iIScience

Article
MNSCs overexpressing Rimkla transplantation

facilitates cognitive recovery in a mouse model of
traumatic brain injury

¥  Gls1
Glu — GIn

ic heuron

¢? CellPress

OPEN ACCESS

Tongjie Ji, Ying
Pang, Meng
Cheng, ..., Min Liu,
Jing Zhang,
Chunlong Zhong

rodger_Im@163.com (M.L.)
zhangjingwt@tongji.edu.cn
(J.Z)
drchunlongzhong@tongji.edu.
cn (C.Z)

Highlights

Rimkla knockout affected
the differentiation of
mNSCs

Grafted mNSCs
overexpressing Rimkla
promoted neuronal
synaptic repair after TBI

Grafted mNSCs
overexpressing Rimkla
activated mGlur3 in
astrocytes

Activated mGlur3
regulated neural
glutamate-glutamine
metabolism

Jietal., iScience 26, 107913
October 20, 2023 © 2023 The
Authors.
https://doi.org/10.1016/
}.isci.2023.107913



mailto:rodger_lm@163.com
mailto:zhangjingwt@tongji.edu.cn
mailto:drchunlongzhong@tongji.edu.cn
mailto:drchunlongzhong@tongji.edu.cn
https://doi.org/10.1016/j.isci.2023.107913
https://doi.org/10.1016/j.isci.2023.107913
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107913&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

mMNSCs overexpressing Rimkla transplantation
facilitates cognitive recovery in a mouse
model of traumatic brain injury

Tongjie Ji,' Ying Pang,' Meng Cheng, Rui Wang," Xu Chen,' Chunyu Zhang," Min Liu,"* Jing Zhang, '
and Chunlong Zhong'>*

SUMMARY

N-acetyl aspartyl-glutamate (NAAG) is easily inactivated for the hydrolysis of NAAG peptidase on the sur-
face of glial cells, thereby losing its endogenous neuroprotective effect after traumatic brain injury. In this
study, lentiviral vectors were used to over express/knock out NAAG synthetase Il (Rimkla) in mouse em-
bryonic neural stem cells (INNSCs) in vitro and these mNSCs were transplanted at the lesion site in a mouse
model of controlled cortical impact (CCI). In vivo experiments showed that transplantation of mNSCs
overexpressing Rimkla regulated glutamate-glutamine cycling between adjacent astrocytes and neurons
in the subacute phase of CCIl, thereby enhancing support for neuronal metabolism and promoting
neuronal synaptic repair in the hippocampal CA3 region. Taken together, these findings demonstrate
that transplantation of neural stem cells overexpressing Rimkla can effectively increase the NAAG concen-
tration in local brain regions, which opens up new ideas for the maintenance of NAAG neuroprotective
effects after TBI.

INTRODUCTION

Traumatic brain injury (TBI), which is complicated in cause, pathogenesis and clinical outcome, contributes to high mortality, disabled rates,
and medical cost. There is a growing requirement to develop effective therapeutic interventions as the incidence of traumatic brain injury is
further increasing for the development of modern means of transport.! Primary and secondary injury cascades are usually considered to be
the two stages of TBI, while the latter stage plays an important role in pathophysiology of cerebral damage, including excitotoxic damage,
inflammation, oxidative stress, and other pathological process.” Abundant researches have demonstrated that increased glutamate concen-
tration in the synaptic cleft accompanied with pathological activation of N-methyl-D-aspartic acid receptors (NMDARs) facilitate excitotoxicity
with a mechanism of intracellular calcium overload.’

N-acetyl aspartyl-glutamate (NAAG) is an N-acetylated dipeptide synthesized from N-acetyl-aspartate (NAA) and glutamate by NAAG
synthetase Il (Rimkla) in neurons. The neuromodulatory role of NAAG at glutamatergic synapses has been widely demonstrated.” NAAG
can competitively bind to NMDARs in the postsynaptic membrane of neurons and block the excitotoxic effects of glutamate. It can also acti-
vate the metabotropic glutamate receptor 3 (mGlur3) on the presynaptic membrane of neurons and the surface of astrocytes, thereby inhib-
iting the excessive release of glutamate from the presynaptic neuron and regulating the glutamate transport from synaptic cleft to astrocytes.”
Therefore, strategies of increasing NAAG concentration around the affected brain regions may be beneficial to counteract excessive gluta-
mate signaling after TBI. However, NAAG released into the synaptic cleft is quickly hydrolyzed to NAA and glutamate by two zinc metallo-
peptidases, glutamate carboxypeptidase Il (GCPII), and Ill (GCPIII) on the glial cell surface, thus losing its endogenous neuroprotective ef-
fect.® We previously demonstrated that treatment with NAAG peptidase inhibitor ZJ-43 significantly increased the concentration of
NAAG in the dialysate of dorsal hippocampus in a rat fluid percussion injury (FPI) model and reduced acute neuronal degeneration and astro-
cyte damage, and this neuroprotective effect could be blocked by mGIuR3 antagonist LY341495.”% In addition, we demonstrated that GCPII
knockout mice were less susceptible to traumatic brain injury with NAAG degradation inhibiting.” Nevertheless, we found that NAAG pepti-
dase activity could not be completely inhibited in GCPII deficient mice. Hence more investigations are required to focus on maintaining the
effective concentration of NAAG in the synaptic cleft after TBI.

Neural stem cells (NSCs) transplantation performed as promising strategies for treating traumatic brain injury. Many studies have shown
that transplanted exogenous NSCs can survive for dozens of days in the host after TBI and exert long-term neuroprotective effect.'® NSCs
transplanted into the brain can migrate to the damaged brain tissue area, replace the damaged cells through further differentiation,
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Figure 1. Transplantation of mMNSCs overexpressing Rimkla significantly facilitated the recovery of learning and memory impairment

(A) mNSCs were labeled with anti Tuj1 primary antibody (red) 10 days after induction of differentiation into neurons, nuclei labeled with DAPI (blue). Arrows
indicate typical neuronal morphology.

(B—F) Sholl analysis of the typical neuronal synapses in each group (n = 3 per group).

(G) Morris water maze (MWM) test, mice in sham, CCI+PBS, CCI+NSC-Vector, CCI+NSC-Rimkla-OE, and CCI+NSC-Rimkla-shRNA2 groups (n = 12 per group)
swam road maps on the last day of the place navigation test.

(H) Heatmap of swimming trajectory of mice in each group within Tmin of probe test on the 6th day of MWM. The green circle in the NW quadrant represents the
platform.

(I) Line plots record the average time taken by each group of mice to find the underwater platform from day 1 to day 5 in the place navigation test.

(J) The average proportion of time spent by mice in each group in the five regions of NW, NE, SW, SE and platform within 1 min of probe test was calculated. The
error bars represent the S.E.M. NW northwest, NE northeast, SE southeast, SW southwest. *p < 0.05, **p < 0.01, ***p < 0.001.

participating in the repair of damaged brain tissue, and release growth factors and anti-inflammatory factors."" Considering the long-term
neuroprotective effect of exogenous NSCs transplantation, we hypothesized that whether the transplantation of Rimkla modified NSCs could
be used to more effectively maintain NAAG concentration in the synaptic gap after TBI, thereby prolonging its endogenous neuroprotective
effect.

