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Cellular/Molecular

Voltage-Independent SK-Channel Dysfunction Causes
Neuronal Hyperexcitability in the Hippocampus of Fmrl
Knock-Out Mice

Pan-Yue Deng,? Dan Carlin,® Young Mi Oh,*> “’Leila K. Myrick,*>¢ “Stephen T. Warren,*>¢ Valeria Cavalli,?

and “Vitaly A. Klyachko'?

Departments of Cell Biology and Physiology, 2Biomedical Engineering, *Neuroscience, Washington University School of Medicine, St. Louis, Missouri
63110, and Departments of “Human Genetics, *Biochemistry, and ®Pediatrics, Emory University School of Medicine, Atlanta, Georgia 30322

Neuronal hyperexcitability is one of the major characteristics of fragile X syndrome (FXS), yet the molecular mechanisms of this critical
dysfunction remain poorly understood. Here we report a major role of voltage-independent potassium (K *)-channel dysfunction in
hyperexcitability of CA3 pyramidal neurons in Fmrl knock-out (KO) mice. We observed a reduction of voltage-independent small
conductance calcium (Ca®")-activated K™ (SK) currents in both male and female mice, leading to decreased action potential (AP)
threshold and reduced medium afterhyperpolarization. These SK-channel-dependent deficits led to markedly increased AP firing and
abnormal input- output signal transmission of CA3 pyramidal neurons. The SK-current defect was mediated, at least in part, by loss of
FMRP interaction with the SK channels (specifically the SK2 isoform), without changes in channel expression. Intracellular application of
selective SK-channel openers or a genetic reintroduction of an N-terminal FMRP fragment lacking the ability to associate with polyribo-
somes normalized all observed excitability defects in CA3 pyramidal neurons of Fmr1 KO mice. These results suggest that dysfunction of
voltage-independent SK channels is the primary cause of CA3 neuronal hyperexcitability in Fmrl KO mice and support the critical
translation-independent role for the fragile X mental retardation protein as a regulator of neural excitability. Our findings may thus
provide a new avenue to ameliorate hippocampal excitability defects in FXS.
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(s )

Despite two decades of research, no effective treatment is currently available for fragile X syndrome (FXS). Neuronal hyperexcit-
ability is widely considered one of the hallmarks of FXS. Excitability research in the FXS field has thus far focused primarily on
voltage-gated ion channels, while contributions from voltage-independent channels have been largely overlooked. Here we report
that voltage-independent small conductance calcium-activated potassium (SK)-channel dysfunction causes hippocampal neuron
hyperexcitability in the FXS mouse model. Our results support the idea that translation-independent function of fragile X mental
retardation protein has a major role in regulating ion-channel activity, specifically the SK channels, in hyperexcitability defects in
EXS. Our findings may thus open a new direction to ameliorate hippocampal excitability defects in FXS. j

ignificance Statement

Introduction tardation protein (FMRP). FXS is associated with cognitive,
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mutations in a single gene, Fmrl, encoding fragile X mental re-  dysfunction are poorly understood (Contractor et al., 2015).
Channelopathies (i.e., abnormalities in the function and/or

expression of ion channels) are recognized as critical components
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channels are confirmed targets of FMRP translation regulation,
including Kvls, Kv3.1, and Kv4.2 potassium (K*) channels;
Navl.2 and Nav1l.6 Na* channels; and H channels (Strumbos et
al., 2010; Darnell et al., 2011; Gross et al., 2011; Lee et al., 2011;
Brager et al., 2012; Routh et al., 2013,2017; Zhang et al., 2014;
Kalmbach et al., 2015). FMRP is also known to directly interact
with and modulate activity of several voltage-gated K™ and cal-
cium (Ca**) channels, such as Slack K* channels (Brown et al.,
2010; Zhang et al., 2012), BK (big K¥) channels (Deng et al.,
2013; Myrick et al., 2015; Deng and Klyachko, 2016a), Kv1.2
channels (Yang et al,, 2018), and N-type calcium channels (Fer-
ron et al., 2014), and to indirectly modulate activity of voltage-
gated sodium (Na ") channels via a second messenger signaling
pathway (Deng and Klyachko, 2016b). While research on neuro-
nal excitability defects in FXS has thus far focused on voltage-
gated ion channels, the voltage-independent K* channels also
play key roles in regulating neuronal excitability by setting the
resting membrane potential and by modulating action-potential
(AP) initiation and afterpotential (Bean, 2007). Whether activity
or expression of voltage-independent K * channels is altered by
loss of FMRP and whether such activity plays a role in neuronal
hyperexcitability in FXS are unknown.

