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ABSTRACT

In recent years, with the discovery and research of lactate-specific receptor
HCARZ1(hydroxycarboxylic acid receptor 1), lactate is not only as a product of
Glycolysis in astrocytes, but also as a signaling molecule which has gradually
received attention. Studies have found that lactate can be used as an intercellular
signaling molecule involved in synaptic plasticity, and so that periphera
administration of lactate can produce antidepressant effects. Here, we focus on
HCARL1 on the most widely distributed astrocytes in the brain, found and verified that
lactate could cause Arc/arg3.1 protein overexpression in astrocytes through HCAR1.
However, the expression of Arc/arg3.1 does not depend on the Gi protein pathway of
HCARL1, and we found that lactate enhanced the expression of Arc/arg3.1 protein
through the HCARL- B -arrestin2 pathway. In summary, lactate acts on HCARL of
astrocytes. It enhances the expression of MAPK-dependent Arc through B-arrestin2,
thereby reducing the influx of calcium ions when astrocytes are exposed to glutamate
damage, achieving the role of protecting astrocytes and indirectly enhancing the
absorption of glutamate by astrocytes. These results also demonstrate that HCAR1 in
the brain is a potential therapeutic target in an experimental in vitro model of
glutamate damage, which is strongly associated with many neurodegenerative
diseases.



INTRODUCTION

In the central nervous system, astrocytes are thst midely distributed type of
cells in the brain and the largest in glial celsder normal circumstances, astrocytes
mainly play a role in providing information procegg nutrition, and protection for
neurons. They also participate in the processgfaditransmission across synapses;
and are also sites of neurotransmitter metabolisth as glutamic acid. The main site
of glucose hydrolysis in the br&h.As a product of glycolysis in astrocytes in the
brain, lactate has been discovered in recent yraaddition to itself as a product of
glycolysis. Lactic acid has also been discoveredit® potential signal molecule
function and role as a fuel for cell functions. &mce supports the role of lactate as
an intercellular signaling molecule involved in aptic plasticity. In recent studies, it
has been found that peripheral administration tddtate can produce antidepressant
effects!?, and
can even promote resilience to stress and rescuwethl savoidance and anxiety
by restoring hippocampal classl histone deacetylesels and activity, specifically
HDAC2/3".

L-lactate is produced in the brain by glycolysisnetirons and astrocytes or from
the periphery through the blood-brain barrier te thrain. It is hypothesized that
neurons use L-lactate as a supplemental fuel. Bkgar of whether or not it is used
as a substrate fuel, L-lactate may also have aaliigneffect in the braif”. As a
specific receptor for lactate, HCAR1 undoubtedhaysl a vital role in lactate
signaling. It was first discovered in fat cellstthectic acid can activate HCAR1 and
thereby inhibit lipolysis in adipocytes, and dovagulate cAMP through the action of
Gi proteif®.. It was subsequently discovered that lactate cimhiithit the activation of
NLRP3 byB-arrestin2, thereby inhibiting the inflammationfat cells®. Studies have
shown that HCARL1 is selectively activated in vivg lactate in the concentration
range (approximately O.l-3.0mf\7/i) Under physiological conditions, the
concentration of lactate in the brain is less thah5 mmol / L. In addition, exercise
and the intake of exogenous HCAR1 agonists camatetreceptors on cerebral blood
vessels and brain céffs Therefore, lactic acid in the brain concentratiange is
sufficient to activate HCAR1 and may have a sesidsiological effects.

There is evidence that HCAR1 mRNA and protein wkrealized to the
hippocampus, neocortex, and cerebelfirwidely distributed. Some studies support
the astrocyte-neuron lactate shuttle (ANLS) is Beagy for long-term memdty; so
more research will focus on lactate and neurongeaslly the emergence of the
ANLS hypothesi®®. Astrocytes are the most widely distributed typecells in the
brain. However, the effect of lactate on astrocyias rarely been studied. Therefore,
in this experiment, Therefore, in contrast, in #mperiment, the effects of lactate and
HCAR1 in the brain are gathered on astrocytes. Wesider whether astrocytes can
act on lactic acid produced by glycolysis like ambiptes, or whether lactic acid in the
brain has a positive effect on the most widelyrithsted astrocytes.

As we know, glutamate is an excitatory neurotrattemiinvolved in neural
development, synaptic plasticity, and plays an irtggd role in learning and



memory'!

