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HSPA12A controls cerebral lactate homeostasis to maintain
hippocampal neurogenesis and mood stabilization
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Mood instability, a subjective emotional state defined as rapid mood oscillations of up and down, is a symptom that occurs in
several psychiatric disorders, particularly major depressive disorder and bipolar disorder. Heat shock protein A12A (HSPA12A) shows
decreased expression in the brains of schizophrenia patients. However, the causal effects of HSPA12A in any psychiatric disorders
are completely unknown. To investigate whether HSPA12A affects mood stability, Hspa12a-knockout mice (Hspal2a~~) and wild-
type (WT) littermates were subjected to tests of open field, forced swimming, elevated plus maze, and sucrose preference. Cerebral
lactate levels were measured in cerebrospinal fluid (CSF). Adult hippocampal neurogenesis (AHN) was assessed by BrdU labeling.
We found that acute mood stress increased hippocampal HSPA12A expression and CSF lactate levels in mice. However, Hspal2a~'~
mice exhibited behaviors of mood instability (anhedonia, lower locomotor activity, antidepression, and anxiety), which were
accompanied by impaired AHN, decreased CSF lactate levels, and downregulated hippocampal glycolytic enzyme expression. By
contrast, HSPA12A overexpression increased lactate production and glycolytic enzyme expression of primary hippocampal neurons.
Intriguingly, lactate administration alleviated the mood instability and AHN impairment in Hspal2a~’~ mice. Further analyses
revealed that HSPA12A was necessary for sustaining cerebral lactate homeostasis, which could be mediated by inhibiting GSK3p in
hippocampal neurons, to maintain AHN and mood stabilization. Taken together, HSPA12A is defined as a novel regulator of mood
stability and exerts therapeutic potential for mood disorder. Our findings establish a framework for determining mood disorder and

AHN relevance of cerebral lactate homeostasis.
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INTRODUCTION

Mood instability, a subjective emotional state defined as rapid
mood oscillations of up and down, is a symptom that occurs in
several psychiatric disorders, particularly major depressive dis-
order and bipolar disorder (BD) [1]. Also, mood instability is
associated with the onset of bipolar disorders and serves as a
potential trait marker for BD [2-4]. Mood disorders will not only
affect the mental health of patients, but also affect their life quality
[5-7]. However, the underlying mechanisms regarding mood
stability maintenance is not completely understood.

Appropriate adult hippocampal neurogenesis (AHN) buffers
stress responses, whereas impaired AHN has been implicated in
anxiety and depression [8, 9]. Many psychoactive drugs, such as
antidepressants and mood stabilizers, can boost AHN [10].
Intriguingly, recent studies have demonstrated an active role of
lactate in promoting AHN [11-13]. Lactate is an end product of
glycolysis and is also implicated in mood regulation. Although
different studies have reported conflicting results regarding
cerebral lactate levels in individuals with mood disorders
(including BD and major depression) [14], lactate administration
has been proven to be useful in promoting resilience to stress and
treating social avoidance, anxiety, and sleep onset problems

associated with depression [12, 15, 16]. These findings suggest
that modulating cerebral lactate homeostasis may help stabilize
mood and behavior by regulating AHN. However, the regulation of
cerebral lactate homeostasis is not yet fully understood.

Heat shock protein A12A (HSPA12A), a novel and atypical
member of the heat shock protein 70 (HSP70) family, was cloned
from murine aortic atherosclerotic plaque in 2003 [17]. Subse-
quently, we and others demonstrated high HSPA12A expresses
abundantly in the brains of humans and mice under normal
conditions [17-19], suggesting a potential involvement of
HSPA12A in cerebral function. Indeed, we recently reported that
cerebral HSPA12A expression is decreased following ischemic
stroke, and that HSPA12A is required for protecting brains against
ischemic stroke [20]. Of particular interest, HSPA12A expression is
decreased in the brains of patients with schizophrenia [18].
However, it is unknown whether this downregulation of HSPA12A
is related to the disease pathogenesis or is a result of the
pharmacological treatment of the disorder [18]. Moreover, the
causal effects of HSPAT2A in any psychiatric disorders are
completely unknown. When taken into account that we have
recently revealed the regulatory roles of HSPA12A in lactate
production in cancer cells [21], we thus hypothesized here that
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HSPA12A may control lactate homeostasis and thereby modulate
neurogenesis and mood stability.

To test this hypothesis, we examined whether HSPA12A affects
mood and behavior. We found that mood stress regulated
hippocampal HSPA12A expression and cerebrospinal fluid (CSF)
lactate content, whereas HSPA12A knockout (Hspal2a™") in mice
caused mood disorders, impaired AHN, and decreased CSF lactate
levels and hippocampal glycolytic enzyme expression. Further
analyses revealed that HSPA12A was necessary for sustaining
cerebral lactate homeostasis, which could be mediated by
inhibiting GSK3p in hippocampal neurons, to maintain hippocam-
pal neurogenesis and mood stabilization. We identified hippo-
campal HSPA12A as a new mood stabilizer that lends support for
its therapeutic potential in mood disorders.

