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progenitors in fragile X syndrome

Venkat Swaroop Achuta,’ Tommi Méiykkynen,2 Ulla-Kaisa Peteri,’ Giorgio Turconi,’
Claudio Rivera,*° Kari Keininen,> Maija L. Castrén'%7

Altered neuronal network formation and function involving dysregulated excitatory and inhibitory circuits are
associated with fragile X syndrome (FXS). We examined functional maturation of the excitatory transmission sys-
tem in FXS by investigating the response of FXS patient—derived neural progenitor cells to the glutamate analog
(AMPA). Neural progenitors derived from induced pluripotent stem cell (iPSC) lines generated from boys with FXS
had augmented intracellular Ca>* responses to AMPA and kainate that were mediated by Ca®*-permeable AMPA
receptors (CP-AMPARs) lacking the GluA2 subunit. Together with the enhanced differentiation of glutamate-
responsive cells, the proportion of CP-AMPAR and N-methyl-p-aspartate (NMDA) receptor—coexpressing cells was
increased in human FXS progenitors. Differentiation of cells lacking GluA2 was also increased and paralleled the
increased inward rectification in neural progenitors derived from Fmri-knockout mice (the FXS mouse model).
Human FXS progenitors had increased the expression of the precursor and mature forms of miR-181a, a microRNA
that represses translation of the transcript encoding GluA2. Blocking GluA2-lacking, CP-AMPARs reduced the neurite
length of human iPSC-derived control progenitors and further reduced the shortened length of neurites in human
FXS progenitors, supporting the contribution of CP-AMPARs to the regulation of progenitor differentiation. Further-
more, we observed reduced expression of Gria2 (the GluA2-encoding gene) in the frontal lobe of FXS mice, consistent
with functional changes of AMPARSs in FXS. Increased Ca* influx through CP-AMPARs may increase the vulnerability
and affect the differentiation and migration of distinct cell populations, which may interfere with normal circuit
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formation in FXS.

INTRODUCTION

Abnormalities in glutamate receptor-mediated plasticity and a dys-
regulated balance of excitation and inhibition in cortical networks
are implicated in fragile X syndrome (FXS) (1-6). FXS is the most
common single-gene cause of inherited intellectual disability (7). The
cognitive impairment varies from mild to severe, and the comorbid
neurobehavioral features generate high variation of the FXS pheno-
type. FXS is caused by a triplet CGG repeat expansion with more than
200 repeats in the fragile X mental retardation 1 (FMR1) gene (8). The
mutation results in promoter hypermethylation, leading to transcrip-
tional silencing of the gene and the absence of FMR1 protein (FMRP)
(9). FMRP is an RNA binding protein that regulates translation of
many mRNAs essential for brain function (10, 11). The expression
of FMRP increases during neuronal differentiation, and its absence
results in abnormal fate determination and differentiation of neural
progenitors (12-19). Previous studies have shown that human induced
pluripotent stem cell (iPSC)-derived neural progenitors retain the FMR1
gene methylation (15) and differentially express a number of genes
during neuronal differentiation compared with normal controls (20-22).
Human FXS iPSC-derived neuronal cells and cortical progenitors de-
rived from Fmrl-knockout (Frnr1-KO) mice show altered neurite growth
(12,15, 17, 20, 23), which reflects dysregulation of genes involved in
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neurite growth and axon guidance (20-22). There is evidence that
abnormal calcium signaling through glutamate receptors contributes
to the aberrant differentiation of FXS progenitors (23). Pluripotent
stem cell-derived FXS neurons display defects in their action poten-
tial properties (18), but functional alterations of distinctive neuronal
populations derived from FXS iPSCs have not been explored in de-
tail. Increased glutamate responses via type I metabotropic glutamate
receptors (mGluRs) in FXS neural progenitors (23) contribute to dis-
ordered neurogenesis that underlies impaired learning of Fmr1-KO
mice (24), whereas increased AMPA receptor (AMPAR) internaliza-
tion is implicated as the prime cellular mechanism for cognitive deficits
in FXS (25-28). Studies with Fmr1-KO mice show dysregulated mat-
uration of glutamatergic signaling that delays the synaptic plasticity
period in the somatosensory cortex of these mice (I). Exaggerated
type  mGluR activation, which couples to increased protein synthesis
and abnormal calcium signaling, appears to be a key player in the neu-
ronal plasticity defects in the absence of FMRP (2, 28, 29).
Glutamate receptor-mediated responses via metabotropic and
ligand-gated ionotropic receptors are important regulatory signals in
neuronal differentiation (30-32). Activation of ionotropic AMPARs in-
creases intracellular Ca®* concentration ([Ca®'];) either directly through
aCa”*-permeable AMPARs (CP-AMPARS) or indirectly through depolar-
ization and activation of voltage-gated channels (31, 32). AMPARs are
tetrameric assemblies consisting of subunits GluA1 to GluA4 (33, 34).
Only AMPARSs that lack the Q/R site RNA-edited GluA2 subunit are
calcium-permeable; they show strong inward rectification caused
by intracellular polyamine block (35, 36). Given the diverse effects
of Ca®* signaling, tight regulation of CP-AMPAR abundance partic-
ipates in cell type, developmental stage, and brain region-dependent
control of calcium homeostasis in the central nervous system (37-40).
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Fig. 1. Increased differentiation of cells expressing AMPARs in human FXS neural progenitors. (A) Representative images of iPSCs, neurospheres, and neurospheres
immunostained for MAP2 (red) at days 1 and 7 of differentiation. DAPI, 4’,6-diamidino-2-phenylindole. (B) Fluorescence image of a neurosphere and representative cell
responses to NMDA, KA, and DHPG after stimulation as indicated. (C and D) Pie charts showing the proportions of cells responsive to DHPG and KA at day 1 and to KA and
NMDA at day 7 of differentiation (responsive cells/total cell number). n = 239 cells (CTRL) and 389 cells (FXS) at day 1, and n = 498 cells (CTRL) and 803 cells (FXS) at day 7;
40 to 100 cells per neurosphere. Data are from four independent experiments with three control and four FXS cell lines. (E to G) Representative cell responses (E), propor-
tion of responsive cells (F), and average amplitude of responses (G) to KA. Data are means + SEM of the experiments performed in (C) and (D). (H) Comparison of KA and
AMPA responses. n = 174 cells (CTRL) and 166 cells (FXS); 40 to 100 cells per neurosphere. Data are means + SEM of three independent experiments with two different

control and FXS cell lines. Scale bars, 50 um (A) and 100 um (B). *P < 0.05, **P < 0.01, ***P < 0.001 by Fisher’s exact test (F) and Student’s unpaired t test (G and H).