However, it is well known that glutamate-inducedcietoxicity is one of the
important causes of brain damage, especially a ammfeature of many central
nervous system diseasesich as brain injury, stroke, neurodegenerativeadiss
including Alzheimer's disease, Huntington's diseamed Parkinson's disedsk
Excessive activation of glutamate receptors canseaceuron damage or death
through glutamate excitotoxicity, which may causemnon dysfunctio?®. Therefore,
the normal maintenance of neuron survival and fanctequires rapid removal of
glutamate, and astrocytes are one of the maintgedls responsible for glutamate
uptaké**. AMPA receptors are also abundantly expressed socyses. The presence
of these AMPA receptors also makes astrocytes teemsto the increase of
extracellular concentrations of glutaniie Excessive activation of these AMPA
receptors can also cause toxicity in astrocytes tduexcessively high glutamate
concentrationsTherefore, reducing the sensitivity of AMPA recapta@can reduce
glutamate damage to astrocytes.

Our study found that lactate can promote the espasof Arc/arg3.1 in
astrocytesthe protein also has a variety of roles in synaplésticity. The protein of
Arc plays a key role in synaptic plasticity by pratng endocytosis of AMPA
receptor8®, and the expression of Arc/arg3.1 can reducewaldénflux caused when
astrocytes are in the face of glutamate dafmage

Therefore, the significance of our study is to explthe lactate signal through
HCAR1-arrestin2 pathway, which can enhance the expmessfoArc/arg3.1 in
astrocytes. Our findings show that the lactate aigrathway is reduced glutamate
damage to astrocytes in vitro experiments, whodeat®n of glutamate damage may
show HCARL1 is a potential therapeutic target fomimr damage caused by
glutamate-damaged.

M aterials and methods

Animals

C57BL/6J mice (male, 3-month old) were obtainednfrine Animal Resource Centre
of Nanjing Medical Universityp-arrestin2—/—mice (male, 3-month old) were obtained
from Gang Pei’s laboratory. Mice were bred and neaned in the Animal Resource
Centre of Nanjing Medical University. Mice had fraecess to food and water in a
room with an ambient temperature of 22 °C £ 2 °@ ari2:12—hour light/dark cycle.
Neonatal mice within 3 d were used. All animal madares were performed in strict
accordance with the guideline of the InstitutioAaimal Care and Use Committee of
Nanjing Medical University.

Reagents

L-lactate was purchased from Aladdin.PD98059 waschmased from TOCRIS.
SB203580 were purchased from Selleck(#s1076). PTXs wpurchased from
Sigma-Aldrich (St. Louis, MO, USA). Cck-8 were phased from Selleck.
Anti-Arc Ab was purchased from Santa Cruz (#sc-P783500). Anti-GPR81 Ab was
purchased from Absin (#abs133145, 1:500). Anti-GPR® was purchased from
Bioss (#bs-16265R, 1:500). Arfitarrestinl Ab was purchased from CST (#3857,



1:1000). Antig-arrestin2 Ab was purchased from Proteintech(#1atAP, 1:1000).
Anti-GAPDH Ab was purchased from Santa Cruz (#S@3& 1.1000). GFAP was
purchased from Millipore (#MAB360),3AM-Flou was mhased from
Invitrogen(#F1242)

Primary astrocyte cultures

The whole brain of the neonatal mice that aged d+8as removed and separated
from the meninges and basal ganglia. Tissues weyesteéd with 0.25% trypsin
(Amresco, Solon, OH, USA) at 37 ° C and terminatéth medium containing 10%
fetal bovine serum (Gibco, Thermo Fisher Scientdicd 1% penicillin / streptomycin.
Cells were then seeded on 120 cm petri dishes ¢gigafter 24h, the medium was
changed every 3 days. When the bottom of the ailish was 90% confluent, the
cells were seeded in a six-well plate at a conaeéiotr of 1.5 x 18/ ml for cultivation.
In general, primary cultured astrocytes cultured 7el0 dayscan be used in our
experiments.

Cell transfection

SIRNA targeting HCARL1 or negative control (NC) IR (Jima, Shanghai, China)
was transfected in mouse primary cultured astragcytg using Lipofectamine
RNAIMAX Reagent(Invitrogen, Life Technologies) inFDI-MEM reduced serum
medium (Gibco) according to the manufacturer’sringtons. siRNA duplexes used
were as follows:

GPR81-mus-1215(sense): UCACCUACCUGAACAGUAUTT

GPR81-mus-1215 (antisense): AUACUGUUCAGGUAGGUGATT
GPR81-mus-402 (sense): UCCUCUCUCCAACUGCUAUTT

GPR81-mus-402 (antisense): AUAGCAGUUGGAGAGAGGATT

GPR81-mus-942 (sense): GGUGGCACGAUGUCAUGUUTT

GPR81-mus-942 (antisense): AACAUGACAUCGUGCCACCTT

NC (sense): UUCUCCGAACGUGUCACGUTT

NC (antisense): ACGUGACACGUUCGGAGAATT

Six hours later, the transfection mixture was reawand cells were further incubated
with normal medium for additional 48 h.