In this study, mild traumatic brain injury (mTBI) model was induced by controlled cortical impact (CCI) on mice.'? 24 h after CCl, mouse
embryonic neural stem cells (MNSCs) over expressing/knocking out Rimkla were transplanted into the lesion side of mouse hippocampus.
In vivo experiments demonstrated that transplantation of mNSCs overexpressing Rimkla effectively increased the concentration of NAAG
in the local brain area during the sub-acute phase of CCl, and then activated mGlur3 and Slc1a2 on the surface of astrocytes, thereby regu-
lating glutamate-glutamine cycling between adjacent astrocytes and neurons. Furthermore, these changes enhanced metabolic support for
neurons and promoted neuronal synaptic repair in the hippocampal CA3 region, and finally facilitated the recovery of learning and memory
impairment. Taken together, our explorations open up new ideas for the maintenance of NAAG neuroprotective effects after TBl and provide
a new strategy for the treatment of traumatic brain injury with NSC transplantation.

RESULTS
Transplantation of mMNSCs overexpressing Rimkla significantly facilitated the recovery of learning and memory impairment

Primary mNSCs were isolated from P1-P3 mouse brains and grown as neurospheres. We measured the diameter of neurospheres from 0 days
to 7 days and plotted the corresponding growth curves (Figures STA and S1B). mNSCs were, respectively, cultured in the specific medium
inducing differentiation into neurons, astrocytes, and oligodendrocytes for 10 days to verify its multi-directional differentiation potential.
Immunofluorescence proved that the extracted mNSCs were successfully induced to differentiate into a variety of nerve cells (Figure S1C).
Western blot confirmed the expression of Nestin, a kind of marker of NSCs, in the extracted mNSCs. (Figure S1D). mNSCs from different
groups were collected for mRNA and protein detection 48 h after the last lentiviral infection, and the result of RT-gPCR and western blot
demonstrated that we successfully constructed mNSCs over expressing or knocking down Rimkla (Figures STD-S1F).

Tuj1 was used to label neurons differentiated from mNSCs to further explore the effect of Rimkla overexpression/knockdown on the devel-
opment of mNSCs (Figure 1A). Sholl analysis showed that mNSCs overexpressing Rimkla normally differentiate into neurons in vitro
(Figures 1B, 1C, and 1F), while Rimkla knockout resulted in synaptic development defects (Figures 1D-1F).

At 24 h after CCl, mice were divided into four groups and stereotaxically injected with PBS, NSC-Vector, NSC-Rimkla-OE, and NSC-Rimkla-
shRNAZ2, respectively. The mice learning and memory was evaluated by morris water maze experiment 14 days after injection. On the last day
of the place navigation test (the 5th day), the trajectory map of mice looking for the underwater platform (Figure 1G) showed that the average
time for the NSC-Vector group mice to find the platform was significantly shorter than PBS group. There was no significant difference in the
average time of finding platform between NSC-Rimkla-shRNA2 group and NSC-Vector group. Compared with the NSC-Vector group, the
NSC-Rimkla-OE group took less time to find the platform, but it was still longer than the Sham group. Cumulative statistics of the time
required for mice to find the platform in each group of 5-day place navigation test (Figure 11) showed that PBS group mice were the slowest
to find the platform, and the performance of mice in all mMNSCs transplantation groups was better than the PBS group. Although the perfor-
mance of NSC-Rimkla-OE group seemed better than NSC-Vector and NSC-Rimkla-shRNA2 groups, the difference was not statistically sig-
nificant (Figure S1G). The heatmap of swimming trajectory of the mice in the probe test (Figure 1H) showed that the memory accuracy of the
NSC-Vector group and NSC-Rimkla-shRNA2 group was better than PBS group, but worse than NSC-Rimkla-OE group. Quantitative analysis
of the behavioral performance of mice in the place navigation test showed that the NSC-Rimkla-OE group mice had more times of crossing
the original platform position and spent more time in the original platform quadrant (NW) than the NSC-Vector and NSC-Rimkla-shRNA
group (Figures 1J, STH, and S1l). The statistics of the mice average swimming speed in the place navigation test showed that the NSC-Rim-
kla-OE group mice swam faster than other two mNSCs injection groups, mice in all mMNSCs injection groups swam significantly faster than the
PBS group (Figure S1J).

These results indicated that transplantation of Rimkla-overexpressing mNSCs can facilitate the recovery of mouse learning and memory
impairment after CCl, while transplantation of Rimkla-knockdown mNSCs significantly attenuated this trend. To further confirm the neuropro-
tective effect of Rimkla-overexpressing mNSCs, we then focused on the microscopic differences between NSC-Vector and NSC-Rimkla-OE
groups.
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Figure 2. Overexpression of Rimkla affected the survival, migration, and differentiation of mNSCs in vivo

(A)Bioluminescence imaging results of transplanted mNSCs in TBI mice over 21 days.

(B) Quantification of bioluminescence imaging results of transplanted side (n = 5 per group).

(C) Coronal whole brain film scan at the mid-hippocampal level on day 3 after transplantation. eGFP (green) labeled transplanted mNSCs, and DAPI (blue) labeled
nuclei.

(D and E) The migration and morphology of mNSCs in the hippocampus of mice in the Vector group and the Rimkla-OE group on the 3rd day and 7th day after
transplantation. Scale bar, 100um.

(F) Schematic representation of mNCSs migration and differentiation in vivo at 1, 3, and 7 days after transplantation.

(G and H) Anti-Tuj1 (red) primary antibody labeled neuronal cells and DAPI (blue) labeled nuclei on day 7 after mNSCs transplantation. Scale bar, 200um. The right
panel (H) is a magnified image after the merge of the fluorescence 488 and 555 channels, and the arrows indicate neurons with overlapping eGFP™ and Tuj1*
signals. The error bars represent the S.E.M. *p < 0.05.

Overexpression of Rimkla affected the survival, migration, and differentiation of mNSCs in vivo

Bioluminescence imaging in vivo was applied to determine the survival of grafted mNSCs 1day-21day post transplantation (Figure 2A). Ac-
cording to the statistical analysis of bioluminescence intensity at different time points (Figure 2B), on the whole, the fluorescence signal in the
injured area of mice in two groups gradually increased from day 1 to day 14 until the peak, then the fluorescence signal gradually decreased
after day 14, which reflected the status of transplanted mNSCs. However, the mean bioluminescence signal intensity of NSC-Rimkla-OE group
was significantly higher than NSC-Vector group on day 7. Subsequently, the mean bioluminescence signal intensity of the two groups tended
to be consistent on day 14 while the signal in NSC-Vector group decreased more significantly on the 21st day. To further clarify the prolifer-
ation, migration, and differentiation of mNSCs in two groups in vivo, eGFP fluorescence was observed by laser confocal scanning in the same
coronal brain slices of different mNSCs injection groups. Figure (Figure 2C) shows the scan of overall brain slice on the 3rd day post mNSCs
transplantation, which roughly reveals the injection site and migration of mMNSCs. The brain slices of mice showed that the eGFP" signal area
was larger on the 7th day than the 3rd day after transplantation in both groups, and eGFP™ cells had more obvious synaptic morphology on
the 7th day (Figure 2D). There was no significant difference in the e GFP fluorescence signal area between the NSC-Vector group and the NSC-
Rimkla-OE group at 3rd day post transplantation (Figures 2E and S2A). Besides, there was also no statistically significant difference in the dis-
tance between the widest points on both sides of the “T" shape of the eGFP signal (Figure S2B). However, the eGFP fluorescence area in NSC-
Rimkla-OE group was significantly larger than NSC-Vector group at 7th days (Figures 2E and S2A). And the distance between the widest
points on both sides of the "T" -shaped eGFP signal in the NSC-Rimkla-OE group was also significantly larger than the NSC-Vector group
(Figure S2B). The migration, differentiation, and morphology of mNSCs in vivo was simulated according to the eGFP signal at different
time points (Figure 2F). To explore whether there were neurons in eGFP* cells on 7th day after transplantation, we labeled neurons in brain
slices with Tuj1 and found that some cells expressed both Tuj1 and eGFP signals. This indicated that part of the transplanted mNSCs differ-
entiated into neurons (Figures 2G and 2H). Quantitative analysis of Tuj1 and eGFP fluorescence signals showed that the proportion of mMNSCs
differentiated into neurons in the NSC-Rimkla-OE group was significantly increased in vivo (Figure S2C).

