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SUMMARY

Fragile X syndrome, the most common inherited form of intellectual disability, is caused by loss of fragile X
mental retardation protein (FMRP). GABAergic system dysfunction is one of the hallmarks of FXS, yet the un-
derlying mechanisms remain poorly understood. Here, we report that FMRP interacts with GABAA receptor
(GABAAR) and modulates its single-channel activity. Specifically, FMRP regulates spontaneous GABAAR
opening through modulating its single-channel conductance and open probability in dentate granule cells.
FMRP loss reduces spontaneous GABAAR activity underlying tonic inhibition, while N-terminal FMRP frag-
ment (aa 1–297) is sufficient to rapidly normalize tonic inhibition in Fmr1 knockout (KO) granule cells.
FMRP-GABAAR interaction is supported by co-immunoprecipitation of FMRPwith at least one GABAAR sub-
unit, the a5. Functionally, FMRP-GABAAR interaction ensures accuracy of coincidence detection of granule
cells, which ismarkedly reduced in Fmr1KOs. Our study reveals amechanism underlying FMRP regulation of
the GABAergic system and information processing in the hippocampus.

INTRODUCTION

Fragile X syndrome (FXS) is the leading monogenic cause of in-

tellectual disability, which stems from mutations in the Fmr1

gene resulting in a loss of fragile X mental retardation protein

(FMRP) (Salcedo-Arellano et al., 2020). Accumulating evidence

implicates dysfunction of the GABAergic system as one of the

major contributing factors to neural circuit deficits and clinical

abnormalities in FXS (Van der Aa and Kooy, 2020). Over half of

GABAA receptor (GABAAR) subunits are reported to be affected

at the protein level in FXS models and patients (Van der Aa and

Kooy, 2020). Targeting the GABAergic system also showed

promising therapeutic potential in animal studies (Lozano et al.,

2014). Unfortunately, clinical trials failed to reach significant

improvements in FXS individuals, suggesting that better

understanding of the mechanisms underlying GABAergic

system dysfunction are needed for successful development of

GABAergic-system-based interventions.

The GABAergic system modulates activity of neural networks

through two distinct modes, phasic inhibition and tonic inhibi-

tion, which are mediated by the synaptic and extrasynaptic

GABAARs, respectively (Tang et al., 2021). Phasic inhibition

plays a critical role in rapid time-locked feed-forward and feed-

back inhibition, while tonic inhibition acts persistently to shape

signal integration via its hyperpolarizing and shunting effects.

The phasic GABAARs have a high density at synapses, but the

extrasynaptic tonic GABAARs are much more abundant overall

because synapses constitute only a small part of the cell surface

(<1%) (Kasugai et al., 2010). Moreover, unlike phasic inhibition,

tonic conductance is continuously active, and �95% of total

GABAAR charge transfer is attributed to tonic conductance

(O’Neill and Sylantyev, 2018). A number of studies have identi-

fied abnormalities of tonic inhibition in various brain regions of

FXSmousemodels (Curia et al., 2009; D’Hulst et al., 2006;Martin

et al., 2014; Modgil et al., 2019; Olmos-Serrano et al., 2010,

2011; Whissell et al., 2015; Zhang et al., 2017), yet the underlying

mechanisms, as well as physiological consequences, of these

defects remain poorly understood.

The hippocampus plays a central role in learning and memory.

Within the canonical trisynaptic hippocampal circuit, dentate gy-

rus granule cells (GCs) are first-station neurons that perform inte-

gration and coincidence detection of cortical inputs. This signal

processing underlies pattern separation, a process critical to

ensure that new memories are encoded separately from previ-

ous inputs (Jonas and Lisman, 2014). Tonic inhibition in dentate

GCs plays a major role in these processes of neuronal signal

filtering and integration (O’Neill and Sylantyev, 2018). We there-

fore used dentate gyrus GCs as a model system to probe

whether and how FMRP regulates GABAARs to control tonic in-

hibition and signal integration in the hippocampus.
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RESULTS

FMRP regulates single-channel activity of GABAARs
To investigate whether FMRP regulates GABAAR activity, we

performed GABAAR single-channel recordings in outside-out

patches excised from the somata of GCs of wild-type (WT) or

Fmr1 knockout (KO) mice. In the absence of exogenous GABA,

we observed 3 open states (i.e., low-, mid- and high-conduc-

tance states) in both WT and KO mice (Figures 1A and 1B)

(Yeung et al., 2003). We developed a Gaussian fit with subtrac-

tion method (Figure S1) and successfully isolated 3 open states

and their corresponding single-channel properties. We found

that loss of FMRP reduced single-channel currents/conduc-

tances in mid- and high-conductance states, with no significant

Figure 1. Loss of FMRP affects GABAAR sin-

gle-channel properties

(A) Sample traces of GABAAR single-channel

recordings in outside-out patches from dentate

gyrus GCs in WT (black) and Fmr1 KO (red). Line C

denotes a closed state; lines L, M, and H are low-,

mid- and high-conductance states, respectively.

Note that picrotoxin (PTX) completely blocked all

openings.

(B) All-point distribution of single-channel re-

cordings and isolation of 3 open states using

Gaussian fit with subtraction method (see Fig-

ure S1). Lines C, L, M, and H denote centers of

Gaussian fits of closed, low- (cyan), mid- (green),

and high- (blue) conductance states, respectively.

Inserts, enlargements of high-conductance states.

For comparison among patches, the number of

data points per bin was normalized to the corre-

sponding total data points.

(C and D) Summarized data of single-channel

currents (C) and conductances (D) of GABAARs’

low-, mid-, and high-conductance states.

(E) Open probability of GABAAR’s low-, mid-, and

high-conductance states.