MATERIALS AND METHODS

Reagents

FD Rapid Golgi Stain kit was purchased from FD NeuroTechnologies
(Columbia, MD). Hoechst 33342 was from Invitrogen (Camarillo, CA). Trizol
reagent was from Life Technology (Carlsbad, CA). Normal Goat Serum
(NGS), peroxidase conjugated secondary antibody, Cy3- and 488-
conjugated secondary antibody were from Jackson ImmunoResearch
(West Grove, PA). Bovine serum albumin (BSA) was from Roche (Basel,
Switzerland). High glucose Dulbecco’s Modified Eagle’s medium and
Neurobasal were from Gibco (Shelton, CT). High-sig ECL western blotting
substrate was from Tanon (Shanghai, China). Sodium L-lactate, Lithium
chloride (LiCl), and avertin (2,2,2-tribromoethanol) were purchased from
Sigma-Aldrich (St Louis, MO). Differentiation-inducing Factor-3 (DIF3) and
5-BrdU were obtained from Santa Cruz Biotechnology (Dallas, TX) and
MedChemExpress (Monmouth Junction, NJ). Lactate assay kit was from
Jiancheng Biotech (Nanjing, China).

HSPA12A knockout (Hspal2a~'") mice

HspalZa’/’ mice were generated using Cre-LoxP recombinant system as
previously described [22]. Briefly, the region of the Hspal2a gene
containing exons 2-4 was retrieved from a 129/sv BAC clone (BAC/PAC
Resources Center, Oakland, CA) using a retrieval vector containing two
homologous arms. Exons 2 and 3 were replaced by loxP sites flanking a
PGK-neo cassette as a positive selection marker. Embryonic stem cells were
electroporated with the linearised targeting vector, selected, and then
expanded for Southern blot analysis. Chimeric mice (Hspal2a™¥*) were
generated by injecting embryonic stem cells into C57BL/6 blastocysts,
followed by transferring into pseudo-pregnant mice. To remove the
Hspal2a gene, the chimeric mice were crossed with Ella-Cre transgenic
mice. The mice were bred at the Model Animal Research Center of Nanjing
University and were maintained in the Animal Laboratory Resource Facility
of the same institution. All experiments conformed to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication, 8th Edition, 2011) and international
guidelines on the ethical use of animals. The animal care and experimental
protocols were under the regulation and approval of Committee on Animal
Care of Nanjing University and Nanjing Medical University. Male mice aged
at 8-10-week with C57BL/6 background were used in the experiments.
Mice were randomly allocated to each experimental group. For tissue
collection, mice were sacrificed by overdose anaesthesia with pentobarbi-
tal sodium (150 mg/kg, intraperitoneal injection) and cervical dislocation.

Acute restraint swimming stress (ASS)

ASS for 15 min is an effective physical and psychological stress that causes
emotional alterations in rodents [23, 24]. C57BL/6 mice were individually
placed in a water tank (HxD: 30 x 10 cm) filled with 24-25°C water to a
depth of 25 cm. After swimming stress for 15 min, mice were sacrificed for
collecting frontal cortex and hippocampus. The water was renewed for
each mouse with clean water.

Chronic restraint stress (CRS)

CRS was induced in mice as previous methods [25, 26]. Briefly, C57BL/6
mice were restrained in a 50 ml centrifuge tube for 2 h per day for 14 days.
A hole was created in the front end of the tube to allow the mice to
breathe, and another hole was created in the lid to allow the tail of the
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mouse to pass through. The time of the restraint stress always carried out
during 10:00-12:00 am.

Behavioral tests

Behavioral tests were performed on Hspal2a’~ mice and WT littermates
(the floxed-Hspal2a without Cre-transgenine) of 8-10-week of age, and
the sample size was more than 5 samples per group according to the
methods described previously [9, 27-33]. The interval between different
behavioral tests was at least 3 d. The nonstressful tests were performed
first: sucrose preference, open field test, elevated plus maze, and self-
grooming. The stressful tests were performed last: forced swim test and tail
suspension tests. All tests were measured by two trained observers who
were blinded to the genotypes and treatment of mice. The test protocols
were as followings.

/-

Sucrose preference test

This test was performed according to previous methods. Mice were
individually housed with free access to food and two bottles of liquid,
one containing water and the other containing 1% sucrose solution.
After 72 h of habituation, both liquid buttles were removed at 18 pm to
restrict water overnight. At next 6 am, the bottles were preweighted
and put back in reversed locations. The bottles were weighed again
24 h later to determine liquid consumption. To avoid any confounding
effect of side preference, the position of the sucrose and water bottles
was exchanged every 6h. Sucrose preferences were calculated as
follows: sucrose consumption/(sucrose consumption+water
consumption).