mNSCs transplantation decreased astrogliosis and neuronal loss in the hippocampus

To further explore the unique neuroprotective effect of NSC-Rimkla-OE (abbreviated as NSC-Rimkla), changes in the protein expression of
neuron, astrocyte, and microglia markers were examined in the lesion side of hippocampus in each group on the 3rd and 7th day after trans-
plantation. Gfap and Iba1 in all injury groups were significantly higher than the Sham group on the 3rd day, but there was no significant dif-
ference among all the injury groups. Tuj1 expression was decreased in all injury groups, and there was no significant difference between all
injury groups either (Figures S2D and S2E). Interestingly, the expression of these cell markers began to differ significantly between mNSCs
injection groups on the 7th day post transplantation. The expression of these cell markers in Sham group was statistically different from all
injury groups. The Gfap expression in NSC-Vector group and NSC-Rimkla group was significantly lower than PBS group, while Tuj1 in these
two groups was higher than PBS group, but there was no significant difference between NSC-vector group and NSC-Rimkla group. The
expression of microglia marker Ibal in NSC-Vector group was higher than PBS group and NSC-Rimkla group (Figures 3A and 3B).
RT-gPCR confirmed the consistent trend at mRNA level (Figures 3C and 3D). Immunohistochemistry (Figures 3E, 3G, S2F, and S2G) further
verified the statistical differences in the number of astrocytes and microglia in the hippocampal CA3 region of mice in each group. Niss| stain-
ing also demonstrated that grafted mNSCs could effectively decrease neuronal loss in the hippocampal CA3 region of mice on 7th day after
transplantation (Figure 3F). Finally, immunofluorescence was used to simultaneously label Tuj1 and Gfap to more clearly show the relationship
between the number and location of neurons and astrocytes in the hippocampal CA3 region (Figures 31-3K). It was observed that on the 7th
day after transplantation, the density of neurons in the hippocampal CA3 region in the PBS group significantly decreased, the cells were
loosely arranged, and more scattered neurons were seen (Figure 3l). Although there was no significant difference in the number of neurons
in the hippocampus between the NSC-Vector and NSC-Rimkla groups, we unexpectedly found that NSC-Rimkla improved synaptic repair in
the hippocampal neurons on the 7th day after transplantation (Figures 3A and S2D). Therefore, we focused on the synaptic morphology and
synapse-associated protein in the hippocampal CA3 region of the lesion side in each group.

Transplantation of mNSCs overexpressing Rimkla promoted neuronal synaptic repair

Map2 was used to mark the synapses in the CA3 region of hippocampus on the lesion side. The synapses of CA3 neurons in the Sham group
were complete and clear with good morphology while synapses in PBS group and NSC-Vector group became thinner and discontinuous.
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Figure 3. mNSCs transplantation decreased astrogliosis and neuronal loss in the hippocampus

(A and B) The protein levels of Map2, Psd95, Gfap, Tuj1, and Iba1 in the hippocampus of mice in the Sham, CCI+PBS, CCI+NSC-Vector, and CCI+NSC-Rimkla
groups were detected by western blot on day 7 after transplantation. (n = 3 per group). The right panel (b) is a quantitative analysis of the gray value and area of
the immunoblot bands.

(C and D) RT-gPCR was used to detect the mRNA expression of Gfap and Iba1 in the hippocampus of mice in the previous groups (n = 9 per group).

(E) Immunohistochemistry and primary anti-GFAP antibody were used to label astrocytes in the hippocampal CA3 region of the transplanted side of mice in the
above groups. Scale bar, 100um (F) Niss| staining was used to label the neurons in the CA3 region of the hippocampus on the transplanted side of mice in each
group. Scale bar, 100um.

(G) Number of astrocytes in hippocampal CA3 region in immunohistochemistry. (n = 5 per group).

(H) Number of neurons in hippocampal CA3 region in Niss| staining. (n = 5 per group).

() Immunofluorescence staining of neurons and astrocytes in the CA3 region of the hippocampus on the 7th day after transplantation in each group. DAPI (blue)
labeled nuclei, Tuj1 (red) labeled neurons, and Gfap (purple) labeled astrocytes. Scale bar, 100pm.

(J and K) Tuj1-positive and GFAP-positive cells were counted on immunofluorescence images (n = 5 per group). The error bars represent the S.E.M. *p < 0.05,
**p < 0.01, ***p < 0.001.

However, the synapses in the NSC-Rimkla-OE group (abbreviated as NSC-Rimkla) recovered to some extent in morphology (Figure 4A). The
measurement of synaptic diameter in hippocampal CA3 at the same location (dotted white line) showed that the average synaptic diameter in
NSC-Rimkla group was significantly higher than the PBS group and NSC-Vector group, but still lower than the Sham group (Figures 4A and
4B). To further explore the effects of grafted mNSCs on synaptic repair after CCl, some typical synapse-associated genes were measured by
RT-gPCR. Similarly, mRNA levels of Map2 and Psd%5 showed a consistent trend with the morphological changes (Figures 4C and 4D). How-
ever, the expression of Syn and Gap43 showed no statistical difference not only within all mNSCs injection groups, but also between the PBS
group and the Sham group (Figures S2H and S2I). It is worth noting that the expression of Camk2a was significantly decreased after CCl, but
the injection of NSC-Rimkla helped to rescue this decline, though there was no significant difference in the expression of Camk2b between
the groups (Figures 4E and S2J). We then investigated whether grafted NSC-Rimkla had any effect on neuronal dendritic spines by Golgi
staining. Neurons in the hippocampal CA3 region were selected for observation, and the synaptic density in all MNSCs transplantation groups
was greater than the PBS group (Figure 4F). Sholl analysis of neuronal synapses in the CA3 region of different groups showed that the PBS
group had the lowest synaptic density, and the NSC-Rimkla group had slightly higher synaptic density than the NSC-Vector group, but the
difference was not statistically significant (Figure 4G). The density of dendritic spines in the PBS group and NSC-Vector group was significantly
reduced, while that in the NSC-Rimkla group was increased (Figures 4F and 4H). Further analysis of dendritic spine morphology showed that
the proportion of mushroom-like dendritic spines in the NSC-Rimkla group was significantly higher than the PBS and NSC-Rimkla groups
(Figures 4F and 4l).