*p < 0.05; **p < 0.01; ns, not significant. The sta-

tistical data are listed in Table S1. Data are mean ±

SEM.

changes in the low-conductance state

(Figures 1C and 1D; statistical data for

everymeasurement in this study are listed

in Table S1). Furthermore, loss of FMRP

decreased the GABAAR open probability

in the high-conductance state and

increased it in the low-conductance state,

with no changes observed in the mid-

conductance state (Figure 1E). Changes

in open probability could be attributed to

altered open frequency and/or open dwell

time (open duration). We thus analyzed

the GABAAR’s open dynamics and found

that loss of FMRP reduced open fre-

quency in the high-conductance state,

increased it in the low-conductance state,

and had no effect in the mid-conductance

state (Figure 2A). We further observed

changes in open dwell time (Figures 2B–2D); specifically, loss

of FMRP reduced open dwell times in the high-conductance

state, but increased it in low- and mid-conductance states (Fig-

ure 2F). We did not observe significant changes in the closed

dwell time in the Fmr1 KO GCs compared with WT GCs

(Figures 2E and 2F).

To better understand the overall impact of these complex

changes on GABAAR activity, we calculated the channel’s

weighted mean current/conductance and found that it was

significantly decreased in Fmr1 KO GCs compared with WT

GCs (Figure 2G), indicating that the overall function of

GABAARs is decreased in KOGCs.We then determined the con-

tributions of the 3 conductance states to the overall charge

transfer by integrating conductances and their corresponding
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open probabilities (Figure 2H). This analysis showed that the

contribution of the high-conductance state decreased in Fmr1

KOGCs by�61%while the contribution of the low-conductance

state increased by �48%, without a significant change in the

mid-conductance state (Figure 2H).

Taken together, these results show that FMRP loss markedly

alters GABAAR single-channel activity in GCs, causing an overall

reduction of GABAAR function. This is evident in a redistribution

Figure 2. Loss of FMRP alters GABAARopen

dynamics

(A) Open frequency of GABAAR’s low-, mid-, and

high-conductance states in WT and Fmr1 KO.

(B–E) Cumulative probability of GABAAR open

dwell time for low- (B), mid- (C), and high-

(D) conductance states and for closed dwell time

(E). Insets, open (B–D, bin size = 0.1 ms) or closed

(E, bin size = 1 ms) dwell-time distributions of

corresponding states.

(F) Summarized data of dwell time for low-, mid-,

and high-conductance and closed states.

(G) Weighted GABAAR mean current and

conductance in WT and Fmr1 KO.

(H) Weighted contributions of 3 conductance

states to GABAAR channel charge transfer.

*p < 0.05; **p < 0.01; ns, not significant. The sta-

tistical data are listed in Table S1. Data are

means ± SEM.

of the receptor’s open states in which

conductance and open probability are

decreased in the high-conductance state,

while open probability is increased in the

low-conductance state. We note that

in addition to the relevance of these

observations to FXS, these results also

advance our understanding of GABAAR

biophysics since, to the best of our knowl-

edge, no native auxiliary regulators of

GABAAR conductance have been previ-

ously reported in neurons.

FMRP regulates spontaneous
opening of extrasynaptic GABAARs
mediating tonic inhibition
The persistent activity of extrasynaptic

GABAARs is the core mechanism of tonic

inhibition (Belelli et al., 2009; Bryson et al.,

2020). Our observation that somatic

GABAAR activity is decreased by FMRP

loss thus predicts that tonic inhibition

may also be reduced by FMRP loss. To

examine this possibility, we performed

whole-cell recordings in GCs and defined

tonic inhibition as the difference in the

holding current before and during appli-

cation of picrotoxin (100 mM) (Wlodarczyk

et al., 2013). As predicted, we found

significantly reduced tonic inhibition in

Fmr1 KO GCs (Figures 3A and 3B). Tonic

inhibition could arise from activation of GABAARs by ambient

GABA or from spontaneous openings of GABAARs (Belelli

et al., 2009). In the former case, it is possible that reduced tonic

inhibition is caused by decreased ambient GABA concentrations

in Fmr1 KOs. To examine this possibility, we exogenously

administered GABA (1, 3, or 10 mM) and then measured tonic in-

hibition. We found that, at the same GABA concentrations, tonic

inhibition was still significantly reduced in Fmr1 KO GCs
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Figure 3. FMRP interacts with GABAARs to control GABA-independent tonic inhibition

(A) Sample traces of tonic inhibition in basal condition and in response to exogenous application of GABA. Up-down arrows indicate amplitude of tonic inhibition.

Postsynaptic currents were digitally removed for clarity.

(B) Summarized data of tonic inhibition in the basal condition and in response to exogenous application of GABA.

(C) Tonic inhibition in response to d-GABAAR-specific agonist THIP.

(D and E) Sample traces (D) and summarized data (E) of holding current in response to gabazine (GBZ) and PTX.

(F) Summarized data of total and spontaneous tonic inhibition.

(legend continued on next page)
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compared with WT GCs (Figures 3A and 3B), and the extent of

this reduction was nearly the same whether exogenous GABA

was present (on average, 46.3%) or not (49.5%). Thus, the

decreased tonic inhibition arises, in large part, from dysfunction

of GABAARs per se in Fmr1 KO neurons rather than from insuffi-

cient ambient GABA concentrations.

