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Abstract
Activating Group 1 (Gp1) metabotropic glutamate receptors (mGluRs), including mGluR1 and mGluR5, elicits translation-
dependent neural plasticity mechanisms that are crucial to animal behavior and circuit development. Dysregulated Gp1
mGluR signaling has been observed in numerous neurological and psychiatric disorders. However, the molecular pathways
underlying Gp1 mGluR-dependent plasticity mechanisms are complex and have been elusive. In this study, we identified a
novel mechanism through which Gp1 mGluR mediates protein translation and neural plasticity. Using a multi-electrode ar-
ray (MEA) recording system, we showed that activating Gp1 mGluR elevates neural network activity, as demonstrated by
increased spontaneous spike frequency and burst activity. Importantly, we validated that elevating neural network activity
requires protein translation and is dependent on fragile X mental retardation protein (FMRP), the protein that is deficient in
the most common inherited form of mental retardation and autism, fragile X syndrome (FXS). In an effort to determine the
mechanism by which FMRP mediates protein translation and neural network activity, we demonstrated that a ubiquitin E3
ligase, murine double minute-2 (Mdm2), is required for Gp1 mGluR-induced translation and neural network activity. Our data
showed that Mdm2 acts as a translation suppressor, and FMRP is required for its ubiquitination and down-regulation upon
Gp1 mGluR activation. These data revealed a novel mechanism by which Gp1 mGluR and FMRP mediate protein translation
and neural network activity, potentially through de-repressing Mdm2. Our results also introduce an alternative way for un-
derstanding altered protein translation and brain circuit excitability associated with Gp1 mGluR in neurological diseases such
as FXS.

Introduction
The ability of living organisms to adapt to constantly changing
environments depends on the plasticity of their nervous sys-
tems. Neural plasticity often requires activity-dependent

translation to rapidly supply specific proteins (1–4). One well-
known mechanism underlying activity-mediated translation
occurs through Group 1 metabotropic glutamate receptors (Gp1
mGluRs) (5,6). Activating Gp1 mGluRs, including mGluR1 and
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mGluR5, elicits multiple translation-dependent neural plasticity
mechanisms (7–9). Dysregulated Gp1 mGluR signaling is ob-
served in both neurological and psychiatric disorders, including
fragile X syndrome (FXS) (10), autism spectrum disorders (ASDs)
(11), Alzheimer’s disease (12), and epilepsy (13). However, be-
cause of the complexity of Gp1 mGluR signaling, pharmacologi-
cal correction of Gp1 mGluR signaling in animal models of such
diseases has been challenging. In this study, we aim to charac-
terize novel and promising signaling pathways that underlie
Gp1 mGluR-dependent protein translation and neural plasticity
with the intention of revealing novel therapeutic targets.

Activating Gp1 mGluRs leads to elevated Phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) or Extracellular Signal-regulated
Kinase-1/2 (ERK1/2) signaling (14–16), which in turn activates eIF4E
and translation initiation (17–21). Several recent studies have also
demonstrated that translation elongation is facilitated upon
mGluR activation through the phosphorylation of eukaryotic elon-
gation factor 2 (eEF2) (22–26). These mechanisms belong to general
translational regulation and are often difficult to target for thera-
peutic intervention. To begin to search for other promising targets
underlying Gp1 mGluR-mediated protein translation, we are
studying murine double minute-2 (Mdm2), a ubiquitin E3 ligase
which was recently shown to be dysregulated in FXS mouse
model, Fmr1 knockout (KO) mice (27,28). Mdm2 directly interacts
with multiple ribosomal proteins, including ribosomal protein 11
and ribosomal protein 5 (29–31). Studies indicate that interactions
between Mdm2 and ribosomal proteins prevent Mdm2 from inter-
acting with Mdm2’s substrates (29,32,33). Although Mdm2 did not
appear to regulate translation in cancer cells (34), it remains un-
known whether Mdm2 can participate in translational regulation
under physiological conditions in normal cells. In our current
study, we revealed strong association between Mdm2 and active
polyribosomes. Furthermore, using a conditional Mdm2 knock-
down mouse model, we uncovered that Mdm2 acts as a transla-
tional suppressor and is crucial to Gp1 mGluR-induced
translational activation. These findings introduce a novel and im-
portant molecule in Gp1 mGluR signaling and open many new
avenues for studying Gp1 mGluR-dependent neural plasticity.

To study Gp1 mGluR-mediated plasticity, we focus on neu-
ral network activity, a phenomenon that is less understood in
regards to Gp1 mGluR signaling. Previous studies showed that
activating Gp1 mGluRs triggers oscillatory network activity in
the mouse cortex (35). However, the molecular mechanisms of
this activation are unclear. Because altered Gp1 mGluR signal-
ing is observed in multiple neurological disorders associated
with brain circuit hyperexcitability including FXS and epilepsy,
identifying the key molecules that mediate Gp1 mGluR-
induced network activity is vital to developing therapies that
reduce excitability. To this end, our study characterized that
Gp1 mGluR-induced neural network activity requires three
components: protein translation, fragile X mental retardation
protein (FMRP), and Mdm2. In an effort to determine the mech-
anistic connection between these three components, our find-
ings showed that FMRP mediates the ubiquitination and
down-regulation of Mdm2 upon Gp1 mGluR activation. This
pathway potentially leads to de-repression of translation and
in turns elevates neural network activity. These data uncov-
ered a novel mechanism by which FMRP regulates translation
and a novel signaling process by which Gp1 mGluR mediates
neural network activity. Our findings also introduce Mdm2 as
a novel and promising molecule for studying and targeting
for treatment in neurological diseases associated with
hyperexcitability.

