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GRM2 Regulates Functional Integration of Adult-Born
DGCs by Paradoxically Modulating MEK/ERK1/2 Pathway
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Metabotropic glutamate receptor 2 (GRM2) is highly expressed in hippocampal dentate granule cells (DGCs), regulating syn-
aptic transmission and hippocampal functions. Newborn DGCs are continuously generated throughout life and express GRM2
when they are mature. However, it remained unclear whether and how GRM2 regulates the development and integration of
these newborn neurons. We discovered that the expression of GRM2 in adult-born DGCs increased with neuronal develop-
ment in mice of both sexes. Lack of GRM2 caused developmental defects of DGCs and impaired hippocampus-dependent cog-
nitive functions. Intriguingly, our data showed that knockdown of Grm2 resulted in decreased b/c-Raf kinases and
paradoxically led to an excessive activation of MEK/ERK1/2 pathway. Inhibition of MEK ameliorated the developmental
defects caused by Grm2 knockdown. Together, our results indicate that GRM2 is necessary for the development and func-
tional integration of newborn DGCs in the adult hippocampus through regulating the phosphorylation and activation state of
MEK/ERK1/2 pathway.

Key words: adult neurogenesis; adult-born dentate granule cells; GRM2; hippocampus; MEK/ERK1/2 pathway; object-to-
location recognition

(s )

Metabotropic glutamate receptor 2 (GRM2) is highly expressed in mature dentate granule cells (DGCs) in the hippocampus. It
remains unclear whether GRM2 is required for the development and integration of adult-born DGCs. We provided in vivo
and in vitro evidence to show that GRM2 regulates the development of adult-born DGCs and their integration into existing
hippocampal circuits. Lack of GRM2 in a cohort of newborn DGCs impaired object-to-location memory in mice. Moreover,
we revealed that GRM2 knockdown paradoxically upregulated MEK/ERK1/2 pathway by suppressing b/c-Raf in developing
neurons, which is likely a common mechanism underlying the regulation of the development of neurons expressing GRM2.
Thus, Raf/MEK/ERK1/2 pathway could be a potential target for brain diseases related to GRM2 abnormality. /

adult-born dentate granule cells (DGCs) integrate into the hip-
pocampal neural circuits and are recruited for coding a variety of
memories, as well as regulating mood and emotions (Gongalves
et al., 2016). Correct synaptic integration into the hippocampal
neural circuits is essential for proper functions of newborn
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Introduction
In the hippocampal dentate gyrus (DG) of adult mammalians,
new neurons are continuously generated throughout life. These
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DGCs, whereas aberrant development and integration are often
associated with functional deficits of newborn DGCs in diseases
such as schizophrenia, epilepsy, and Alzheimer’s disease (Duan
et al.,, 2007; Walter et al., 2007; Sun et al., 2009; Lybrand et al.,
2021).

Group II inhibitory metabotropic glutamate receptors
(GRMs), consisting of type 2 and 3 GRMs (GRM2/3), are
expressed in DGCs, locating on their axon terminals [i.e.,
mossy fiber (MF) boutons; Shigemoto et al., 1997]. Present
on MF terminals targeting CA3 pyramidal cells (Kamiya et
al., 1996), CA3 interneurons (Maccaferri et al., 1998), and
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hilar interneurons (Doherty and Dingledine, 1998), GRM2/
3 in DGCs is important for the regulation of strength and
plasticity of MF synapses (Nicholls et al., 2006). Previous
studies showed that GRM2/3 and GRM2 exhibit similar im-
munoreactivity in the MF terminal zone (Shigemoto et al,,
1997), and that the GRM2/3 immunoreactivity were almost
lost in mice lacking Grm2 gene (Yokoi et al., 1996), indicating
that GRM2 is the major type of group II GRMs expressed in
DGCs. Coupled to Gai, when activated, GRM2 on MF termi-
nals inhibits cAMP production and protein kinase A (PKA)
activity, activates G-protein-coupled inwardly rectifying po-
tassium channels and inhibits voltage-gated calcium channels
through G v, thus suppressing the presynaptic release of
neurotransmitters (Kamiya et al., 1996; Tzounopoulos et al.,
1998; Cosgrove et al., 2011). Aberrant expression of GRM2 in
CA3 MF terminals has been reported in epileptic animal mod-
els (Pacheco Otalora et al., 2006) and in vulnerable neurons in
Alzheimer’s disease (Lee et al., 2004), suggesting that the
expression of GRM2 in DGCs is necessary for hippocampal
functions.

GRM2 is not only expressed in the embryonically born
DGCs, but also is expressed in the adult-born DGCs. Previous
studies have shown that the transmitter release from the axon
terminals of adult-born DGCs could be inhibited by group II
GRMs agonists, indicating the expression of GRM2 in adult-
born DGCs when they are fully mature and successfully inte-
grated (Toni et al, 2008; Gu et al., 2012). As new neurons are
continuously adding to the granule cell population in the DG,
the expression of GRM2 in the newly integrated DGCs is likely
to be required for the proper function of hippocampal circuits.
However, it remains unclear when newborn DGCs start to
express GRM2, and whether GRM2 is necessary for the develop-
ment and integration of newborn DGCs in the adult brain.

In this study, we investigated the function of GRM2 during
the development and integration of newborn DGCs in the adult
hippocampus. We discovered that the expression of GRM2 in
adult-born DGCs increased with development. Grm2 knock-
down suppressed the development and integration of adult-born
DGCs by paradoxically upregulating the mitogen-activated pro-
tein kinase kinase (MEK)/extracellular signal-regulated protein
kinase 1 (ERK1)/ERK 2 signaling pathway and impaired hippo-
campus-dependent cognitive functions. Inhibition of MEK activ-
ity by overexpressing a dominant-negative Mapkl (dnMapkl)
ameliorated the developmental defects caused by Grm2 knock-
down. Together, our results indicate that GRM2 is required for
the development and functional integration of newborn DGCs
in the adult hippocampus through regulating the phosphoryla-
tion and activation state of MEK/ERK pathways.

Materials and Methods

Animals

All procedures were approved by the Animal Care and Use Committees
at the Zhejiang University School of Medicine and were conducted in ac-
cordance with the policies of institutional guidelines on the care and use
of laboratory animals.

Young adult C57BL/6 mice (age, 8—10 weeks) were used in the pres-
ent research. Mice were bred and group housed in the animal facility of
Zhejiang University School of Medicine. Mice were maintained ina 12 h
light/dark cycle and had free access to water and food. Both male and
female mice were used for experiments.

Primary neuronal culture
Hippocampi were dissected from embryonic day 14.5 mouse embryos
and digested in 0.25% trypsin at 37°C for 10 min. DMEM/high-glucose
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(catalog #SH30243.01, Hyclone) containing 10% fetal bovine serum
(FBS; ES cell qualified; catalog #SE200-ES, VISTECH) was added to ter-
minate the digestion. After washing with Dulbecco’s PBS, hippocampi
tissues were dissociated into single cells by pipetting with glass Pasteur
pipettes. Cells were then filtered through a 40 um strainer and plated on
coverslips coated with poly-p-lysine (catalog #P0899, Sigma-Aldrich) in
DMEM/high-glucose containing 10% FBS. After 30 min, the medium
was completely replaced by Neurobasal medium (catalog #21103-049,
Thermo Fisher Scientific) supplemented with 2% B27 (catalog #17504—
044, Thermo Fisher Scientific), and 1% GlutaMax (catalog #35050-061,
Thermo Fisher Scientific). Medium was half-changed every 3d there-
after, and neurons were used at a preferred time after being cultured in
vitro.

Construction of viral plasmid vectors

Short hairpin Grm2 retroviral and lentiviral vectors. Three shRNAs
were designed against different regions of mouse Grm2, and the one
with the best knockdown efficacy was selected for constructing retroviral
and lentiviral vectors. A control (Ctrl) shRNA sequence not specific for
any known gene was also inserted into the same retroviral and lentiviral
vectors.

dnMapkl retroviral and lentiviral vectors. Mouse Mapkl mRNA
coding sequences were obtained from GenBank (NM_011949.3), synthe-
sized with two point mutations (to change Thr'®® and Tyr'® to Ala resi-
dues in its protein product), and subcloned into retroviral and lentiviral
plasmid vectors. In these viral vectors, the expression of dnMapkl and
dTomato was inducible under the regulation of Tet-responsive element
(TRE), as described previously (Kumamoto et al., 2012).

Virus production

As previously described (Hu et al., 2022), each retroviral or lentiviral
backbone plasmid was cotransfected to HEK293T cells with helper plas-
mids for retrovirus or lentivirus using Lipofectamine (catalog
#40802ES09, Yeasen). Culture medium was collected, and then the virus
was purified and concentrated by ultracentrifugation.