We next evaluated to what extent the spontaneous opening of

GABAARs contributes to the reduction of tonic inhibition in Fmr1

KOs. To isolate the GABA-independent (due to spontaneous

opening of GABAARs) component of tonic inhibition, we took

advantage of the distinct properties of two GABAAR antagonists

(gabazine versus picrotoxin): the effect of gabazine, as a

competitive antagonist, is GABA-dependent, while picrotoxin

blocks all GABAAR openings. Thus, in the presence of gabazine,

the effect of picrotoxin is GABA-independent. We found that ga-

bazine completely abolished spontaneous inhibitory postsyn-

aptic currents but had no effect on the holding current (i.e., tonic

inhibition) in both WT and KO neurons (Figures 3D and 3E), sug-

gesting that GABA-dependent tonic inhibition in GCs is negli-

gible in both genotypes. However, in the presence of gabazine,

picrotoxin produced significantly smaller changes in holding cur-

rent in Fmr1 KO neurons (Figure 3E), indicating that GABA-inde-

pendent tonic inhibition is decreased in KO neurons. Thus, both

total tonic inhibition andGABA-independent tonic inhibitionwere

strongly decreased in Fmr1 KO neurons and to a similar extent

(Figure 3F). These results show that FMRP regulates sponta-

neous GABAAR activity, which accounts for the vast majority of

tonic inhibition in GCs.

GABAARs have a pentameric structure composed of two a,

two b, and one of either the d, g, ε, q, p, or r subunits. In GCs,

d-containing GABAARs (d-GABAARs) mediate a large proportion

of tonic inhibition (Nusser and Mody, 2002). We thus tested to

what extent dysfunction of d-GABAARs contribute to the

decrease in tonic inhibition in Fmr1 KO neurons by using a spe-

cific d-GABAAR agonist THIP. The effect of THIP on tonic inhibi-

tion was markedly smaller in Fmr1 KO than in WT neurons at all

tested concentrations (Figure 3C), suggesting a reduced contri-

bution from d-GABAARs in the KO neurons. Indeed, we esti-

mated that loss of FMRP reduced tonic inhibition by 42.9%

when evaluated by THIP, which constitute a large proportion of

the overall reduction of 49.5%. This analysis indicates that the

reduction of tonic inhibition is in a large part due to defects in

d-GABAARs in Fmr1 KO GCs.

FMRP interacts with GABAARs
Given that FMRP rapidly and directly interacts with a number of

ion channels to regulate their activity (Deng and Klyachko, 2021),

we next asked whether FMRP interacts with GABAARs to modu-

late tonic inhibition in GCs. If this is the case, we reasoned that

acute neutralization of FMRP in WT GCs should mimic the

reduced tonic inhibition observed in the KO neurons. Using a

miniaturized perfusion system (Deng et al., 2019; Myrick et al.,

2015), we applied a monoclonal antibody (Ab) (1:400) against

the N-terminal part of FMRP via a patch pipette to acutely

neutralize FMRP in the WT GCs. The Ab perfusion produced

an outward shift of holding current (Figure 3G) and significantly

reduced tonic inhibition in WT GCs (Figures 3G and 3H), indi-

cating that acute neutralization of FMRP in WT GCs phenocop-

ied the reduced tonic inhibition observed in KO GCs. To verify

the specificity of the FMRP Ab, we performed the same experi-

ments in the Fmr1 KOmice. The Ab neither changed the holding

current (Figure 3G) nor tonic inhibition (Figure 3H) in KO GCs,

supporting that the FMRP Ab reduces tonic inhibition in WT neu-

rons specifically by neutralizing FMRP.

The rapid effect of the FMRP Ab on tonic inhibition suggests

that FMRPmight directly interact with GABAARs to regulate their

activity and tonic inhibition. If this is the case, reintroduction of

FMRP into the Fmr1 KO neurons would be expected to rapidly

increase tonic inhibition. We tested this possibility by acutely

perfusing the N-terminal FMRP fragment aa 1–297 (FMRP297,

100 nM) in the KO GCs via a recording pipette and measuring

changes in the holding current and tonic inhibition. We found

that rapid introduction of FMRP297 in the KO GCs produced an

inward shift in the holding current (Figure 3I) and significantly

increased tonic inhibition (Figures 3I and 3J) to the WT levels.

The heat-inactivated FMRP297 had no effect on the holding cur-

rent or tonic inhibition (Figures 3I and 3J).

To further support the interaction between FMRP and

GABAARs, we used a biochemical approach to test whether

FMRP interacts with any of the GABAAR subunits commonly

found in extrasynaptic GABAARs in GCs: a4, a5, and d (Farrant

and Nusser, 2005). We observed a reliable co-immunoprecipita-

tion (coIP) of the a5 subunit of GABAAR with FMRP. Specifically,

when the a5 subunit of GABAAR was immunoprecipitated from

brain lysate of WT mice, or from Fmr1 KO mice as a negative

control, and analyzed by western blot for FMRP, we observed

coIP of the a5 subunit with FMRP in WT but not Fmr1 KO mice

(Figure 3K). We opted to IP with the GABAAR a5-subunit Ab

and probe for FMRP because in the reverse experiment, probing

for the a5 subunit would not be interpretable due to the fact that

the a5subunit of GABAAR is around 55 kD, which is a similar mo-

lecular weight as the immunoglobulin G (IgG) heavy chain used

for IP, and despite a crosslinking step, the IgG heavy chain is de-

tected (Figure 3K). Western blot for GAPDH and ponceau stain-

ing (Figure 3K, bottom panel) confirmed that similar amount of

input material was used for WT and Fmr1 KO. These results sug-

gest that FMRP interacts with the a5 subunit of GABAAR. We

cannot exclude the possibility that FMRP may also interact

(G and H) Sample traces (G) and summarized data (H) for the effects of FMRP antibody (anti-FMRP) on holding current and tonic inhibition. a, basal tonic inhibition

(before application of anti-FMRP); b, effects of anti-FMRP on holding current; c, tonic inhibition in the presence of anti-FMRP. Bar graph in (G) shows effects of

FMRP antibody on changes in holding current (i.e., b values). **p < 0.01; ns, not significant, versus D holding current = 0.