In many central neurons, calcium influx during the AP acti-
vates voltage-independent but Ca**-dependent small conduc-
tance K™ (SK) channels, which control an important component
of the AP known as medium afterhyperpolarization (mAHP;
Adelman et al., 2012). mAHP is critical in determining the neu-
ronal firing rate by controlling the AP threshold and the voltage
trajectory between the APs (Bean, 2007). Inhibition of SK chan-
nels blocks mAHP and increases neuronal excitability in many
types of neurons (Adelman et al., 2012).

Here, we report that a voltage-independent ion-channel dys-
function, the abnormal SK-channel activity, causes neuronal hy-
perexcitability in the FXS mouse model. SK current is strongly
reduced in the hippocampal CA3 pyramidal cells (PCs) of Fmrl
knock-out (KO) mice, leading to decreased AP threshold and
mAHP, increased firing rate, and abnormal signal transmission
of CA3 PCs. These defects were not caused by altered SK-channel
expression in Fmr1 KO mice, but rather by loss of the SK-channel
interaction with FMRP. The present study revealed a major role
of FMRP in regulating neuronal excitability via the voltage-
independent SK channels, and thus suggests a new avenue to
ameliorate hippocampal excitability defects in this disorder.

Materials and Methods

Animals and slice preparation. Fmr1 KO and wild-type (WT) control mice
on FVB (Friend leukemia virus B) or C57BL/6 (see Fig. 7) background
were obtained from The Jackson Laboratory. Slices were prepared as
previously described (Deng and Klyachko, 2016b). In brief, both male
and female 19-24-d-old mice were used. After being deeply anesthetized
with CO,, mice were decapitated and their brains were dissected out in
ice-cold saline containing the following (in mm): 130 NaCl, 24 NaHCO,,
3.5 KCl, 1.25 NaH,PO,, 0.5 CaCl,, 5.0 MgCl,, and 10 glucose, pH 7.4
(saturated with 95% O, and 5% CO,). Horizontal brain slices (350 wm),
including the entorhinal cortices, were cut using a vibrating microtome
(Leica VT1100S). 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 complied with the U.S. National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
and conformed to Washington University Animal Studies Committee
guidelines.

AP recording and analysis. Whole-cell patch-clamp recordings using a
Multiclamp 700B amplifier (Molecular Devices) in current-clamp or
voltage-clamp mode were made from CA3 PCs visually identified with
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infrared video microscopy and differential interference contrast optics
(Olympus BX51WI). Current-clamp recordings were made with bri-
dge-balance compensation. All recordings were conducted at near-
physiological temperature (33-34°C). The recording electrodes were
filled with the following (in mm): 130 K-gluconate, 10 KCI, 0.1 EGTA, 2
MgCl,, 2 ATPNa,, 0.4 GTPNa, and 10 HEPES, pH 7.3. The extracellular
solution contained the following (in mm): 125 NaCl, 24 NaHCO;, 3.5
KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, and 10 glucose, pH 7.4 (saturated
with 95% O, and 5% CO,). For neuronal excitability determination, cell
membrane potential was set to given potentials (—55 to —49 mV with 1
mV step) through the amplifier’s function of automatic current injec-
tion. The number of APs within 20 s were averaged from four to five trials
for each cell. AP threshold (i.e., threshold voltage) was defined as the
voltage at the voltage trace turning point corresponding to the first peak
of third-order derivative of AP trace (Lu et al., 2012; Deng and Klyachko,
2016b). For spontaneous AP recording, the membrane potential was
depolarized to —51 mV (Deng and Klyachko, 2016b; unless stated oth-
erwise). For evoked AP recording, we used a ramp current injection (0.10
pA/ms; Yamada-Hanff and Bean, 2013; Deng and Klyachko, 2016b) with
a hyperpolarizing onset to ensure maximal Na ™ -channel availability be-
fore the first AP. The AP thresholds were determined only from the first
APs of ramp-evoked AP trains. The maximal rising rate is the peak the of
first-order derivative of the AP trace. The rising or falling time was the
interval of 10-90% amplitude. AP duration was measured at the level of
AP trace crossing —10 mV. The fast AHP was the lowest point within 5
ms after the end of AP falling phase. The mAHP amplitude was measured
from the baseline before the AP or the AP burst. Specifically, for the
mAHP after a single AP in the spontaneous AP trace (see Fig. 5A-D), —51
mV was used as the baseline to calculate mAHP amplitude because we set
the membrane potential at —51 mV to record AP firing. For the mAHP
after the AP train (see Fig. 5E-H ), we set the membrane potential at —65
mV (around resting membrane potential), which was thus used as base-
line to calculate mAHP amplitude. For mAHP after ramp-evoked APs
(see Fig. 6E), the amplitude was measured from the threshold point
because the membrane potential was continuously ramped-up with time
and the threshold point is the most reliable point before an AP in this
setting. Data were averaged over 5-8 trials in each cell.