Results
Activation of Gp1 mGluR leads to translation-dependent
elevation of neural network activity

To study Gp1 mGluR-mediated neural network activity, we em-
ployed a multi-electrode array (MEA) recording system to record ex-
tracellular spontaneous spikes in primary cortical neuron cultures
(36). Because this system allows recording and analysis from the
same cultures before and after treatment, the variability between
cultures is greatly diminished. As shown in Figure 1A, activating
Gp1 mGluR using an agonist, (RS)-3,5-Dihydroxyphenylglycine
(DHPG; 100 mM, 30min), significantly elevates the frequency of spon-
taneous spikes (i.e. action potentials). To determine whether this el-
evation requires protein translation, we employed a translation
inhibitor, cycloheximide (CHX, 60 mM). While CHX alone did not
have an effect, pre-application of CHX for 10 min attenuates DHPG-
elevated spontaneous spike frequency. The average spontaneous
spike amplitude did not differ between all 4 groups (Fig. 1B). These
data indicate that Gp1 mGluR-elevated spontaneous spike frequency
requires protein translation.

In addition to elevated spontaneous spike frequency, we
also asked whether the pattern of spontaneous spikes is af-
fected by Gp1 mGluR activation. If so, we further investigated
whether or not it is also dependent on protein translation. We
first determine the burst activity, which is a series of spontane-
ous spikes occurred within a short period of time. We defined a
minimum of 5 spontaneous spikes with a maximum inter-spike
interval of 0.1 second as a burst, as previously reported (36), and
confirmed that activating Gp1 mGluR using applications of
DHPG (100 mM, 15 min) elevates burst activity, as demonstrated
by increased burst duration (Fig. 2A and B) and average number
of spikes per burst (Fig. 2C). Remarkably, inhibiting translation
by CHX attenuates DHPG-triggered burst activity, suggesting
protein translation is also required for Gp1 mGluR-induced
burst activity.

Our previous study demonstrated synchronization of spon-
taneous spikes across a culture when the neurons are hyperex-
citable (36). To determine whether activating Gp1 mGluR also
affects the synchrony of spontaneous spikes, we measured the
synchrony index before and after DHPG treatment. As shown in
Figure 2D, neither activation of Gp1 mGluR nor inhibition of
translation has an effect on the synchrony of spontaneous
spikes. Together, our data showed that Gp1 mGluR mediates
the translation-dependent elevation of spontaneous spike fre-
quency and burst activity.

FMRP is required for Gp1 mGluR-induced neural
network activity

Gp1 mGluR-dependent protein translation is co-regulated by
FMRP (37–39). In the absence of FMRP, Gp1 mGluR signaling is
dysregulated and leads to many mGluR-associated deficits in
FXS (40–45). To determine whether FMRP participates in the ele-
vation of neural network activity upon Gp1 mGluR activation,
we employed Fmr1 KO mice, in whom the gene encoding
FMRP has been deleted. As shown in Figure 3A, compared to
the cortical neuron cultures made from wild type (WT) mice
(Fig. 3A1 and 3A3), Fmr1 KO cortical neuron cultures did not ex-
hibit elevated spontaneous spike frequency after DHPG treat-
ment (Fig. 3A2 and A3). The spontaneous spike amplitude did
not differ between vehicle or DHPG treatment in either WT or
Fmr1 KO cultures (Fig. 3B). We also asked whether elevated burst
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activity upon Gp1 mGluR activation requires FMRP. As shown in
Figure 3C, DHPG fails to increase burst duration or the number
of spikes per burst in Fmr1 KO cultures. Together, these data
suggest that Gp1 mGluR-induced elevation of neural network
activity, demonstrated by increased spontaneous spike fre-
quency and burst activity, requires FMRP.

Mdm2 is required for Gp1 mGluR-induced neural
network activity

We next sought to identify the signaling pathway by which Gp1
mGluR and FMRP mediate neural network activity. Multiple re-
cent studies have identified a connection between FMRP and
Mdm2 in the neuronal and synaptic deficits observed in Fmr1
KO mice (27,28). To determine the role of Mdm2 in Gp1 mGluR-

induced neural network activity, we employed a conditional
Mdm2 knockdown mouse model by crossing Mdm2 floxed mice
(Mdm2f/f) with Emx1-Cre mice to obtain Mdm2f/þ-Emx-Creþ and
Mdm2f/þ-Emx-Cre- mice. Emx1-Cre can confer Mdm2 reduction in
the cortex and hippocampus beginning as early as embryonic
day 10.5 (E10.5) (46,47). We used heterozygous mice (Mdm2f/þ) to
avoid potential apoptosis caused by complete Mdm2 knockout
(48,49). As shown in Figure 4A, we observed approximately 40%
knockdown of Mdm2 in the Mdm2f/þ-Emx1-Creþ cortical neuron
cultures in comparison to the Mdm2f/þ-Emx1-Cre- cultures at days-
in-vitro (DIV 14) when the cultures were prepared on postnatal
day 0.