(I and J) Same as (G) and (H) for the effects of FMRP297 and heat-inactivated FMRP297 in Fmr1 KO GCs.

(K) GABAAR a5 subunit was immunoprecipitated from protein extract prepared from WT or Fmr1 KO mice brain and analyzed by western blot with anti-FMRP

antibody. GAPDH was used as a loading control for the lysate and as a negative control for the IP. Bottom panel shows ponceau staining, which was used as an

additional loading control for the lysate. Arrow: FMRP band; asterisk: IgG heavy-chain band. N = 4 independent coIP experiments for WT, N = 2 for Fmr1 KO.

*p < 0.05; **p < 0.01; ns, not significant. The statistical data are listed in Table S1. Data are mean ± SEM.
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with other GABAAR subunits such as a4 and d, but due to the

limitations of our coIP experiments, we could only reliably

confirm interaction with the a5 subunit.

Taken together, these results support the notion that FMRP in-

teracts with GABAARs to rapidly regulate their activity and tonic

inhibition in dentate gyrus GCs.

Figure 4. FMRP regulates coincidence

detection in dentate gyrus GCs

(A) Sample traces of coincidence-detection mea-

surements in WT and Fmr1 KO GCs (10 trials

overlapped for each panel). A pair of EPSC-like

currents were injected via recording pipettes. Left

insert, recording diagram; input 1 is in gray, and

input 2 is in black, with inter-stimulus intervals Dt

from -40 to 40ms, as shown in (C). Right insert, bar

graph showing large AP jitter in KO GCs.

(B) Top panel, raster plot of AP firing (horizontal

lines represent trials; ticks denote APs). Bottom

panel, summarized data of coincidence-detection

measurements fitted by Gaussian function. Insert,

coincidence-detection time window.

(C) Analysis of excitatory potential summation ratio

(top), top width (middle) and decay time constant

(bottom) when injecting currents failed to trigger an

AP.

(D) Same as in bottom panel of (B) but recorded

from the pharmacologically isolated GCs.

(E) Same as (C) but recorded from the pharmaco-

logically isolated GCs.

(F) Same as (D) but in the presence of PTX re-

corded from the pharmacologically isolated GCs.

(G) Same as (E) but in the presence of PTX re-

corded from the pharmacologically isolated GCs.

*p < 0.05; **p < 0.01; ns, not significant. The sta-

tistical data are listed in Table S1. Data are

means ± SEM.

FMRP regulates coincidence
detection in dentate gyrus GCs
Coincidence detection is one of the crit-

ical mechanisms underlying pattern sepa-

ration essential for successful memory

storage and recall (Jonas and Lisman,

2014), and this process is regulated

by GABAAR-mediated tonic inhibition

(O’Neill and Sylantyev, 2018). We there-

fore examined the role of FMRP-GABAAR

interactions in coincidence detection in

dentate gyrus GCs and its implications

to information processing deficits in the

absence of FMRP.

To measure the coincidence detection

time window, two equal size excitatory

postsynaptic current (EPSC)-like currents

were injected via a recording pipette at

different intervals (Dt from 0 to ± 40 ms;

Figures 4A, 4B, and S2A) to evoke a pair

of excitatory potentials (see STAR

Methods for details). The amplitude

of the input currents was gradually

increased to reach �50% probability to

evoke a single action potential (AP) when two inputs were

coincidental (Dt = 0 ms), and this current intensity was fixed

for the rest of the measurements in the same cell. Under these

conditions, we found that the coincidence-detection time win-

dow was significantly broader in Fmr1 KO neurons (Figure 4B).

We also noticed that loss of FMRP increased excitability of
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GCs, as evident by the reduced AP threshold and increased

spiking (Figure S3). However, this did not affect our measure-

ments of coincidence detection because stimulus intensity

was set so that the AP firing probability did not differ atDt = 0 be-

tween genotypes (Table S1). To better understand the role of

FMRP in regulating the coincidence-detection time window,

wemeasured several key parameters that are known to correlate

with the accuracy of coincidence detection, namely the

excitatory potential summation ratio and decay time (Cook

et al., 2003; Kuba et al., 2002) (Figure S2). Because we noticed

a larger variability of AP timing in KO neurons (i.e., AP jitter;

Figure 4A, insert), we also examined the top width of excitatory

potential, which was defined as the width at 97.5% height of

the 2nd peak of the excitatory potential (see STAR Methods for

details) (Figure S2). We found that all these parameters were

significantly increased in Fmr1 KO neurons compared with

WT neurons (Figure 4C), suggesting that a stronger and pro-

longed excitatory postsynaptic potential (EPSP) summation re-

sults in a wider coincidence-detection time window in the KO

neurons. Together, these results indicate that FMRP can confine

the coincidence-detection time window and regulate signal

integration.

Tonic GABAAR conductance can act to reduce the amplitude

and decay time of the membrane voltage changes through

GABAAR-driven hyperpolarization and shunting (Farrant and

Nusser, 2005). Thus, the broadened coincidence-detection

time window in Fmr1 KO neurons could be caused by the

reduced GABAAR-mediated tonic inhibition. If this is the case,

we reasoned that blocking spontaneous opening of GABAARs

should eliminate the differences in the coincidence-detection

time window between genotypes. To examine this possibility,

we first excluded the circuit effects of GABAAR inhibition on

coincidence detection by pharmacologically isolating GCs

with a cocktail of both glutamatergic and GABAergic antago-

nists (in mM, 50 APV, 10 DNQX, 10 MPEP, 5 gabazine, 2

CGP55845). We found that in the pharmacologically isolated

GCs, the differences between genotypes in the coincidence-

detection time window and excitatory potential parameters

(Figures 4D and 4E) remain largely the same as those observed

in the intact circuit (Figures 4B and 4C), indicating that the

coincidence detection deficits in the Fmr1 KO neurons have a

cell-autonomous origin. Importantly, in isolated GCs, picro-

toxin (100 mM) abolished the differences in the coincidence-

detection time window, as well as in excitatory potential

summation, top width, and decay time between genotypes

(Figures 4F and 4G).