Viral application

Retrovirus was injected into the DG of adult mice. Briefly, mice were
anesthetized with isoflurane and placed on a stereotaxic apparatus. After
the surgery for craniotomy, viral particles were injected bilaterally into
the DG. The coordinates are 2.0 mm caudal to bregma, 1.6 mm lateral
from the midline and 2.5 mm ventral from the skull surface; 3.0 mm
caudal to bregma, 2.6 mm lateral from the midline and 3.2 mm ventral
from the skull surface. After surgery, mice were allowed to recover in a
clean cage, and then returned to their home cages.

For the infection of cultured cells using lentivirus, viral particles were
applied to cells at 4d in vitro (DIV). Briefly, virus was diluted into cul-
ture medium, and polybrene was applied at the same time at a final con-
centration of 6 ug/ml. Cells were harvested for Western blotting or fixed
for immunostaining at 9 DIV.

Single-cell qRT-PCR

The total RNA was extracted by using the Single Cell-to-CT qRT-PCR
(quantitative real-time PCR) Kit (catalog #4458237, Thermo Fisher
Scientific). qRT-PCR was performed using the TB Green Premix Ex Taq
II (Tli RNaseH Plus; catalog #RR820A, Takara) and a BIO-RAD CFX96
(96-well format). The fold change in mRNA expression of gene was
normalized to B8-actin using the AACt method. The primers used for
qRT-PCR were as follows: Grm2: 5'-GCTCCCACAGCTATCACCG-
3’ (forward), and 5'-TCATAACGGGACTTGTCGCTC-3’" (reverse);
and gapdh: 5'-TGTGTCCGTCGTGGATCTGA-3’ (forward), and 5'-
TTGCTGTTGAAGTCGCAGGAG-3' (reverse).

Drug administration

For in vivo induction of dnMapkI expression, doxycycline (Dox; catalog
#MB1088, Meilunbio) was administered at a concentration of 2 mg/ml
through drinking water with 5% sucrose (w/v). When used on cultured
cells, Dox was applied by dissolving in culture medium at a final concen-
tration of 2 ug/ml, from 5 to 9 DIV.
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For the drug treatment of cultured hippocampal neurons, chemi-
cals were dissolved in the culture medium and applied to cells. The
final concentrations of DMU-212 (catalog #HY-137977/CS-0143458,
MedChemExpress), SB590885 (catalog #S80705, MedMol) and GW5074
(catalog #G129612, Aladdin) was 7.5, 0.2, and 0.5 um, respectively. For
Western blotting, the chemicals were applied to cells from 7 to 9 DIV.
For immunostaining, the chemicals were applied to cells from 4 to 9
DIV.

Western blot analysis

To detect the levels of GRM2 and other proteins in the DG, mice were
anesthetized with isoflurane, and the brain was removed and cut into
300 um acute slices in cold PBS. The DG tissues were dissected, homoge-
nized, and centrifuged at 12,000 rpm at 4°C for 15 min. For cultured cells,
cells were washed with cold PBS and then lysed in RIPA buffer (catalog
#20101ES60, Yeasen) containing EDTA-free protease inhibitors (catalog
#4693132001, Roche) and phosphatase inhibitors (catalog #4906837001,
Roche) on ice for 10-20 min. The cell lysates were then homogenized and
centrifuged at 12,000 rpm at 4°C for 15 min.

The supernatant was then collected and protein concentration was
detected by the BCA Protein Assay Kit (catalog #P0011, Beyotime). Samples
were diluted in 5x loading buffer and were boiled at 100°C for 10 min.
Proteins were then separated in 12% gel by SDS-PAGE and transferred to
PVDF membranes (catalog #ISEQ00010, Merck Millipore), which were
then blocked with 5% nonfat milk in TBST buffer at room temperature for
1 h. Membranes were incubated with primary antibodies to GRM2 (1:500;
catalog #SAB4501319, Sigma-Aldrich), phosphorylated ERK1/2 (pERK1/2;
1:1000; catalog #4370s, Cell Signaling Technology), ERK1/2 (1:1000; catalog
#9102s, Cell Signaling Technology), MEK (1:1000; catalog #9122s, Cell
Signaling Technology), pMEK (1:1000; catalog #9154s, Cell Signaling
Technology), cAMP response element-binding protein (CREB; 1:1000; cata-
log #9197s, Cell Signaling Technology), pCREB (1:1000; catalog #9198s,
Cell Signaling Technology), PKA-Ce (1:1000; catalog #4782s, Cell Signaling
Technology), pPKA-C (1:1000; catalog #4781s, Cell Signaling Technology),
PSD95 (1:1000; catalog #3450s, Cell Signaling Technology), Homer1 (1:500;
catalog #160011, SYSY), L1Cam (1:1000; catalog #Ab24345, Abcam), PKCa
(1:1000; catalog #2056s, Cell Signaling Technology), pPKCa/ (1:1000;
catalog #9375s, Cell Signaling Technology), c-Raf (1:1000; catalog
#9422, Cell Signaling Technology), or b-Raf (1:2000; catalog #A15033,
ABclonal) at 4°C overnight. Membranes were then incubated with
horseradish peroxidase-conjugated goat-anti-rabbit IgG (1:5000;
Earthox) at room temperature for 1 h. Bands were visualized with the
ECL Kit (catalog #34077, Thermo Fisher Scientific) and imaged using
the GE AI600 Imaging System. 8 -Tubulin (1:3000; catalog #30302ES20,
Yeasen) was used as an internal control. Quantitative analysis was per-
formed with ImageJ software. All experiments were repeated at least
three times.

Immunostaining, confocal imaging, and image analysis

Mice were deeply anesthetized and perfused transcardially with PBS and
then 4% paraformaldehyde (PFA). Brains were removed, fixed overnight
in PFA, and then transferred to a 30% (w/v) sucrose solution and stored
at 4°C. Brains were sectioned into 50 wm coronal sections covering the
full anterior—posterior extent of the hippocampus. For cultured hippo-
campal neurons, cells were fixed with ice-cold 4% PFA solution.

The slices/cells were then permeabilized with 0.2% Triton X-100 and
blocked in 5% normal donkey serum. Regular immunostaining was per-
formed using primary antibodies to GRM2 (1:50; catalog #SAB4501319,
Sigma-Aldrich), PROX1 (1:500; catalog #ab199359, Abcam), doublecortin
(DCX; 1:1000; catalog #4604, Cell Signaling Technology), MAP2 (1:2000;
catalog #M1406, Sigma-Aldrich), RFP (1:2000; catalog #Ab62341, Abcam),
or green fluorescent protein (GFP; 1:3000; catalog #ab13970, Abcam), over-
night at 4°C, followed by incubation with secondary antibodies [Cy2-conju-
gated donkey antibody to chicken (1:1000; catalog #703-225-155, Jackson
ImmunoResearch), Cy3-conjugated donkey antibody to rabbit (1:1000; cata-
log #711-165-152, Jackson ImmunoResearch), Cy5-conjugated donkey anti-
body to rabbit (1:1000; catalog #711-175-152, Jackson ImmunoResearch), or
Cy5-conjugated donkey antibody to chicken (1:1000; catalog #703-175-155,
Jackson ImmunoResearch)] for 2 h at room temperature (25°C), in the
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presence of 2% donkey serum, 1% bovine serum albumin, and 0.2% (w/v)
Triton X-100. Sections were mounted on slides with Fluoromount-G anti-
fade medium containing DAPI (catalog #0100-20, SouthernBiotech). Images
of z series stacks were taken on a confocal microscope (model FV3000,
Olympus). Images were analyzed using Image] or Imaris software.

RNAscope in situ hybridization

Brain slices (14 um) were prepared from PFA-fixed brain tissue. Ethanol
was used for gradient dehydration of the sections. Probes were designed
by ACDbio (probes: Mm-Grm2, catalog #317831; Neg-ctrl, catalog
#320871; Pos-ctrl, catalog #320881). In situ hybridization was then per-
formed using RNAscope multiplex fluorescent reagent kit (Advanced
Cell Diagnostics) according to standard instructions from the manufac-
turer. Additional immunostaining was performed following the detec-
tion of mRNA with standard protocols, as described above. Images were
accessed with an confocal microscope (FV3000, Olympus). For quantifi-
cation, images were analyzed using Image].

Electrophysiological recording

Acute brain sections were made 3 weeks after retroviral injection, and
electrophysiological recordings were performed at 32-34°C, as previ-
ously described (Hu et al., 2022). Briefly, mice were deeply anesthetized
with isoflurane, and brain was removed and acute brain slices were pre-
pared. GFP-labeled neurons were identified under fluorescent micro-
scope and whole-cell patch-clamp recordings were performed. The
intrinsic properties and action potentials (APs) of the neurons were
recorded in regular ACSF. Miniature EPSCs (mEPSCs) were recorded in
the presence of tetrodotoxin (1 um) and picrotoxin (100 um) at a holding
potential of =70 mV. Miniature events were automatically detected and
then analyzed using Clampfit software.