Expression levels of GluA2 are low in early developmental stages, sug-
gesting that Ca** influx through CP-AMPARs contributes to the reg-
ulation of neuronal and glial development (41-44). CP-AMPARs
(AMPARs lacking GluA2; herein referred to also as GluA2-lacking/
CP-AMPARSs) are implicated as critical mediators of neuronal death
in epilepsy, ischemia, traumatic brain injury, and neurodegenerative
disorders (42, 45-47). Activation of CP-AMPARs in human neural
progenitors induces neuronal differentiation (48), but the role of CP-
AMPARs in neuronal maturation defects in neurodevelopmental
disorders is not yet clear.

Several rescue strategies involving the targeting of excessive pro-
tein synthesis show beneficial effects on synaptic function and be-
havioral phenotype in the FXS mouse model (11). However, clinical
trials with appropriate pharmaceutical compounds have not been
successful. To improve our understanding of the molecular mechanisms
underlying the human FXS phenotype and to identify differences un-

Achuta et al., Sci. Signal. 11, eaan8784 (2018) 16 January 2018

derlying the variety of the phenotype, we studied the contribution
of AMPARSs in impaired neurogenesis in FXS using patient-specific
progenitors derived from human iPSCs. We found that FXS patient-
derived neuronal progenitors have reduced posttranscriptional expres-
sion of GluA2 that results in increased abundance of CP-AMPARs,
leading to morphological and functional changes in subpopulations
of differentiating neural progenitors. An increased differentiation of
cells expressing CP-AMPARs was confirmed in mouse FXS neural
progenitors and paralleled with an increased inward rectification and
reduced number of GluA2 subunit-expressing cells. The results sug-
gest a role for increased Ca*" influx through AMPARSs in the altered
differentiation of neural progenitors in FXS. Although the functional
changes of AMPARSs appeared similar in all human cell lines studied,
individual differences in control mechanisms underlying the change
may exist. The data may provide new avenues for the development
of optimal therapeutic interventions for individuals with FXS.
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Fig. 2. Decreased GluA2 expression increases Ca** permeability and reduces neurite outgrowth in human
neural progenitors. (A) Representative single-cell recordings showing fully inhibited KA-induced [Ca?*]; response
by philanthotoxin (PhTx). (B and C) Proportion of KA-responsive cells (B) and the cell population (C) divided to cells
with and without NMDA responses, showing fully inhibited responses by PhTx at day 7 of differentiation. n = 185 cells
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(CTRL) and 172 cells (FXS); 40 to 100 cells per neurosphere of HEL46.11, HEL23.3, HEL100.1, and HEL69.5 cell lines.

Data are means + SEM from two independent experiments. (D) Representative single-cell recording showing com-
plete inhibition of AMPA-induced Ca?* response by Naspm. (E and F) Proportion of AMPA-responsive cells (E) and the
cell population (F) divided to cells with and without NMDA responses, showing fully inhibited AMPA responses by
Naspm at day 7 of differentiation. n = 134 cells (CTRL) and 156 cells (FXS); 40 to 100 cells per neurosphere of HEL46.11,
HEL11.4, HEL100.2, and HEL70.3 cell lines. Data are means + SEM from two independent experiments. (G) Neurite
length of MAP2-immunopositive neurons with and without Naspm treatment at day 1 of differentiation. n = 20 cells
in each group. Data are means + SEM from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 by Fisher’s

exact test (B, C, E, and F) or Mann-Whitney test (G).

RESULTS

Increased differentiation of cells expressing AMPARs is seen
among human FXS iPSC-derived neural progenitors

Using intracellular calcium imaging, we assessed the effects of FMRP
absence on the differentiation of glutamate-responsive cells from hu-
man FXS patient iPSC-derived neural progenitors. Four FXS and three
control iPSC lines were reprogrammed from somatic cells of males
diagnosed with FXS and healthy controls, respectively, and character-
ized as described previously (23) and summarized in fig. S1. We cultured
iPSC-derived neural progenitors in neurospheres and then induced
them to differentiate into neuronal cells, defined by the expression of
MAP2, by withdrawing mitogen from the culture medium (Fig. 1A).
In the neurosphere model, radial glia cells first appear from the dif-
ferentiating neurospheres; differentiation of neuron-like cells closely
follows radial glia during the first days of differentiation (30, 49). We
have previously shown that [Ca®']; responses through mGIuRS5 correlate
with radial glia and functional AMPA /kainate (KA) receptor expression
in many cells as soon as the first day of differentiation, whereas responses
to N-methyl-p-aspartate (NMDA) are detectable in measurable amounts
of cells after 7 days of differentiation (12, 23, 30, 49). We sequentially ex-
posed FXS and control neurospheres to (S)-3,5-dihydroxyphenylglycine
(DHPG; a specific agonist of type I mGluR) and KA (an agonist of AMPA
and KA receptors) at day 1 of differentiation and to KA and NMDA at
day 7 of differentiation. Using Fura-2-based fluorescence recordings, we

Achuta et al., Sci. Signal. 11, eaan8784 (2018) 16 January 2018

Increased Ca”* permeability
through AMPARs reduces

neurite growth in human FXS
neuronal progenitors

We examined Ca”" permeability of AMPARs
in human FXS iPSC-derived progenitors
using specific AMPAR blockers. Philantho-
toxin (PhTx), a CP-AMPAR blocker (52),
completely abolished KA responses in differ-
entiating neural progenitors when applied
continuously to a bath solution or at the time when Ca** responses to
KA were stable in all cells (Fig. 2A). PhTx completely blocked KA re-
sponses in a significantly larger proportion of cells in FXS neurospheres
than in control neurospheres (69 + 5% and 49 * 4%, respectively;
Fig. 2B). A subpopulation of cells responsive to both KA and NMDA
was increased among cells in which PhTx blocked responses to KA
(Fig. 2C). We confirmed the increase in CP-AMPARs in a separate
set of experiments using AMPA, a specific agonist of (all) AMPARSs,
and Naspm trihydrochloride (Naspm), an antagonist of specifically
GluA2-lacking/CP-AMPARs (53). Naspm prevented the [Ca®*]; re-
sponse to AMPA (Fig. 2D) in a greater proportion of FXS cells than
control cells (53.3 + 3% and 38.4 + 7%, respectively) (Fig. 2E), indicat-
ing that the increased Ca** permeability in FXS progenitors was caused
by an increased number or function of GluA2-lacking/CP-AMPARs in
these cells. The proportion of cells that was responsive to both AMPA
and NMDA was increased among Naspm-responsive cells in FXS pro-
genitors (Fig. 2F), sug§esting that NMDA-responsive FXS cells had
especially increased Ca”" permeability.