We note that similarly to deficits of coincidence detection in

the absence of FMRP, increased excitability of GCs had a cell-

autonomous origin (Figures S3A and S3B) and was also caused

by reduced spontaneous opening of GABAARs (Figures S3C,

S3E, and S3F). In contrast, loss of FMRP had no effect on the

passive membrane properties, including resting membrane po-

tential, capacitance, and input resistance of GCs (Figures S4A–

S4C), nor were the basal excitatory and inhibitory inputs onto

GCs affected (Figures S4D–S4G).

Together, these results suggest that FMRP regulates activity

of spontaneously opening GABAARs to control excitability, tonic

inhibition, and coincidence detection in GCs.

DISCUSSION

Our results demonstrate that FMRP interacts with GABAARs

and regulates their activity at the single-channel level. The

FMRP-GABAAR interaction controls the spontaneous opening of

the receptor bymodulating its conductance and open probability.

Physiologically, the FMRP-GABAAR interaction regulates tonic in-

hibition to maintain neuronal excitability and ensure accurate

signal integration and coincidence detection of dentate gyrus

GCs. Consequently, loss of FMRP leads to dysregulation of

this critical GABAAR-dependent signaling, resulting in reduced

single-channel activity of spontaneously opening GABAARs,

decreased tonic inhibition, and less-precise signal integration of

GCs. The present study thus demonstrates that FMRP interacts

with a neuronal receptor to regulate its activity. This interaction

represents a molecular mechanism by which FMRP regulates

important aspects of information processing in the dentate gyrus

and advances our understanding of the pathophysiology of FXS.

FMRP regulates GABAAR single-channel activity
In FXS, the dysfunction of the GABAergic system, including both

phasic and tonic inhibition, is believed to play major roles in the

clinical phenotypes (Van der Aa and Kooy, 2020). Yet the

mechanisms and physiological consequences of abnormal

GABAergic inhibition in FXS remain poorly understood. While

FMRP is well established to regulate translation of a large num-

ber of neuronal proteins, including over half of GABAAR subunits

(Van der Aa and Kooy, 2020), recent evidence shows that FMRP

can also interact with several K+ and Ca2+ channels to rapidly

regulate their activity directly (Brown et al., 2010; Deng et al.,

2013, 2019; Yang et al., 2018; Zhan et al., 2020). Via these pro-

tein-protein interactions, FMRP controls neuronal excitability in

many parts of the brain. However, whether this direct and rapid

form of modulation by FMRP is limited to classical ion channels

and cellular excitability, or has more widespread functions, has

remained unknown.

In the present study, we demonstrate that FMRP regulates

GABAAR activity at the single-channel level. This includes mod-

ulation of single-channel conductance and open probability of

GABAAR. We further demonstrate that rapid neutralization of

FMRP by an Ab against the N-terminal half of FMRP in WT neu-

rons phenocopies reduction of tonic inhibition observed in Fmr1

KO GCs. Moreover, acute reintroduction of the N-terminal

FMRP297 fragment (which is incapable of translational regulation)

in Fmr1 KO neurons is sufficient to normalize tonic inhibition to

WT levels within minutes. The modulation of GABAAR single-

channel properties by FMRP together with the rapid and

reversible actions of FMRP on tonic inhibition is consistent with

protein-protein interactions of FMRP with GABAARs. This inter-

action mechanism is further supported by our coIP experiments.

Thus, our results provide evidence that FMRP can interact with a

neuronal receptor to regulate its single-channel activity. Future

studies will be needed to determine if this type of regulation is

present in other brain areas and/or is limited to GABAARs or

also involves other neuronal receptors.

Native GABAARs are heteropentamers, and the agonist/

modulator binding sites in GABAARs are located at inter- or intra-

subunit interfaces. For example, neurosteroids enhance tonic
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inhibition mediated by d-GABAARs via two binding sites: one

located at the a-b subunit interface and the other within the a

subunit (Stell et al., 2003). Similarly, our observation that

dysfunction of d-GABAARs contribute significantly to reduced

tonic inhibition in Fmr1 KO neurons does not necessarily mean

that FMRP directly interacts with the d subunit. Indeed, our

coIP analysis shows that FMRP interacts with the a5 subunit of

GABAAR. Importantly, our results do not exclude the possibility

that FMRP also interacts with other GABAAR subunits commonly

involved in tonic inhibition, but it was not detected reliably in our

coIP experiments. In fact, d subunits often co-assemble with a4,

and we observed FMRP interaction with a4 in some experiments

(data not shown) but could not verify it robustly. Thus, these re-

sults only provide proof-of-principle evidence that FMRP inter-

acts with at least one subunit of GABAAR. A number of different

GABAAR compositions have been identified at extrasynaptic

sites and capable of generating a tonic conductance in various

brain regions (Brickley and Mody, 2012). Among these, a4bd

and a5bg2 are most common, but a5bd have also been sug-

gested to function at extrasynaptic sites in the neocortex and

hippocampus (Sperk et al., 2021; Brickley and Mody, 2012;

Reddy, 2013). Thus, it remains to be determined whether a5-

containing and d-containing GABAARs represent two different

or the same population of GABAARs contributing to reduced

tonic inhibition in the absence of FMRP. More broadly, given

that there is a large number of known subunit compositions of

the GABAARs, extensive future studies will be required to define

which GABAAR compositions interact with FMRP. Notably, our

observation that, via this interaction, FMRP regulates GABAAR

conductance is also fundamentally significant for understanding

GABAAR regulation. While the subunit composition of the

GABAAR is known to affect single-channel conductance (Han

et al., 2021), to the best of our knowledge, there are no other

known auxiliary modifiers of GABAAR conductance previously

described.