We next employed primary cortical neuron cultures made
from Mdm2f/þ-Emx1-Creþ or Mdm2f/þ-Emx1-Cre- mice to determine
whether and how Mdm2 is involved in regulating neural net-
work activity. As shown in Figure 4B, DHPG elevated

Figure 1. Activation of Gp1 mGluR induces protein translation-dependent elevation of spontaneous spike frequency. (A) Representative raster plots of spontaneous

spikes from 1-min recordings of the same MEA dishes before and after drug treatments as labeled in the Figure (A1). Quantification of relative spontaneous spike fre-

quency by comparing ‘after treatment’ to ‘before treatment’, and the dot plot showing the distribution of data points were on the bottom (A2) (n¼7–9). (B)

Representative average traces of 1-min recording from the same single electrodes before and after drug treatments as labeled in the figure (B1). Quantification of aver-

age spontaneous spike amplitude by comparing ‘after treatment’ to ‘before treatment’, and the dot plot were on the bottom (B2) (n¼7–9). For both figures, a two-way

ANOVA with Tukey test was used. Data are represented as mean 6 SEM with *P<0.05, ns: non-significant.
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spontaneous spike frequency in the Mdm2f/þ-Emx1-Cre- cultures
(Fig. 4B1 and B3), similar to what we observed in WT cultures
(Figs 1A and 3A). However, this elevation was not detected in
the Mdm2f/þ-Emx1-Creþ cultures (Fig. 4B2 and 4B3). The spontane-
ous spike amplitude before and after treatment was not differ-
ent in both genotypes (Fig. 4C). Likewise, when we analyzed
burst activity, we found that the DHPG-induced elevation of
burst duration and the number of spikes per burst were only ob-
served in the Mdm2f/þ-Emx1-Cre- cultures but not in the Mdm2f/

þ-Emx1-Creþ cultures (Fig. 4D). These data introduced a novel
function of Mdm2 in neuroplasticity and demonstrated the ne-
cessity of Mdm2 in Gp1 mGluR-mediated elevation of neural
network activity.

Knocking down Mdm2 does not affect basal synaptic
transmission or Gp1 mGluR signaling

Despite the connection between FMRP and Mdm2 that was
identified in the previous studies (27,28), it remains unknown
whether and how Mdm2 participates in Gp1 mGluR signaling.
To answer this question, we first determined whether knocking
down Mdm2 affects basal synaptic activity. Because Mdm2 me-
diates the ubiquitination of post-synaptic density protein 95
(PSD-95) (28,50), we tested whether knocking down Mdm2 af-
fects the levels of PSD-95. As shown in Figure 5A, the levels of
PSD-95 were indeed elevated in Mdm2f/þ-Emx1-Creþ cultures when
compared to Mdm2f/þ-Emx1-Cre- cultures, confirming the role of
Mdm2 in mediating PSD-95 half-life. However, when we per-
formed whole-cell patch-clamp recording to obtain miniature
excitatory post-synaptic current (mEPSC) from Mdm2f/þ-Emx1-Cre-

and Mdm2f/þ-Emx1-Creþ cortical neurons, we did not find any sig-
nificant difference in either mEPSC amplitude or mEPSC fre-
quency (Fig. 5B) despite the changes in basal PSD-95 levels. We
reason that other substrates of Mdm2 might counter the effect
of PSD-95 and maintain synaptic transmission. Together,
these data suggest that increased basal level of PSD-95 in
Mdm2f/þ-Emx1-Creþ cultures is unlikely the mechanism behind
DHPG-induced changes in network activity.

We next asked whether knocking down Mdm2 disrupts the
activation of downstream signaling pathways of Gp1 mGluR,
such as MEK-ERK and PI3K-Akt pathways (51). To this end, we as-
sessed the activity of ERK and Akt by quantifying the phosphory-
lation of ERK and Akt upon treatments of vehicle or DHPG in
Mdm2f/þ-Emx1-Cre- and Mdm2f/þ-Emx1-Creþ cultures. As shown
in Figure 5C, although Akt was slightly activated basally in
Mdm2f/þ-Emx1-Creþ cultures, Mdm2f/þ-Emx1-Cre- and Mdm2f/þ-Emx1-Creþ

cultures showed similar activation of Akt upon the treatment of
DHPG. When we studied ERK, we first observed basally elevated
phosphorylation of ERK in Mdm2f/þ-Emx1-Creþ cultures (Fig. 5D).
This was likely due to a compensatory effect when Mdm2 is
knocked down because Mdm2 is a downstream molecule of ERK
signaling (52). However, upon DHPG treatments, Mdm2f/þ-Emx1-Cre-

and Mdm2f/þ-Emx1-Creþ cultures showed similar activation of ERK
(Fig. 5D). These data conclude that, although knocking down
Mdm2 affects basal activity of MEK-ERK and PI3K-Akt pathways,
it does not disrupt Gp1 mGluR-induced activation of either
pathway.

Mdm2 mediates Gp1 mGluR-induced protein translation

Because Mdm2 directly interacts with multiple ribosomal pro-
teins (29–31), we next asked whether Mdm2 functions to
mediate Gp1 mGluR-induced protein translation. We first deter-
mined whether Mdm2 associates with intact ribosomes. Using
sucrose density ultracentrifugation to isolate ribosomes from
the brains of 3-week-old mice, we found that Mdm2 is highly
enriched in the ribosome pellet (Fig. 6A), suggesting Mdm2 asso-
ciates with ribosomes. Interestingly, the distribution of Mdm2
in ribosomes did not differ between WT and Fmr1 KO brains,
suggesting the association between Mdm2 and ribosomes is in-
dependent of FMRP. To determine whether Mdm2 associates
more with monosomes or polysomes, we utilized polysome pro-
filing by sucrose gradient sedimentation using mouse brain ho-
mogenates. As shown in Figure 6B and C, Mdm2 is detected in
the lighter fractions, likely with monosomes or individual ribo-
somal subunits, as compared to PABPC1 which is heavily associ-
ated with polyribosomes. This phenomenon is consistent
between WT and Fmr1 KO brains. Furthermore, EDTA, a
ribosome-disrupting agent, successfully collapsed the polysome
gradient and shifted both Mdm2 and PABPC1 to lighter frac-
tions. These data indicate that Mdm2 might be involved in Gp1
mGluR-mediated protein translation by interacting with ribo-
somes and ribosomal components.