Open field test

The apparatus was a square arena (WxDxH: 50 x 50 x 50 cm). A mouse was
placed in the center and allowed to freely explore the arena for 20 min.
The arena was divided equally to 16 squares, including areas of center (the
inner 4 squares), corner (4 squares), and round (the left 8 squares). The
digital camera was 160cm above the bottom of apparatus. The
movements were recorded using a digital camera during test. The total
distance moved, averaged moving speed, time spent and entries in the
arenas were analyzed using an automatic monitoring system (TopScan,
CleverSys, Inc. Reston, VA).

Elevated plus maze

This test was performed according to previous methods. The elevated plus
maze consisted of two open arms (30 x 5 cm, wall-free) and two enclosed
arms (30 x 5 cm) surrounded by 15 cm high walls. The maze was elevated
50 cm from the ground. Mouse was placed in the center of the apparatus
facing one of the closed arms and allowed to freely explore the maze for
5 min. An arm entry was scored when four legs were within the arm. Time
spent in open arms were recorded using an automatic monitoring system
(TopScan, CleverSys, Inc. Reston, VA).

Forced swim test

Mouse was placed in a water tank (Hx D: 30 x 10 cm) filled with water
(24 +1°C) to a depth of 25 cm. Mice were forced to swim 6 min, and the
immobile time and events were recorded only during the last 4 min.
Immobility was defined as floating without any movements except for a
single limb paddling to keep balance in the water.

Tail suspension test

This test was performed according to previous methods. Mouse was
suspended for 6 min by taping the tip of tail (1 cm) to a bar and the nose
tip was at least 15 cm above the floor. The immobility time and events
were measured only during the last 4 min. The immobility was defined as
hanging by the tail without engaging in any active upward movements of
the entire body.

Self-grooming test

The spontaneous grooming behaviours were recorded when mice were
placed individually in a clean, empty cage without bedding, using
methods previously described. Each mouse was given a 10min
habituation period and then rated for 10 min for cumulative events of
grooming all body regions. The test session was videotaped and
scored later
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Lactate and lithium treatment in mice

For lactate treatment, mice were injected intraperitoneally with lactate
(1 mg/g body weight) for 21 consecutive days according to previous studies
[34]. For LiCl treatment, mice drank water containing LiCl (600 mg/L) based
on the health concern and drug effectiveness described previously [35].
After treatment, the mice received behavioral tests. After tests, hippocampi
were collected and processed for cryosection for the immunofluorescence
staining.

BrdU incorporation

Mice were injected intraperitoneally with BrdU (100 pug/g body weight) for
three times every two hours according to our previous methods [20]. Two
hours after the last injection, brains at hippocampal levels were collected
and processed for cryosection for the immunofluorescence staining.

Primary hippocampal neuron isolation, culture, and treatment
Primary hippocampal neurons were isolated from the hippocampi of
newborn rats (0 d) according to previous methods[20] . Briefly, after cut
into pieces, the hippocampi were digested in 37 °C incubator for 15 min
followed by slowly blowing with a straw for 6-7 times. Subsequently, the
isolated cells were centrifuged, resuspended, and transferred to the petri-
dish. After 4h of culture with high glucose DMEM, the medium was
changed to Neurobasal medium containing 2% B27 supplement.

To overexpress HSPA12A, primary hippocampal neurons were infected
with HSPA12A-adenovirus (Ad-Hspa12a). The neurons infected with empty
adenovirus served as negative controls (Ad-NC). To activate GSK3pB, the
neurons were treated with DIF3 (30 pM) for 3 h according to previous
studies [36, 37]. For lactate treatment, the primary neurons were treated
with lactate (5 mM) for 24 h according to previous studies [38].

Lactate measurement
Cerebral lactate levels were measured in CSF. The CSF were colleced as the
methods decirbed previously [39]. The surgery of CSF collection was
shown in Supplemental video. Briefly, mice were anesthetized with
intraperitoneal injection with avertin (200 mg-kg™") and the withdrawal
response to toe pinch was performed to assure adequate anesthesia. After
cut skin across the back of the neck down to the middle of the skull
between the ears and eyes of mouse, the dura over the cisterna magna is
exposed after pulling apart the tissues. Subsequently, glass capillary was
punctured to the cisterna magna to collect CSF. The CSF lactate contents
were measured using the assay kit.

To measure lactate generation of primary hippocampal neurons, the
extracellular lactate contents in medium were measured using the
assay kit.

Immunoblotting and immunofluorescence staining
Immunoblotting was performed according to our previous methods
[40, 41]. Birefly, equal amounts of extracted proteins were separated on
SDS-PAGE and transferred onto Immobilon-P membranes (Millipore). The
membranes were probed with appropriate primary antibodies followed by
incubation with peroxidase-conjugated secondary antibodies. The signals
were detected by Chemiluminescent Substrate. To control for lane loading,
the same membranes were probed with anti-GAPDH. The signals were
quantified by scanning densitometry and the results from each experi-
mental group were expressed as relative integrated intensity compared
with that of controls.