Importantly, FMRP regulation of GABAARs and tonic inhibition

is an interplay of multiple mechanisms, which, in addition to pro-

tein-protein interactions reported here, include translational

regulation and changes in receptor surface expression. This is

evident in reduced expression levels of the GABAAR d subunit

in several brain areas, including the dentate gyrus (Adusei

et al., 2010; D’Hulst et al., 2009; D’Hulst et al., 2006; D’Hulst

et al., 2015; Olmos-Serrano et al., 2010; Sabanov et al., 2017;

Vien et al., 2015; Zhang et al., 2017), and reduced surface levels

of the d subunit reported in GCs (Zhang et al., 2017). In addition,

reduced ambient GABA levels due to decreased glutamic acid

decarboxylase (GAD) or reduced GABA release have been

observed in Fmr1 KO mice (Braat et al., 2015; Davidovic et al.,

2011; Olmos-Serrano et al., 2010). These mechanisms also

contribute to altered tonic inhibition, although they may play a

less prominent role in the case of dentate GCs, in which tonic in-

hibition is largely GABA-independent (Wlodarczyk et al., 2013).

Collectively, even though multiple mechanisms contribute to

the modulation of tonic inhibition, our findings that tonic

inhibition in Fmr1 KO neurons can be rapidly normalized to WT

levels in a translation-independent manner suggest that the

FMRP-GABAAR interaction plays a major role in the modulation

of tonic inhibition in dentate GCs.

FMRP-GABAAR interaction and signal processing in the
hippocampus
Coincidence detection in GCs is a critical mechanism for pattern

separation of cortical inputs, which is essential for memory

storage and recall (Cayco-Gajic and Silver, 2019). This function

requires GCs to maintain a narrow and precisely controlled

coincidence-detection time window. Our results indicate that

via the regulation of spontaneously opening GABAARs, FMRP

enhances tonic inhibition to sharpen coincidence detection.

Consequently, loss of FMRPmarkedly deteriorates the accuracy

of coincidence detection, which is phenocopied by blocking

tonic inhibition in WT GCs.

Tonic inhibition can maintain the accuracy of coincidence

detection via several concurrent mechanisms. Tonic GABAAR

conductance can work via its hyperpolarizing and shunting ac-

tions to reduce the amplitude and decay time of the membrane

potential changes, which are two critical parameters deter-

mining the acuity of coincidence detection (Farrant and Nusser,

2005). In line with this mechanism, we found that reduced tonic

inhibition in Fmr1 KO GCs prolonged the decay time and top

width of excitatory potentials, thus enhancing their summation

and increasing variability of AP timing, which leads to a broad-

ening of the coincidence-detection time window. In addition,

tonic inhibition can also enhance accuracy of coincidence

detection by setting the AP threshold (Azouz and Gray, 2000).

Indeed, we found that the AP threshold is decreased in Fmr1

KO GCs in a cell-autonomous manner and that blocking tonic

inhibition eliminates the difference in AP threshold between

genotypes.

In conclusion, our results demonstrate that FMRP interacts

with extrasynaptic GABAARs and regulates their activity to

modulate signal integration and maintain accurate coincidence

detection in the GCs. This interaction represents a mechanism

by which FMRP regulates some of the critical aspects of signal

processing in the hippocampus and thus advances our under-

standing of pathophysiology of FXS.

Limitations of the study
The main conceptual limitation is that our current analyses are

limited to one cell type and one brain area, while some of the ef-

fects of FMRP are known to be cell-type and brain-area specific.

Moreover, electrophysiological recordings of native GABAARs

do not permit us to define the composition of the spontaneously

opening GABAARs regulated by FMRP, except for the predomi-

nance of the d-GABAARs. Thus, the conductance/gating

changes observed in our single-channel recordings may not

directly or fully reflect the activity of the same GABAARs as those

identified in coIP experiments or those involved in the signal inte-

gration in GCs. This limitation also partially arises from lack of

cellular specificity of the coIP experiments, which cannot be per-

formed from native GCs alone.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Vitaly A.

Klyachko (klyachko@wustl.edu).

Materials availability
This study did not generate new or unique reagents or other materials.

Data and code availability
d This paper does not report standardized data types. All data reported in this paper will be shared by the lead contact upon

request.

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FMRP antibody (for intracellular perfusion) Millipore Cat# MAB2160; RRID: AB_2283007

Anti-FMRP antibody (for Co-Immunoprecipitation) Cell Signaling Technology Cat# 4317; RRID: AB_1903978

Anti-GABAR a5 subunit antibody Synaptic Systems Cat# 224503; RRID: AB_2619944

Anti-GAPDH Santa Cruz Biotechnology Cat# sc-25778; RRID: AB_10167668

Chemicals, peptides, and recombinant proteins

(2 S)-3-[[(1 S)-1-(3,4-Dichlorophenyl)ethyl]amino-2-

hydroxypropyl](phenylmethyl)phosphinic acid hydrochloride (CGP55845)

Tocris Bioscience 1248

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid,

N-(2-Hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid) (HEPES)

MilliporeSigma H3375

4,5,6,7-Tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride (THIP) Tocris Bioscience 0807