Neurite outgrowth is a fundamental step in the formation of proper
neural network connections in the developing central nervous system.
Many previous studies have shown the expression of AMPARs during
early stages of neural progenitor differentiation (31, 48, 54-56) and the
involvement of AMPARSs in the regulation of neurite growth (48, 57, 58).
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Fig. 3. Enhanced differentiation of CP-AMPAR-expressing cells in FMRP-deficient mouse neural progenitors.
(A and B) Pie charts showing the proportions of cells responsive to DHPG and KA at day 1 of differentiation (A) and to
KA, NMDA, and both KA and NMDA at day 7 of differentiation (B). n = 262 cells [wild-type (WT)] and 316 cells (Fmr1-KO)
at day 1, and n = 370 cells (WT) and 396 cells (Fmr1-KO) at day 7; 55 to 100 cells per neurosphere. Data are from four
independent experiments. (C) Representative single-cell response to KA during the time periods indicated. (D) Pro-
portion of cells responding to KA (cells responsive/total cell number). Data are means + SEM of the experiments
performed in (A) and (B). (E) Representative single-cell recording showing complete inhibition of KA-induced [Ca*'];
response by PhTx. (F) Proportion of cells fully inhibited by PhTx and Naspm in WT and Fmr7-KO neurospheres at day
7 of differentiation. n = 245 cells (WT + PhTx), 252 cells (Fmr1-KO + PhTx), 185 cells (WT + Naspm), and 208 cells (Fmr1-KO +
Naspm); 55 to 100 cells per neurosphere. Data are means + SEM from three independent experiments. **P < 0.01,

***¥P < 0.001 by Fisher's exact test (D and F).

We tested whether GluA2-lacking/CP-AMPARSs influence neurite out-
growth in human FXS neural progenitors. We observed that the neu-
rite length of cells immunopositive for the neuronal marker MAP2 was
shorter in FXS neurospheres than in controls at day 1 of differentiation
(Fig. 2QG), consistent with previous studies showing defects in the initial
outgrowth of neurites in iPSC-derived FXS neurons (15, 17). Treat-
ment with Naspm reduced neurite outgrowth in MAP2-positive cells
in iPSC-derived FXS and control neurospheres (Fig. 2G) such that
there was no substantial difference in neurite length between either of
the Naspm-treated cell types. These results suggest that CP-AMPARs
were involved in the regulation of process outgrowth of neuronal cells, as
shown previously in normal human tissue-derived neural progenitors
(48, 57).

The differentiation of CP-AMPAR-expressing cells is
increased in neurospheres derived from

FXS model mice

Fmr1-KO mice recapitulate the main phenotype of human FXS, includ-
ing macroorchidism and many features of behavioral and cognitive
phenotypes (8). By replicating the studies in neurospheres generated
from the brains of embryonic Frmr1-KO mice, we confirmed the obser-
vation of increased Ca** permeability of AMPARs in human FXS neural
progenitors. We observed that the proportion of glutamate-responsive
cells (Fig. 3, A and B) and the subpopulation of KA-responsive cells
(Fig. 3, Cand D) was larger in Fnr1-KO than in wild-type neurospheres
atdays 1 and 7 of differentiation. PhTx completely blocked KA responses

Achuta et al., Sci. Signal. 11, eaan8784 (2018) 16 January 2018
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AMPAR-specific channel blocker) on
glutamate-evoked currents in mouse neu-
ral progenitors (Fig. 4A). The current
trace evoked by glutamate in the presence
of cyclothiazide was fully abolished by
NBQX in both wild-type and Fmr1-KO
cells at day 7 of differentiation (Fig. 4B),
confirming the presence of AMPARSs in
differentiating neural progenitors. After
the application of Naspm, glutamate-
evoked currents were inhibited more in
Fmr1-KO progenitors than in wild-type
controls (Fig. 4B), consistent with an in-
crease in CP-AMPARs in FMRP-deficient
cells. AMPARSs containing a GluA2 subunit that has been RNA-edited
at Q/R site have a linear current-voltage (I-V) relationship and are im-
permeable to divalent cations, whereas GluA2-lacking/CP-AMPARs
exhibit strong inward rectification due to polyamine block (35, 36, 41).
We compared current traces at holding potentials from +40 to —60 mV
in wild-type and Fmr1-KO cells (Fig. 4C). The rectification index
(I, 40/1_p) was 3.7-fold smaller in FMRP-deficient cells than in wild-
type cells (Fig. 4, D and E). The increase in inward rectification was
consistent with an increase in the proportion of CP-AMPARs in FXS
progenitors.

The expression of AMPA subunits is altered in
FMRP-deficient neural progenitors and the brain