Behavioral tests

Open field. Mice were placed in a brightly illuminated open field (45
x 45cm) and allowed to freely explore the space for 10 min. Movement
and position of the mice were recorded by an overhead camera. The
open field was divided into the outer zone and the inner zone. The total
travel distance and the percentage of time that the mice spent in each
zone were measured by the software.

Novel location and novel object recognition tests. For the novel loca-
tion recognition test, mice were placed in a normally illuminated box
(45 x 45cm) with an overhead camera, were allowed to habituate for
10 min, and then put back into the home cage. One hour later, two iden-
tical objects were placed close to two corners in the box; mice were put
into the box and allowed to freely explore for 10 min. Another hour later,
before the test session, one of the two identical objects was place at a dif-
ferent location (novel location), while the other object was not moved;
mice were put back in the box for 10 min, and the time of their explora-
tion on the two objects was recorded and analyzed.

For the novel object recognition test, mice were placed in a normally
illuminated box (45 x 45cm) with an overhead camera, allowed to
habituate for 10 min, and then put back into the home cage. One hour
later, two identical objects were placed close to two corners in the box;
mice were put into the box and allowed to freely explore for 10 min.
Another hour later, before the test session, one of the two identical
objects was replaced with a different object (novel object), while the
other object was not changed or moved; mice were put back in the box
for 10min, and the time of their exploration of the two objects was
recorded and analyzed.

Elevated plus-maze test. Mice were placed in the center of an elevated
plus-maze with opposite open and closed arms and allowed to freely
explore the maze for 10 min. The behavior and position of each animal
were recorded by an overhead camera. The number of entrances and the
percentage of time spent in open and closed arms by each animal were
measured by the software.

Contextual fear conditioning and test. As previously described (Hu et
al., 2022), mice were trained in a conditioning chamber (18 x 18 x 30 cm;
Coulbourn), containing a stainless steel shock-grid floor. During the train-
ing, mice were placed in the chamber and received a single footshock
(0.75 mA; duration, 2 s) after 2 min. Mice were taken out of the training
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chamber 1 min after the footshock and placed back into their home cages.
After training, mice were housed under standard conditions with a 12 h
light/dark cycle until the test. Twenty-four hours later, mice were placed
back into the same chamber for 5 min, without footshock. Freezing behav-
ior of the mice was monitored via overhead cameras and was measured by
an automated scoring system.

Experimental design and statistical analysis

Data are presented as the mean * SEM. Statistical analysis was per-
formed using GraphPad Prism 8.0 software. Pooled data were analyzed
by two-tailed unpaired ¢ tests or otherwise indicated in the figure
legends. For box-and-whisker plots, whiskers represent the minimum
and maximum, the box represents the upper and lower quartiles, the line
in the middle represents the median, and the “+” symbol represents the
mean. Statistical significance was considered when p < 0.05.

Results

GRM2 is required for the development of newborn DGCs

Previous studies have shown that GRM2 is highly expressed in
the hippocampal DG (Shigemoto et al., 1997). To specifically ver-
ify the expression of GRM2 in the DG, we used RNAscope, a
highly sensitive fluorescent in situ hybridization method, and
found that, when comparison was made with the large quantity
of dots in PROX1" mature DGCs (Fig. 1A), the newborn DGCs
expressing DCX showed significantly fewer dots (Fig. 1B,C), sug-
gesting an initially low expression level of Grm2 after the birth of
the new neurons. To determine the change of Grm2 expression
in the adult-born DGCs with their development, we infused
engineered murine retrovirus into adult C57BL/6 mice to label
the newborn neurons by expressing GFP, then extracted the cells
at 1, 2, 3, 4, and 8 weeks post-virus injection (wpi), and per-
formed single-cell QRT-PCR to examine the expression level of
Grm2 mRNAs (Fig. 1D). We found that the expression of Grm2
increased with the development of newborn neurons and
reached a comparable level with 8-week-old mature DGCs when
these new neurons were at 3 weeks of age (Fig. 1E), suggesting an
increase of Grm2 expression level with neuronal maturation.

To examine whether GRM2 plays any essential role during
the development of newborn DGCs, we next constructed a lenti-
viral vector to express an shRNA to knock down the expression
of endogenous Grm2 (shGrm2), while using a Ctrl shRNA
against a scrambled sequence. After infecting cultured hippo-
campal neurons with the viruses, we confirmed that shGrm2
could efficiently knock down the level of endogenous GRM2 to
~10% (Fig. 1F,G) and therefore significantly decrease the immu-
noreactivity of GRM2 in these cultured neurons (Fig. 1H,]).

We next constructed shGrm2 and Ctrl retroviral vectors and
injected the retrovirus into the DG of 8-week-old mice to label
the newborn DGCs with GFP. We analyzed the development of
newborn DGCs from 1 through 8 wpi (Fig. 1]) and found that
the decrease of GRM2 reduced both the total length of dendrites
and the number of dendritic branches from 2weeks on after
birth (Fig. 1K,L), thus reducing the complexity of the dendritic
arborization of the newborn DGCs (Fig. 1M). To verify these
results, we cultured hippocampal neurons in vitro and infected
the neurons with lentivirus to knock down Grm2 (Fig. LN).
Consistently, Grm2 knockdown significantly decreased the den-
dritic complexity, the total length, and the number of neurites in
cultured neurons (Fig. 10-Q).

To examine whether the intrinsic electrophysiological proper-
ties of the newborn DGCs were altered by Grm2 knockdown, we
performed whole-cell patch-clamp recordings in control and
shGrm2 newborn neurons in acute brain slices at 3 wpi. We
found that shGrm2 neurons showed significantly increased
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membrane resistance and decreased membrane capacitance,
compared with Ctrl neurons (Fig. 24,B). Under current-clamp
mode, we found that Grm2 knockdown did not alter the resting
membrane potential of the newborn neurons (Fig. 2C,D). The
shGrm2 neurons showed similar AP firing compared with Ctrl
neurons when small currents were injected, but showed fewer
APs in response to large current injections (Fig. 2C,E). The
action potential of shGrm2 neurons exhibited a similar ampli-
tude but a larger half-width, compared with that of Ctrl neu-
rons (Fig. 2F,G). These differences in the intrinsic properties
suggest that the shGrm2 neurons were less mature than Ctrl
neurons, consistent with the morphologic changes of these
neurons.

These results suggest that proper expression of GRM2 is
essential for neuronal development.

GRM2 is necessary for proper synaptic integration of
newborn DGCs

To further find out whether Grm2 knockdown leads to abnormal
functional integration of the newborn neurons, along with their
morphologic defects, we then examined the dendritic spines in
the newborn DGCs at 3 wpi (Fig. 3A). We found that Grm2
knockdown significantly reduced the number of different types
of spines, including thin, stubby, and mushroom spines (Fig.
3B), thus decreasing the overall spine density in the newborn
DGCs (Fig. 3C). Furthermore, to assess the functional synapse
formation onto the newborn DGCs, we recorded the mEPSCs in
control and shGrm2 newborn neurons in acute brain slices at 3
wpi (Fig. 3D). Our results showed that Grm2 knockdown signifi-
cantly decreased the frequency of mEPSCs, without altering their
amplitude (Fig. 3E-H), consistent with the decreased spine den-
sity in these neurons, suggesting an impaired dendritic integra-
tion. To test whether Grm2 knockdown may also alter the axonal
integration of the newborn neurons, we examined the axon bou-
tons from the newborn DGCs at 4 wpi. We found the newborn
DGCs with Grm2 knockdown showed significantly decreased
bouton size (Fig. 31,]), suggesting that Grm2 knockdown also
hindered the axonal integration of the new neurons. On the
other hand, Grm2 knockdown increased the colocalization of
activated Caspase 3 (aCasp3) and the newborn DGCs specifically
at 3 wpi (Fig. 3K,L), suggesting that the lack of GRM2 enhanced
the apoptosis of newborn DGCs specifically during their circuit
integration.

In addition, in cultured hippocampal neurons, we found that
knockdown of Grm?2 significantly decreased the level of synaptic
proteins, such as Homerl, PSD95 and Llcam (Fig. 3M-Q), con-
firming that knockdown of GRM2 impaired the growth and syn-
apse formation of the newborn neurons.

Together, these results suggest that GRM2 is necessary not
only for the morphologic development, but also for the forma-
tion of synapses and functional integration of newborn neurons.
The failed integration will further lead to the death of newborn
DGCs.