Plasmids of pcDNAS3.B-arrestin2 were transfected to astrocytes by using
Lipofectamine 3000 reagent (Invitrogen, Carlsbad, @WSA) according to the
instructions provided. Cells were collected farstern blotting analysis after 48 h
transfection.

Cellular treatments: Transfected cells were usettdsting with 0.5mM of L-lactate
for 1h. In addition, transfected cells were stinedbby 100uM of L-glutamate for
24hto cause glutamate damage and treating with 0.5miM actate for 1h at last.
Western blotting analysis

Cells were lysed in buffer (Bio-Rad) accordinghe tmanufacturer's instructions. The
protein concentration was measured using a MicrA B (Beyotime, Shanghai,
China). Protein separation using polyacrylamide T@# (Bio-Rad, Hercules,
California, USA) by sodium lauryl sulfate polyaahide gel electrophoresis, and
then transferring the protein to a polyvinylidehefide (PVDF) membrane on. After
blocking with 10% milk, the PVDF membrane was inatgdad with the various



specific primary antibodies described above inia Buffered Saline with Tween 20
at 4 ° C overnight. The membrane was washed andbated in the corresponding
secondary antibody (1: 1000, KPL) for 1 hour atmotemperature. Proteins were
visualized and detected by an enhanced chemilucenes western blot detection
reagent (Pierce, Thermo Fisher Scientific) and yaesl using the Image Quant ™
LAS 4000 imaging system (G.E. Healthcare, PittsbuRA, USA).

I mmunohistochemical staining and |mmunofluorescence staining

Brain slices were rinsed carefully in PBS followsgd 3% HO, for 30 min to quench
the endogenous peroxidase activity then incubatiéd @v3 % Triton X-100 in PBS
supplemented 5% BSA for 1 h. After that, the seiwere incubated with specific
primary antibodies (rabbit anti-GPR81 Ab, 1:500PIBS containing 5% BSA at 4 °C
overnight. After extensive washing, brain slicesravéncubated with secondary
antibodies for 1 h at room temperature. Finally 8lieles were incubated with
Diaminobenzidin for 5 min. For Nissl staining, tleles were soaked in CV solution
(0.1 g cresyl violet, 99 ml H20 and 1 % acetic atidnl) for 30 min at room
temperature then dehydrated with alcohol and xyl&he brain slices were observed
under stereomicroscope (Olympus)

Brain slices were rinsed with 0.1 M phosphate-beffesalin (PBS) and fixed with 4%
paraformaldehyde, followed by block with PBS conitag 5% bovine serum albumin
(BSA), then incubated with the primary antibodyt(@PR81 Ab, 1:500, anti-GFAP
Ab, 1:1000) at 4 °C overnight. After washing, wergosed to secondary antibody
(Goat anti-Rabbit Alexa Fluor 488, 1:1000, # A11008, Invitrogen; Adekluor 555
goat anti-mouse IgG, 1:1000, #A21422, Invitrogem)X h at room temperature. After
washing and treatment with Hoechst, Brain slicesrewebserved under
stereomicroscope (Olympus, Tokyo, Japan).

RNA Reverse-Transcription and Quantitative R.T. -PCR Analysis

Total cellular RNA was extracted by using Trizolagent (Invitrogen Life
Technologies, Carlsbad, CA, USA). Total RNA (1 jof)each sample was reverse
transcribed into cDNA, amplified using PrimeScriptRT Master Mix (Takara,
RRO36A, Takara Biotechnology, China) accordinghe manufacturer's instructions.
RT-PCR was performed using QuantiTect Green PCR(®iagen, Germany) and
ABI 7300 StepOneTM Fast Real-Time PCR System (AgubBiosystems, Foster City,
CA, USA). The primer sequences used in this studyliated. After adding primers
and template DNA to the master template, the thecy@ing parameters of PCR are
as follows: 95 ° C for 3 minutes, 40 cycles: 55 fo€30 s and 95 ° C for 15 s, and
the melting curve from 60 to 95 ° C to ensure tmpl#ication of a single product. In
each sample, the GAPDH gene was used as an endmsgenatrol to normalize
differences in total RNA amounts.