We next asked whether and how Mdm2 affects protein
translation. We employed rabbit reticulocyte lysate system to
perform in vitro translation with total RNA extracted from WT
cortical neuron cultures. As shown in Figure 7A, the global
translation efficiency in the presence of recombinant Mdm2
(lane 2), as measured by puromycin incorporation, was signifi-
cantly lower than in reaction mixtures without Mdm2 (lane 1)
or with control Glutathione S-Transferase (GST) protein (lane 3).
These results suggest that Mdm2 functions as a translational

Figure 2. Activation of Gp1 mGluR induces protein translation-dependent elevation of burst activity. (A) Representative traces of burst activity from cultures before and

after treatment with various agents as indicated. Traces are from a designated electrode. (B, C) Quantification of relative burst duration (B) and the number of spikes

per burst (C) by comparing ‘after treatment’ to ‘before treatment’, and the dot plot (n¼7–10). (D) Quantification of synchrony index from the entire MEA dishes by com-

paring ‘after treatment’ to ‘before treatment’, and the dot plot were on the right (n¼7–8). For the quantification above, a two-way ANOVA with Tukey test was used.

Data are represented as mean 6 SEM with *P<0.05, ns: non-significant.
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suppressor. To determine whether such suppressive activity re-
quires Mdm2’s association with ribosomal proteins, we utilized
two mutant Mdm2s, D294A-Mdm2 and T306A-S307A-Mdm2,
which exert reduced affinity to interact with ribosomal proteins
(53). When we expressed WT or either of the mutant Mdm2s in
HEK 293 cells and used puromycin to label newly synthesized
proteins, we found that while WT-Mdm2 reduces global transla-
tion, both of the mutants fail to exhibit significant activity to-
ward translational suppression (Fig. 7B). These data suggest
that Mdm2 represses translation likely through its association
with ribosomal proteins.

To further validate the role of Mdm2 in Gp1 mGluR-mediated
protein translation, we employed primary cortical neuron cul-
tures prepared from Mdm2f/þ-Emx1-Creþ or Mdm2f/þ-Emx1-Cre- mice.

Using puromycin to label newly synthesized proteins in cultures,
we found that the Mdm2f/þ-Emx1-Creþ cultures showed basally ele-
vated protein translation in comparison to the Mdm2f/þ-Emx1-Cre-

cultures (Fig. 7C, comparing lanes 1 and 3). When we applied
DHPG to activate Gp1 mGluR signaling and translation, we found
that elevated protein translation is occluded in Mdm2f/þ-Emx1-Creþ

cultures (Fig. 7C, comparing lanes 3 and 4). Because Gp1 mGluR-
induced translation often occurs to FMRP target mRNAs (54),
we tested the expression of one of the known FMRP tar-
get, protocadherin-7 (55), upon DHPG treatment for 30 min.
As shown in Figure 7D, the levels of Pcdh7 protein were moder-
ately elevated, and further elevation upon DHPG treatment
was occluded in Mdm2f/þ-Emx1-Creþ cultures. Altogether, our
data suggest that Mdm2 functions as a novel translational

Figure 3. Gp1 mGluR-induced elevation of neural network activity and burst activity requires FMRP. (A) Representative raster plots of spontaneous spikes from 1-min

recordings of WT (A1) or Fmr1 KO (A2) cortical neuron cultures on MEA dishes before and after vehicle or DHPG treatment as labeled in the figure. Quantification of rela-

tive spontaneous spike frequency by comparing ‘after treatment’ to ‘before treatment’, and the dot plot were on the right (A3) (n¼5–7). (B) Representative average

traces of 1-min recording from a designated electrode of WT or Fmr1 KO cortical neuron cultures on MEA dishes before and after vehicle or DHPG treatment as labeled

in the figure (B1). Quantification of average spontaneous spike amplitude by comparing ‘after treatment’ to ‘before treatment’, and the dot plot were on the right (B2)

(n¼4–8). (C1) Representative traces of burst activity from WT or Fmr1 KO cortical neuron cultures before and after vehicle or DHPG treatment as indicated. Traces are

from a designated electrode. (C2, C3) Quantification of relative burst duration (C2) and the number of spikes per burst (C3) by comparing ‘after treatment’ to ‘before treat-

ment’, and the dot plots were on the right (n¼5–9). For the quantification above, a two-way ANOVA with Tukey test was used. Data are represented as mean 6 SEM

with *P<0.05, ns: non-significant.
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suppressor and is required for Gp1 mGluR-induced translation
activation.

FMRP mediates Gp1 mGluR-induced Mdm2
ubiquitination and down-regulation

Because Mdm2 inhibits protein translation and is required for
Gp1 mGluR-induced translation activation (Fig. 7), we hypothe-
sized that activating Gp1 mGluR will de-repress Mdm2’s func-
tion so as to permit protein translation. To test this idea, we
evaluated the protein level of Mdm2 before and after DHPG
treatment. As shown in Figure 8A, DHPG treatment significantly
reduced Mdm2 levels. Because this reduction was observed
within 30 min, we hypothesized that the process involves pro-
tein degradation. To this end, we measured Mdm2 ubiquitina-
tion by performing immunoprecipitation of Mdm2 followed by
western blotting with the anti-ubiquitin antibody. We found
that DHPG treatment elevates Mdm2 ubiquitination (Fig. 8B),
which is consistent with the reduction of total Mdm2 levels

(Fig. 8A). Furthermore, the downregulation of Mdm2 upon DHPG
treatment was inhibited by a proteasome inhibitor MG132 (10 mM)
(Fig. 8C), conforming that the downregulation is resulted from
proteasome-mediated degradation. These data suggest that acti-
vating Gp1 mGluR-induced protein translation likely occurs in
part through de-repression of Mdm2’s function in translational
suppression.