from Fmr1-KO mice

Next, we studied correlations between functional changes of AMPARs
and AMPAR subunit expression. The GluA2 subunit is essential for
AMPAR Ca’* impermeability, and its expression was decreased in hu-
man FXS progenitors when compared to controls at day 7 of differen-
tiation (Fig. 5A). In mouse Fmr1-KO neural progenitors, the number
of GluA2-expressing cells was markedly fewer, consistent with the in-
crease in the differentiation of cells expressing CP-AMPARs in func-
tional analysis (Fig. 5B). GRIAI mRNA (encoding GluA1) expression
was reduced in FXS iPSC-derived neurospheres when compared with
controls (Fig. 5C), and GRIA1 expression did not show the normal
increase during differentiation in human and mouse FXS progenitors
(Fig. 5, C and D) (31). GRIA2 (encoding GluA2) expression was too
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Fig. 4. Increased rectification of AMPARs in Fmr1-KO mouse progenitors.
(A) Representative current traces evoked by glutamate in the presence of cyclo-
thiazide (C) and AMPAR blockers NBQX (NB) and Naspm (NA) at day 7 of differentia-
tion in WT and Fmr1-KO neurospheres. Horizontal bar indicates the drug application.
(B) Inhibition of maximal currents (1 mM glutamate and 100 uM cyclothiazide) by
NBQX and Naspm in the indicated cells and conditions. n = 10 cells (WT + NBQX),
9 cells (Fmr1-KO + NBQX), 13 cells (WT + Naspm), and 10 cells (Fmr1-KO + Naspm).
Data are means + SEM from four independent experiments. (C) Representative single-
cell recording traces of I-V relationship in the WT and Fmr1-KO neurospheres. Hor-
izontal bar indicates the agonist application. (D) I-V relationship (—60 to 40 mV) of
normalized currents in WT (red) and Fmr1-KO (black) progenitors. The dashed line
indicates the linear I-V relationship. (E) Inward rectification (IR) index defined as the
ratio of current amplitudes at +40 and —60 mV recorded from WT and Fmr1-KO
cells. n =12 cells (WT) and 9 cells (Fmr1-KO). Data are means + SEM from four inde-
pendent experiments. *P < 0.05 by Mann-Whitney test (B and E).

low to be adequately analyzed in human progenitors, but we found
that the expression of both Gria2 and Grial mRNAs was lower in the
prefrontal cortex of adult Fmr1-KO mice than in wild-type controls
(Fig. 5E).

Expression of precursor and mature miR-181a is increased in
human FXS progenitors

To explore the mechanisms that lead to reduced GluA2 expression
in FXS progenitors, we performed transcriptome analysis of human
control and FXS neural progenitors. We compared the gene-level ex-
pression of neural progenitors generated from three control and three
FXSiPSClines. We found 669 differentially expressed genes in control
and FXS progenitors at day 1 of differentiation. The expression of most
(562) of these genes was greater in FXS-derived neurospheres than in
control-derived neurospheres. The highly abundant genes included
79 genes that encode precursor microRNAs (miRNAs), suggesting an
important role for miRNAs in the aberrant regulation of neural pro-
genitor differentiation in FXS. The functional annotation analysis of
the genes enriched in FXS progenitors showed that miRNA-regulated
pathways were among the highest ranked pathways (Fig. 6A). We found
a 2.3-fold increase (P < 0.0186) in the expression of the MIR-181A1 host
gene in FXS progenitors when compared to controls. The noncoding
MIR-181A1 precursor gene gives rise to miR-181a and miR-181b, the
altered expression of which is linked to neuropsychiatric disorders

Achuta et al., Sci. Signal. 11, eaan8784 (2018) 16 January 2018

(59-62); for example, the expression of miR-181a and miR-181b is
increased in lymphoblastoid cell lines of individuals with autism
spectrum disorder (60) and that of miR-181b is increased in tempo-
ral gyrus in schizophrenia (61). It was previously reported that miR-
181a targets and decreases the abundance of GluA2 transcripts and,
hence, inhibits GluA2 protein activity (59, 63). We found that the
abundance of the mature, functional forms of both miR-181a-5p and
miR-181a-3p was increased in FXS progenitors at days 1 and 7 of
differentiation (Fig. 6, B and C). Expression of miR-181b was not de-
tectable in either control or FXS progenitors at these early differenti-
ation time points studied, which is in line with a previous study that
showed higher expression of miR-181b in the adult cortex relative to
that in the embryonic brain (64).

Intracellular calcium responses are altered in subpopulations
of mGluR- and iGluR-sensitive FXS progenitor cells

To gain insight into the effects of the increase in CP-AMPAR-
expressing cells during FXS progenitor differentiation, we examined
KA responses in subpopulations of glutamate-responsive cells in more
detail. We previously showed that [Ca**]; responses to DHPG are
augmented in human and mouse FXS progenitors (12, 23). DHPG
stimulation induces only a transient rise in [Ca?"]; in the absence of
extracellular calcium, whereas a robust sustained Ca** response is seen
in the presence of extracellular calcium, indicating that the Ca®* rise
after DHPG exposure is primarily mediated via calcium influx (30, 65).
We observed that [Ca*']; responses to DHPG were increased in all
FXS cells, including fully and partially Naspm-blocked cells and cells
lacking AMPA responses, when compared to controls (Fig. 7A). In
control neurospheres, responses to DHPG were smaller in cells to-
tally inhibited by Naspm when compared to responses in cells only
partially inhibited, which was not seen in FXS neurospheres (Fig. 7A).
This difference between wild-type and FXS progenitors could reflect
alterations of differentiating progenitor subpopulations. At day 7 of
differentiation, KA responses were augmented in FXS cells respon-
sive to DHPG or NMDA (or both) but not in cells that were not
responsive to DHPG or NMDA (or both) (Fig. 7B). Although the FXS-
specific increase in the differentiation of CP-AMPAR-expressing
cells was similar in human and mouse neurospheres, the average am-
plitude of [Ca®*); responses to AMPA was not abnormally increased
in Fmr1-KO progenitors as in human FXS progenitors (Fig. 7C).
The spike amplitude of [Ca**]; responses to KA is similarly identical
in wild-type and FMRP-deficient mouse progenitors (23). We pre-
viously reported differential responses to mGluR5 antagonism in neu-
ral progenitors derived from human iPSCs and mouse brain tissue
lacking FMRP (23). The differences of responses likely reflect progen-
itor type-dependent differences, which are caused by species-specific
properties at the differentiation time points studied. Together, the data
are consistent with alterations of glutamate-responsive cell populations
and differences in homeostatic Ca®* responses during differentiation
of FXS progenitors.