Immunofluorescence staining was performed according to our previous
methods [40, 41]. Briefly, brains at hippocampus levels were collected and
processed for cryosection at 4 um. After penetrated cell membrane with
0.3% triton and blocked with 5% normal goat serum, the cryosections were
incubated with the indicated primary antibodies overnight at 4 °C followed
by incubation with Cy3- or FITC-conjugated appropriate secondary
antibodies. DAPI was used to counterstain the nuclei. The staining was
observed using a fluorescence microscope at a magnification of 400x
(Olympus, Tokyo, Japan).

For immunoblotting and immunofluorescence staining analyzed, sample
size was more than 3 samples per group, and the antibodies used in the
experiments were listed in Supplemental table 1.

Golgi staining
Golgi staining was performed using the FD Rapid Golgi Stain kit according
to the manufacturer’s protocol. In brief, freshly dissected brains were
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immersed in the mixture of solutions A and B for 2 weeks and transferred
to solution C for 5 days at room temperature. The brains were sliced at a
thickness of 100 um. The sections were mounted to gelatin-coated
microscope slides, placed in the mixture of Solutions D and E for 10 min.
The staining was observed using a microscope (Olympus, Japan) at 100x
magnification, and images of granule neurons in the dentate gyrus (80
neurons per genotype) were obtained. The total dendrite length and spine
density was quantified using the Cellsens Dimention 1.15 software,
(Olympus, Japan).

Re-expression of HSPA12A in hippocampus of Hspal2a /-

mice

We re-expressed HSPA12A in hippocampus of Hspal2a~~ mice by
delivering HSPA12A-adenovirus to hippocampus using stereotaxic appa-
ratus according to previous methods [42]. Briefly, mice were anaesthetized
with inhalation of 1.5-2% isoflurane and the withdrawal response to toe
pinch was used to indicate the adequate anesthesia. After setting the
coordinates of the hippocampus on the instrument, a volume of 1 pl of
HSPA12A-adenovirus solution (3 x 10'° PFU) was injected to hippocampus
at a rate of 200 nl/min via microinjector with RWD stereotaxic apparatus
(Life science, USA). The infusion needle was left in place for an additional
5min to allow for diffusion. Bilateral hippocampus was injected with
HSPA12A-adenovirus solution. The Hspal2a ™ mice injected with empty
control adenovirus served as controls.

Statistical analysis

Results were expressed as the meanzstandard deviation and were
analysed parametrically. All data sets were first tested for normality and
homogeneity before choosing the statistical test. Data were consistent
with normality and homogeneity of variance, groups were compared
using Student’s two-tailed unpaired t-test (Figs. 1B, D, 2B, D-G, Fig. S2,
Fig. 3C, F, G, Figs. S3, S4C, S7, S8B), or two-way analysis of variance
analysis followed by Tukey test as a post-hoc test (Fig. 4C, F, G, Figs. S6B,
C, S9A-F, S10B, C, S11B, C). Some data were not consistent with
normality and homogeneity of variance, Mann-Whitney U test (Figs. 1B,
D, 2A, C-F, H-I, 3D, F, 4B, 5B) and Kruskal-Wallis (Figs. 4D, E, H, 5D-G,
S12A-C) were used for analyses. P <0.05 was considered statistically
significant.

RESULTS

Mood stress affects hippocampal HSPA12A expression and
CSF lactate levels in mice

The hippocampus and frontal cortex play critical roles in
modulating mood stability [43, 44]. To determine whether
HSPA12A is expressed in neurons of these areas, immunofluores-
cence staining was performed. In both the hippocampus and
frontal cortex of mice, HSPA12A was present in cells that were
positive for B-tubulin Ill, a neuronal marker (Fig. S1).

To test whether HSPA12A is involved in mood regulation, we
examined HSPA12A expression after ASS for 15 min (Fig. 1A),
which represents an effective physical and psychological stress
that causes emotional alterations in rodents [23, 24]. HSPA12A
expression was upregulated in the hippocampus but remained
unchanged in the frontal cortex in mice that underwent ASS,
compared to sedentary controls (Fig. 1B). After ASS, the
hippocampal expression of the glycolytic enzyme hexokinase
2 (HK-Il) and pyruvate kinase M2 (PKM2) was also upregulated
(Fig. 1C, D), and the CSF levels of lactate (an end product of
glycolysis) were increased (Fig. 1E). ASS did not change sucrose
consumption of sucrose preference test and time spent in open
arms of elevated plus maze (Fig. S2A). By contrast to ASS,
chronic stress reduced sucrose consumption in sucrose
preference test, decreased HSPA12A and PKM2 expression in
hippocampus, lowered lactate levels in CSF (Fig. S2B-E).
Moreover, we found that ASS upregulated HSP27 and HSP70
expression whereas chronic stress did not change HSP27 and
HSP70 expression in hippocampus of mice (Fig. S3). These
findings suggest a potential involvement of hippocampal
HSPA12A and cerebral lactate homeostasis in mood regulation.
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HSPA12A knockout impairs AHN and causes depression and
anxiety in mice