Because Gp1 mGluR-induced protein translation (37–39) and
neural network activity (Fig. 3) requires FMRP, we next asked
whether Gp1 mGluR-induced Mdm2 ubiquitination and down-
regulation requires FMRP. As shown in Figure 8D and E, Fmr1 KO
cortical neuron cultures exhibited neither ubiquitination nor
down-regulation of Mdm2 upon DHPG treatment. In fact, Mdm2
ubiquitination was significantly reduced (Fig. 8E). These results
indicate that FMRP is required for Gp1 mGluR-induced Mdm2
ubiquitination and down-regulation. They also suggested a
novel signaling process by which FMRP and Mdm2 mediate pro-
tein translation and neural network activity upon Gp1 mGluR
activation (Fig. 9).

Figure 4. Gp1 mGluR-induced elevation of neural network activity and burst activity requires Mdm2. (A) Representative western blots of Mdm2 and Gapdh, and quanti-

fication of Mdm2 normalized to Gapdh from Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neuron cultures at DIV 14 (n¼4). (B) Representative raster plots of spontaneous

spikes from 1-min recordings of Mdm2f/þ-Emx-Cre- (B1) and Mdm2f/þ-Emx-Creþ (B2) cortical neuron cultures on MEA dishes before and after vehicle or DHPG treatment as la-

beled in the figure. Quantification of relative spontaneous spike frequency by comparing ‘after treatment’ to ‘before treatment’, and the dot plot were on the right (B3)

(n¼12–16). (C) Representative average traces of 1-min recording from a designated electrode of Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neuron cultures on MEA

dishes before and after vehicle or DHPG treatment as labeled in the figure (C1). Quantification of average spontaneous spike amplitude by comparing ‘after treatment’

to ‘before treatment’, and the dot plot were on the right (C2) (n¼12–19). (D1) Representative traces of burst activity from Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neu-

ron cultures before and after vehicle or DHPG treatment as indicated. Traces are from a designated electrode. (D2,D3) Quantification of relative burst duration (D2) and

the number of spikes per burst (D3) by comparing ‘after treatment’ to ‘before treatment’, and the dot plots were on the right (n¼11–19). For the quantification above, a

Student t-test (A) or a two-way ANOVA with Tukey test (B-D) was used. Data are represented as mean 6 SEM with *P< 0.05, **P<0.01, ns: non-significant.

3900 | Human Molecular Genetics, 2017, Vol. 26, No. 20

Deleted Text: utes


Discussion
A novel mechanism by which FMRP regulates
translation

FMRP is an RNA-binding protein with nearly 1,000 target genes
identified through high throughput screening (55). It is well ac-
cepted that FMRP usually acts as a translational suppressor by

hindering ribosomes from moving along its target mRNAs (55).
However, because of the numerous targets regulated by FMRP,
the mechanisms by which FMRP affects protein translation are
complex and involve many indirect signaling pathways, leading
to a global effect on translation. Our current study suggests a
novel signaling pathway by which FMRP mediates protein ubiq-
uitination and down-regulation to affect protein translation

Figure 5. Knocking down Mdm2 does not alter synaptic function or Gp1 mGluR signaling. (A) Representative western blots of PSD-95 and Gapdh, and quantification

from Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neuron cultures (n¼ 8). (B) Patch-clamp recording from Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neurons at DIV 14.

Representative mEPSC traces, and quantification of mEPSC amplitude and frequency are shown (n¼21 for both Mdm2f/þ-Emx-Creþ and Mdm2f/þ-Emx-Cre- neurons). (C, D)

Representative western blots of Akt, p-Akt, ERK, p-ERK and Gapdh, and quantification from Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neuron cultures after vehicle or

DHPG treatment for 30 min (n¼7 and 6 for (C) and (D), respectively). For the quantification above, a one-sample t-test (A), Student t-test (B) or a two-way ANOVA with

Tukey test (C, D) was used. Data are represented as mean 6 SEM with *P<0.05, **P<0.01, ns: non-significant.
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through de-repression of Mdm2 (Fig. 9). It is currently unknown
what molecular pathway mediates Mdm2 degradation upon
Gp1 mGluR activation and how FMRP participates in this mech-
anism. Our previous study showed that FMRP functions to limit

phosphorylation of Mdm2. It is therefore possible that the phos-
phorylation status of Mdm2 is crucial to permitting its degrada-
tion upon Gp1 mGluR activation. Future work is necessary to
test this possibility.

Figure 6. Mdm2 associates with ribosomes. (A) Representative western blots of Mdm2, poly(A) binding protein cytoplasmic 1 (PABPC1) and Gapdh after sucrose density

ultracentrifugation of WT or Fmr1 KO whole brains. PABPC1 and Gapdh serve as positive and negative controls, respectively, for ribosomes. Quantification is shown on

the right (n¼4). (B, C) Representative western blots of Mdm2 and PABPC1, and polysome analysis from WT (B) or Fmr1 KO (C) brains. EDTA was used as a control to vali-

date the fractionation by disrupting ribosomes.
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Although both Mdm2 and FMRP associate with ribosomal
components, due to the lack of known RNA-binding motifs,
Mdm2 likely provides a more general translation suppressive
activity than FMRP. Because our data showed that Mdm2 is in-
volved in FMRP-associated translation potentially through its
association with ribosomal proteins, and also because FMRP
regulates the expression of Mdm2 through direct binding to
Mdm2 mRNA (27), it is possible that FMRP might exert other
functions to mediate global translation. Further dissecting these
functions would offer new molecular targets for designing new
therapies to ameliorate translation-associated neuronal deficits
in FXS.