DISCUSSION

The present results demonstrate that calcium signaling via AMPARs is
affected in human FXS neural progenitors and that FXS progenitors
generate more cells expressing CP-AMPARs than controls. This sug-
gests that functional alterations of AMPARSs affect neuronal differen-
tiation and contribute to aberrances of neural circuit formation and
function in FXS. The increase in the Ca** permeability of AMPARSs in
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Fig. 5. Altered expression of GIuA1 and GluA2 in human and mouse FXS neural progenitors. (A) Immunofluo-
rescence images showing GIuA2 (green) and relative GIuA2 protein expression in human neural progenitors at day 7
of differentiation (n = 100 cells per group). Data are means + SEM of two independent experiments with two different
control and FXS cell lines. (B) Representative images and analysis of GIuA2 staining (red) in mouse neural progenitors
at day 7 of differentiation. Data are means + SEM of two independent experiments (n = 100 cells per group). (C) Rela-
tive mRNA expression of GRIAT in proliferating (Prolif.) and differentiated (at days 7 and 14) human neural progenitors.
Data are means + SEM of three independent experiments performed in triplicate; n = 3 cell lines (CTRL) and 3 cell lines
(FXS). (D and E) Relative mRNA expression of Grial and Gria2 in (D) mouse neural progenitors at day 7 of differentia-
tion and (E) the prefrontal cortex of Fmr1-KO and WT mice (n = 8 brain samples each). Data are means + SEM of at least
three independent experiments performed in triplicate. Scale bars, 100 um (A) and 100 um (10x) and 10 um (63x) (B).
*P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney test (A, D, and E) or Fisher’s exact test (B).

EXS progenitors is caused by reduced expression of the GluA2 sub-
unit, which was linked to miRNA-based posttranscriptional mecha-
nisms by showing an increase in miR-181a expression. The normal
increase in GRIAI mRNA expression was missing during early pro-
genitor differentiation in FXS cells, consistent with the maturation
defect of AMPARs. We observed identical FXS-specific increase in
AMPA-responsive cells in human and mouse progenitors and showed
that the increase in the differentiation of cells lacking GluA2 reflected
augmented inward rectification in neural progenitors derived from
FmrI1-KO mice. AMPARSs lacking GluA2 were expressed particularly
in cells responsive to NMDA. CP-AMPARSs promote neuronal differ-
entiation (48), and the increase in cells coexpressing CP-AMPARs and
NMDA receptors correlated with enhanced differentiation of NMDA-
responsive cells in FXS neurospheres. Blocking GluA2-lacking AMPARs
reduced neurite growth of differentiating neurons, supporting an im-
portant contribution of functional properties of AMPAR to abnor-
malities of neurite growth in FXS progenitors (58).

We identified defects in human FXS progenitor differentiation
in glutamate-responsive cells during very early phases of neuronal
cell differentiation. FMRP is an RNA binding protein that regulates
translation of transcripts encoding several developmental genes in
neural progenitors. The absence of FMRP has been shown to affect
signaling pathways that control neuronal differentiation and migra-
tion (19, 20, 66). Alterations of gene expression in human FXS iPSC-
derived progenitors have been shown to associate with epigenetic
modifications involved in neurogenic defects (20, 21), but disease-
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specific functional changes related to these
modifications have not been previously
characterized. The present study showed
that FMRP-deficient progenitors gener-
ate a higher proportion of cells responsive
to glutamate than control progenitors,
along with more cells showing [Ca®"]; re-
sponses to AMPARs during differentia-
tion to neuronal lineages. The expression
of CP-AMPARs in neural progenitors has
been shown in many previous studies
(31, 48, 54-56). Because the activation of
CP-AMPARS can promote neuronal dif-
ferentiation (48), increased expression of
CP-AMPARs in neural progenitors may
contribute to the enhanced differentiation
of FXS progenitors as shown in the present
and previous studies (50). Cells expressing
0 q N CP-AMPARs scattered in the whole mi-

& c§\® gration area around differentiating neuro-
spheres and were not distinguishable to a
distinct group of cells with a recognizable
pattern of glutamate responses. However,
the proportion of cells responsive to NMDA
was predominantly increased among cells
expressing CP-AMPARs in FXS neuro-
spheres, and the differentiation of FXS
cells expressing NMDA receptors was in-
creased. Changes in the amounts of pro-
genitor subtypes during early neuronal
progenitor differentiation could affect
several developmental processes in the
brain. In neural progenitors, alterations
affecting Ca** homeostasis may have substantial importance. An in-
creased Ca®" influx via AMPARs renders FXS cells more susceptible
to excitotoxicity (46). Increased vulnerability of FXS neurons could
interfere with the establishment of normal neocortical circuits, con-
tributing to the excitatory and inhibitory imbalance in the FXS brain.
Previously aberrant Ca**-dependent mechanisms have been shown
to be involved in hyperexcitability of the neocortical circuits in the
FXS mouse brain (29). Alterations in the maturation of AMPAR re-
sponses could influence neuronal migration and contribute to the
delayed positioning of glutamatergic neurons to the cortical plate as
observed in the Fmr1-KO mouse brain (67). CP-AMPAR-mediated
changes in control of neurite growth (48, 57) might play a role in the
abnormalities observed in the morphological transformation of mi-
grating cells in the developing cortex of the FXS mouse (67).

The subunit composition of AMPAR:s is tightly regulated in a man-
ner dependent on cell type and developmental state (68, 69). Changes
of AMPAR subunits are involved in the developmental switch of CP-
AMPARSs in neocortical pyramidal neurons (41) and synapse-specific
expression of CP-AMPARSs in the neocortex (44). AMPARs lacking
GluA2 are transiently expressed on cerebral radial gliaand non-neuronal
precursors, including white matter elements (39, 40). We used AMPAR-
specific agonists and antagonists to show that reduced GluA2 subunit
protein expression correlated with the increase in CP-AMPAR-
expressing cells in functional analysis of FXS neurospheres at the pre-
synaptic stage. FXS progenitors also expressed less GRIAI mRNA.
GluAl is a regulator of neuronal maturation, and its absence reduces
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Fig. 6. Expression profiling and increased miR-181a expression in FXS progeni-
tors. (A) Highest ranked pathways of genes up-regulated in human FXS iPSC-derived
neural progenitors compared with controls at day 1 of differentiation in the transcrip-
tome analysis. n = 3 cell lines each. (B and C) Relative expression of miR-181a-5p (B)
and miR-181a-3p (C) in human neural progenitors at days 1 and 7 of differentiation.
Data are means + SEM of three independent experiments performed in triplicate; n =
3 cell lines each. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney test (B and C).

dendritic growth (58), consistent with the differentiation defect of FM-
RP-deficient progenitors. Telias et al. (18) have shown that human
embryonic stem cell-derived FXS neurons are unable to discharge
trains of action potentials, display less developed inward and outward
currents, and lack spontaneous activity. Impaired synaptic delivery of
GluA1l-containing AMPARSs is implicated in defects of synaptic plas-
ticity in FmrI1-KO mice (70). Guo et al. (58) recently reported that
FMRP promotes GluA1 membrane delivery and induces maturation of
neurons additively with its autosomal paralog FXR2P. Reduced Grial
and Gria2 expression in the prefrontal cortex of Fmr1-KO mice was in
agreement with reduced protein expression of both GluA1 and GluA2
in the somatosensory cortex of these mice shown previously (71). Re-
duced AMPAR subunits reflect alterations of AMPAR function, which
is consistent with a role for GluA2 in dysfunction of cortical neurons in
FXS. However, putative cell type-specific alterations of GluA2 expres-
sion affecting AMPAR function remain to be studied in the FXS brain.