Hspa12a~/~ mice exhibit AHN impairment. To determine whether
HSPA12A modulates mood stability, Hspal2a~’~ mice and WT
littermates were used. The deletion of hippocampal HSPA12A
expression in Hspal2a~’~ mice is shown in Fig. S4A, B. Adult
(8-week-old) Hspal2a~~ mice exhibited similar brain morphology
and brain weight as WT mice (Fig. S4C). However, Golgi staining
revealed decreases of dendritic length and dendritic spines of
Hspal2a™~ hippocampal neurons compared to WT controls
(Fig. 2A). Remarkably, Hspal2a=’~ mice exhibited less BrdU
labeling in hippocampal dentate gyrus (DG) areas than WT
controls (Fig. 2B). Also, Hspal2a™~ mice exhibited lower
expression level of hippocampal brain-derived neurotrophic factor
(BDNF), an important factor for neurogenesis [45], than WT mice
(Fig. 2C). Immunostaining showed a less BDNF expression in
neurons in hippocampus of Hspal2a~’~ mice than WT controls,
and the expression of BDNF was present in both neuronal body
and dendrites of hippocampal neurons (Fig. S5A, B). These results
indicate that HSPA12A knockout impairs neurogenesis and
neuronal spinogenesis in the hippocampus of mice.

Hspal2a™'~ mice displayed behaviors of mood instability. To
determine whether HSPA12A affects behaviors, behavioral tests
were performed. Diminished hedonic response is one of the core
symptoms of major depression [9], and the sucrose preference
test showed that Hspal2a™~ mice consumed less sucrose
solution than WT controls (Fig. 2D). Similarly, Hspal2a™~ mice
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exhibited lower locomotor activity, observed as a smaller distance
and lower speed in the open field test (Fig. 2E). These findings
indicate that HSPA12A knockout causes a depression-like mood.
However, two other depression-related behavioral tests (the
forced swim test and tail suspension test) [27, 28] revealed
shorter immobility time and fewer immobility events in
Hspal2a~~ mice compared to those in WT controls (Fig. 2F, G),
suggesting an antidepressive effect of HSPA12A knockout.

Next, we analyzed anxious-like behavior in mice using tests of
open field, elevated plus maze, and repeated self-grooming,
according to previous studies [29-33]. Hspal2a~’~ mice spent less
time in the central area and more time in the corners of the open
field than WT controls (Fig. 2E). Less entries into the central area
were also observed in Hspal2a™~ mice (Fig. 2E). Similarly,
Hspal2a~’~ mice spent less time in the open arms of the elevated
plus maze than WT controls (Fig. 2H). Additionally, more self-
grooming events were observed in Hspal2a™~ mice than WT
controls (Fig. 2I). These findings demonstrate that Hspal2a ™/~
mice exhibit anxiety-like behaviors.

Altogether, HSPA12A knockout resulted in multiple aspects of
mood instability in mice, including anhedonia, lower locomotor
activity, antidepression, and anxiety-like behaviors.

HSPA12A is required for maintaining lactate homeostasis in
CSF and lactate production in hippocampal neurons

Because hippocampal HSPA12A upregulation was accompanied
by increased CSF lactate levels after ASS (Fig. 1B, E), we
investigated whether cerebral lactate is involved in the regulatory
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effect of HSPA12A on behavior (Fig. 3A, B). CSF lactate levels were
greatly decreased in Hspal2a™'~ mice compared to WT mice (Fig.
3C). To determine whether this decrease in CSF lactate is related
to the hippocampus, we analyzed the expression of glycolysis-
related genes for lactate production. The hippocampus of
Hspal2a™~ mice expressed significantly lower levels of glucose

hippocampal neurons exhibited higher expression of the glyco-
lytic enzymes HK-Il, PKM2, and LDHA than Ad-NC (Fig. 3G).

Lactate treatment mltlgates mood instability and AHN
impairment in Hspa12a mice
It is interesting to found that hippocampal HSPA12A upregulation

transporter 1 and 4 (GLUT1 and GLUT4), HK-Il, PKM2, and lactate
dehydrogenase A (LDHA) than those of WT controls (Fig. 3D).