Grm2 knockdown led to ERK1/2 phosphorylation and
nuclear translocation

To find out possible downstream mechanisms, we examined the
level of molecules that may regulate cell development, CREB
(Merz et al., 2011) and ERK1/2 (Kim et al., 2004). In cultured
hippocampal neurons, Grm2 knockdown did not affect the total
protein level of CREB or pCREB (Fig. 4A,B). However, Grm2
knockdown significantly increased the pERK1/2, without affect-
ing the total amount of ERK1/2 (Fig. 4A4,C). Furthermore, after
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Figure 1. GRM2 is required for the development of newborn DGCs. 4, Images showing Grm2 mRNA with immunostaining of DCX (top) or PROX1 (bottom) in the DG. Scale bar, 200 pum. B,
Zoom-in images showing the colocalization of Grm2 mRNA with DCX ™" cells (top, white arrowheads) and PROX1™" cells (bottom). Scale bar, 10 um. €, Grm2 mRNA dots per cell in DCX ™" cells
and PROX1™ cells (DCX ™z N'=3 miice, n = 40 cells; PROX1™*: N'=3 mice, n =48 cells; unpaired ¢ test, t,g) = 25.27, ****p < 0.0001). D, Schematics showing viral labeling and single-cell col-
lection of newbom DGCs. E, qRT-PCR showing the relative expression of Grm2 in newborn DGCs at different time points (N =3 mice, n=64 cells for each time point; unpaired ¢ test; 2 vs 1
Wi f126) = 2282, ¥p=0.0241; 3 vs 1 wpi: {156 = 3.448, ***p =0.0008; 4 vs T wpi: f(126) = 5.11, ****p << 0.0001; 8 vs T wpi: (125) = 4.08, ****p << 0.0001). F, Western blots showing
shGrm2 lentivirus decreased GRM2 protein level in cultured hippocampal neurons. G, Grm2 knockdown decreased GRM2 protein level in cultured hippocampal neurons (Ctrl, n=6; shGrm2,
n=6; unpaired t test, f(,q) = 28.68, ****p << 0.0001). H, Images showing the immunostaining of GRM2 in cultured hippocampal neurons treated with Ctrl (top) or shGrm2 (bottom) viruses.
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Grm2 knockdown hindered the maturation of the intrinsic electrophysiological properties of newborn DGCs. A, Grm2 knockdown increased the membrane resistance of the adult-

born DGCs at 3 wpi (Ctrl: N =3 mice, n=17 cells; shGrm2: N=4 mice, n =23 cells; unpaired t test, {33 = 2.324, *p = 0.0256). B, Grm2 knockdown decreased the membrane capacitance of
the adult-born DGCs at 3 wpi (Ctrl: N =3 mice, n =17 cells; shGrm2: N=4 mice, n=23 cells; unpaired t test, ;35 = 2.948, **p =0.0054). C, Representative traces recorded from Ctrl and
shGrm2 adult-born DGCs when a series of depolarizing currents were injected. D, Grm2 knockdown did not alter the resting membrane potential of the adult-born DGCs at 3 wpi (Ctd: N=3
mice, n = 14 cells; shGrm2: N =4 mice, n =19 cells; unpaired t test, £3;) = 1.092, p =0.2833). E, Grm2 knockdown decreased the number of firings at large current injection (Ctrl: N =2 mice,
n=5 cells; shGrm2: N=2 mice, n =5 cells; unpaired ¢ test; when current injection = 140 pA: tg) = 4.950, **p = 0.0011). F, Grm2 knockdown did not change the AP amplitude of the adult-
born DGCs at 3 wpi (Ctrl: N =3 mice, n=15 cells; shGrm2: N=4 mice, n =20 cells; unpaired  test, f;33 = 1.140, p = 0.2626). G, Grm2 knockdown increased the AP half-width of the adult-
born DGCs (Ctrl: N =3 mice, n = 16 cells; shGrm2: N =4 mice, n = 22 cells; unpaired  test, 35 = 2.658, *p = 0.0117).

Grm2 knockdown, we observed an accumulation of pERK1/2 in
the nuclei of cultured hippocampal neurons (Fig. 4D,E), suggest-
ing an increased nuclear translocation of phosphorylated ERK1/
2 associated with Grm2 knockdown. We also examined the
pERK1/2 level in newborn DGCs at 3 wpi by immunostaining
and found that the newborn DGCs with Grm2 knockdown

«—

Scale bar, 10 um. I, Grm2 knockdown decreased GRM2 immunofluorescence intensity in cul-
tured hippocampal neurons (Ctrl, n=8 cells; shGrm2, n=10 cells; unpaired ¢ test, t3;) =
31.97, ¥***p < 0.0001). J, Images showing the dendritic morphology of newborn DGCs at
different time points after retroviral injection. Scale bar, 50 um. K, Grm2 knockdown
decreased dendritic length of newborn DGCs (unpaired ¢ test; 1 wpi: Ctrl: N=3 mice, n=17
cells; shGrm2: N =3 mice, n =20 cells; t35) = 0.4626, p = 0.6465; 2 wpi: Ctrl: N=4 mice,
n =44 cells; shGrm2: N=3 mice, n =21 cells; f(s3y = 5.941, ****p < 0.0001; 3 wpi: Ctrl:
N=4 mice, n =34 cells; shGrm2: N =3 mice, n = 26 cells; t(sg) = 6.339, ****p << 0.0001; 4
wpi: Ctrl: N=3 mice, n=17 cells; shGrm2: N=4 mice, =28 cells; ts3y = 6.619,
**¥%p < 0.0001; 8 wpiz Ctrl: N=3 mice, n=17 cells; sharm2: N=3 mice, n=17 cells;
tey = 4254, ***p=10.0002). L, Grm2 knockdown decreased dendritic branch number of
newborn DGCs (unpaired t test, T wpi: Ctrl: N=3 mice, n=17 cells; shGrm2: N =3 mice,
n=20 cells; tzs) = 3.488, **p=0.0013; 2 wpi: Ctrl: N=4 mice, n=44 cells; shGrm2:
N=3 mice, n =21 cells; tg3) = 7.681, ****p < 0.0001; 3 wpi: Ctrl: N=4 mice, n = 34 cells;
shGrm2: N=3 mice, n=26 cells; t55=6.136, ****p < 0.0001; 4 wpi: Ctrl: N=3 mice,
n=17 cells; sharm2: N=4 mice, n=28 cells; t,,=5.765, ****p < 0.0001; 8 wpi: Ctrl:
N=3 mice, n=17 cells; shGrm2: N =3 mice, n=17 cells; {3 = 3.399, **p =0.0018). M,
Sholl analysis of newhorn neuron dendritic complexity at 2, 3, 4, and 8 weeks after Ctrl or
shGrm2 retroviral injection. N, Images showing the morphology of cultured hippocampal
neurons treated with Ctrl and shGrm2 viruses. Scale bar, 20 pum. 0, Sholl analysis of cultured
hippocampal neurons infected with Ctrl and shGrm2 viruses. P, Grm2 knockdown reduced
the neurite length of cultured hippocampal neurons (Ctrl, n.=25 cells; shGrm2, n =19 cells;
unpaired ¢ test; fzp) = 4.298, ***p =0.0001). Q, Grm2 knockdown reduced the neurite num-
ber of cultured hippocampal neurons (Ctrl, n = 20 cells; shGrm2, n = 20 cells; unpaired t test;
tag) = 9.815, ****p < 0.0001).

exhibited significantly elevated pERK1/2 levels (Fig. 4F,G). These
results suggest that Grm2 knockdown leads to elevated pERK1/2
in developing neurons.

ERK1/2 is phosphorylated and activated by its upstream ki-
nase, MEK (Wang and Mao, 2019). We then examined the level
of both total and pMEK in cultured neurons, and found Grm2
knockdown significantly increased the level of pMEK, but not
the total MEK (Fig. 4H,]I).

To verify that the neuronal developmental defects caused by
Grm2 knockdown is related to the upregulated phosphorylation
level of MEK/ERK1/2, we then treated cultured hippocampal
neurons with DMU-212, which is reported to be able to activate
ERK1/2 (Androutsopoulos et al., 2015). We found that DMU-
212 treatment significantly increased the levels of both pMEK
and pERK1/2 in cultured hippocampal neurons without chang-
ing the total amount of MEK and ERK1/2 (Fig. 4/-L), and
increased the accumulation of pERK1/2 in the nuclei of these
neurons (Fig. 4M,N). Simultaneously, DMU-212 treatment
decreased the complexity, total length, and number of neurites in
these neurons (Fig. 40-R), suggesting an impaired neuronal de-
velopment, consistent with the Grm2 knockdown-induced neu-
ronal developmental defects. Thus, these data suggest that
GRM?2 regulates neuronal growth by suppressing ERK1/2 phos-
phorylation and nuclear translocation.