Flow Cytometry Analysis

Primary astrocytes were split onto six-well cultydiates at 1.5 x fer ml, and
dilute an 3AM-Flou aliquot of DMSO stock solutios (nM) to a final concentration
of 4uM in the buffered physiological medium of otmi After primary astrocytes
treated with glutamate and L-lactate, cells usuatl/incubated with the AM ester for
40 minutes at 37°C. Specific experimental operatiare performed according to the



instructions of 3AM-Flou. Before fluorescence measients are commenced, cells
should be washed in an indicator-free medium ssdPES. Flow cytometric analyses
with Guava easy Cyte System 8 (Millipore25801, Haxdy CA, United States).
Primary astrocytes were treated with L-lactate Tbrafter damaging by glutamate.
Apoptosis of cells was assessed by staining ceils Annexin V/PI (Invitrogen,
CatV13242) at 3L for 30min according to the manufacturer’s ingtiares. The cells
were then for flow cytometric analyses with Guavasyedyte System 8
(Millipore25801, Hayward, CA, United States).

Statistical Analysis

All data are presented as the means + SEM and weadlected and analyzed in a
blinded manner. Statistical analysis was performeihg Student’s t-test. Two-way
ANOV A was used when the genotype and treatmente wsmsidered as two
independent variables. The tests used are indicathe figure legends. In all studies,
n indicates the number of samples per group, aselsca which P-values < 0.05 were
considered statistically significant.

RESULTS

Figure 1. HCAR1 widely exists in the brain and forms a huge HCAR1 system
network

Studies have shown that HCAR1 mRNA was localizetthéohippocampus, neocortex,
and cerebellum. Therefore, the expression of HCARdifferent brain regions was
first verified by immunohistochemistry. HCAR1 is dely expressed in the cortex,
corpus callosum, hippocampus, cerebellum, and ah@Fagure 1, A), which proves
that there is a huge network of HCARL1 in the brdims system network must have a
certain signal transmission effect on the roleaatate in the brain. Astrocytes are a
type of glial cells with the largest number of sah the brain, so the research of this
signaling effect is focused on astrocytes. As showiigurel, HCAR1 was detected
by immunofluorescence detection of the hippocamplrain region.
Co-standardization of HCAR1 with astrocyte markdfAB proves the presence of
HCAR1 in astrocytes (Figure 1, B), which providdee texperimental basis for
studying the effect of lactic acid on HCARL1 in asfytes.
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Figure 1. The expression of HCAR1 was detectedfferdnt brain regions, HCAR1
are widely present in the brain and form a hugevodt of HCAR1 systems. (A)
Immunohistochemistry of mouse brain tissue showeadespread expression of
HCARL1 in the cortex, corpus callosum, hippocamgesebellum and choroid. Scale
bar:200um(B)The hippocampal D.G. region was setecter fluorescence
co-standardization of GFAP and HCAR1, which showet HCAR1 was expressed
in astrocytes. Scale bar:200um

Figure2 Lactate causes significant upregulation of Arc/arg3.1 in astrocytes
among numerous neurotrophic factors

In order to verify the effect of lactate on astriasy we first determine the effective
concentration of L-lactate. Under physiological dibions, the concentration of
lactate in the brain should not be higher than M5m@ind it should not be higher than
20mM after strenuous exercise. Therefore, the auretgon range from 0 to 20mM
was selected for the Cell viability test, and thptimal concentration of 0.5mM was



finally selected (Figure2, A). There is evidencetove that L-lactate has a protective
effect on neurons after treating it for 1h. Therefothe effect of L-lactate on
astrocytes was also observed in this test by thee saondition. Studies have shown
that stimulation of lactate in astrocytes can camsuae mMRNA levels of neurotrophic
factors and synaptic plasticity related factorg@éase. Our studies also verified this
by quantitative RT-PCR analysis and found that thBNA level of synaptic
plasticity-related Arc/arg3.1 has a significant @pevtrend (Figure2, B). It was also
Arc/arg3.1 protein level that L-lactate causedrnioréase When treated with 0.5mM
for 1h (Figure 2, C). Interestingly, this increasimend does not change with the time
of treating with 0.5mM L-lactate.
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Figure 2. Lactate causes significant up-regulabbrine Arc / arg3.1 level among
many trophic factors in astrocytes. (A) The CCKe8ttfound that treating with 0.5
mM concentration of L-lactate for 1h had the strestgability to increase the value of
primary cultured astrocytes without damaging effettt was determined that the 0.5
mM concentration was the optimal concentration. Mer treating with 0.5 mM
lactate to primary cultured astrocytes for 1 h, rqiiative RT-PCR analysis of
RNA-seq indicated increase genes such as ARC amddtther. values are means
+SEM *P<<0.05,**P<<0.01, *** P<<0.001,"°*P> 0.05, VS control, n=3. (C) Western
blot analysis was performed to access Arc / argXgression in astrocytes. (D)
Western blot analysis verified that the expresdemel of Arc / arg3.1 in the 0.5-2
mM concentration range did not change with treatiity L-lactate for 1h.