To further determine the role of HSPA12A in lactate production
of hippocampal neurons, primary rat hippocampal neurons were
isolated and overexpressed with HSPA12A (Fig. 3E). HSPA12A
overexpression (Ad-Hspal2a) increased extracellular lactate levels
of hippocampal neurons compared to negative controls (Ad-NC)
(Fig. 3F), suggesting that HSPA12A increases lactate production by
glycolysis in hippocampal neurons. Indeed, Ad-Hspail2a

Translational Psychiatry (2023)13:280

was accompanied by increases in CSF lactate levels after ASS (Fig.
1B, E), whereas HSPA12A ablation caused mood instability and
decreased CSF lactate levels (Figs. 2D-I and 3C). These findings
motivated us to investigate whether decreased CSF lactate levels
mediate the development of mood instability in Hspal2a~'~ mice.
To this aim, lactate was peripherally administered by intraper-
itoneal injection for 21 days, in accordance with previous studies
[34] (Fig. 4A). After lactate administration, Hspal2a’~ mice
exhibited increased CSF lactate levels (Fig. 4B). Of note, lactate

SPRINGER NATURE



J. Wang et al.

&

-O0—

Analysis

Glucose

|
GLUTs
HK-1l
PFK
PKM2
Pyruvate *
LDHAl

1
MCT4
v

Glycolysis

0.5

Lactate in CSF

0.0 y
WT Hspat2a™

Primary
hippocampal neurons

&5

S

ok

HSPA12A
Overexpression
(Ad-Hspa12a)

Analysis

Extracellular lactate
o o o o o
o N A~ O

Ad-NCAd-Hspa12a

Relative expression

A GLUT1GLUT4 HK-Il PFKFB3PKM2

D Hippocampus
WT Hspa12a”
75 Kd[——— [HsPA12A
R loLuT
0kKdz== == == == = = == |GLUT4
102 K| = - ||

60 Kd|- e _|PFKFB3
e —

43 Kl s e e e s 74
36 Kd [ - @ - == & | APDH

o WT
o Hspa12a'/'

LDHA MCT4

G

Hippocampal neurons
Ad-NC Ad-Hspa12a
. CheEn D I HSPA12A

- w— — ] G| (T

75 Kd|

55 Kd
43 Kd
30Kd[== = = == = =—|GLUT4

HK-II
PFKFB3
PKM2
LDHA
MCT4
GAPDH

e - — —

102 Kd| == =

60 Kd
58 Kd

37 Kd

43 Kd

36 Kd

w

o Ad-NC
Ad-Hspai2a

N
‘ *
*

Relative expression

o

GLUT1GLUT4 HK-Il PFKFB3PKM2 LDHA MCT4

Fig. 3 HSPA12A was required for maintaining cerebral lactate homeostasis and promoting lactate generation by hippocampal neurons.
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and lactate content was measured. n = 5/group. D Hippocampal expression of glycolysis-related genes. Hippocampi were collected for measuring
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administration rescued the decreased sucrose preference in
Hspal2a™~ mice (Fig. 4C). Additionally, the decreased time spent
in the open arms of the elevated plus maze was rescued by lactate
treatment in Hspal2a™~ mice (Fig. 4D). No differences in
immobility in the forced swim test and the tail suspension test
were detected between lactate-treated and untreated Hspal2a™~
mice (Fig. 4E, F).

Next, the effects of CSF lactate homeostasis on impaired AHN in
Hspal2a™"~ mice were examined. After lactate administration,
Hspal2a~’~ mice exhibited increased CSF lactate levels and more
BrdU labeling and more neuronal dendrite spinogenesis in
hippocampal dentate gyrus areas than untreated Hspall2a ™/~
mice (Fig. 4G, S6A-C). Moreover, after lactate treatment, the
downregulated BDNF expression in the hippocampi of
Hspal2a~'~ mice was also improved (Fig. 4H). In the cultured
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primary hippocampal neurons, we found that lactate administra-
tion upregulated HSPA12A expression (Fig. S7).

Together, these findings indicate that the maintenance of
cerebral lactate homeostasis mediates the regulatory effects of
HSPA12A on behavior and AHN.

HSPA12A maintains lactate production in hippocampal
neurons by inhibiting GSK3p

Lactate production by glycolysis is regulated by a broad set of
kinases. Considering that we have recently reported that
HSPA12A negatively regulates GSK3p activity [20], we investi-
gated whether GSK3p plays a role in HSPA12A-regulated lactate
production in hippocampal neurons (Fig. S 8A). Consistent with
our previous findings in global brain tissues [20], the hippocampi
of Hspal2a™"~ mice exhibited lower GSK3f phosphorylation
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levels (Ser9) than WT controls (Fig. 5A, B). By contrast,
hippocampal neurons with HSPA12A overexpression exhibited
higher GSK3[ phosphorylation levels than Ad-NC (Fig. S8B). Beta-
catenin, a downstream target of GSK3B, showed higher
phosphorylation levels in Hspal2a™~ hippocampus (Fig. 5A)
but remained unchanged in Ad-Hspail2a hippocampal neurons
(Fig. S8B).