Grm2 knockdown paradoxically increased MEK/ERK1/2
phosphorylation by inhibiting b/c-Raf

To find out how GRM2 regulates MEK/ERK1/2 signaling during
neuronal development, we next examined the levels of several
proteins that are associated with MEK/ERK1/2 signaling, such as
PKC, PKA, and b/c-Raf.
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Figure 3.  GRM2 is necessary for proper synaptic integration of newborn DGCs. A, Confocal images showing the dendritic spines of newborn DGCs at 3 weeks after retroviral injection. Scale
bar, 2 um. B, Grm2 knockdown decreased the density of thin, stubby, and mushroom spines in newborn DGCs at 3 wpi (Ctrl: N=3 mice, n= 14 dendritic segments; shGrm2: N'=3 mice,
n=14 dendritic segments; unpaired t test; thin: 6 = 8.835, ****p << 0.0001; stubby: s = 4.123, ***p=0.0003; mushroom: ) = 9.061, ****p < 0.0001). C, Grm2 knockdown
decreased the total spine density of newborn DGCs at 3 wpi (Ctrl: N=3 mice, n=14 dendritic segments; shGrm2: N =3 mice, n=14 dendritic segments; unpaired t test, f,s) = 7.688,
¥¥¥%p < 0.0001). D, Representative traces of mEPSCs recorded from newborn DGCs labeled with Ctrl (top) or shGrm2 (bottom) retroviruses. E, Cumulative distribution of interevent intervals of
mEPSCs recorded in newborn DGCs (Ctrl: N =3 mice, n=7 cells; shGrm2: N =3 mice, n =13 cells; Kolmogorov—Smimov test, ****p < 0.0001). F, Average frequency of mEPSCs recorded in
newborn DGCs (Ctrl: N=3 mice, n=7 cells; shGrm2: N=3 mice, n=13 cells; unpaired t test, t(15) = 2.205, *p = 0.0407). G, Cumulative distribution of mEPSC amplitude of newborn DGCs
(Ctrl: N=3 mice, n=7 cells; shGrm2: N =3 mice, n=13 cells; Kolmogorov—Smimov test, p = 0.8225). H, Average amplitude of mEPSCs recorded in newbom DGCs labeled with Ctrl or
shGrm2 viruses (Ctrl: N=3 mice, n =7 cells; shGrm2: N =3 mice, n =13 cells; unpaired ¢ test, {5 = 0.545, p =0.5924). I, Confocal images showing the axon boutons (indicated by white
arrows) of newborn DGCs at 4 wpi. Scale bar, 5 um. J, Grm2 knockdown decreased the size of axon houtons of the adult-born DGCs (Ctrl: N'=2 mice, n =18 boutons; shGrm2: N=2 mice,
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Previous studies reported that GRM2 activation in neurons
inhibits the production of cAMP, thus suppressing the activity of
PKA (Kamiya et al., 1996; Tzounopoulos et al., 1998; Cosgrove et
al,, 2011). Intriguingly, knockdown of GRM2 did not alter the
level of either total PKA-Ca or the pPKA-Ca (Fig. 5A,B). In the
contrary, Grm2 knockdown decreased the level of both pPKCa/
BII and total PKCa (Fig. 54,C). Simultaneously, knockdown of
GRM2 decreased both b-Raf and c-Raf in cultured hippocampal
neurons (Fig. 5A,D). Although in most cases the activation of b/c-
Raf activates the MEK/ERK1/2 pathway, transactivation of dimer-
ized b/c-Raf could be achieved by Raf inhibitors (Poulikakos et al.,
2010; Poulikakos and Rosen, 2011). To certify whether inhibiting
b/c-Raf could activate MEK/ERK1/2 signaling, we applied the
selective b-Raf inhibitor SB590885 (Jin et al., 2017) or c-Raf inhibi-
tor GW5074 (Chin et al., 2004) on cultured hippocampal neurons.
Indeed, we found elevated levels of phosphorylated MEK (Fig. 5E,
F) and phosphorylated ERK1/2 (Fig. 5E,G) in the neurons treated
with b/c-Raf inhibitors, indicating that inhibited b/c-Raf directly
enhanced the activation of the MEK/ERK1/2 signaling pathway.
To confirm that Raf inhibitor-induced activation of MEK/ERK1/2
pathway is related to neuronal development, we further examined
the neurite morphology of the cultured neurons following the
treatment of SB590885. We found that 5 d of SB590885 treatment
indeed inhibited the development of neurons, resulting in simpler
neurite complexity, smaller neurite number, and shorter neurite
length (Fig. 5H-K). These data suggest that GRM2 modulates the
Raf/MEK/ERK1/2 pathway in a paradoxical manner, thus regulat-
ing neuronal development.

Inhibiting MEK rescues Grm2 knockdown-induced
developmental defects of neurons

Next, to examine whether the excessive activation of MEK/
ERK1/2 pathway mediates the Grm2 knockdown-induced neu-
ronal developmental defects, we constructed a lentiviral vector
expressing a dominant-negative form of mouse Mapkl gene
(dnMapk1; Fig. 6A), which encodes the ERK2 protein but with
point mutations to switch the phosphorylation sites Thr'®> and
Tyr'® to Ala residues in its protein product. When ectopically
expressed, the protein product of this mutant dnMapklI could
function as an inhibitor of MEK. In cells infected by this virus,
the expression of the dnMapkl was inducible under the regula-
tion of TRE (Kumamoto et al., 2012). As expected, the expres-
sion of dnMapkI in the presence of Dox decreased the level of
pERK1/2 in HEK293 cells (Fig. 6B,C). We then treated cultured

«—

n'=24 boutons; unpaired t test, tug = 7.614, ****p < 0.0001). K, Images showing the
colocalization of aCasp3 with virally labeled newborn DGCs at 2, 3, and 4 wpi. Scale bar,
100 em. L, The proportion of aCasp3 ™ GFP™ cells in GFP™ newbom DGCs at 2, 3, and 4 wpi
(2 wpi: Ctrl: N=3 mice, n=12 slices; shGrm2: N =4 mice, n=22 slices; unpaired t test,
{3y = 2.022, p=0.0517; 3 wpi: Ctrl: N=3 mice, n = 10 slices; shGrm2: N=3 mice, n=11
slices; unpaired t test, t;9=9.04, ****p <C0.0001; 4 wpi: Ctrl: N=3 mice, n=13 slices;
shGrm2: N=2 mice, n=5 slices; unpaired t test, f5 = 1.034, p=10.3163). M, Western
blots showing Grm2 knockdown decreased the expression of PSD95, L1cam, and Homer1 in
cultured hippocampal neurons. N, shGrm2 virus decreased the relative level of GRM2 in cul-
tured hippocampal neurons (Ctrl, n=9; shGrm2, n="9; unpaired t test, ) = 34.44,
**¥%1 <0.0001). 0, Grm2 knockdown decreased the relative level of PSD95 in cultured
hippocampal neurons (Ctrl, n=6; shGrm2, n=6; unpaired t test, t;o = 18.45,
¥¥%%p <0.0001). P, Grm2 knockdown decreased the relative level of L1cam in cultured
hippocampal neurons (Ctrl, n=9; shGrm2, n=9; unpaired t test, f5 = 21.49,
**%%p <0.0001). Q, Grm2 knockdown decreased the relative level of Homer1 in cul-
tured hippocampal neurons (Ctrl, n=9; shGrm2, n=19; unpaired ¢ test, t;;5 = 9.441,
**¥x%p <0.0001).
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hippocampal neurons with Dox to induce the expression of
dnMapkl after coinfection of the neurons with the shGrm2
and dnMapk]1 lentiviruses (Fig. 6D). We found the expression
of dnMapkl prevented the translocation of pERK1/2 into the
nuclei of these neurons (Fig. 6E,F).

To test whether dnMapkl could rescue the Grm2 knock-
down-induced developmental defects of newborn neurons in
vivo, we coinjected the dnMapkI retrovirus and the shGrm?2 ret-
rovirus into the DGs of adult mice (Fig. 6G). We started treating
the mice with Dox in drinking water 10d after viral injection
(Fig. 6H), a time when the retrovirus-labeled newborn DGCs
were experiencing the development and integration of den-
drites and axons (Gu et al., 2012; Kumamoto et al., 2012).
Also, we could avoid any possible confounding effects result-
ing from altered proliferation or differentiation caused by ec-
topic expression of dnMapkl (Kao et al.,, 2001; Tsao et al.,
2013). Dox treatment induced the expression of dnMapkl and
dTomato in virus-labeled newborn DGCs (Fig. 6I). We then
analyzed the morphology of the GFP™ or the GFP"dTomato "
newborn DGCs at 3 wpi and found that the expression of
dnMapklI rescued the developmental defects of newborn neu-
rons caused by Grm2 knockdown, with the GFP*dTomato ™"
neurons showing normal dendritic length and arborization
(Fig. 6J,K). These data indicate that blocking the excessive
activation of the MEK/ERK1/2 pathway could prevent the
GRM2 knockdown-induced neuronal developmental defects,
suggesting that the timely increasing expression of GRM2 af-
ter the birth of the newborn DGCs is necessary for the normal
development and integration of these new neurons via sup-
pressing the MEK/ERK1/2 pathway.