Grafted mNSCs overexpressing Rimkla activated glutamate metabolism related pathways

In order to clarify the mechanism by which grafted NSC-Rimkla-OE (abbreviated as NSC-Rimkla) promotes synaptic repair of hippocampal
neurons after TBI, we took the hippocampus on the lesion side of NSC-Vector and NSC-Rimkla groups on the 7th day after transplantation
for whole transcriptome sequencing. After dimensionality reduction and clustering of sequencing results, it was found that the overall mRNA
expression of hippocampus differed between NSC-Vector and NSC-Rimkla groups (Figures 5A and S3A). 3286 differential genes were
screened out after differential gene analysis (Figures 6B and S3B) and “glutamine family amino acid biosynthetic process”, “L-glutamate
import across plasma membrane”, “channel regulator activity”, “synaptic repair”, “learning and memory” related pathways were enriched
after GO analysis, which further confirmed the neuroprotective effect of grafted NSC-Rimkla (Figure 5C). Furthermore, the hippocampal
glutamate transporters and receptors (including Slc1a2, Gls, mGlur3) and synaptic repair related genes (including Ngfr, Syt4, Npas4) were
found to be significantly higher in the NSC-Rimkla group than NSC-Vector group (Figure 5D). The total concentrations of glutamate,
NAAG, y-aminobutyric acid (GABA), and NAA in the hippocampus on the 3rd and 7th day after transplantation were measured by LC-
MS/MS. On the 3rd day, contents of NAAG and NAA in NSC-Rimkla group were significantly higher than PBS group and NSC-Vector group
(Figures 5E and S3C). However, there was no significant difference in glutamate, GABA, and Glu/GABA among all the CCl groups, and all CCl
groups were significantly lower than the Sham group (Figures 5F-5H). Contents of NAAG and NAA in NSC-Rimkla group significantly
increased on the 7th day while these in the PBS and NSC-Vector groups were still slightly lower than the Sham group (Figures 51 and
S3D). This was accompanied by a remarkable increase of glutamate, GABA, and Glu/GABA in NSC-Rimkla group (Figures 5J-5L).

mGlur3 and Slc1a2 on the surface of astrocytes were activated near eGFP™ synaptic terminals

Based on the results of whole transcriptome sequencing, some genes of interest in the hippocampus of lesion side on the 7th day after CCl
was verified by RT-qPCR. The expressions of mGlur3, Slc1a2, and Glutaminase in NSC-Rimka-OE group (abbreviated as NSC-Rimkla) were
significantly higher than the other three groups (Figures 6A-6C). Slc1a3 expression in all CCl groups was lower than Sham group, but there
was no significant difference among CCl groups (Figure S3E). In addition, The NMDA receptor subunits NR2a and NR2b in NSC-Rimkla group
were not significantly lower than other CCl groups (Figures 6D and S3F). Previous studies have demonstrated that activation of mGlur3 re-
ceptors on the surface of astrocytes activates the glutamate transporter Slc1a2 on astrocytes. Therefore, we focused on exploring the spatio-
temporal expression of mGlur3 and Slc1a2 in the hippocampus of NSC-Vector and NSC-Rimkla groups after transplantation. Western blot
confirmed that there was no statistically significant difference in the expression of mGlur3 and Slc1a2 in the hippocampus among all CCl
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Figure 4. Transplantation of mNSCs overexpressing Rimkla promoted neuronal synaptic repair

(A and B) Primary anti-Map2 antibody and immunofluorescence staining were used to mark neuronal synapses in the hippocampal CA3 region of the injured side
on the 7th day after transplantation. Scale bar = 50pm. Right panel (B) measured dashed plane synaptic diameters (n = 5 per group).

(C—E) RT-gPCR was used to detect the mRNA expression of Map2, Psd95 and Camk2a in the injured hippocampus of mice (n = 9 per group).

(F) Golgi staining, hippocampal CA3 neurons in the injured hippocampus of mice. Scale bar, 50um. Typical synapses were intercepted and displayed in
magnification.

(G) Sholl analysis of synapses in Golgi-stained hippocampal CA3 region neurons (n = 3 per group).

(H) Analysis of dendritic spine density of neurons in each Golgi staining group (n = 5 per group).

(I) Statistical analysis of the proportion of mushroom dendritic spines in total dendritic spines of neurons in each group (n = 5 per group). The error bars represent
the S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

groups on the 3rd day (Figures S3G and S3H). However, the expressions of mGlur3 and Slc1a2 in NSC-Rimkla group were significantly
increased on the 7th day (Figures 6E and 6F). To further figure out the reasons for this change, we labeled mGlur3 and Slc1a2 on the brain
slices of the mice on the 7th day after transplantation by immunofluorescence and found that the expression of mGlur3 and Slc1a2 in the cells
near the eGFP" synaptic terminals in the NSC-Rimkla group was significantly increased while this change was not observed in the NSC-Vector
group (Figure 6QG). Black arrows indicate cells with significantly high expression of mGlur3 and Slc1a2. In addition, the expression of mGlur3
and Slc1a2 in the hippocampal CA3 region in the subacute phase of CCl was significantly decreased, and the grafted mNSCs overexpressing
Rimkla could significantly reverse this decline (Figures S31-S3K).

DISCUSSION

This study aims to explore whether the transplantation of mMNSCs overexpressing the NAAG synthetase Il (Rimkla) after TBI can increase the
local concentration of NAAG in the brain tissue, thereby prolonging the neuroprotective effect of NAAG in the acute/subacute phase after
TBI. We found that transplantation of mNSCs overexpressing Rimkla after CCl more effectively facilitated the recovery of learning and mem-
ory impairment. Subsequently, multi-omics studies revealed that grafted mNSCs overexpressing Rimkla enhanced support for neuronal
metabolism and promoted neuronal synaptic repair in the hippocampal CA3 region by regulating glutamate-glutamine cycling between
adjacent astrocytes and neurons in the subacute phase of CCl.

We successfully constructed Rimkla overexpress/knockdown mNSCs (NSC-Rimkla-OE, NSC-Rimkla-shRNA2) with lentiviral vectors and
demonstrated that Rimkla overexpression had no effect on mNSCs development. In order to study the effect of grafted mNSCs on the hip-
pocampal after CCl, mouse learning and memory were evaluated 14 days after transplantation by morris water maze."” In place navigation
test, the learning curve of mice in NSC-Rimkla-OE group was not significantly better than other mNSCs injection groups, and all mNSCs in-
jection groups performed better than PBS group. But mice with NSC-Rimkla-OE showed more accurate memory of the platform location in
probe test. It has been confirmed in many disease models that NSCs transplantation enhances cognition or learning and memory in mice or
rats.”’'*"° Besides, many studies have demonstrated that grafted NSCs plays a neuroprotective role in animal brain trauma models.'® '® Here
our investigation confirmed that mNSCs transplantation effectively promoted the recovery of mouse learning and memory, which was highly
consistent with the previous researches. On this basis, mice in NSC-Rimkla-OE group showed further improvement in learning and memory
compared with NSC-Vector group, suggesting that transplantation of mNSCs overexpressing Rimkla has a unique neuroprotective effect.