Figure 3 Lactate causes upregulation of Arc/arg3.1 expression through HCAR1

To determine the expression of Arc/arg3.1 treatwvith L-lactate in astrocytes is
related to HCAR1.We first obtained the U87 celklwith GPR81 / HCAR1 knockout
by Crispr-case9 technologyFigure3 A) . It is worth mentioning that when HCAR1
is knocked out, there is a significant differenceriorphology and size compared with
uU87 cell lines under normal conditio&igure3 A) . Subsequently, we showed that
HCAR1 knocked out significantly reduced Arc/arg®rbtein expression in U87 cell
lines (Figure 3, B) These results indicate that tiperegulation of Arc protein
expression caused by L-lactate is related to HCARIurther confirm this result, we
used siRNA to inhibit HCAR1 expression in primamjtared astrocytes specifically.



We explored the optimal siRNA sequence of HCAR1hwi20 nM concertation

(Figure 3, C) We found that the increasing tenddncyArc/arg3.1 protein expression
to be significantly canceled when HCAR1 was silehogven after treating mouse
primary cultured astrocytes with 0.5mM L-lactate id (Figure3, D). These results

indicate that L-lactate stimulates astrocytes teragulate Arc protein expression
through HCARL.

" - -
us7

U87 HCAR1 KO

s

-
>

o WT
= HCA1KO

-
'S

Arc/arg3.1

o b P ¥
HCAR1 ! . }37KDa

cavott | (D D G S 70

L-Lactate - + - + L-Lactate - +

N
N

-
o

rc Level(ratio of GAPDH)

Al
o
o

NC HCA1-SiRNA

e WT

C. D.
- e = HCA1-siRNA

—
B-actin| | —— W - |—43KDa HCARl I m 37KDa
NC 942 405 1215 -

—. - e -twva

-53KDa

GAPDH

L-Lactate - + + L-Lactate

Figure 3. Lactate causes ARC / arg3.1 up-regulatismHCARL1. (A) U87 with

GPR81 (HCAR1) knockout stable cell line obtainedQrispr-case9 technolog@ell

observation at 20x microscope. (B) HCAR1 knockdable cell line was treated with
0.5mM lactate for 1 h, Western blot analysis wadgpmed to access Arc / arg3.1
expression, values are means+SHERI<0.05,"*P> 0.05 vs.con,n=3 (C) Three groups
of HCAR1-sRNA sequences were detected by W.B. éxyert, The 1215 group was
selected as the best HCAR1 interference sequengprifbary cultured astrocytes
were treated with 0.5 mM lactate for 1 h, and Weskdot analysis was performed to

access Arc / arg3.1 expression , values are me&hs+SP <0.01,"°P> 0.05 vs.con,
n=3.

Figure 4. Lactate enhancesArc/ arg3.1 expression mediated by p-arrestin2

HCARL1 is a G Protein-Coupled Receptors (GPCR) efGh protein pathway, which
causes CAMP down-regulation. Our results in Fig@reerify that L-lactate can
stimulate astrocytes to cause Arc/arg3.1 expressiomugh HCARL1. In fact, some
studies have shown that the expression of Arc digpemn the upregulation of
cAMP!® This indicates that the expression of Arc/arg3.astrocytes may not be via
the Gi protein pathway, but may be caused by a Alomical pathways. Therefore,
we treated primary cultured astrocytes with 1uM P@hich is Gi protein inhibitor

for 1h, and we found that there was no signifiogfifeéct on Arc protein expression,
when L-lactate was given for 1h after the Gi pmotpathway was inhibited, We