Grm2 knockdown in adult-born DGCs impaired object-to-
place recognition

Young adult-born DGCs are involved in varieties of hippocam-
pus-dependent cognition (Gongalves et al, 2016). To test
whether lack of GRM2 specifically in young newborn DGCs may
alter hippocampal functions, we made three retroviral injections
at an interval of 5d to knock down Grm2 from cohorts of new-
born neurons. Four weeks after the last injection, we tested the
animals in several behavioral paradigms. We found the mice that
received shGrm?2 retroviral injections showed similar travel dis-
tances and time spent in the central zone in the open field tests,
compared with the Ctrl mice (Fig. 7A). There was no significant
difference in the number of entries to the open arms or the time
spent in the open arms in the elevated plus maze tests between
the shGrm2 and Ctrl animals (Fig. 7B). These data suggest that
lack of GRM2 in young adult-born DGCs does not affect the
locomotion or anxiety levels of the animals.

Furthermore, in contextual fear memory test, there was no
significant difference between the freezing time of the shGrm2
and Ctrl animals during the test session, 24 h after training (Fig.
7C). In the novel object recognition tests, Grm2 knockdown
from young newborn DGCs did not alter the preference of the
mice toward the novel object (Fig. 7D). However, Grm2 knock-
down from young newborn DGCs diminished the preference of
the mice toward the object at a new location (Fig. 7E), indicating
that a lack of GRM2 in young newborn DGCs selectively
impaired object-to-place recognition.

To verify whether dnMapkl could rescue the cognitive
deficits caused by lack of GRM2 in newborn DGCs, we coin-
jected the shGrm2 and dnMapkl retroviruses into the DG of
adult wild-type mice. To avoid possible confounding effects
of dnMapkI on cell proliferation, differentiation, or synaptic



2830 - J. Neurosci., April 19,2023 - 43(16):2822-2836 Ma, Hu et al. @ GRM2 Regulates Development of Newborn DGCs

A (@ B C
My g &F @ 20 § 20 Q307 ™
(kDa) @ 3 : ns <
o
43 - --..‘ PCREB 5 Q15 %15 i
——! 5 5 5 5 20
43 CREB %3 %10% gm % ‘ 2
ERK1/2 7 L 2 210
42 i 2 Los o5 2
L kS k] 5
4 ERK1/2 3 5 g § .
55 B-tubulin o o g o g
N S o
DAPI  GFP  pERKI2 Merge 245 DAPI  GFP  pERK12 Merge 8
e’ > Fekkde
s E
. £5 | A
5 Ng10 2
505 >
E e 9 % i 2
5 23 s
% %\Z_, 0 N 2 0 2
14 A\ ( QO
@) C}\O( 10um [\ 5‘(\6(((‘
2
:L\
H I « Tk J IE/IDW Q\‘\ ()N\\> K ns «
MW “(-,M‘”‘ %207 ns w 8 e - E 207 ™ w100y ==
— - P
kDa) > = Z15 b=t | 43 P 15 o 75
43-\E’ MEK 205 g, 42 —| @SS PERK12 2,5 225
3 5 |= p— . A
55—|E’B-tubulin ¢ ol——r 5 &l —, 5 42 —-|=SSS|ERK12 @ ) R N
e o | atubyli & N o (N
O c}\(5» Gl %‘\0 55 —| smems——— -tubulin 00\\\\) 0“\0
N 25 g 07 DAPI MAP2  pERK1/2  Merge ’56 1.09  xwe
X S 2
& 20 B:{ _ 8% os
5 15 5 § Y5 os
) = T2
210 : 50 04 é
o o o~ o @
£ 05 2 S g§ 0.2
3 £ q 2
e 0] sz
2
x 0 4 = & N3

o
.
o
oy

Hkkk

Ctrl DMU-212 10.0 —ctl 4007
12 —_
o DMU-212 c
2 575 2 300 é g
& 5 & 5
o 5 5.0 5 200 £ g
g g 2 £
< -g 2.5 S 100 3
= 5 % z
B = )
o 0 B 0 a
g 0 100 200 O“\ \);L’\
Distance from soma (um) ON\

Figure 4. Grm2 knockdown leads to ERK1/2 phosphorylation and nuclear translocation. A, Westem blots showing the level of p(REB, CREB, pERK1/2, and total ERK1/2 in cultured hippocampal neu-
rons treated with Ctrl or shGrmz2 lentiviruses. B, The relative level of total CREB (left) or pCREB (right) were not altered by Grm2 knockdown (CREB: Ctrl, n=8; shGrm2, n=8; unpaired t test, 14 =
0.1996, p = 0.8447; pCREB: Ctrl, n=8; shGrm2, n=8; unpaired ¢ test, 14 = 0.8786, p=0.3944). C, Grm2 knockdown did not change the relative level of total ERK1/2 (left), but increased the level of
pERK1/2 (right) in cultured hippocampal neurons (ERK1/2: Ctrl, n = 12; shGrm2, n = 12; unpaired ¢ test, 5 = 0.6396, p=0.529; pERK1/2: Ctrl, n=12; shGrm2, n=12; unpaired ¢ test, {5 = 11.55,
¥ <0.0001). D, Images showing Grm2 knockdown increased pERK1/2 immunofluorescence intensity in cultured hippocampal neurons. Scale bar, 5 pum. E, Grm2 knockdown increased the relative im-
munofluorescence intensity of pERK1/2 in the nucleus of cultured hippocampal neurons (Ctrl, n =20 cells; shGrm2, n=13 cells; unpaired  test, {37 = 6.308, ****p << 0.0001). F, Images showing Grm2
knockdown increased pERK1/2 immunofluorescence intensity in adult-born DGCs at 3 wpi. Scale bar, 10 um. G, Grm2 knockdown increased the relative immunofluorescence intensity of pERK1/2 in adult-
born DGCs (Ctrl, n=10 cells; shGrm2, n =10 cells; unpaired t test, {15 = 13.42, ****p << 0.0001). H, Western blots showing the level of MEK and pMEK in cultured hippocampal neurons treated with
Ctrl or shGrm2 lentivirus. I, Grm2 knockdown did not change the level of total MEK (left), but induced an increased level of pMEK in cultured hippocampal neurons (MEK: Ctrl, n = 10; shGrm2, n = 10;
unpaired ¢ test, fyg = 0.1393, p=0.8908; pMEK: Ctrl, n.=12; shGrm2, n=12; unpaired ¢ test, t;) = 17.64, ****p << 0.0001). J, Western blots showing the level of pMEK, total MEK, pERK1/2, and
ERK1/2 in cultured hippocampal neurons after DMU-212 treatment. K, DMU-212 treatment did not alter the level of total MEK (left), but increased pMEK (right) in cultured hippocampal neurons (MEK:
Ctrl, n=16; DMU-212, n-=16; unpaired t test, {30 = 0.0067, p = 0.9947; pMEK: Ctrl, n = 16; DMU-212, n = 16; unpaired t test, tzo = 11.87, ****p << 0.0001). L, DMU-212 treatment did not alter the
level of total ERK1/2 (left), but increased pERK1/2 (right) in cultured hippocampal neurons (ERK1/2: Ctrl, n = 16; DMU-212, n = 16; unpaired ¢ test, t3) = 1.312, p=0.1996; pERK1/2: Ctrl, n = 16; DMU-
212, n=16; unpaired ¢ test, f3p) = 7.6, ****p < 0.0001). M, Immunostaining of pERK1/2 in cultured hippocampal neurons after DMU-212 treatment. Scale bar, 5 um. N, DMU-212 treatment increased
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Figure 5.  Grm2 knockdown paradoxically increased MEK/ERK1/2 phosphorylation by inhibiting b/c-Raf. A, Western blots showing the changes of the level of pPKA-Ce, total PKA-Cey,
pPKCar/ B I, total PKCer, b-Raf, and ¢-Raf in cultured hippocampal neurons after Grm2 knockdown. B, The relative level of pPKA-Cex (left) or total PKA-Cex (right) was not changed in cultured
hippocampal neurons after Grm2 knockdown (pPKA-Cex: Ctrl, n = 12; shGrm2, n=12; unpaired ¢ test, {5y = 1.425, p=0.1681; PKA-Cax: Ctrl, n=12; shGrm2, n=12; unpaired ¢ test, f») =
1.051, p=0.3047). C, The relative level of pPKCc/ 81l (left) and total PKCer (right) were both decreased in cultured hippocampal neurons after Grm2 knockdown (pPKCa/ B1I: Ctrl, n=12;
shGrm2, n=12; unpaired ¢ test, {5 = 5.234, ****p << 0.0001; PKCa: Ctrl, n=12; shGrm2, n=12; unpaired ¢ test, {55 = 6.568, ****p << 0.0001). D, The relative level of b-Raf (left) and
¢-Raf (right) were both decreased in cultured hippocampal neurons after Grm2 knockdown (b-Raf: Ctrl, n=4; shGrm2, n=4; unpaired t test, ts) = 5.389, **p =0.0017; ¢-Raf: Ctrl, n=38;
shGrm2, n = 8; unpaired  test, {14 = 5.401, ****p < 0.0001). E, Western blots showing the level of pMEK, MEK, pERK, and ERK after the treatment of SB590885 or GW5704 in cultured hip-
pocampal neurons. F, SB590885 or GW5704 treatment did not change the relative level of total MEK (left: Ctrl, n=8; SB590885, n = 16; unpaired ¢ test, ) = 1.327, p =0.198; GW5704,
n=16; unpaired t test, t = 1.161, p=0.2582). Both SB590885 and GW5704 increased pMEK (right: Ctrl, n=4; SB590885, n = 8; unpaired ¢ test, t(p) = 4.394, **p=0.0013; GW5704:
n=8; unpaired t test, f;p = 4.087, **p=0.0022). G, SB590885 or GW5704 treatment did not change the relative level of total ERK (left: Ctrl, n=8; SB590885, n = 16; unpaired ¢ test,
fg) = 0.8539, p=0.4023; GW5704, n = 16; unpaired t test, £ = 0.1865, p=0.8538). Both SB590885 and GW5704 increased pERK (right: Ctrl, n = 4; SB590885, n = 8; unpaired  test, 19 =
7312, ***p < 0.0001; GW5704, n=8; unpaired t test, tyq) = 2.704, *p = 0.0222). H, Representative images showing the morphology of cultured hippocampal neurons treated with SB590885.
Scale bar, 20 ptm. Insets, Immunofluorescence of pERK1/2. Scale bar, 10 pm. /, Sholl analysis of Ctrl and SB590885-treated cultured hippocampal neurons. J, SB590885 treatment reduced the neurite
length of cultured hippocampal neurons (Ctrl, n =18 cells; SB590885, n= 14 cells; unpaired t test, £ = 5341, ****p < 0.0001). K, SB590885 treatment reduced the neurite number of cultured
hippocampal neurons (Ctrl, n =18 cells; SB590885, n = 14 cells; unpaired ¢ test, £z = 10.32, ****p < 0.0001).