Studies have reported that exogenous NSCs transplanted in vitro undergo a three-phase change in the host, including post-transplanta-
tion apoptotic phase (1-3 days), proliferation and migration phase (3-14 days), and post-apoptotic phase (14 days).'” The fate of Rimkla-over-
expressing mNSCs transplanted in the hippocampus is still unknown. Bioluminescence imaging (Figure 2) showed that the bioluminescence
intensity of mNSCs in the Rimkla and Vector groups on the 3rd day was not significantly weakened compared with the 1st day after transplan-
tation. The following reasons may explain this phenomenon. First, in this experiment, mMNSCs were transplanted in the hippocampal DG area
of mice rather than the lateral ventricle, which might lead to different fate of grafted NSCs. Second, reduced tissue shading due to cell migra-
tion to the cortical surface counteracts the effect of cell death. Third, eGFP fluorescent protein does not degrade immediately after cell death.
Interestingly, the bioluminescence intensity of the NSC-Rimkla-OE group was higher than the NSC-Vector group during both the proliferation
and migration phase (7 days) and the post-apoptotic phase (21 days). One or more of the following reasons may contribute to this result.
Overexpression of Rimkla might (1) improve mNSCs proliferation in vivo, (2) improve the ability of mMNSCs to migrate to the cortex in vivo,
(3) reduce mNSCs apoptosis after transplantation. To further clarify the reason for this change, coronal brain slices from the mNSCs transplan-
tation site was obtained on the 3rd and 7th day post transplantation by shaking sectioning, which clearly demonstrated the migration and
differentiation of mNSCs in vivo. The migration distance and area of Rimkla-overexpressing mNSCs were significantly higher than normal
mNSCs on the 7th day, while the number of eGFP" cells was not significantly different between the two groups. Fluorescence staining of
neuronal marker Tuj1 and eGFP fluorescence indicated that NSC-Rimkla-OE had a higher proportion of differentiating into neurons in vivo.
These phenomena indicated that mNSCs overexpressing Rimkla had a significantly enhanced ability to migrate and differentiate into neurons
in vivo.

Although there were differences in migration and differentiation of mMNSCs between different genotype groups in vivo, it was not sufficient
to explain the neuroprotective effect of NSC-Rimkla. To further clarify the occurrence time and microscopic mechanism of this neuroprotec-
tive effect, we focused on the changes of some major nerve cells in the hippocampus, especially the hippocampal CA3 region which is more
sensitive to TBI.'? Studies have reported that a large number of pyramidal neurons in the CA3 region apoptosis and inflammatory cells such as
microglia are activated in the TBI acute phase (0-24 h) and subacute phase (1-7 days) accompanied by astrogliosis. The death of neurons and
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Figure 5. Grafted mNSCs overexpressing Rimkla activated glutamate metabolism related pathways

(A-D) Transcriptome sequencing results of hippocampal tissues on the injured side of NSC-Vector and NSC-Rimkla groups. (n = 3 per group) (A) PCoA analysis
shows the distribution of dimensionality reduction in the two groups of samples.

(B) M-versus-A plot shows the differences in gene expression between the two groups of samples.

(C) KEGG enrichment analysis results of differential genes in the two groups.

(D) Heatmap of expression of genes related to glutamate metabolism and synaptic development in the two groups of samples.
(E-L) LC-MS/MS was used to measure the total contents of NAAG, glutamate, and GABA in the injured hippocampus of mice (n = 3 per group).

(E-G) contents of NAAG, glutamate and GABA in hippocampus at 3 days after transplantation.

(H) Glutamate/GABA ratio in hippocampus of mice on day 3 after transplantation.

(I-K) Contents of NAAG, glutamate, and GABA in hippocampus 7 days after transplantation.

(L) Glutamate/GABA ratio in hippocampus of mice on day 7 after transplantation. The error bars represent the S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

activation of microglia and astrocytes produce a series of inflammatory responses.””?? Changes of these nerve cells in the hippocampus was
examined on the 3rd and 7th day after transplantation. No significant difference was found in neurons, microglia, and astrocytes between the
mNSCs group and the PBS group on the 3rd day. Compared with the Sham group, the expression of Tuj1 was decreased and the expressions
of Gfap and Ibal were increased in the injury group (Figure S2). However, some interesting changes occurred on the 7th day (Figure 3). The
expression of Tuj1 in the NSC-Vector group and NSC-Rimkla group was significantly higher than the PBS group, which may be on account of
the neuroprotective factors released by mNSCs'®*? and the cell replacement effect of MNSCs.* In addition, the expression of Gfap in the
mNSCs group was lower than the PBS group, which was consistent with previous researches that NSCs transplantation could regulate astro-
cytes after TBI.?> Notably, due to the innate immune response caused by cell death after transplantation or exogenous transplantation,”
grafted mNSCs led to microglia proliferation on the 7th day, but the overexpression of Rimkla can effectively alleviate this process, which
may be related to enhanced transmitter communication, but further studies are needed to confirm and explain this phenomenon.

Although there was no significant difference in the number of neurons in the hippocampus between the NSC-Vector group and the NSC-
Rimkla group on the 7th day, we unexpectedly found that the synapses in the hippocampal CA3 region of the NSC-Rimkla group were more
intact and the density of dendritic spines was higher than the NSC-Vector group. The proportion of mushroom-shaped dendritic spines which
represent mature dendritic spines was also higher in NSC-Rimkla group, suggesting that neuronal synaptic repair in CA3 region was pro-
moted (Figure 4). Considering the important role of synapses and dendritic spines in learning and memory,”’-*® this finding also strongly ex-
plained why mice in NSC-Rimkla-OE group had better behavioral performance. However, it should be noted that there was no significant
difference in the expression of synapse-associated proteins between NSC-Vector and NSC-Rimkla groups on the 3rd day (Figure S2). Consid-
ering the presynaptic release mechanism of NAAG®” ' and the differentiation rule of NSCs,'® we speculate that most neurons differentiated
by mNSCs on the 3rd day after transplantation are not mature and their synapses were lack of normal function, resulting in the inability to
release NAAG.

To confirm this hypothesis and reveal the mechanism by which NSC-Rimkla-OE transplantation promoted synaptic repair, total contents of
NAAG, glutamate, GABA, and NAA in the hippocampus of lesion side in each group were measured on the 3rd and 7th day by LC-MS/MS.
Whole transcriptome sequencing of hippocampus was also performed on the 7th day (Figure 5). The increase in NAAG in the NSC-Rimkla-OE
group was more pronounced than other CCl groups. The enrichment analysis of differential genes involved in learning and memory, cogni-
tion, synaptic regulation, and neuronal differentiation, which was highly consistent with the results of previous studies. In particular, we also
found significant alterations in the expression of genes involved in glutamate metabolism and transport. Many studies have confirmed that
the concentration of glutamate in the synaptic cleft of neurons increases sharply within 24 h after TBl and maintains at a high level in the next
few days,*” which continues to mediate the excitotoxic injury of postsynaptic neurons.>*** However, the total glutamate concentration in the
brain tissue around the injured area was lower than the Sham group on the 7th day after TBI,* which would lead to abnormal glutamate-gluta-
mine cycle, affecting neuronal metabolism and development, and lead to synaptic dysfunction and neurodegeneration.® Therefore, we sug-
gested that NAAG may play a neuroprotective role in the acute/subacute phase of TBI mainly by regulating glutamate transport to enhance
support for neuronal metabolism and reduce postsynaptic excitotoxicity. This speculation was confirmed by our experiments. The total gluta-
mate concentration in the hippocampus of the lesion side in all CCl groups was lower than the Sham group on the 3rd and 7th day post trans-
plantation, while glutamate in NSC-Rimkla-OE group was significantly more than other CCl groups on the 7th day, and the glutamate/GABA
ratio in NSC-Rimkla-OE group was closer to the Sham group. This confirmed the recovery of glutamate metabolism and circulation in the
lesion side of hippocampus in NSC-Rimkla-OE group.