Determination of resting membrane potential, capacitance, and input
resistance. Resting membrane potential (RMP) was measured immedi-
ately after whole-cell formation. Cell capacitance was determined by the
amplifier’s automatic whole-cell compensation function with slight
manual adjustment to optimize the measurement if needed. Under
current-clamp mode, a negative current (—50 pA for 500 ms) was in-
jected every 5 s to assess the input resistance.

SK-current measurement. For SK-current determination, tetraethyl-
ammonium (TEA) (1 mwm) and TTX (1 um) were added in the bath
solution to inhibit other K* and Na ™ channels. SK current was isolated
by subtracting current in 300 nm apamin from that before apamin. For
slow voltage ramp protocol (5 mV/s), neurons were depolarized from
—100 to —25 mV, and point SK current was averaged from a 20 ms
interval (corresponding to 0.01 mV interval; see Fig. 4A, B). SK tail cur-
rent was evoked by step depolarization from —60 to 0 mV, with 10
different step durations (from 1 to 1000 ms; see Fig. 4C, D, F). This SK
current was averaged in a 10 ms window, 20 ms after step end because the
initial 15 ms of tail current may be contaminated by capacitance current.
Cell capacitance was compensated. Series resistance compensation was
enabled with 80-90% correction and 16 us lag.

Mossy fiber-CA3 PC signal transmission. To examine signal transmis-
sion from mossy fiber (MF) to CA3 PCs, we stimulated MF in the CA3
stratum lucidum by using a monopolar glass pipette. EPSCs were re-
corded under voltage clamp and then APs under current clamp from
CA3 PCs. To exclude the effects of the long-term plasticity and feedfor-
ward/feedback inhibition on excitatory transmission, APV (50 um),
gabazine (5 mm), and CGP55845 (2 um) were added in the bath solution.
For better comparison across cells, the membrane potential was held at
—85 mV (to avoid uncontrolled action current) in the voltage-clamp
mode to record EPSCs and was set at —60 mV by automatic current
injection in the current-clamp mode to record APs. The site of stimula-
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tion was chosen to ensure each stimulus evokes a single EPSC (no recur-
rent EPSCs). The stimulation intensity was carefully adjusted for each
cell to ensure each stimulus evokes only a single AP and without AP
failures at the basal low-frequency stimulation (0.2 Hz). Under these
conditions (keeping the specific site and intensity of stimulation the same
for both EPSC and AP recordings in the same cell), EPSCs and subse-
quently APs were recorded in response to 25 stimuli at 40 Hz. The EPSC
amplitude and number of APs during the stimulus train was determined.

Western blotting. CA3 regions, isolated from the brain slices, were
lysed in 2% sodium dodecyl sulfonate (SDS) with protease and phos-
phatase inhibitors (Roche Applied Sciences) and manually homoge-
nized. Protein concentration was determined by DC protein assay
(Bio-Rad Laboratories) against bovine serum albumin standards.
Fifty micrograms of total protein were run on NuPage 4-12%
Bis-Tris polyacrylamide gels (Life Technologies) and transferred to
nitrocellulose membranes. Membranes were blotted with antibodies
directed against the following proteins: a-tubulin (1:20,000; Ab-
cam, catalog #ab18251, RRID:AB_2210057), SK1 (1:500; Alomone
Labs, catalog #APC-039, RRID:AB_2039957), SK2 (1:500; Alomone
Labs, catalog #APC-028, RRID:AB_2040126), SK3 (1:500; Alomone Labs,
catalog #APC-025, RRID:AB_2040130), rabbit IgG conjugated to horse-
radish peroxidase (1:10,000; ThermoFisherScientific, catalog #656120).
Blots were developed with SuperSignal West Dura (ThermoFisherSci-
entific) and imaged with a ChemiDoc MP imaging system (Bio-Rad
Laboratories).