6,7-Dinitroquinoxaline-2,3-dione(DNQX) Tocris Bioscience 2312

A/G magnetic beads Thermo Scientific 88803

Adenosine 5’-triphosphate disodium (Na2-ATP) MilliporeSigma A1852

Adenosine 5’-triphosphate magnesium (Mg-ATP) MilliporeSigma A9187

BCA assay kit Thermo Scientific 23227

D-(-)-2-Amino-5-phosphonopentanoic acid (APV) Tocris Bioscience 0106

Fragile X mental retardation protein aa1-297 (FMRP297) Novus Biologicals H00002332-P01

Guanosine 50-triphosphate sodium (Na-GTP) MilliporeSigma G8877

Picrotoxin (PTX) Tocris Bioscience 1128

QX-314 MilliporeSigma 552233

SR 95531 hydrobromide (Gabazine, GBZ) Tocris Bioscience 1262

Tetrodotoxin (TTX) Tocris Bioscience 1069

g-Aminobutyric acid (GABA) Tocris Bioscience 0344

Experimental models

Fmr1 KO mice Jackson Laboratory 004624

WT control mice Jackson Laboratory 004828

Software and algorithms

Stim&Record Custom software N/A

LabView National Instrument LabView 8.6

MATLAB MathWorks MATLAB 2012b

Origin Origin Labs Origin 8.5

Mini Analysis Synaptosoft Inc Version 6.0.3
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d This paper does not report stand alone custom code. Labview, MATLAB, Origin and Mini analysis software packages were

used to appropriately organize, process, and analyze data and corresponding routines are available from the lead contact

upon request.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and slice preparation
Fmr1 KO (FVB.129P2-Pde6b+ Tyrc-ch Fmr1tm1Cgr/J; stock #004624) and WT control mice (FVB.129P2-Pde6b+Tyrc-ch/AntJ; stock

#004828) were obtained from The Jackson Laboratory. Slices were prepared as previously described (Deng et al., 2019). In brief,

male 21—23-day-old mice were used. After being deeply anesthetized with CO2, mice were decapitated and their brains were

dissected out in ice-cold saline containing the following (in mm): 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2,

5.0 MgCl2, and 10 glucose, pH 7.4 (saturated with 95% O2 and 5% CO2). Horizontal hippocampal slices (350 mm) were cut using

a vibrating microtome (Leica VT1100 S) (Deng et al., 2019). Slices were initially incubated in the above solution at 35�C for 1 h for

recovery and then kept at room temperature (�23�C) until use. All animal procedures were in compliance with the US National

Institutes of Health Guide for the Care and Use of Laboratory Animals, and conformed to Washington University Animal Studies

Committee guidelines.

METHOD DETAILS

Single channel recordings
GABAAR single-channel recordings were performed in outside-out configuration at 33–34�C (temperature for all recordings in the

present study) and voltage clamped at �80 mV using an Axopatch 700B (Molecular Devices) obtained from the somata of

dentate gyrus GCs visually identified with infrared video microscopy and differential interference contrast optics (Olympus

BX51WI). GABAAR single-channel activity was confirmed based on sensitivity to picrotoxin (PTX). Recordings were low-pass-filtered

at 2 kHz and digitized at 20 kHz. To avoid recording from newly generated immature granule cells, we used cells located at the outer

regions of the granule cell layer in the present study (Schmidt-Hieber et al., 2007). The recording pipette solution contained (in mM):

130 CsCl, 2MgCl2, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES, and 0.1 EGTA, 1 QX314 (Osmolarity 295mOsm and pH 7.3). The extracellular

solution contained the following (in mM): 125 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, and 10 glucose (pH 7.4,

saturated with 95% O2 and 5% CO2).

Tonic inhibition measurement
Holding currents were recorded in the whole-cell mode (voltage clamped at �70 mV), using the same bath and pipette solutions as

those in single channel recordings (for Figures 3A–3F). Holding current was defined by the center of Gaussian fit of all-point data dis-

tribution after digitally removing the spontaneous postsynaptic currents. The tonic inhibition was defined as the difference (an out-

ward shift) in holding currents between before and during application of picrotoxin (100 mM). Since we demonstrate that the most

majority of tonic inhibition was mediated by spontaneously opening GABAARs in GCs (Figure 3F), in order to maximally limit spon-

taneous postsynaptic currents contaminating holding current, in the following experiments (Figures 3G–3J) we used both glutamate

and GABA receptors antagonists (in mM, 50 APV, 10 DNQX, 10 MPEP, 5 gabazine, 2 CGP55845) to block all postsynaptic currents

and pharmacologically isolate the GCs.

Determination of coincidence detection and excitatory potential summation
Current-clamp recordings were made with bridge-balance compensation. The recording electrodes were filled with the following

(in mM): 130 K-gluconate, 10 KCl, 0.1 EGTA, 2 MgCl2, 2 Na2-ATP, 0.4 Na-GTP, and 10 HEPES, pH 7.3. Coincidence detection was

performed by injecting excitatory postsynaptic current (EPSC)-like stimulation (reversing the polarity of a previously recorded EPSC

fromWTGC, Figure S2A, low panel) to evoke excitatory potential (EP) via recording pipettes rather than using extracellular stimulation

for two reasons: first, this allowed us to bypass the influence from the synaptic transmission observed in traditional coincidence detec-

tion experiments; second, EPSC-like current injected in the soma better represent the type of inputs that are involved in somatic inte-

gration in which tonic inhibition plays a critical role. Briefly, two equal size EPSC-like currents with different intervals (Dt = 0, ±2, ±4, ±6,

±10,±15,±20,±25,±30 and±40ms;Dt > 0, input 1 preceding input 2, andDt < 0, input 1 following input 2) were injected from recording

pipettes to evoke a pair of EPs. The amplitude of EPSC-like current was gradually increased to reach�50% probability of a single ac-

tion potential (AP) firing when two inputs were coincidental (Dt = 0 ms), and this current intensity was kept for the same cells. To better

comparison among cells, the resting membrane potential of GCs was set to �80 mV (by constant current injection, if needed). Data

were averaged over 10-15 trials for each cell and AP firing probabilities were normalized to that of Dt = 0 ms, which were then fitted

by Gaussian function. The coincidence detection time window was defined as the half-height width of the Gaussian fit.