Further study on the expression of glutamate metabolism related genes showed that Slc1a2 had the most significant change. Slc1a2, also
known as EAAT2/Glt-1, are sodium- and potassium-dependent members of the solute carrier family 6 (SLC1). In the nervous system, it is
mainly expressed on the membrane surface of hippocampal astrocytes® and plays an important role in inhibiting excessive excitatory neuro-
transmission between synapses and providing glutamate to cells throughout the brain for metabolic purposes.*® Many studies in animal TBI
models have shown that Slc1a2 expression on the surface of astrocytes is down-regulated in the acute/subacute phase after TBI, resulting in
increased intersynaptic glutamate levels and excitotoxicity.*”*? Activation of mGlur3 can promote Slc1a2 activation on the surface of astro-
cytes.”"*? The temporal and spatial relationship between mGIluR3 and Slc1a2 in the hippocampus on the 3rd and 7th day post transplantation
was further investigated. There was no significant difference in the protein expression of mGlur3 and Slc1a2 among all CCl groups on the 3rd
day, however, the expression of these two proteins was significantly increased in the NSC-Rimkla group on the 7th day (Figures 6 and S3). It
was suggested that the expression of these two proteins is closely related to the concentration of NAAG. We simultaneously labeled mGlur3
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Figure 6. mGlur3 and slc1a2 on the surface of astrocytes were activated near eGFP* synaptic terminals

(A-D) RT-gPCR was used to detect the mRNA expression of mGIuR3, Slc1a2, Glutaminase and Nr2a in the injured hippocampus of the Sham, CCI+PBS,
CCI+NSC-Vector, and CCI+NSC-Rimkla groups on day 7 after transplantation (n = 9 per group).

(E-G) The expression of mGIuR3 and Slc1a2 protein in the injured hippocampus of mice in each group was detected by western blot on day 7 after
transplantation. Right panel (F) quantizes and statistics band gray level and area. (n = 3 per group) (G) immunofluorescence and laser confocal scanning.
DAPI (blue) marks nuclei, eGFP (green) marks transplanted cells, red marks anti-mglur3-positive protein, and purple marks anti-SLC1A2-positive protein.
Black arrows mark mGlur3 and Slc1a2 co-expressing cells. Low power field Scale bar, 100um. High power field Scale bar, 50um. The error bars represent the
S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001.

and Slc1a2 in brain slices to observe the spatial relationship between them. A significant increase in mGlur3 and Slc1a2 expression in astro-
cytes near eGFP* synaptic terminals was observed in the NSC-Rimkla-OE group on the 7th day, whereas a similar phenomenon was not
observed in the NSC-Vector group, confirming that NAAG activated mGlur3 and Slc1a2 on the surface of astrocytes. In addition, RT-
gPCR demonstrated that the expression of glutaminase in NSC-Rimkla-OE group was also significantly increased. In summary, we suggested
that NAAG released by mature neurons differentiated by grafted mNSCs promoted glutamate-glutamine transport between astrocytes and
neurons in the hippocampus during the subacute phase of TBI. It is estimated that a single mouse cortical astrocyte can contact more than
100,000 synapses, while human astrocytes can contact as many as 2 million synapses.”’ We demonstrated that transplanted mNSCs could
communicate with a large number of astrocytes, and then the neuroprotective effect of grafted Rimkla-overexpressing mNSCs tended to
be considerable.

Interestingly, a significant enhancement of mGlur3 and Slc1a2 signaling in astrocytes was observed near eGFP* synaptic terminals, which
supports the concept of a “tripartite synapse” from the side. The modern view is that the tripartite synapse mainly consists of slow and long-
reaching modulation of neuronal activity, non-vesicular release of gliotransmitters, astrocyte driven regulation of synaptic homeostasis.** As
shown in (Figure 7), the presynaptic membrane, postsynaptic membrane, and adjacent astrocytes form a “tripartite synapse” structure. Gluta-
mate receptors and transporters on the surface of astrocytes respond to changes in intracellular ion concentration and dynamic changes in the
balance of extracellular transmitters in real time, coordinating to maintain glutamate homeostasis between synapses. After TBI, the expres-
sion of glutamate transporters (Slc1a2, Slc1a3) on the surface of astrocytes is down-regulated, resulting in the accumulation and concentration
of glutamate at synapses, resulting in excitotoxicity.’? At the same time, it causes glutamate-glutamine cycling disorder between astrocytes
and neurons, leading to neuronal deficits including altered neurotransmitter metabolism and synaptic function.*>*¢ Besides, abnormalities in
neuronal glutamate-glutamine metabolism also affect astrocyte glycolysis and neuronal lactate metabolism.*’*®

In summary, the neuroprotective effects of grafted mNSCs overexpressing the NAAG synthetase Il (Rimkla) were investigated. It was
confirmed that NAAG released from the synaptic terminals of mature neurons differentiated from grafted Rimkla-overexpressing mNSCs acti-
vated mGlur3 on the surface of adjacent astrocytes, which in turn activated glutamate transporter Slc1a2, and enhanced glutamate transport
from synaptic cleft to the astrocytes and glutamine synthesis. Therefore, it regulated glutamate-glutamine cycling between adjacent astro-
cytes and neurons in the subacute phase of CCl, thereby reducing excitotoxicity and enhancing support for neuronal metabolism and pro-
moting neuronal synaptic repair in the hippocampal CA3 region, and ultimately facilitated cognitive recovery after TBI.

Limitations of the study

Notably, astrocytes play a positive role in the development and plasticity of neuronal synapses,*” and mGluR3 activation can promote astro-
cyte survival and regulate astrocyte function.*>*° Although we explored the effect of mGIluR3 activation on Slc1a2 on the surface of astrocytes,
the possibility that mGIuR3 directly regulates the synaptic protective function of astrocytes was ignored, which pointed out a direction for
subsequent research.
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Figure 7. We transplanted Rimkla overexpression/knockdown mNSCs into mouse hippocampus 24 h after TBI induced by controlled cortical impact
(CCI) and tracked the status of these grafted cells from day 1 to day 21 post transplantation

mNSCs proliferated actively from day 1 to day 14, differentiated gradually from day 3 to day 7, and gradually apoptotic from day 14 to day 21. mNSCs
overexpressing Rimkla differentiated into eGFP™ neurons and participated in local neural circuits on the 7th day post transplantation. The release of NAAG
in eGFP™ neurons activated mGlur3 on the surface of adjacent astrocytes and glutamate transporter Slcla2 was then activated, which enhanced the
glutamate transport from adjacent synapses to astrocytes and reduced the excitotoxicity of postsynaptic neurons caused by over-activation of NMDAR.
Glutamate transported into astrocytes was converted to glutamine through the tricarboxylic acid cycle pathway and transported to neighboring neurons,
which enhanced the nutritional metabolic support of neurons in the subacute phase after TBI.
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PrimeScript™ RT reagent Kit Takara Cat#RRO37A
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Deposited data

Original, unprocessed data This paper https://doi.org/10.17632/5pd72p7n4m. 1
Experimental models: Cell lines

Mouse embryonic neural stem cells This paper

HEK 293T ATCC
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Animal Technology Co.
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Primers for gPCR

This study, see Table S1
This study, see Table S2

Software and algorithms

Prism 9 Graphpad http://www.graphpad.com
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ImageJ/Fiji https://imagej.nih.gov/ij/
R Project https://www.r-project.org/
Other
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IVIS Spectrum imaging system

Hatteras Instruments Inc.
Leica

PerkinElmer Inc.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chunlong Zhong

(drchunlongzhong@tongji.edu.cn).

Materials availability

Plasmids generated in this study are available from the lead contact upon request.

This study did not generate new unique reagents.