Gp1 mGluR-mediated neural network activity

Activating Gp1 mGluR has multiple effects on neuroplasticity.
We focus on neural network activity because it is relevant to
brain circuit excitability, and hyperexcitability is seen in multi-
ple mGluR-associated neurological disorders including epilepsy,
FXS, and autism spectrum disorders (56–58). Using a MEA sys-
tem, our study found that activation of Gp1 mGluR elevates
spontaneous spike frequency and burst activity, two indicators
of hyperexcitability. Although Gp1 mGluR signaling was basally
activated in FXS, and elevated burst activity was observed in
Fmr1 KO mice (35), we were unable to appropriately compare
burst activity basally between WT and Fmr1 KO cultures in MEA
recordings due to high variability between cultures and the ne-
cessity to compare activity internally within the same culture.
Instead, we focused on the neural network and burst activity
upon Gp1 mGluR activation, which was clearly dysregulated in
Fmr1 KO cortical neuron cultures. Importantly, we revealed that
this phenomenon is mediated by Mdm2. A previous study dem-
onstrated that Gp1 mGluR activation elevates neuronal excit-
ability through downregulation of dendritic h-channels (59),
while another study showed that such elevation of neuronal ex-
citability depends on protein translation (13). Because we found
that Gp1 mGluR activation leads to the elevation of translation
by down-regulating Mdm2 in this study, and because FMRP also
undergoes degradation upon Gp1 mGluR activation (60), it
would be important to determine whether Mdm2, FMRP and h-
channels undergo the same degradation pathway, and whether
downregulation of h-channels contributes to the elevation of
network activity that we observed. Furthermore, our previous
studies showed that chronic neuronal activity stimulation trig-
gers Mdm2-mediated degradation of p53, and this degradation
homeostatically down-regulates the synchronization of sponta-
neous network activity without affecting spontaneous spike fre-
quency or burst activity (35). This study, together with our
current study, suggests that Mdm2 is a multifaceted regulator
that mediates different properties of neural network activity,
depending on the stimulation paradigms. It again shows the
complexity of mGluR signaling and emphasizes the necessity of
elucidating downstream mechanisms to identify better and
more specific therapeutic targets for mGluR-associated
diseases.

Figure 7. Mdm2 mediates Gp1 mGluR-induced protein translation. (A)

Representative western blots of puromycin after in vitro translation using rabbit

reticulocyte lysate and purified total RNA from WT cortical neuron cultures.

Quantification (n¼5) and the purity of recombinant Mdm2 and GST were shown

on the right. (B) Representative western blots of puromycin, Mdm2 and Gapdh

after 30-min labeling of puromycin in HEK 293 cells transfected with HA-WT-

Mdm2, HA-D294A-Mdm2 or HA-T306A-S307A-Mdm2. Quantification is shown

on the right (n¼12). (C) Representative western blots of puromycin and Gapdh,

and quantification after 30-min labeling of puromycin in Mdm2f/þ-Emx-Creþ or

Mdm2f/þ-Emx-Cre- cortical neuron cultures at DIV 14 (n¼ 6). (D) Representative

western blots of Pcdh7 and Gapdh, and quantification after vehicle or DHPG

treatment for 30 min in Mdm2f/þ-Emx-Creþ or Mdm2f/þ-Emx-Cre- cortical neuron cul-

tures at DIV 14 (n¼ 12). For the quantification above, Student t-test (A, B) or a

two-way ANOVA with Tukey test (C, D) was used. Data are represented as

mean 6 SEM with *P<0.05, ns: non-significant.

3903Human Molecular Genetics, 2017, Vol. 26, No. 20 |



Other mGluR-dependent neuronal plasticity
mechanisms

Another neuroplasticity mechanism that is well-known to be
mediated by mGluR is long-term synaptic depression (LTD) (61).
LTD describes a long-lasting attenuation of excitatory synaptic
strength (62). LTD is critical to properly establishing activity- or
experience-dependent synaptic connections during circuit de-
velopment (63) and to learning and memory consolidation
in the mature brain (64). Inducing mGluR-LTD, as with mGluR-
regulated neural network activity (Figs 1 and 2), requires de
novo protein translation. Because Mdm2 mediates Gp1

mGluR-mediated translation, it is anticipated that Mdm2 also
participates in mGluR-LTD and will be an important future di-
rection. mGluR-LTD is often associated with local protein trans-
lation. Local protein translation is thought to efficiently provide
specific proteins, such as activity-regulated cytoskeleton-asso-
ciated protein (Arc; also known as Arg3.1) (54,65), at close prox-
imity to the synapses, thereby allowing for rapid weakening of
the synapses. Mdm2 can be found in dendrites and post-
synaptic terminals (28) and therefore can potentially contribute
to local protein translation. A broader effect of Mdm2 is waiting
to be discovered.

Figure 8. FMRP mediates Gp1 mGluR-induced ubiquitination and down-regulation of Mdm2. (A) Representative western blots of Mdm2 and Gapdh from WT cortical

neuron cultures after vehicle or DHPG treatment for 30 min (n¼4). (B) Representative western blots of Ubiquitin and Mdm2 from WT cortical neuron cultures after im-

munoprecipitation with anti-Mdm2 antibody (n¼ 4). (C) Representative western blots of Mdm2 and Gapdh from WT cortical neuron cultures after vehicle, MG132,

DHPG or DHPGþMG132 treatment for 30 min. The cells in all four conditions were pre-treated with translation inhibitor cycloheximide (60 mM, 10 mins) to avoid poten-

tial interference from translation after Gp1 mGluR activation (n¼8). (D) Representative western blots of Mdm2 and Gapdh from Fmr1 KO cortical neuron cultures after

vehicle or DHPG treatment for 30 min (n¼4). (E) Representative western blots of Ubiquitin and Mdm2 from Fmr1 KO cortical neuron cultures after immunoprecipitation

with anti-Mdm2 antibody (n¼4). For the quantification above, a one-sample t-test was used (A, B and D, E) to compare DHPG-treated groups to vehicle-treated groups

while a two-way ANOVA with Tukey test was used for (C). Data are represented as mean 6 SEM with *P<0.05, ns: non-significant.
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Mdm2 in FXS and in cancer biology