attribute another possibility to the signaling ftioo of B-arrestin, which is the
noncanonical pathways di-arrestin by GPCR. We verified this hypothesis by
B-arrestinl knockout angarrestin2 knockout mice primary cultured astrosyfEhe
results showed that compared with wild type primautured astrocytes, the
up-regulation of Arc/arg3.1 expressionfirarrestin2 knockout mice primary cultured
astrocytes was canceled after treated with L-lactatder the same conditions as
before (Figure4 A) . However, astrocytes frorfi-arrestinl knockout mice and
astrocytes from W.T.(wild type) mice had no sigrafit changes after being treated
with L-lactate under the same conditions as befeigure 4, B).After the transfection
of the B-arrestin2 plasmid into wild type mice, it was fouthat the expression of
Arc/arg3.1 was significantly up-regulated whpsarrestin2 was overexpressed into
primary cultured astrocytes (Figure 4, C). Thessults indicated that L-lactate
mediates Arc/arg3.1 protein expression throfigtrestin?2.
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Figure 4. Lactate mediates upregulation of Arcg3at throughB-arrestin2,but not
mediated through the Gi protein pathway of HCARA) (B)primary cultured
astrocytes of wild type anfarrestinl /B-arrestin2 knockout mice were pretreated
with 0.1uM PTX for three hours and then treatedhwdt5mM L-lactate for 1h ,
Western blot analysis was performed to access Aag3.1 expression, values are
meanst SEM ** P <0.01, "*P> 0.05, VS. control n=3. (B) B-arrestin2
overexpression mice primary cultured astrocytes clwhtransfectedp-arrestin2
plasmid treated with 0.5 mM L-lactate for 1 h, Véestblot analysis was performed to
access Arc / arg3.1 expression ,values are meaBdt *3<<0.05,**P<<0.01, VS.



control, n=3 as determined by two-way ANOVA

Figure5 L actate enhances MAPK -dependent Arc/ arg3.1 expression through the
p-arrestin2-M APK pathway

Numerous studies show that Arc/arg3.1 expressipemtis on MAPKs activatiof!

To verify this result, we chose two MAPK inhibitoBD980590 and SB203580 to
inhibit MAPK activation. Our results show that ttrend of increase of Arc/arg3.1
expression disappeared when pretreating astroeytesMAPK inhibition (Figure5,
AB)
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Figure 5 Lactate enhances MAPK-dependent Arc /.argXpression through the
B-arrestin2-MAPK pathway(A) Primary astrocytes of wild type were pretreatedhwit
1uM PD 980590 for three hours and then treated @Wi#fmM L-lactate for 1h,
Western blot analysis was performed to access ArmrgB.1 expression.(P<<
0.05,**P<<0.01, **** P<<0.0001 VS. control n=3) (B) Primary astrocytes of wild
type were pretreated with 1uM SB203580 for thre@rficand then treated with
0.5mM L-lactate for 1h, Western blot analysis was performed to access Arg3.1
expression.( *P<<0.01, **P<<0.001, "™°P>0.05 VS. control n=3)

Figure6. Lactate enhances Arc/arg3.1l expression through HCARZ1-p-arrestin2
pathway and reduces calcium influx of astrocytes caused by glutamate damage

The transcription of the immediate early gene Armécessary for various forms of
learning and memolY'. The transcription of Arc can lead to the endosigoof
AMPA receptors, which in turn regulates the homasist of synaptic plasticity by
regulating Long-term potentiation (LTP) and longatedepression (LTD) in neuronal
activity®®. Taking into account this characteristic of Arg@d, when the
transcription and expression of Arc/arg3.1 in asttes cause endocytosis of AMPA