Date and code availability

e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Healthy 7 weeks old male C57BL/6J mice (from Beijing Vital River Laboratory Animal Technology Co.) weighing between 18g-26g were
selected in this experiment. All mice had been kept in a suitable environment with free access to food and water. Light/dark altered every
12 hours. All animal experiments were approved by the Animal Care and Use Committee of Tongji University School of Medicine.
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METHOD DETAILS

TBI procedure

In this experiment, moderate controlled cortical impact (CCI) was performed using Pin-Point™ CCl device (Model PCI3000, Hatteras Instruments
Inc., USA), and mice were divided into Sham and CCl groups. Sodium pentobarbital (50mg/kg) was injected intraperitoneally for anesthesia, and
the head of the mouse was fixed in a stereotaxic frame after the foot reflex had disappeared. lodophor was used to disinfect the skin, the scalp
was cut open to expose the skull, a 3.5-mm diameter window was then opened using a skull drill at 2.0 mm lateral to the midline over the right
hemisphere and 2.0 mm posterior to bregma. Impact tip diameter was 3mm, tilt angle was 15 degrees, impact velocity was 3m/s, depth was
Tmm, and impact duration was 180ms. After the operation, the scalp was sutured and the mice were placed on a heating blanket to await resus-
citation while the temperature was monitored with a rectal thermometer and body temperature was maintained at 37 degrees. The Sham group
underwent the same surgical and anesthetic procedures except that CCl injury was not performed.

Extraction and culture of mouse embryonic neural stem cells (mMNSCs)

mNSCs were isolated from the brain of C57BL/6 mice within 3 days post birth. Specific methods are briefly described as follows: neonatal mice
were decapitated directly with scissors after induction of anesthesia with isoflurane. The heads were immersed in dissection buffer, and the
bilateral hippocampal tissues were dissected out. The hippocampal tissues were crushed with ophthalmic scissors and then transferred to 1ml
TrypLE (Gibco, USA) digestion solution. 3ml neural stem cell medium (DMEM/F12, B27 (Thermo, USA), EGF,bFGF, heparin, P/S, progester-
one, putrescine, Hepes Buffer, 30% glucose (Sigma,USA)) were added. After centrifugation (1000r,5min), DNase was added, the supernatant
was removed to a new EP tube after standing for 5min, and was resuspended in neural stem cell medium after centrifuging. Fluid was semi-
quantitatively changed every other day, and mNSCs were subcultured after 7 days. After centrifugation, the supernatant was removed. The
cells were resuspended in 1ml TrypLE and incubated at 37°C for 45min. NSCs medium and DNase were added. After centrifugation, the cells
were resuspended in medium containing DNase and gently blown 3 times by a 1ml syringe. After centrifugation, mNSCs were resuspended
and seeded into dishes.

Differentiation of mNSCs in vitro

Plates were coated with Poly-L-Ormnitihine and Laminin. After the cells were digested, they were cultured in neural stem cell medium for 24
hours and then replaced with neuron-inducing(Neurobasal Media, 2mM GlutaMAX-I, 2% B-27 (Thermo), Four days later, dibutyryl cAMP
(Sigma, USA) was added daily in the plate to a final concentration of 0.5 mM), astrocyte-inducing(Neurobasal media, GlutaMAX-I, 2%
B-27, 3,3 ', 5-Triiodo-L-thyronine sodium, 30 ng/mL, (Sigma)), oligodendrocyte-inducing(DMEM, 2mM GlutaMAX-I, 1% N2-Supplement,
1% FBS)medium, respectively. Neural stem cells were cultured in specific media for 10 days before the next experiments.

Lentivirus packaging and infection

PGMLV-6751 overexpression vector and pGMLV-SC5 RNAI interference vector (Genomeditech Co., shanghai) were used as follows. Firstly,
the target fragment was cut out through the restriction sites at both ends of the target fragment (shRNA oligo sequence is shown in Table S1),
and the target fragment was connected into the overexpression or interference vector after the same digestion. The ligation product was
transferred into the prepared competent bacterial cells, and the resulting monoclonal colonies were sequenced. The correct clone was
defined as the successful construction of the overexpression or interference vector of the target gene. The constructed lentiviral vector
and its auxiliary packaging original vector plasmid were co-transfected into HEK293T cells using HG transgene reagent. After 10-12 hours
of transfection, enhancing buffer was added, followed by 8 hours of fresh medium, and the cell supernatant rich in lentiviral particles was
collected after 48 hours of culture. The lentivirus was concentrated to obtain a high titer, and the virus titer was measured and calibrated
in HEK293T cells. After mNSCs were cultured to the third day of the second generation, 10uL of lentivirus solution was added to the medium.
After mMNSCs were cultured to the third generation, 10 ul of lentivirus solution was added to the medium again. The medium was changed 48h
after each addition of lentivirus. The efficiency of infection was determined by eGFP fluorescence under a fluorescence microscope.

Stereotaxic brain injection

24 hours after CCl, except for the sham group (n=25), other mice were randomly divided into CCI+PBS (n=35), CCI+NSC-Vector(n=35), CCl+
NSC-Rimkla-OE(n=35) and CCI+NSC-Rimkla-shRNA (n=6) groups. PBS and corresponding gene-modified mNSCs were injected. The mice
were anesthetized and immobilized using the same method as CCl. The mouse intracranial injection micropump system (MINICELL,
Shanghai) and 10uL Hamilton microinjection needle was used. mNSC was digested into a single cell suspension, and 500 000 mNSC were
resuspended in 5uL PBS and inhaled inside a microsyringe. After re-exposure of the exposed bone, the needles were inserted in the following
positions: ML:1.75mm, AP: -2mm, DV: -1.75mm. The speed of injection was 0.25 pL /min. After the injection, the needle was retained for 5 mi-
nutes, and then again for 3 minutes after withdrawing 0.75mm of the needle. The scalp was sutured after the injection was completed. The
injection was performed on a heating blanket at 36°C throughout.

Tissue section

Brain tissues were removed from mice after heart perfusion using 4% paraformaldehyde and immersed in 4% paraformaldehyde for 24 hours
at 4°C. Brain tissue was subsequently embedded using 2% Agarose (Invitrogen, USA) and removed before sectioning. Sections were made
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using a vibrating microtome (Leica VT1200S, German). The slice thickness was set to 30um. After cutting into the appropriate position, the
brain slices were removed and immersed in PBS for the next step.

Western blot

Mice were sacrificed by neck removal and hippocampal tissues were dissected. All tissue was added with 500 pL of pre-chilled RIPA lysate.
After sonication, SDS-PAGE buffer(Beyotime, China) was added to the supernatant and the mixture was heated to 98°C for complete dena-
turation. The prepared sample was added 5pL to 10% precast glue and subsequently transferred to PVDF membrane after electrophoresis.
The membrane was blocked with 5% BSA (Beyotime, China) for 2 hours, then was incubated with primary antibodies for 12 hours at 4°C on a
shaker. The primary and secondary antibodies used in this experiment are listed in Table S3. After being washed three times with TBST, the
membrane was incubated with the corresponding secondary antibody for 2 hours at room temperature on a shaker. Protein bands were then
detected by western blot detection reagents (Millipore, Billerica, MA) and all images were acquired using the ChemiDoc Touch System. Im-
ages were quantified using ImageJ.