We next examined whether GSK3B mediates HSPA12A-
induced lactate production in hippocampal neurons. Primary
hippocampal neurons were treated with DIF3, a GSK3f activator

Translational Psychiatry (2023)13:280

[36, 371 (Fig. S9A). In Ad-Hspal2a hippocampal neurons, when
DIF3 abolished the increase of GSK3p phosphorylation levels, the
increase of extracellular lactate levels and upregulated expres-
sion of HK-Il, PKM2, and LDHA were also ablated (Fig. S9B, Q).
Also, after treatment with GSK3B inhibitor lithium, Hspa12a~"~
mice displayed higher levels of CSF lactate content and glycolytic
enzyme PKM2 and LDHA expression than untreated Hspal2a /™
mice (Fig. S9D-F). Together, these findings indicate that
HSPA12A stimulates lactate production in hippocampal neurons
by inhibiting GSK3p.
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The GSK3 inhibitor lithium improves mood instability and Re-expression of HSPA12A in hippocampus of Hsp12a”’ mice
AHN impairment in Hspal2a~’~ mice reversed the decrease of CSF lactate levels, alleviated AHN
The effects of GSK3p inhibition on HSPA12A-maintained lactate impairment, and improved mood instability

production in hippocampal neurons prompted us to determine the Finally, we investigated whether re-expression of HSPA12A in
effects of GSK3p inhibition on depression and anxiety behaviors in hippocampus could rescue the abnormalities in Hspal2a™'~ mice.
Hspa12a~'~ mice. To this aim, mice were treated with the GSK3( To this aim, HSPA12A was re-expressed in hippocampus of
inhibitor lithium or vehicle (normal saline) for 10 days (Fig. 5B). HspaiZa’/’ mice by delivering HSPA12A-adenovirus to hippo-
After lithium treatment, Hspal2a~~ mice displayed more BrdU- campus using stereotaxic apparatus according to previous
labeled cells and neuronal spinogenesis in hippocampal dentate methods [42]. Immunoblotting confirmed the re-expression of
gyrus areas than untreated Hspal2a™’~ mice (Fig. 5C, S10A-C). HSPA12A in hippocampus of Hspal2a™~ mice (Fig. S11A).
Notably, lithium rescued anhedonia in Hspal2a™~ mice, which Meanwhile, re-expression of HSPA12A rescued the decreases of
exhibited an increased sucrose preference when compared to HK 1, PKM2, and LDHA expression in hippocampus and lactate
untreated Hspal2a~'~ mice (Fig. 5D). Additionally, lithium rescued content in CSF of Hspal2a~~ mice (Fig. S11A, B). Also, HSPA12A
the decreased time in the open arms of the elevated plus maze, re-expression improved GSK3f3 phosphorylation levels in hippo-
the decreased time in the central area and the increased time in campus of Hspal2a™~ mice (Fig. S11A). Moreover, re-expression
the corners of the open field in Hspal2a~’~ mice, when compared of HSPA12A increased BrdU labeling in hippocampal dentate
to untreated Hspal2a’~ mice (Fig. 5E, F). gyrus areas in Hspal2a '~ mice (Fig. S11C). Importantly, following
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HSPA12A re-expression, Hspal2a~’~ mice displayed improve-

ments of sucrose preference, immobility time in forced swimming
and tail suspension tests, respectively, when compared to control
Hspa72a’/’ mice (Fig. S12A-Q).

DISCUSSION

The present study has identified HSPA12A as a stabilizer of mood
and behavior to alleviate mood disorders by maintaining
GSK3f3-mediated glycolysis in hippocampal neurons and thus
cerebral lactate homeostasis (Fig. 5G). Therefore, hippocampal
HSPA12A represents a potential therapeutic target for mood
instability.

Mood disorders were a kind of psychiatric illness that can
simultaneously affect one’s health and life, including sleep
changes, cognitive symptoms, fatigue and suicidal ideation [7] .
Heat shock proteins (HSPs) can be induced by a variety of stressful
conditions and are an evolutionarily conserved superfamily
comprising a group of structurally unrelated subfamilies, including
HSP70, HSP27, HSP90, HSP110, and HSP40 [46]. The serum of BD
patients contained increased HSP60 and HSP70 and decreased
HSP10 levels, compared to that of healthy controls [47]. Moreover,
dysregulation of HSP70, HSP90, and heat shock transcriptional
factors 1 and 4 was detected in lymphocytes of BD patients [48].
HSPA12A is a recently identified HSP that has been classified as a
distant member of the HSP70 family due to its split ATPase
domain [49]. We and others have reported that HSPA12A is highly
expressed in the brain [49, 50]. Intriguingly, evidence indicates a
potential involvement of HSPA12A in the pathogeneses of
psychiatric disorders because HSPA12A expression is reduced in
the brains of patients with schizophrenia [18]. Although we have
recently demonstrated that HSPA12A encodes a prosurvival
pathway against ischemic stroke [20], the causal effects of
HSPA12A in psychiatric disorders are completely unknown. Here,
we found that acute psychological stress increased HSPA12A
expression in the hippocampus but not in the frontal cortex,
whereas HSPA12A knockout resulted in mood instability, including
anhedonia, low locomotor activity, and antidepressive and
anxiety-like behaviors. Taken together, our results provide clear
evidence that HSPA12A is a novel psychological regulator and is
required for mood stabilization.