plasticity, we treated the mice with Dox in drinking water
from day 7 through day 25 after the last viral injection, while
the Ctrl mice were fed with normal drinking water.
the relative immunofluorescence intensity of pERK1/2 in the nudeus (Ctrl, n =20 cells; DMU-212, Approximately 83.78 = 1.94% of shGrm2 neurons (GFP™)
n="13 cells; unpaired t test, t@” = 14.6, ***p < 0.0001). 0 Representative images showing expressed dTomato in Dox-treated mice, suggesting success-
the morphology of cultured hippocampal neurons treated with DMU-212. Scale bar, 10 pum. ful expression of dnMapkl in the majority of newborn neurons

Insets, Immunofluorescence of pERK1/2. Scale bar, 5 um. P, Sholl analysis of Ctrl and DMU-212- . .
treated cultured hippocampal neurons. @, DMU-212 treatment reduced the neurite length of cul- infected by shGrm2 virus; whereas none of the GFP-labeled

tured hippocampal neurons (Ctrl, n=13 cells; DMU-212, n=15 cells; unpaired t test, tue = newborn DGCs expressed dTomato in Ctrl mice (Fig. 7F,G).
13.85, %% < 0,0001). R, DMU-212 treatment reduced the neurite number of cultured hippo- ~ We then tested the behaviors of the animals 4 weeks after the
campal neurons (Ctrl, n=15 cells; DMU-212, n=15 cells; unpaired ¢ test, tps = 9131,  last viral injection. We found that the expression of dnMapkI
®eRxp < 0,0001). rescued the behavioral deficits of the animals in the novel
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Inhibiting MEK rescues Grm2 knockdown-induced developmental defects of neurons. A, Lentiviral vectors of Ctrl, shGrm2, and dnMapk1. B, Western blots showing the level of

pERK1/2 and ERK1/2 in cultured hippocampal neurons after Dox-induced expression of dnMapk. Black arrow indicates the band of the protein product of dnMapk1. €, Dox-induced expression
of dnMapkT decreased the relative level of pERK1/2 in cultured hippocampal neurons (Ctrl, n = 8; dnMapk1/Dox, n = 8; unpaired ¢ test, {4y = 24.51, ****p < 0.0001). D, Schematics showing
viral application in cultured hippocampal neurons and the induction of the expression of dnMapk? with Dox. E, Confocal images showing Dox-induced expression of dnMapk7-dTomato and
pERK1/2 immunofluorescence. Scale bar, 5 um. F, Expression of dnMapk1 prevented Grm2 knockdown-induced elevation of nuclear level of pERK1/2 (Ctrl, n =14 cells; shGrm2, n=15 cells;
shGrm2+dnMapk1, n=16 cells; shGrm2+dnMapkT+Dox, n=17 cells; unpaired ¢ test, Ctrl vs shGrm2: t;) = 11.88, ****p << 0.0001; shGrm2 vs shGrm2+dnMapkT: t) = 03817,
p =0.7055; shGrm2+dnMapk1 vs shGrm2+ dnMapk1+Dox: {31y = 26.42, ****p < 0.0001). G, Retroviral vectors of Ctrl, shGrm2, and dnMapk1. H, Schematics retroviral injection and Dox
treatment. /, Representative images showing Dox-induced dnMapkT expression (red) rescued the abnormal development of newborn DGCs caused by Grm2 knockdown. Scale bar, 50 um. J,
Total dendritic length of virally labeled newbom DGCs at 3 wpi (Ctrl: N =3 mice, n = 34 cells; shGrm2: N =3 mice, n =26 cells; Ctrl+dnMapk7: N =3 mice, n =13 cells; shGrm2+ dnMapk:
N=3 mice, n=18 cells; unpaired ¢ test; Ctrl vs shGrm2: ts5) = 6.554, ****p << 0.0001; shGrm2 vs shGrm2+ dnMapkT: ts) = 9.869, ****p << 0.0001; Ctrl+dnMapkT vs shGrm2/dnMapk1:
tia9) = 0.0958, p =0.9243). K, Sholl analysis of the dendritic complexity of newborn DGCs infected by Ctrl, shGrm2, Ctrl-+dnMapk1, and shGrm2+dnMapkT viruses, at 3 wpi.
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Figure 7.

Grm2 knockdown in adult-born DGCs impaired object-to-place recognition. A, Left, The total distance that the animals traveled in the open field test (Ctrl, N =9 mice; shGrm2,

N'=9 mice; unpaired t test, t15) = 0.4053, p = 0.6906). Right, The time that the mice spent in center zone in the open field test (Ctrl, N =9 mice; shGrm2, N =9 mice; unpaired ¢ test, 1) =
0.0598, p=0.953). B, Left, The open-arm entries in the elevated plus maze by the mice (Ctrl, N=9 mice; shGrm2, N =9 mice; unpaired ¢ test, 1) = 0.3707, p=0.7157). Right, The time
spent in the open arm of the elevated plus maze by the mice (Ctrl, N =8 mice; shGrm2, N =10 mice; unpaired t test, t¢) = 1.123, p=0.2781). C, The freezing time of the shGrm2 and Ctrl
animals during the contextual fear memory test (Ctrl, N =9 mice; shGrm2, N=9 mice; unpaired t test, {5 = 0.5805, p = 0.5697). D, Grm2 knockdown did not change the preference of the
mice toward the novel object (Ctrl, N =9 mice, paired ¢ test, {g) = 2.429, *p = 0.0413; shGrm2: N =9 mice, paired ¢ test, tg) = 4.821, **p =0.0013). E, Grm2 knockdown diminished the pref-
erence of the mice toward the object at a novel location (Ctrl: N=9 mice, paired t test, t;g) = 2.357, *p = 0.0462; shGrm2: N =9 mice, paired ¢ test, tg = 0.9086, p = 0.3901). F, Images
showing adult-born DGCs labeled by shGrm2 (GFP) and dnMapkT (dTomato) retroviruses, in Ctrl and Dox-treated mice. Scale bar, 50 um. G, The colocalization of GFP and dTomato in Ctrl and
Dox-treated mice (Ctrl, N=4 mice; Dox, N =4 mice; unpaired ¢ test, f = 43.31, ****p << 0.0001). H, Expression of dnMapk1 rescued the preference of the mice toward the object at a novel
location (Ctrl: N'=9 mice, paired ¢ test, tg) = 1.076, p = 0.3132; Dox: N'=9 mice, paired ¢ test, tg) = 4.386, **p = 0.0023).

location recognition test, as the Dox-treated mice showed sig-
nificant preference toward the novel location, while the Ctrl mice
did not (Fig. 7H). These data suggest that suppressing the
excessive activation of MEK/ERK1/2 pathway in newborn DGCs
lacking GRM2 could restore the physiological functions of these
new neurons.