Direct interaction of FMRP with either GluA1 or GluA2 mRNAs has
not been found (10). The AMPAR gene Gria2 is one of the transcrip-
tionally responsive target genes of the repressor element 1 silencing
transcription factor (REST), which is dysregulated in FXS iPSC-derived
neurons (21). REST is involved in the regulation of the pool and timing
of neuronal differentiation to different neuronal lineages (72), and
REST-mediated epigenetic modifications may contribute to reduced
GluA2 expression in FXS progenitors. We found that the absence of
FMRP affects the expression of genes encoding precursor miRNAs

Achuta et al., Sci. Signal. 11, eaan8784 (2018) 16 January 2018

during early neural progenitor differentiation. FXS progenitors ex-
pressed abnormally high levels of the MIR-181A1 host gene, which gives
rise to miR-181a and miR-181b (59, 60, 63). Increased expression of
miR-181a can directly regulate GluA2 expression (59, 63) and may re-
duce GluA2 protein expression in FXS progenitors. Given the tech-
nical limitations with the human neural progenitors used in the study,
direct effects of miR-181a on GluA2 and functional AMPAR responses
were not tested. However, on the basis of the present results at the
early differentiation of neural progenitors, alterations of the miRNA gene
expression provide a regulatory mechanism for the GluA2 subunit pro-
tein expression in FXS progenitors.

The mGluR theory of FXS postulates that exaggerated downstream
consequences of type I mGluR activation cause the FXS phenotype (2).
Intracellular calcium responses to mGluR1/5 activation are augmented
in FXS neural progenitors (23), suggesting that mGluR5-mediated dis-
turbances are involved in the early differentiation defects of FXS pro-
genitors. We found that increased Ca** influx through CP-AMPARs
might modify the responses to glutamate receptor activation in distinct
cell populations. The proportion of cells responsive to NMDA was par-
ticularly increased among cells expressing GluA2-lacking AMPARSs,
whereas responses to KA were not altered in a subpopulation of cells
unresponsive to DHPG, NMDA, or both. NMDA receptors largely
mediate the cytotoxic effects of glutamate, whereas type I mGluRs have
protective roles in neuronal cells (73). Thus, coordinated regulation of
functional responses to activation of ionotropic glutamate receptors
(iGluRs) and mGluRs could provide a selective system to control differ-
entiation of neural progenitors.

Altered differentiation of FXS iPSC-derived neural progenitors to
glutamatergic lineages is consistent with impaired maturation of glu-
tamatergic neurons and their signaling identified during the develop-
ment of the Fmr1-KO mouse brain (1, 13, 14). Delayed developmental
progression from exclusively NMDA to both AMPAR and NMDA re-
ceptor-mediated responses indicates functional maturation aberrances
of neurons expressing iGluRs in the brain of Fmr1-KO mice (1). We
showed that the absence of FMRP causes similar functional changes of
AMPAR channels in neural progenitors derived from FXS mouse
brain tissue and human iPSCs generated from several FXS males. Alter-
native splicing and miRNA regulation have recently been shown to
play fundamental roles in neural development and in the establishment
and function of neuronal networks. Our results provide evidence that
abnormal expression of noncoding genes contributes to functional
changes of FXS neural progenitors. The data indicate that patient-
specific iPSCs provide a useful tool for further studies investigating
neurobiology and for treatment responses in FXS. Dysregulation of CP-
AMPARs is implicated in a variety of neuropathologies, including epi-
lepsy, ischemia, traumatic injury, and neurodegeneration (42, 45-47).
The present study adds FXS to the group of diseases involving CP-
AMPARs. Alterations of Ca** signaling similar to those observed in
FXS are also found in models of FMR1 premutation, which associates
with the neurodegenerative disorder, FXS-associated tremor/ataxia
syndrome (16, 74). Moreover, recent evidence that FMRP is a substrate
in many neuropsychiatric disorders (75, 76) may indicate broader
implications for the present results.

MATERIALS AND METHODS

Human iPSC cultures and neuronal differentiation

The research using human iPSCs was approved by the Ethical Com-
mittee of the Hospital District of Helsinki and Uusimaa. Written
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Fig. 7. Intracellular calcium responses to KA/AMPA in subpopulations of glutamate-responsive FXS progeni-

C owT mice were crossed with a wild-type male
15 O. Fmr1-KO mouse, and embryos with FmrI-KO and
o wild-type genotype were used in the study.
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22100 o . .
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(\f)w & to the guidelines of the National Institutes
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and Use of Laboratory Animals and the
European Economic Community Council
Directive.

tors. (A) Average amplitude of [Ca']; responses to DHPG in subpopulations of cells responsive to AMPA blocked

totally and partially with Naspm in human neural progenitors at day 7 of differentiation. n = 134 cells (CTRL) and 156
cells (FXS) from HEL46.11, HEL11.4, HEL100.2, and HEL70.3 cell lines. Data are means + SEM of two independent ex-
periments. (B) Average amplitude of responses to KA in subpopulations of cells responsive to KA, DHPG, and NMDA
in human neural progenitors at day 7 of differentiation. n =498 cells (CTRL) and 803 cells (FXS). Data are means + SEM
of four independent experiments with three control and four FXS cell lines. (C) Amplitude of [Ca']; response to AMPA
in mouse neural progenitors at day 7 of differentiation. n = 185 cells (WT) and 208 cells (Fmr1-KO); 55 to 100 cells per
neurosphere. Data are means + SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 by one-
way analysis of variance (ANOVA) with post hoc Tukey analysis (A) or Student’s unpaired t test (B).

informed consent was provided to obtain human samples. The four FXS
iPSC lines (HEL100.1, HEL100.2, HEL69.5, and HEL70.3) and three
control cell lines (HEL46.11, HEL23.3, and HEL11.4) used in the study
were previously characterized (23, 77) and are summarized in fig. S1.
Several iPSC lines were reprogrammed from somatic cells of each male
using Sendai virus (CytoTune-iPS Sendai Reprogramming Kit, Gibco,
Life Technologies Ltd.) at the Biomedicum Stem Cell Center (Uni-
versity of Helsinki, Finland). Cells were grown as a monolayer on
Matrigel-coated plates (BD Biosciences) in Essential 8 (E8) medium
containing E8 supplement (both from Gibco, Life Technologies Ltd.).
Cultures were maintained at 37°C and 5% CO; in a humidified incu-
bator. All cell cultures were tested regularly to be free from mycoplasma
contamination using Mycoplasma detection kit (MycoAlert, Lonza
Group Ltd.). The culture medium was changed every other day, and
the cell colonies were passaged every 4 to 5 days using 0.5 mM EDTA
(Invitrogen, Life Technologies Ltd.) in phosphate-buffered saline (PBS).

