery, mice received daily ICV infusions of
either AAT (Sigma A6150; 200 pg/day in 0.5 uL/min) or
PBS during 22-day behavioral testing.

Electrophysiological recordings

Following deep anesthesia,mice underwent transcar-
dial perfusion with oxygenated ice-cold NMDG solu-
tion (components in supplemental files). Coronal slices
(250 pm) containing the NAc were sectioned in ice-cold
NMDG solution using a Leica VT1200s vibratome, then
recovered at 34°C for 15-30 min. Slices were perfused
with oxygenated ACSF (25°C) at~3 mL/min and visual-
ized under infrared optics (60X water-immersion lens).
AAV-D2R-EGFP-infected neurons in NAc were identi-
fied by location and fluorescence. Whole-cell recordings
of SEPSCs/mEPSCs used pipettes filled with internal
solution. Additionally, the gamma-aminobutyric acid
(GABA) type A receptors were blocked with bicuculline
(10 uM), and TTX (1 uM) was added for mEPSCs record-
ings. Events were detected automatically (amplitude
threshold: 10 pA) at—70 mV holding potential. Signals
were acquired with a MultiClamp 700B amplifier, fil-
tered at 1 kHz, and sampled at 5 kHz (Digidata 1440 A,
Clampex 10.2). Recordings were valid if series resist-
ance remained within 15% of initial values (25-35 MQ).
mEPSCs were analyzed (MiniAnalysis 6.07) over 5-min
epochs. Data are mean + SEM.

Behavioral tests

All behavioral assessments of motor and non-motor
functions were conducted during the light phase between
10:00 and 16:00 under controlled dim red light conditions
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(15 1x). These behavioral experiments were conducted by
examiners blinded to the groups, ensuring unbiased and
objective evaluations. The details were described in the
supplemental Information.

Reverse transcription quantitative PCR (RT-qPCR)

Brain tissues from the nucleus accumbens and primary
microglial cultures were homogenized and extracted using
Trizol. Total RNA was extracted using a standardized pro-
tocol, followed by cDNA synthesis and SYBR Green-based
quantitative PCR (qPCR) as previously described [13].
RNA concentration and purity were assessed spectropho-
tometrically. Samples with inadequate RNA purity (A260/
A280 outside 1.8-2.0), failed amplification, or nonspecific
amplification profiles were excluded from the final analy-
sis. One microliter of cDNA was used with primer pairs
listed in Table S2. qPCR was conducted on a Step One Plus
Real-Time PCR System with the following protocol: 55°C
for 2 min, 95°C for 10 min (1 cycle), 95°C for 15 s, 60°C
for 1 min (40 cycles), and 95°C for 15 s. Relative mRNA
expression levels were determined using the 2-AACt
method and normalized to GAPDH.

Western blot and co-immunoprecipitation (Co-IP)

Brain and cell samples were lysed in RIPA buffer (Beyo-
time, P0013, China) with protease inhibitors (MCE,
HY-K0010, USA), then analyzed by quantitative immu-
noblotting with primary antibodies (Table S3). Blots were
visualized by ECL and quantified using Fiji software.
For Co-IP, lysates were incubated overnight at 4°C with
anti-CB2R antibody, anti-AAT antibody, or control IgG
(Table S3) bound to protein A/G magnetic beads (Thermo,
#88,802, USA). After three lysis buffer washes, immu-
noprecipitated proteins were eluted by boiling (95 °C, 10
min) in SDS buffer, resolved by SDS-PAGE, and immuno-
blotted. Experiments included three biological replicates
with technical triplicates, with representative blots shown.