Discussion

GRM2 regulates the development and function of newborn
DGCs

Metabotropic glutamate receptors are important for the develop-
ment and functions of the brain. In the hippocampal DG, group
IT GRMs, including GRM2 and GRM3, are highly expressed in
the granule neurons (Shigemoto et al, 1997). Enriched in the
mossy fiber terminals, GRM2 is essential for regulating the syn-
aptic transmission and plasticity of these synapses (Kamiya et al.,

1996; Scanziani et al., 1997; Sanabria et al., 2004; Nicholls et al.,
2006), thus regulating hippocampus-related brain functions.
New neurons are continuously generated in the hippocampal
DG of adult mammals. After their birth, adult-born neurons
gradually acquire the same physiological properties as the exist-
ing mature DGCs (Ge et al., 2008). Using retrovirus to specifi-
cally date the birth of the newborn neurons, we found that
GRM2 expression in the adult-born DGCs was initially low, but
gradually increased to a comparable level as in the mature DGCs
at 3 weeks of age. Interestingly, knockdown of Grm2 significantly
impaired the development and functional integration of new-
born DGCs in vivo. For instance, the newborn DGCs with Grm2
knockdown showed less developed dendrites, fewer dendritic
spines, fewer functional synapses formed with afferent axon ter-
minals, and smaller axon boutons connecting with downstream
neurons. Similarly, Grm2 knockdown impaired the growth of
cultured hippocampal neurons in vitro as well. These data
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suggest that GRM2 is required for the normal development of
hippocampal neurons. On the other hand, Grm2 knockdown led
to less mature intrinsic electrophysiological properties of the
newborn DGCs, suggesting that GRM2 is necessary for the nor-
mal neuronal maturation. Additionally, Grm2 knockdown led to
enhanced apoptosis of the newborn DGCs during the third week
after their birth, which is a critical time period for their integra-
tion. This suggests that GRM2 is important for the circuit inte-
gration of the newborn DGCs, and the newborn neurons that
failed to integrate because of lack of GRM2 are likely to be
cleared by apoptosis.

Moreover, GRM2 mainly locates in the axon terminals of the
DGCs (i.e., the MF boutons; Shigemoto et al., 1997), regulating
the strength and plasticity of MF synapses (Nicholls et al., 2006).
Thus, lack of GRM2 in the newborn DGCs would affect the con-
nectivity and synaptic transmission between DGCs and the
downstream target neurons, such as CA3 pyramidal cells and
interneurons. Indeed, Grm2 knockdown led to smaller axon bou-
tons, suggesting impaired connection of these newborn neurons
with downstream cellular targets. Functionally, lack of GRM2 in
young newborn DGCs may affect the MF synaptic transmission
and plasticity, thus ultimately affecting behaviors. We showed
that Grm2 knockdown in a cohort of young newborn DGCs
impaired object-to-location recognition, suggesting that GRM2
are important not only for the development of new neurons, but
also for their physiological functions.

A previous study has shown that GRM?7, one of the group III
GRM:, regulates cortical neuronal development via CREB (Xia
et al,, 2015), which is essential for the development of adult-born
hippocampal neurons (Merz et al., 2011). However, we did not
find that Grm2 knockdown alters the level of total CREB or its
phosphorylated form. Instead, we found that Grm2 knockdown
led to a significant increase of the phosphorylated forms of MEK
and ERK1/2 in developing neurons. Inhibition of MEK by
dnMapkl could prevent the neuronal developmental defects
caused by Grm2 knockdown, suggesting that proper expression
of GRM2 regulates the growth and integration of these neurons
by suppressing MEK/ERK1/2 pathway.

MEK/ERK1/2 pathway in regulating neuronal growth
ERK1/2, belonging to the MAPKSs family, are important in signal
transduction cascades in regulating proliferation, cellular growth,
differentiation, and development in various types of cells (Lavoie
et al., 2020). When activated by the upstream kinase MEK, phos-
phorylated ERK1/2 could translocate into the nucleus and subse-
quently induce the expression of target genes, by activating
specific transcription factors either directly or indirectly (Thiels
and Klann, 2001; Busca et al., 2016). In neurons, ERK1/2 signal-
ing is required for the induction of different forms of synaptic
plasticity in many brain regions, such as long-term potentia-
tion in hippocampus (Connor et al., 2012; Zhai et al., 2013),
striatum (Hawes et al., 2013), and amygdala (Schafe et al,,
2008) and long-term depression in cerebellar Purkinje cells
(Tanaka and Augustine, 2008).

However, we found that the overactivated ERK1/2 signaling
was associated with maldevelopment of neurons in vitro and in
vivo. This is inconsistent with previous findings that sustained
activation of the Raf/MEK/ERK pathway induces growth arrest
(Hong et al., 2009). With the central role of ERK signaling in
brain development, a group of rare developmental syndromes
termed “RASopathies” are generally associated with hyperactive
ERK signaling (Lavoie et al., 2020). Since ERK1 and ERK2 were
both upregulated by Grm2 knockdown, and ERK1 and ERK2
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have redundant roles in mediating MEK/ERK-dependent growth
arrest (Hong et al,, 2009), we used viral vectors to express a
dnMapk]I to inhibit the catalytic function of MEK, the upstream
molecule of the cascade. Our data showed that the inhibition of
the aberrantly activated MEK/ERK signaling rescued the neuronal
developmental defects caused by Grm2 knockdown. Consistently,
mouse models of RASopathies with brain abnormalities and learn-
ing deficits could be rescued by ERK inhibition (Cui et al., 2008;
Wang et al., 2012).

Thus, our results suggest that, after the cells choose the
neuronal fate, the gradual increase of the expression of GRM2
suppresses the MEK/ERK1/2 signaling, and promotes the de-
velopment and integration of newborn neurons.

GRM2 paradoxically regulates MEK/ERK1/2 via Raf during
neuronal development

As a G-protein-coupled receptor, GRM2 could activate ERK1/2
through second messenger-dependent kinases, such as PKA
and PKC, or a B-arrestin-dependent pathway. For example,
in Schwann cells, the activation of GRM2 could elicit ERK
phosphorylation (Saitoh et al., 2016). In neurons, the activa-
tion of GRM2 inhibits cAMP production and PKA activity,
thus suppressing transmitter release (Kamiya et al., 1996;
Tzounopoulos et al., 1998; Cosgrove et al., 2011). However, in
developing neurons, we did not observe the total amount of
PKA-Ca or phosphorylated PKA-Ca that was altered by
knockdown of Grm2. Instead, we found that knockdown of
Grm2 significantly decreased the total PKCa and the phos-
phorylated PKCa/BII. Simultaneously, decreased b-Raf and
c-Raf were found in the Grm2 knock-down cells, suggesting
an alternative route that GRM2 regulates the Raf/MEK/ERK1/
2 pathway. This is inconsistent with previous reports showing
that PKC activation could phosphorylate and activate c-Raf
through different mechanisms (Corbit et al., 2003; Tanaka
and Augustine, 2008), thus the decrease in the activity of PKC
resulting in reduced activation of Rafs. In addition, accumu-
lated active MEK/ERK1/2 could suppress b-Raf and c-Raf
through a negative feedback loop, which should be considered
as well in this scenario.

Interestingly, applying inhibitors of b-Raf or c-Raf on cul-
tured hippocampal neurons elicited the levels of phosphorylated
MEK and ERK1/2, and inhibited the development of these neu-
rons. It has been reported that MEK/ERK signaling could be acti-
vated by inhibiting b-Raf with a V600E mutation (Holderfield et
al., 2014). This paradoxical activation of MEK/ERK1/2 signaling
has also been reported by Raf inhibitors on wild-type Raf, possi-
bly by transactivation in homodimerized or heterodimerized b-
Raf and c-Raf (Poulikakos et al., 2010; Poulikakos and Rosen,
2011). Therefore, knockdown of Grm2 in neurons may inhibit
Raf kinases by decreasing the activity of PKC, and thus paradoxi-
cally elicit the activation of MEK and ERK1/2. As prolonged acti-
vation of ERK causes detrimental effects to cells, such as growth
arrest (Hong et al., 2009) and apoptosis (Jiang et al., 2018), Grm2
knockdown led to the maldevelopment of newborn neurons.

Altogether, our data demonstrated that Grm2 knockdown in
newborn DGCs in the adult hippocampus resulted in defects in
the development, integration, and functions of these new neu-
rons, through an aberrantly elevated activity of MEK/ERK1/2
signaling. Although cultured hippocampal neurons were mainly
pyramidal cells, Grm2 expression was detected in these cells,
while Grm2 knockdown led to the same phenotype as seen in
adult-born DGCs. These suggest that GRM2 expression is neces-
sary for suppressing the MEK/ERK1/2 pathway for the
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development and functions of neuronal types that express
GRM2. Although the mechanisms determining the activity of
Raf kinases and their regulation of MEK/ERK1/2 signaling
remain controversial, targeting the MEK/ERK1/2 pathway may
be an alternative treatment for disease related to GRM2
deficiency.
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