Mdm2 is a ubiquitin E3 ligase that has been well-characterized
in the field of cancer biology, and the tumor suppressor p53 is
one of its major substrates (66). Mdm2-mediated p53 ubiquitina-
tion leads to inactivation of p53-dependent transcriptional reg-
ulation and ultimately alters the cell cycle (67–69). Unbiased
screening of direct p53 target mRNAs has revealed many brain-
enriched genes (70). However, the function and regulation of
Mdm2-p53 signaling in neuronal cells is largely unclear.
Recently, several studies have begun to uncover the functions
of Mdm2-p53 signaling in neurodevelopment and neuroplastic-
ity (27,36,71). However, it remains unknown whether or not p53
is also involved in Mdm2-mediated protein translation. If this is
the case, it would open another entirely new avenue for study-
ing mGluR-dependent plasticity. Given that a number of small
molecules related to Mdm2-p53 signaling are currently avail-
able, and some of them are currently on clinical trials, exploring
if these small molecules could affect Mdm2-Gp1 mGluR signal-
ing could open the possibility of developing new potential ther-
apies for treating neurological diseases associated with
dysregulated Gp1 mGluR signaling.

Materials and Methods
All experimental protocols involving mice were performed in
accordance with the guidelines and regulations set forth by the
Institutional Animal Care and Use Committee at the University
of Illinois at Urbana-Champaign.

Reagents

Cycloheximide (CHX) and picrotoxin was from Santa Cruz
Biotechnology. Dimethyl sulfoxide (DMSO) was from Fisher
Scientific. Tetrodotoxin was from Cayman Chemical. DHPG was
from Abcam. MG132 was from Selleck Chemical. Puromycin was
from MP Biomedicals. DMSO was used as vehicles in this study.

The antibodies used in this study were purchased from Santa
Cruz Biotechnology (anti-Mdm2), GenScript Corporation (anti-
Gapdh), Millipore (anti-puromycin), Enzo Life Sciences (anti-
Akt), Bioss (anti-Pcdh7), Abcam (anti-PABPC1) and Cell Signaling
(anti-ubiquitin, anti-p-Akt, anti-ERK and anti-p-ERK).
Recombinant Mdm2 protein was from Abcam and GST was
from Sigma. HRP-conjugated secondary antibodies were from
Santa Cruz Biotechnology.

In vitro translation, transfection, immunoprecipitation
and western blotting

In vitro translation was conducted using rabbit reticulocyte ly-
sate (RRL, Promega). In brief, 15 ml of RRL was mixed with 100 ng
of total RNA extracted from WT cortical neuron cultures at DIV
14. After initial reaction for 5 min, puromycin (10 mg/ml) was
added for another 10 min to label actively translating proteins.
At the end of the experiment, SDS buffer was added to stop the
reaction followed by standard western blotting.

Transfection in HEK cells was performed using
Lipofectamine 3000 (72). For immunoprecipitation, 80 mg of total
protein lysate was mixed with 1 mg of primary antibody for 1 h
at 4 �C with constant rotation. Then 20 ml of Protein A/G beads
were added for another 1 h. At the end of incubation, beads
were washed with buffer (50 mM Tris, pH 7.4, 120 mM NaCl, 0.5%
Nonidet P-40) for 3 times before subjecting to western blotting.

For western blotting after SDS-PAGE, the gel was transferred
onto a polyvinylidene fluoride (PVDF) membrane. After blocking
with 1% Bovine Serum Albumins in TBST buffer (20 mM Tris pH
7.5, 150 mM NaCl, 0.1% Tween-20), the membrane was incubated
with the a primary antibody for overnight at 4 �C, followed by a
30-min wash with TBS. The membrane was then incubated with
an HRP-conjugated secondary antibody for 1 h, followed by an-
other 30-min wash. The membrane was then developed with an
ECL (enhanced chemiluminescence) solution as described (65).

MEA recording

All the multi-electrode array recordings were done using an
Axion Muse 64-channel system in single well MEAs (M64-GL1-
30Pt200, Axion Biosystems) inside a 5% CO2, 37 �C incubator.
Field potentials (voltage) at each electrode relative to the ground
electrode were recorded with a sampling rate of 25 kHz. After
30 min of recording the baseline (before), drug(s) indicated in
each experiment was added, and the MEA dish was immedi-
ately put back into the recording device for another 30 min of re-
cording (after). Due to changes in network activity caused by
physical movement of the MEA, only the last 15 min of each re-
cording were used in data analyses as performed previously
(36). AxIS software (Axion Biosystems) was used for the extrac-
tion of spikes (i.e. action potentials) from the raw electrical sig-
nal obtained from the Axion Muse system. After filtering, a
threshold of 66 standard deviations was independently set for
each channel; activity exceeding this threshold was counted as
a spike. The settings for burst detection were a minimum of 5
spikes with a maximum inter-spike interval of 0.1 s. Synchrony
index was computed through AxIS software, based on a previ-
ously published algorithm (73), by taking the cross-correlation
between two spike trains, removing the portions of the cross-
correlogram that are contributed by the auto-correlations of
each spike train, and reducing the distribution to a single met-
ric. A value of 0 corresponds to no synchrony and a value of 1
corresponds to perfect synchrony.