Neural progenitors derived from iPSC lines were cultured in neu-
rospheres (23, 78). Initially, clusters of iPSCs were cultured to form
embryoid bodies (EBs) on low-adherent plates in neuronal differ-
entiation medium containing Dulbecco’s modified Eagle’s medium
(DMEM)/F-12, Neurobasal (1:1), B27 supplement, 2 mM GlutaMAX,
N2 supplement (all from Gibco, Life Technologies Ltd.), and basic
fibroblast growth factor (bFGF; 20 ng/ml; PeproTech). To optimize
cell survival and neuronal differentiation, Y-27632 dihydrochloride
(10 um, Abcam) was added in the culture medium on the first day.
After the first week, the medium was replaced every 2 to 3 days with
fresh culture medium. EBs were passaged by manual trituration about
once a week. After 6 weeks, neurospheres (average size, about 200 to
250 um) were differentiated for 1, 7, and 14 days on poly-p-lysine/
laminin (Sigma- Aldrich)-coated cover glasses in the culture medium
without mitogens. Neurospheres were treated with Naspm (10 uM)
after plating in neuronal differentiation medium and allowed to dif-
ferentiate for 1 day.

Mice
Fmr1-KO mice (B6.129P2-FmrI1™Y“#/J; The Jackson Laboratory)
were maintained in the C57BL/6]JOlaHsd substrain. Fmrl ~/* female
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Mouse cell cultures

Mouse cortical progenitors were gener-
ated at embryonic day 14 from the wall of
lateral ventricles of wild-type and Fmrl-
KO mice, as described previously (12, 79).
Progenitors were cultured as freely float-
ing neurospheres in DMEM/F-12 supple-
mented with B27 (both from Invitrogen,
Life Technologies Ltd.), 2 mM r-glutamine,
15 mM Hepes, penicillin (100 U/ml), streptomycin (100 U/ml) (all from
Sigma-Aldrich), and mitogens bFGF (10 ng/ml) and epidermal growth
factor (20 ng/ml; PeproTech). Cultures were maintained at 37°C and 5%
CO; in a humidified incubator. Each culture was genotyped and tested
to be free from mycoplasma contamination. The culture medium was
refreshed twice a week, and the mitogens were added three times per
week. For differentiation, neurospheres (middle-sized 200- to 250-um
spheres) were plated on poly-prL-ornithine (Sigma-Aldrich)-coated
cover glasses in the culture medium without mitogens. Growth factors
were always added to cultures a day before the initiation of the differ-
entiation for 1 or 7 days.

Calcium imaging

Calcium imaging was performed as previously described (12, 79). For
experiments, 15 to 20 mouse and human neurospheres were plated
on poly-pL-ornithine- and poly-p-lysine/laminin-coated 25-mm cover
glasses, respectively. At the indicated time points of differentiation,
cells were loaded with Fura-2 by incubating them in the dark at 37°C
for 20 min in Hepes-buffered medium (HBM; pH 7.4) containing
4 uM Fura-2 acetoxymethyl ester (Molecular Probes) dissolved in 4 mM
dimethyl sulfoxide (Sigma-Aldrich). The HBM contained 137 mM NaCl,
5mM KCI, 0.44 mM KH,POy,, 4.2 mM NaHCQ3, 2 mM CaCl,, 0.5 mM
MgCl,, 10 mM Hepes, and 10 mM glucose (all from Sigma-Aldrich).
Cover glasses were then attached to a heat-controlled perfusion cham-
ber on the microscope (20x objective, Nikon). Cells were perfused at
2 ml/min in HBM at 37°C and excited by alternating wavelengths of
340 and 380 nm using narrow-band excitation filters. Light emission
was measured through a 430-mm dichroic mirror and a 510-nm bar-
rier filter with an integrating charge-coupled device (CCD) camera
(COHU/Olympus). Perimeters of neuronal somata were outlined as
regions of interest (ROIs), and [Ca2"]; rise in each ROI was recorded
after agonist exposures. All agonists were diluted in HBM and sup-
plied through the perfusion system. An image (ratio, 340/380 nm)
was acquired each second; up to 40 to 100 cells were analyzed. The
images were collected and saved for later analysis using InCyt 4.5 soft-
ware (Intracellular Imaging Inc.) and Origin 6.0 (OriginLab Corp.) or
CellR software (Olympus). Changes (A) of [Ca?"]; were determined
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after background subtraction. The following glutamate receptor ago-
nists and antagonists were used: 10 uM DHPG (Abcam), 50 pM KA
(Tocris Bioscience), 50 uM AMPA (Tocris Bioscience), 5 uM PhTx
(Tocris Bioscience), 10 uM Naspm (Tocris Bioscience), 50 uM NMDA
(Sigma-Aldrich), and 10 uM glycine (Sigma-Aldrich).