When the EPSC-like currents successfully triggered anAP,we alsomeasured the AP jitter and voltage threshold. AP jitter (Figure 4A

insert bar graph) was defined as the standard deviation of AP timing from the starting point of the 2nd EPSC-like current for each cell,
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and only APs at Dt = 0 ms were analyzed due to not having enough APs from a single cell to obtain reliable standard deviation

at Dt s 0 ms. AP threshold was defined as the voltage at the voltage trace turning point, corresponding to the first peak of 3rd

order derivative of AP trace (Deng et al., 2019; Deng and Klyachko, 2016). Compared to AP firing timing, AP threshold is a

relative stable parameter for a neuron in the same condition and thus relative less number of AP is needed, we then analyzed APs

at Dt = 0, ±2, ±4, ±6 ms. When the EPSC-like currents failed to triggered an AP, we measured the summation ratio, top width and

decay time of excitatory potentials (see supplemental information, Figure S2). Top width was defined as the width at 97.5% level

of the 2nd excitatory potential peak (h2 in Figure S2), because all APswere triggered within this timewindow in coincidence detection

experiments.

Recording of ramp currents-evoked action potentials
The recording conditions of ramp current-evoked AP were the same as those in coincidence detection experiments, except that ac-

tion potentials were evoked by a ramp-current injection (increasing rate 0.05 pA/ms, Figure S3D, lower panel) with a hyperpolarizing

onset. The AP threshold was determined only from the first APs to avoid the influence of cumulatively inactivating voltage-gated ion

channels in the threshold of following APs. All data were averaged over 5–8 trials for each cell.

Measurement of resting membrane potential, capacitance and input resistance
Resting membrane potential (RMP) was measured immediately after whole-cell formation. Cell capacitance is determined by the

amplifier’s auto whole-cell compensation function with slightly manual adjustment to optimize the measurement if needed. Under

current-clamp mode, a negative current (�50 pA for 500 ms) was injected every 5 s to assess the input resistance.

Recordings of spontaneous and miniature postsynaptic currents
Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded from granule cells holding at �70 mV. The pipette solution

was the same as that used in coincidence detection experiments, except that QX-314 (1 mM) was included in the pipette solution to

block possible action current. The bath solution was supplemented with gabazine (5 mM) to block GABAAR responses. The solutions

used to recording of miniature excitatory postsynaptic currents (mEPSCs) were the same as those for sEPSCs, except that tetrodo-

toxin (TTX, 1 mM) was included in the external solution to block action potential-dependent responses.

For recording of spontaneous inhibitory postsynaptic currents (sIPSCs), the recording conditions (including pipette and bath so-

lutions) were the same as those used in tonic inhibition experiments, except that the bath solution was supplemented with APV

(50 mM) and DNQX (10 mM) to block responses of ionotropic glutamate receptors. For miniature inhibitory postsynaptic currents

(mIPSCs) recording, TTX was added in the bath solution.

Co-immunoprecipitation experiments
Mice were euthanized and perfused with ice cold phosphate buffer (PBS). Whole brain was collected and immediately homogenized

on ice in lysis buffer (50 mMHEPES, pH 7.4, 150 mMNaCl, 1% Triton X-100, plus protease inhibitor/phosphatase inhibitor). Homog-

enized brain incubated on ice for 30 min was clarified by centrifugation at 14,500 rpm and protein concentration was measured by

BCA assay kit. For the covalent cross-linking of the IgG antibody to protein A/G beads, the Abcam protocol was followed. In brief,

40 mL protein A/G magnetic beads were washed with PBS and rotated with PBS over night at 4�C. The supernatant was then dis-

carded and beads were resuspended in dilution buffer (BSA 1 mg/mL in PBS) for 10 min. The supernatant was then discarded

and dilution buffer containing 5 mg of anti-GABAAR a5 subunit antibody or IgG control was added and beads were incubated at

4�C for 2 h. After washing with wash buffer (0.2 M triethanolamine in PBS pH 8-9), 200 mL of cross-linking reagent (Dimethyl pime-

limidate 6.5 mg/mL) was added in wash buffer and beads were incubated at room temperature on a rotator for 45 min. Beads were

then washed with washing buffer and the cross-linking steps repeated once more. After two cycles of cross-linking the reaction was

stoppedwith quenching buffer (50mMethanolamine in PBS). To remove unbound antibodies, beadswere incubatedwith 1Mglycine

pH 2-3 for 10 min. Cross-linked beads were washed in lysis buffer and incubated with 1500 mg brain lysate overnight at 4�C. Beads
were washed five times with lysis buffer before elution of bound proteins with 2X SDS/PAGE loading buffer. The immunoprecipitated

material was analyzed by Western blot with anti-FMRP antibody and anti-GAPDH.

QUANTIFICATION AND STATISTICAL ANALYSIS

The single channel recordings, tonic inhibition, coincidence detection and AP data were analyzed in MatLab. The postsynaptic cur-

rents (sEPSC, mEPSC, sIPSC and mIPSC) were analyzed by Mini Analysis. All figures were made in Origin or MatLab. Data are pre-

sented as mean ± SEM. Student’s t test, one-way ANOVA or Kolmogorov–Smirnov (K-S) test were used for statistical analysis as

appropriate. Significance was set as p < 0.05. The n in electrophysiological experiments was number of cells tested, which was

from at least 3 different mice for each condition. The N in Co-IP experiments is number of animals used. All n and p values can

be found in Table S1.
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