receptors, as one of the iontropic glutamate recstGluRs), endocytosis of AMPA
receptors inevitably reduces the influx of calciwoms in the face of glutamate
damage, there is no doubt that this phenomenon pviltect astrocytes from
glutamate damage caused by some neurodegener@p@sels. Thereby indirectly
enhances the glutamate uptake in primary cultuseé@deytes and protects neurons. To
verify the effect of lactate on calcium influx irsteocytes with faced of glutamate
damage, we used siRNA to interfere with the expoesef HCAR1 on primary
cultured astrocytes in mice, and then used theaBlate damage astrocyte model
which is pretreated with 100uM L-glutamate for 24kfter treating with 0.5mM
L-lactate for 1h, we detected the calcium ion bghly Calcium Probe flou-3AM
Fluorescence. L-lactate reduces the influx of cafcions in the case of glutamate
damage, and this phenomenon is canceled when HG&Riession is disturbed
(Figure 6, A) In the same way, Calcium Probe werdqumed on primary cultured
astrocytes of W.T. mice arfidarrestin2 knockout mice to detect the calcium ibime
results showed that the phenomenon of reduceducaléenflux also on primary
cultured astrocytes fronff-arrestin knockout mice was canceled in the case of
glutamate damage (Figure 6, B). These resultsiat8cated that lactate enhances the
expression of Arc/arg3.1 through the HCARBirestin2 pathway in astrocyt®ur
data have shown that lactate can reduce calciuminthmx caused by glutamate
damage, so we speculate that lactate can reduckathage when astrocytes are in the
face of glutamate damag€herefore, mice's wild-type primary astrocytes, HTA
disrupted astrocytes arfifarrestin2 knockout primary astrocytes were treatéth
0.5mM L-lactic acid for 1h after damaging with glotate. Flow cytometry results
using Annexin V/PI indicated that lactate reducpspiosis induced by glutamate
damage in astrocyteBesides, interference with HCAR1 expression Rradrestin2
knockout abolished this protection (Figure6 E).
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+ Lactate+ L-Glutamic acid group); Fluorescenceedi@bn of calcium ion probe
flou-3Am by cell flow cytometer and analyzed dataswshowed in B .C. C group
(Control group) L group (L-Lactate group) G group (L-Glutamic acid group) G+L
group (Lactate + L-Glutamic acid group) K group @-arrestin2 ko group) K+L
group @-arrestin2 ko +L-Lactate group) K+G group B-arrestin2 ko +L-Glutamic
acid group) K+G+L group -arrestin2 ko + Lactate + L-Glutamic acid group);
Fluorescence detection of calcium ion probe flourBAy cell flow cytometer and
analyzed data was showed in D. E. Mice's W.T. pynagtrocytes, HCAR1 disrupted
astrocytes which followed by siRNA transfection 48hd B-arrestin2 knockout



primary astrocytes were treated with 0.5mM L-laettr 1h.Apoptosis was assessed
by Annexin V/PI staining and flow cytometry, Theta#or analysis in F are presented
as a percentage of the cell population. Data inQBf-) were shown as mean +SEM.
*P<0.5, **P<0.01, **P<0.001, ****P<0.0001, "*P>0.05,VS.control n=3 as
determined by two-way ANOVA.

DISCUSSION

Astrocytes are the main site of glycolysis in tinail, and lactate as a product of
glycolysis is no longer known only as a waste gtglysis. With the discovery of the
NALS hypothesis and the discovery of HCAR1, thearof lactate as a substrate fuel
and signal molecule has also been gradually vdrifimd studied” .In the
hippocampus, lactate converted by glycogen play#ah role in providing neurons
with substrate fuel and memory formatféh In addition to the lactate produced by
glycolysis in the brain, lactate taken from the ypodring exercise or from foods can
enter the brain through the blood-brain barrieeréhis evidence that regular exercise
can improve hippocampal-dependent learning and memtgsfunction induced by
type 2 diabetes, and this improvement may be medliay ANLS*. These results
undoubtedly indicate that lactic acid has an imgodrtole in improving and treating
some neurodegenerative diseases. However, a lo¢sefarch has focused on the
connection between ANLS or lactate and neuronghdtsame time, astrocytes, as a
type of cells that support and protect neuronswadely present in the brain. But the
protective effect of lactic acid on astrocytesasety mentioned. We demonstrate for
the first time that lactate also has a protectiffece on astrocytes. Starting from
astrocytes, we studied the mechanism by which tectanay improve
neurodegenerative diseases.

HCARL1 was first reported as a specific receptordotic acid in the 1990s. The
earliest functional discovery was to prove thatitaacid receptor G protein-coupled
receptor 81 (GPR81, also known as HCA1l or HCARI) psomote adipocytes.
Storage of lipids, inhibition of fat breakdown arattivation of NLRP3 in
inflammatory bodi€é”. It was later found in the brain of mammals, imhg the
cerebral cortex and hippocampus, to be activateghygiological concentrations of
lactate and HCAR1 agonist 3,5-dihydroxybenz&3tewhich is to reduce cAMP
levels and thus help optimize cAMP concentratfhsHCAR1 in the brain is
concentrated on the post-synaptic membrane ofarcit synapses and is enriched at
the blood-brain barrier. By activating HCAL, laetatan act as a volume transmitter,
linking neuronal activity, cerebral blood flow, egg metabolism and the availability
of energy substrates, including responses that ghwese and glycog&f. Our
results are shown as Figurel and previous repéstsiadicated that lactate might
have a signaling effect through receptor activatioa wide range of central nervous
system&® Therefore, considering the extensive expressiah \arious protective
effects of HCA1 in the brain, we associate HCAlhwastrocytes which are also
widespread. We indicate that HCARL is present froagtes, and lactate can enhance
the transcription and expression of an immediatly ggne Arc / arg3.1 by activating
HCAl in astrocytes, which can reduce the large altiom ion influx during