Figure 9. A working model for Mdm2 in Gp1-mGluR- and FMRP-dependent ele-

vation of protein translation and neural network activity. (A) In WT neurons,

activation of Gp1 mGluR triggers FMRP-dependent ubiquitination and down-

regulation of Mdm2, subsequently leading to activation of protein translation

and elevation of neural network activity. (B) In Fmr1 KO neurons, Mdm2 does

not undergo increased ubiquitination or down-regulation upon Gp1 mGluR acti-

vation. Both protein translation and neural network activity induced by Gp1

mGluR activation are occluded in Fmr1 KO or Mdm2 conditional knockdown

neurons.
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Patch-clamp electrophysiology

Whole-cell patch-clamp recordings were made at room temper-
ature (23–25 �C) in a submersion chamber continuously perfused
with artificial cerebrospinal fluid (aCSF) containing (in mM): 119
NaCl, 2.5 KCl, 4 CaCl2, 4 MgCl2, 1 NaH2PO4, 26 NaHCO3 and 11 D-
Glucose, saturated with 95% O2/5% CO2 (pH 7.4, 310 mOsm).
aCSF was supplemented with 1 lM TTX and 100 lM picrotoxin
for mEPSC measurements to block action potential-dependent
EPSCs and GABAA receptors, respectively. Whole cell recording
pipettes (�4–6 MX) were filled with intracellular solution con-
taining (in mM): 130 K-gluconate, 6 KCl, 3 NaCl, 10 HEPES, 0.2
EGTA, 4 Mg-ATP, 0.4 Na-GTP, 14 Tris-phosphocreatine, 2 QX-314
(pH 7.25, 285 mOsm). Neurons at DIV 11–14 were used for elec-
trophysiological analyses. Membrane potential was clamped at
–60 mV. All recordings were performed with Clampex 10.6 and
Multiclamp 700B amplifier interfaced with Digidata 1440A data
acquisition system (Molecular Devices). Recordings were filtered
at 1 kHz and digitized at 10 kHz. Miniature excitatory postsynap-
tic currents (mEPSCs) were analyzed with Mini Analysis
Program (Synaptosoft) with a 5-pA threshold level.

Isolation of total ribosomes

Whole brains were lysed using a glass dounce glass homoge-
nizer in 1 ml polysome buffer [(20 mM Tris-HCl pH 7.5, 15 mM
MgCl2, 200 mM KCl, 1% TritonX-100) with cycloheximide (100 mg/
ml), DTT (2 mM), and heparin (1 mg/ml) added fresh].
Homogenates were spun in a microfuge at 13,000g, 4 �C for
20 min. The supernatant was carefully removed into a new
tube, taking care not to disturb the cell debris pellet. Fresh poly-
some buffer was added to the lysate to a final volume of 1.1 ml.
1 ml of diluted supernatant was carefully layered onto 2.5 ml of
sucrose cushion [(20 mM Tris-HCl pH 7.5, 15 mM MgCl2, 200 mM
KCl, 1% TritonX-100, 25% w/v Sucrose) with cycloheximide (100
mg/ml), DTT (2 mM), and heparin (1 mg/ml) added fresh] in an ul-
tracentrifuge tube (Beckman Coulter, #349622); the remaining
100 ml of supernatant was saved as input (total lysate). Samples
were subjected to ultracentrifugation at 149,000g, 4� for 2 h, in a
Beckman TLA-100.3 rotor. Following ultracentrifugation, super-
natant was recovered and transferred to a fresh ultracentrifuge
tube taking care to maintain the solution distribution. The re-
sulting polysome pellet was resuspended in 100 ml of polysome
buffer. The supernatant was subjected to further ultracentrifu-
gation at 100,000g, 4 �C for 24 h, in a Beckman TLA-100.3 rotor.
Following the second ultracentrifugation, the supernatant was
recovered and saved as the soluble protein fraction. All resulting
samples (total lysate, polysome fraction, and ultracentrifuga-
tion supernatant were subjected to western blotting.

Polysome profiling

Whole brains were extracted, immediately frozen in liquid ni-
trogen, and stored at �80 �C. Brains were pulverized under liq-
uid nitrogen using a previously cooled, RNAse free mortar and
pestle. The powder obtained was transferred to a 10-cm plate
on dry ice while subsequent brains were pulverized. Afterward,
1 ml of lysis buffer (10 mM Tris-HCl at pH 8.0, 150 mM NaCl,
5 mM MgCl2, 1 mg/ml heparin, 1% Nonidet-P40, .5% deoxycho-
late, 40 mM dithiothreitol, 1 U/ml SUPERaseIn RNAse inhibitor
[Thermo Fisher], and 150 mg/ml cycloheximide) was added to
the tissue powder. Next, re-suspended powder was scraped
from the plate and transferred to a microcentrifuge tube with
pipetting 10 times to lyse the cells. The cell nuclei and cell

debris were removed by centrifugation (2,000g, 10 min, at 4 �C).
The supernatant was transferred to a fresh tube and then cen-
trifuged again at (16,000g, 7.5 min, at 4 �C). 400 ml of supernatant
was layered onto a 10 ml linear sucrose gradient (15–45% su-
crose [w/v] made using a Biocomp Gradient Master) and centri-
fuged in a SW41Ti rotor (Beckman) for 125 min at 38,000 rpm
and 4 �C, with the brake off. Polysome profiles were recorded us-
ing a UA-6 absorbance (ISCO) detector at 254 nm and fractions
were collected along the gradient. Fractions were used for sub-
sequent western blot analysis.

Statistical analysis

For multiple comparisons, a two-way ANOVA and Tukey post-
hoc test were performed. Student t-test was used in paired con-
dition (Figs 5B, 6A and 7A). One sample t-tests were used when
experimental group is normalized to control groups (Fig. 8). In
all figures, error bars represent SEM and *P< 0.05, **P< 0.01.
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