Surface plasmon pesonance (SPR) analysis

SPR assays were performed at 25 °C using a Biacore
1K system (Cytiva, Marlborough, MA, USA) with
1xPBS-P+(pH 7.4) as the running buffer. Purified AAT
(ligand, ~ 52 kDa) was immobilized on a CM5 sensor chip
(BR-1005-30, Cytiva) via standard amine coupling using
an Amine Coupling Kit (BR-1000-50, Cytiva). The active
flow channel was activated with a 1:1 mixture of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide and N-hydrox-
ysuccinimide at a flow rate of 10 pL/min. AAT was
diluted to 50 pg/mL in 10 mM sodium acetate buffer (pH
5.0) and immobilized on the activated surface at 10 pL/
min, after which residual reactive groups were blocked
with ethanolamine. A reference channel was activated
and blocked in parallel without protein immobilization.
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Recombinant human CB2R (analyte, ~42.5 kDa; Hua-
mei Biotechnology, CSB-CF005679HU) was serially
diluted (0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 pM) in
95-well plates using interaction buffer (1xPBS-P+, pH
7.4, containing 5% v/v DMSO). In a multi-cycle format,
analyte solutions were sequentially injected over both
active and reference channels from low to high concen-
tration at a flow rate of 30 uL/min, with an association
phase of 150 s per cycle. After each concentration injec-
tion, the sensor surface was regenerated with 10 mM
glycine—HCI (pH 2.0) for 5 min. Responses from the ref-
erence channel were subtracted from those of the active
channel and analyzed using Biacore Insight Evaluation
software (Cytiva). The concentration-dependent sen-
sorgrams were globally fitted to a 1:1 Langmuir binding
model to derive the association-rate constant (k,), disso-
ciation-rate constant (k,;), and equilibrium dissociation
constant (Kp).

PyMOL analysis

The crystal structures of AAT (1HP7) and CB2R (6KPF)
were obtained from the PDB. Proteins were prepared
using AutoDockTools-1.5.7 by removing water molecules
and adding polar hydrogens. Protein—protein docking was
performed with the GRAMM web server, and the result-
ing complex was further optimized. Interaction analysis
and visualization were conducted in PyMOL, identifying
key residues such as Asn158 (AAT) and His267 (CB2R)
involved in hydrogen bonding. The top-ranked AAT-
CB2R docking pose yielded a docking score of —557.

Transmission electron microscopy (TEM)

The brain tissues were prefixed in a mixture of 2% para-
formaldehyde and 2.5% glutaraldehyde. Samples were
then prepared as previously described [34]. Microglia
exhibit distinct ultrastructural features. Their nuclei are
irregular or bean-shaped, with dense heterochromatin
clumps along the membrane, giving a darker appearance
compared to other glial cells. The cytoplasm is electron-
dense and contains abundant lysosomes, phagosomes,
and lipid droplets, reflecting their phagocytic function,
while rough endoplasmic reticulum and Golgi apparatus
are less prominent. Excitatory synapses exhibit asym-
metric postsynaptic densities with prominent electron
density. The image was detected by FEI Talos F200S G2
TEM and STEM (RRID:SCR_019906) operated at 200 kV,
60,000 X magnification.

Fluorescent Ca%* indicators for imaging cell function

Primary microglia were plated on fibronectin-coated
glass-bottom dishes (MatTek Corporation). After 24
h, cells were loaded with 4 uM Fluo-4 AM and 3 pM
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Fura-red AM (AAT Bioquest, 20,552 and 21,048, China)
in the presence of Pluronic Acid F-127 (Merck, P2443,
USA) at 37 °C for 30 min. After washing, cells were resus-
pended in Ca** Ringer’s solution for 10 min. Time-lapse
images were acquired at 37 °C with 5.2% CO, using a
Leica SP8 LIGHTNING confocal microscope. Images
were analyzed in Fiji to calculate average intensities in
green and red channels for each ROI The Fluo-4/Fura-
Red ratio was determined 5 min after ATP induction.

Calpain activity assay

To measure the calpain activity of primary microglial
cells, cells were seeded in a 12-well plate and the medium
was changed to a serum-free medium. Cells were treated
with 4 pg/puL AAT for 24 h and subjected to a Calpain-
Glo™ Protease Assay (Promega, G8501, Wisconsin,
USA). The assay was performed according to the manu-
facturer’s protocol.

Statistical analysis

All statistical analyses were performed using Graph-
Pad Prism (RRID:SCR_002798). Data are presented
as mean+standard error of the mean (SEM). Statisti-
cal comparisons between two independent groups were
evaluated using an unpaired, two-tailed Student’s ¢-test.
For comparisons involving three or more experimental
groups, a one-way or two-way ANOVA was performed,
followed by Tukey’s post hoc test for all pairwise compar-
isons to account for multiple testing. Notably, for elec-
trophysiological data, a nested ANOVA was employed
to account for the hierarchical structure of the data, with
individual cells nested within their respective animals to
avoid pseudoreplication. Statistical significance was pre-
defined as p <0.05.
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