Real-Time qPCR

According to the manufacturer’s protocol, total RNA was extracted using Trizol (Trizol™ Reagent, Invitrogen) and then was reverse transcribed
into cDNA using PrimeScript™ RT reagent Kit (Takara, RR037A). Real-time gPCR(RT-gPCR) detection was performed with TB Green® Premix
Ex Tag™ Il (Takara, RR820A) using the QuantStudio 7 Flex Real-Time PCR System (Thermo, USA). The AACT method was used to calculate the
relative gene expression levels. Primer sequences used in the experiment are listed in Table S2.

Immunofluorescence

Brain tissue sections were immersed in rupture solution containing 0.3%Triton-100 and 10% donkey serum for 1 h, followed by incubation with
the corresponding primary antibody for 12 h at 4°C. Primary antibodies were eluted with PBST and incubated with the corresponding sec-
ondary antibodies for 2 hours at room temperature in the dark. See Table S3 for specific primary and secondary antibodies. After elution
of secondary antibodies with PBST, brain slices were evenly spread on glass slides and sealed with an anti-fluorescence quencher containing
DAPI.

Immunohistochemistry

Brain tissues were removed and embedded in paraffin before sectioning. Sections were deparaffinized in an oven and sequentially immersed
in xylene and gradient concentrations of alcohol, followed by immersion in purified water for 10 min. This was followed by heating for 10 min in
the environment of antigen repair solution. After three washes of PBST, 3% hydrogen peroxide was dropwise added to the tissue and incu-
bated at room temperature in the dark for 20 minutes. 3% BSA was added and incubated for 1 hour. Primary antibodies (See Table S3) were
added and sections were placed in a wet box for overnight incubation at 4°C. The next day, the sections were incubated with the correspond-
ing secondary antibody for 1 hour at room temperature and eluted with PBST. DAB solution was used for staining.

Morris water maze

Morris water maze was used to evaluate learning and memory of mice 14 days after mNSCs transplantation. The water maze device is a circular
pool with a diameter of 180 cm and a depth of 50cm, which is divided into four quadrants, NW, NE, SE and SW. The water temperature in the
pool was maintained at 21+ 1° C, and an escape platform with a diameter of 8cm was placed 1cm below the water surface and at an appro-
priate distance from the pool wall. There were fixed black visual cues above and around the pool. The pool is insulated from the outside world
by a curtain that does not radiate light. In the place navigation test phase, the mouse was slowly placed into the water with its head facing the
pool wall and allowed to explore the position of the platform. After finding the platform, the mouse was allowed to stay for 10 seconds, and if
the platform was still not found after 90 seconds, the mouse was guided to the platform and stayed for 10 seconds. The time for each mouse to
find the platform was recorded. After swimming, the mice were placed under an incandescent lamp to dry. Each mouse was trained four times
a day with a different quadrant for each water entry and at least 30 min between sessions. The training lasted for 5 days. On day 6, the platform
was removed for spatial probe test. Mice were placed in the quadrant opposite to the quadrant where the platform was located, and the
performance of mice when looking for the platform was recorded for 60 seconds. The swimming process of mice was analyzed using Tracking
Master (VanBi, Shanghai).

RNA isolation and sequencing

The hippocampus was dissected immediately after the mice were sacrificed by neck removal and snap-frozen in liquid nitrogen. Total RNA
was extracted using Trizol (Sangon, Shanghai), and the quality of RNA samples was checked using a SMA4000 microspectrophotometer (Mer-
inton, Beijing). The samples were then sent to Shanghai Sangon for sequencing on a NovaSeqé000 (lllumina San Diego CA, USA) platform.
The results were analyzed using R software, mainly using "DESeqg2", "enrichplot" and "clusterProfiler" packages for gene difference analysis
and GO analysis. All p-values and g-values were set at 0.05.
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Bioluminescence imaging

Bioluminescence imaging was performed using an VIS Spectrum imaging system (PerkinElmer Inc., USA). The head hair of the mice was
removed after anesthesia induced by isoflurane. The control group (injected with PBS) and the experimental group (injected with mNSCs)
were placed in the imaging instrument in parallel for eGFP luminescence imaging. The signal intensity of the injection area was quantified.

Liquid chromatography and mass spectrometry (LC-MS/MS)

Tissue Preparation. A proper amount of mouse hippocampal Tissue was precisely weighed and mechanically homogenized with precooled
normal saline, then 0.5ml was transferred to a new centrifuge tube, then mass spectrometric methanol was added and shaken for Tmin. After
30min of low temperature sonication, the supernatant was taken and dried with nitrogen gas. After volume determination with 0.2ml ultrapure
water, the mixture was centrifuged at 13000r/min for 15min. Supernatant was filtered with a 0.22 um filter (Millipore Sigma, SLGPO33R).

Reagents and chemicals. N-acetyl aspartyl-glutamate (NAAG, Sigma, A5930), N-acetyl-aspartate (NAA, Sigma, 00920), L-Glutamate (Glu,
Sigma, G1251), y-Aminobutyric acid (GABA, Sigma, A2129), Methanol (Macklin, M813904), Formic acid (Macklin, F875284), Acetonitrile
(Macklin, A800366).

Standard sample preparation. The standard sample was precisely weighed to prepare a mixed standard linear mother solution with a con-
centration of Tug/mL and then the solution was diluted with methanol to obtain a series of working solutions with concentrations of 100, 50,
25,15, 5, 2.5, and 1.5ng/mL. The mother and working solutions for linear and quality control were stored at -20°C.

Liquid chromatography was performed on an ACQUITY UPLC HSS T3 column (1.8 x 100 mm, 2.1 um particle size) at 30°C column tem-
perature. Mobile phase consisted of (A) 0.1% formic acid and (B) ACN. Injection volume was 10 pL. The flow rate was set at 300 uL/min with
2 minutes in 99% solvent A and 1% solvent B followed by a gradient from 99% solvent A and 1% solvent B to 40% solvent A and 60% solvent B.
LC-MS/MS analysis was performed on an AB Sciex API 4000 ™ LC/MS/MS triple quadrupole tandem mass spectrometer. MS parameters: The
electrospray ionization source (ESI) was used in the negative ion ionization mode. The ion source temperature was set at 450°C, while the ion
source voltage was -4500V. The curtain gas was maintained at 35 psi, and both the atomization gas and auxiliary gas were set at 40 psi. Mul-
tiple response monitoring (MRM) was used for scanning. Relative quantification of metabolites was performed based on peak areas.

Golgi staining

The mice were sacrificed on the 7th day after mNSCs transplantation, and their brains were removed and immersed in 4%PFA for 24 hours.
The brains were cut into 3mm thick tissue blocks near the hippocampal plane and completely immersed in Golgi staining solution (haokebio,
China) in the dark. After 14 days, the tissue blocks were removed and dehydrated in 15% sucrose solution at 4°C in the dark for 1 day, followed
by dehydration in 30% sucrose solution for 2 days. After the tissue blocks were removed, they were washed with dd water for 1min, treated
with concentrated ammonia water for 45min, and treated with fixing solution for 45min, and then dehydrated with 30% sucrose solution at 4°C
in a dark environment for 3 days. Frozen sections were 100um thick and finally sealed with glycerin gelatin and photographed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of the data were performed with GraphPad Prism (version 9.0) by a separate person who was unaware of the group assign-
ments. At least three sample replicates were allocated for each group, and the results were expressed as standard error of the mean (SEM).
Normality was assessed with the Shapiro-Wilk test. Differences between multiple groups were compared using one-way ANOVA, and a post-
hoc test was applied to compare means among multiple groups. The Chi-square test was used for non-parametric data. The significance level
was set as P<0.05.
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