glutamate damage. These results indicated HCARDtnig an important target for
improving neurotoxicity caused by glutamate damagje.found and verified for the
first time that lactate could increase Arc / arg&idpression through HCAL in
astrocytes. As a GPCR, once activated, it will bepted to the Gi protein and HCA1
will bind to lactate. As GPCRs, HCARL1 couples withterotrimeric Gi proteins;
generate second messengers once activated by tsgohisalso reduces cAMP
concentration. The transcription and expression Aot/arg3.1 depend on the
activation of cAMP and MAPK. It is considered tiffaarrestins (including-arrestinl
and p-arrestin2) will be recruited after HCAL binds te ligand.p-arrestins can also
activate downstream signaling or induce desensitizaand internalization of
receptor€®. For example, regulating the activation of MAPKs dlso called the
non-classical pathway of GPCR.

Arc protein can cause the endocytosis of AMPA rearspn cells to regulate the
homeostasis of LTP and LT, in contrast, AMPA receptor is one of the thregana
ionic glutamate receptors. Reduced glutamate sahsitand weakened calcium
internalization, AMPA receptor endocytosis leadsatceduction in the sensitivity of
cells to glutamate and a decrease in calcium iffffyand the increased expression of
Arc/arg3.1 in astrocytes undoubtedly also redutes densitivity of astrocytes to
glutamic acid, protected astrocytes from glutanticl @lamage caused by increase of
glutamic acid to a certain extent. Of course, W mhove it through our results. We
also believe that this can indirectly enhance ghatiee uptake by astrocytes, and thus
may also protect neurons from glutamate damage.

Therefore, we think our findings have important licggtions for metabolic brain
disease. We know that the causes of metabolic loiagase are various. The most
common causes include ischemia, systemic diseasek toxic substances, which
eventually cause neurological diseases or neurogegtve diseasEd. So metabolic
brain disease can also be defined as a systengiasisvith diffuse brain damaifé
which affects the homeostasis of the braie consider from the perspective of
glutamate in the brain, glutamate in the brain ealexcitatory toxicity of neurons to
aggravate brain damagehen hypoxic-ischemic brain damage occugm that
increasing intracellular Gaconcentration leads to neuronal damage, which saaise
range of brain disead®$ At the same time, glutamate became a toxic substanc
causing metabolic brain diseas2ur findings suggest that the administration of an
appropriate amount of lactate can reducé*Qaflux of astrocytes and reduce
glutamate damage of astrocytds will indirectly enhance glutamate uptake by
astrocytes, reduce glutamate concentration in the bindirectly reduce glutamate
excitotoxicity of neurons, save brain damage angrawve brain metabolic diseases.
Therefore, our findings show that lactate can ba pstential therapeutic drug, which
has important neuropharmacological effects on noditabrain diseases.



Figure 7 Schematic diagram of the HCA1l enhances /Aacg3.1 expression and
reduces calcium influx througB-arrstin2. A simulation of lactate in astrocytes
enhances MAPK-dependent Arc/arg3.1 expression gfiroilne HCALB-arrestin2
pathway and reduces extracellular calcium ion mffuglutamate damaged Astrocyte
Model.

In summary, our study shows that lactate enhancA®KAdependent Arc /
arg3.1 expression through the HCArrestin2 pathway in astrocyte, as shown in
Figure 7, which probably provide an experimentai®dor lactate as a therapeutic or
protective drug in neurodegenerative diseases an bnjury caused by glutamate
damage. In addition, we also indicate that HCAlams essential target for future
studies to reduce neurotoxicity toxicity. Therefoitecan be used as an important
target for the treatment of neurodegenerative degaBut this study has some
limitations, and there are fewer in vivo experinseot mice. Of course, we still found
and proved a new mechanism for the protective eftdclactate in the brain,
especially on astrocytes. It also suggested tlogtgurexercise and supplementation of
lactate such as fruits can increase the conterldadhte in the brain and activate
lactate specific receptor HCAR1.HCARL1 helps to ioyar and prevent a series of
neurodegenerative diseases such as neurotoxiciigedaby glutamate damage,
Alzheimer's disease, depression and so on.
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Highlights

*Lactate as a signaling molecule enhances the expression of Arc/arg3.1 in astrocytes
Lactate can reduce glutamate damage in astrocytes through HCAR1-B-arrestin2 pathway

*Hydrocarboxylic acid receptor 1 is a significant receptor for improvement and treatment

of brain damage