Patch-clamp electrophysiology

Whole-cell patch-clamp recordings were performed with Axopatch
1B patch clamp amplifier and pClamp 10 software (Molecular Devices)
at a holding potential of =70 mV. Electrodes were pulled from bo-
rosilicate glass capillaries (World Precision Instruments) and had a
resistance of 3 to 4 megohms when filled with an internal solution con-
taining 100 mM N-methyl-p-glucamine, 100 mM CH3SOsH, 40 mM
CsF, 10 mM MgCl,, 10 mM Hepes, and 5 mM EGTA (pH adjusted
to 7.4 with CsOH and osmolarity adjusted to 305 mosmol). Cells were
continuously perfused with recording solution containing 150 mM
NaCl, 2.5 mM KC], 2.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and
10 mM Hepes (pH 7.4; 320 mosmol). L-Glutamate, NBQX, and Naspm
were diluted to recording solution and applied to the cells using a
piezo-driven applicator (Siskiyou Piezo Switcher, Siskiyou Corpora-
tion). All recordings were performed in the presence of cyclothiazide to
prevent rapid AMPAR desensitization. Drug applications lasted for 2 s,
each drug application was repeated twice, and traces were averaged for
analysis. In I-V curve recordings, spermine (Sigma-Aldrich) was added
to the internal solution to enhance the polyamine block of CP-AMPARSs.
Recordings were performed at a sampling rate of 5 kHz and low-pass
Bessel-filtered at 1 kHz. Analysis was performed using Clampfit 10.2
software (Molecular Devices) and Prism 4.02 software (GraphPad). The
following glutamate receptor agonists and antagonists were used: 1 mM
L-glutamate (Sigma-Aldrich), 100 uM cyclothiazide (Tocris Bioscience),
10 uM NBQX (Sigma-Aldrich), and 10 uM Naspm.

Immunocytochemistry

For immunocytochemistry of human iPSCs and neural progenitors,
cells were fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature (RT). After blocking nonspecific staining in PBS con-
taining 10% normal goat serum (NGS), 1% bovine serum albumin
(BSA), and 0.1% Triton X-100 for 45 min at RT, cells were incubated
with the primary antibodies overnight at 4°C. Primary antibodies
were diluted in PBS containing 1% NGS, 1% BSA, and 0.1% Triton
X-100. All primary antibodies used in the study are commercially
available and well characterized. We used primary antibodies recog-
nizing TRA-1-60 (1:500, MA1-023; Thermo Fisher Scientific), OCT4
(1:500, C30A3; Cell Signaling Technology), SOX2 (1:25, MAB2018;
R&D Systems), Nestin (1:50, SC-20978; Santa Cruz Biotechnology),
SSEA3 (1:100, MAB4303; Millipore), MAP2 (1:500, MAB364; Millipore),
and GluA2 (1:100, MABN?71; Millipore). Secondary antibodies were
applied in PBS containing 1% BSA for 45 min at RT. Secondary anti-
bodies were Alexa Fluor 488 mouse (1:500, A21042; Life Technologies
Ltd.), Alexa Fluor 488 rabbit (1:2000, A11008; Invitrogen), Alexa Fluor
488 rat (1:500, A21212; Life Technologies Ltd.), and Alexa 568 mouse
(1:5000, A11004; Invitrogen). After final washes, the cell nuclei were
counterstained with Vectashield mounting medium containing DAPI
(Vector Laboratories).

Image analysis

Fluorescent-stained cells were viewed, and images were obtained with
an epifluorescence microscope equipped with a Hamamatsu Orca
R2 monochrome CCD camera (Axio Imager, Zeiss). The images were
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processed using ZEN software (Zeiss). The proportion of cells was
measured by dividing the number of immunopositive cells by the
number of DAPI-positive cells in the whole migration area. Fluo-
rescence intensity was quantified using Image] software as described
previously (80). Corrected total cell fluorescence (CTCF) was mea-
sured as follows: CTCF = Integrated density — (Area of selected cell *
Mean fluorescence of background value).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from neural progenitors and mouse pre-
frontal cortex tissue using the RNA Purification Kit (Norgen Biotek
Corp.) according to the manufacturer’s instructions. Complemen-
tary DNA (cDNA) was synthesized from 1 ug of RNA using the
Transcriptor First Strand cDNA Synthesis Kit (Roche). Quantita-
tive reverse transcription polymerase chain reaction (RT-PCR) was
performed using the SYBR Green I Kit and LightCycler 480 II Real-
Time PCR System (Roche Diagnostics). For miRNA assays, 100 ng
of RNA was used to synthesize cDNA using the TagMan microRNA
Reverse Transcription Kit, and quantitative PCR was performed using
TaqMan Universal Master Mix II (both from Life Technologies Ltd.).
The primers used to amplify the specific cDNA regions of transcripts
are appended (table S1). Each sample was run in triplicate with melt-
ing curve analysis to detect primer dimer artifacts. Data were analyzed
using LightCycler 480 software (Roche) by the second derivative max-
imum method determining the threshold cycle (C;). Relative quanti-
ties of GRIA1, GRIA2, and miR-181a expression were calculated with
the AAC; method (81). Expression of GAPDH and miR-191 was used
to normalize the data.

Transcriptional profiling

For the Affymetrix Clariom D Human array (Thermo Fisher Scientific),
100 ng of total RNA was processed with a GeneChip WT PLUS reagent
kit (Thermo Fisher Scientific) according to the sample preparation
guide. Affymetrix Expression Console Software was used for data anal-
ysis. The data were processed using signal space transformation-robust
multichip analysis that includes background reduction and intensity
normalization.

Statistical analysis

Data are means + SEM. Statistical comparisons were performed with
two-tailed Student’s unpaired ¢ test, Fisher’s exact test, one-way ANOVA
followed by post hoc Tukey analysis, and Mann-Whitney test using
IBM SPSS analysis software. A P value of <0.05 was considered statis-
tically significant.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/513/eaan8784/DC1
Fig. S1. Characterization of human iPSC lines.

Table S1. Primer sequences used in real-time quantitative PCR.
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Calcium-permeable AMPARSs in FXS

The intellectual disability disorder FXS (fragile X syndrome) is associated with changes in neuronal function and
circuitry in the brain that impair synaptic plasticity, which is critical to learning. Among these changes are increased
excitability, impaired maturation of neural structures, and altered differentiation of neural stem cells. To explore these
phenotypes in human neurons, Achuta et al. engineered neuronal progenitors from human primary fibroblasts. In those
derived from boys with FXS, the expression of the AMPA receptor subunit GIuA2 was decreased, which resulted in a
greater number of AMPA receptors that lacked GIuA2 and thus facilitated increased calcium influx into the cells.
Pharmacologically blocking GluA2-lacking AMPA receptors in FXS-derived cultures and in FXS mouse models restored
normal neuronal function and phenotypes. The decrease in GIuA2 may be mediated by the abnormal abundance or
mislocalization of a repressive microRNA due to loss of the RNA binding protein FMRP, which causes FXS.
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