The mechanism underlying the development of mood disorder
has not been clearly addressed; however, both clinical and
experimental studies suggest that it could involve multiple
aspects of dysregulation. Among them, impairment of AHN plays
an important role in mood disorders development, partially
because the adult-born hippocampal neurons are essential for
the normal expression of the endocrine and behavioral compo-
nents of the stress response [9]. For example, AHN was
compromised when negr1 knockout mice developed anxiety-
and depression-like behaviors, whereas AHN restoration rescued
the mood disorders [8]. A direct role of AHN in mood regulation
was also demonstrated by Snyder et al. [9]. After inhibiting AHN
via either transgenic or radiation methods, mice show increased
food avoidance in a novel environment after acute stress,
increased behavioral despair in the forced swim test, and
decreased sucrose preference (a measure of anhedonia) [9]. Also,
we found that HSPA12A deficiency reduced total dendrite length
and dendrite spine density in hippocampal neurons of mice,
suggesting a possible involvement of spinogenesis in mood
regulation. Indeed, previous studies demonstrated an impaired
spinogenesis in mice with behavioral alteration, whereas main-
tenance of synaptic protein expression ameliorates hyperactivity
and anxiety [51-53]. Moreover, neuropsychiatric disorders can
lead to abnormal synaptic development or function of hippo-
campal pyramidal neurons of mice [54]. These findings suggest a
complicated, reciprocal causation between dendrite structure and
behavior abnormalities. Together, our study revealed impaired

Translational Psychiatry (2023)13:280

J. Wang et al.

AHN, decreased dendritic length and dendritic spines, and
downregulated BDNF expression in Hspal2a ™~ mice that
developed mood instability, suggesting an involvement of AHN
in the regulatory effect of HSPA12A on mood and behavior.

Studies have demonstrated that AHN can be positively
regulated by lactate [11-13]. Lactate is an end product of
glycolysis and is also implicated in mood regulation [12, 15, 16].
For example, cerebral lactate levels are altered during episodes
of depression and anxiety in BD patients [14]. Additionally,
supplement with lactate is effective in treating social avoidance,
anxiety, and sleep onset problems that associated with
depression in addition to promoting resilience to stress
[12, 15, 16]. These findings provide a framework between
cerebral lactate, AHN, and mood stability. In this study, we used
mouse and primary hippocampal neuron culture models and
demonstrated the following results: 1) acute psychological stress
increased HSPA12A expression in the hippocampus but not in
the frontal cortex, which was accompanied by increased CSF
lactate levels and hippocampal glycolysis-related gene expres-
sion; 2) HSPA12A knockout resulted in mood instability,
impaired AHN, decreased CSF lactate levels, and downregulated
hippocampal expression of glycolysis-related genes; 3) HSPA12A
is required for maintaining aerobic glycolysis to generate lactate
in hippocampal neurons; and 4) chronic and peripheral lactate
administration not only increased CSF lactate levels but also
rescued mood instability and AHN impairment in Hspal2a™'~
mice. Taken together, our results provide evidence that
HSPA12A controls cerebral lactate homeostasis to modulate
AHN and mood stability.

GSK3p is an evolutionarily highly conserved serine/threonine
kinase with high expression levels in the brain. GSK3p activity is
negatively regulated by Ser9 phosphorylation. Decreased GSK3p3
phosphorylation, which causes increased GSK3p activity in specific
cellular locations, pathways, and circuits, promotes susceptibility
to mood disorders, and GSK3p inhibition is therapeutic for mood
disorders [55-57]. Lithium, a GSK3p inhibitor, is a first-line mood-
stabilizing treatment for BD [57]. However, whether GSK3p plays
roles in glycolysis regulation is poorly known. Interestingly, using
both mouse and primary neuron culture models, we found the
following results: 1) when Hspal2a~~ mice developed mood
instability and AHN impairment, GSK3(3 phosphorylation levels
were also decreased in the hippocampus; 2) HSPA12A over-
expression increased GSK3B phosphorylation in primary hippo-
campal neurons; 3) the GSK3( activator DIF3 reversed the
HSPA12A-promoted lactate production and glycolysis-related
gene expression in hippocampal neurons; and 4) the GSK3(
inhibitor lithium improved lactate levels in CSF, rescued AHN
impairment and mood instability in Hspal2a~'~ mice. Our findings
suggest that GSK3 inhibition mediates the regulatory effects of
HSPA12A on cerebral lactate levels to modulate appropriate AHN
and mood status.

In conclusion, this study demonstrated that HSPA12A is
required for maintaining AHN and mood stabilization by sustain-
ing cerebral lactate homeostasis which could be mediated by
inhibiting GSK3B in hippocampal neurons. Thus, HSPA12A is
considered as a new regulator of AHN and mood stabilization that
may have therapeutic potential for mood disorders.
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