FMRP binding assay. Whole mouse brains were homogenized on ice in
lysis buffer (50 mm HEPES, pH 7.4, 300 mm NaCl, 1% Triton X-100, plus
protease inhibitor/phosphatase inhibitor), clarified by centrifugation at
20,000 X g. GST-tagged human FMRP amino acids 1-298 (FMRP,qg;
Novus Biologicals, catalog #H00002332-P01) or GST tag fragments
(Novus Biologicals, catalog #NBP-30276) were then incubated with
brain lysate overnight at 4°C. Glutathione agarose (ThermoFisherScien-
tific, catalog #16100) was added and incubated for 2 h at 4°C, followed by
centrifugation at 350 X g for 1 min. Beads were washed five times with
lysis buffer before elution of bound proteins with 1 X SDS/PAGE loading
buffer and analysis by Western blotting.

Generation of FMRP,;, transgenic mice. Fmr1(1-234) bacterial artifi-
cial chromosome (BAC) DNA, harboring WT sequence (amino acids
1-234), was linearized and sent to the Emory Transgenic Core, where it
was microinjected into fertilized oocytes and implanted into pseudo-
pregnant dams. The pups born from this process were screened for in-
sertion of the BAC transgene by PCR genotyping and then confirmed by
Southern blot. The founder pups that had confirmed BAC insertion via
Southern blot were then examined for FMRP protein expression using
Western blot and IC3 FMRP antibody (see Fig. 7C,D). Founder pups
expressing both endogenous FMRP and truncated FMRP (1-234) were
then bred with Fmr1 KO mice to generate mice that express only trun-
cated FMRP (1-234; i.e., FMRP,,,).

Immunohistochemistry. Mice were killed and perfused with 4% para-
formaldehyde at ~4 weeks of life. Their brains were dissected and then
incubated in 30% sucrose overnight. Brains were cryoembedded and
then cut into 10 pwm sections. Sections were processed for antigen re-
trieval with 0.8% Na borohydride, placed into hot citrate buffer, and
rinsed in TBS before standard immunohistochemistry protocol. FMRP
was stained using 2F5-1 mouse primary antibody (Developmental Stud-
ies Hybridoma Bank) at 1:50 dilution and incubated overnight at 4°C.

Experimental design and statistical analysis. In the present study, we
used hippocampal CA3 area as a model system to study neuronal excit-
ability defects in the FXS mouse model. To probe neuronal excitability,
we examined the AP firing rate, AP threshold, and mAHP. We then
examined the mechanisms of hyperexcitability in the FXS mouse model.
Finally, we reintroduced the FMRP N-terminal fragments to verify the
proposed mechanisms. Data were analyzed in Matlab and Origin. Data
are presented as mean * SEM. Student’s ¢ test or Kolmogorov—Smirnov
test were used for statistical analysis as appropriate. Significance was set
as p < 0.05. The n was number of cells tested.
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Results

Hyperexcitability of CA3 PCs in Fmrl KO mice

The hippocampus is one of the key epileptogenic brain areas and
among the main brain regions with pronounced neuropatholog-
ical abnormalities in FXS individuals (Greco et al., 2011). Here,
we focused on hippocampal PCs in the CA3 area, a well-
characterized model system to study neuronal excitability mech-
anisms and their dysfunction in FXS (Contractor et al., 2015).

We first examined the excitability of CA3 PCs in Fmrl KO
mice, the FXS mouse model. Current clamp was used to record
spontaneous AP firing of these neurons at different membrane
potentials (from —55 to —49 mV, set by automatic current injec-
tion). We found that excitability of CA3 PCs was abnormally
increased in the absence of FMRP, as evident by significantly
larger number of APs generated by Fmrl KO neurons at all tested
membrane potentials (Fig. 1A, B). To verify this observation, we
focused on the AP firing at a membrane potential of —51 mV, at
which all tested KO neurons and ~70% of WT neurons fired APs.
Abnormal excitability of Fmrl KO neurons was evident by the
right shift in the distribution of instantaneous AP firing fre-
quency (p < 0.0001, Kolmogorov—Smirnov test; n = 30 WT, 32
KO; Fig. 1C,D) and a ~50% increase in the average firing fre-
quency (p = 0.0003; Fig. 1D). We note that all these effects were
observed in the intact hippocampal circuit in the absence of any
inhibitors, indicating that circuit compensation, if present, was
not sufficient to overcome these cellular excitability defects.

We further examined excitability of CA3 PCs by evaluating
the spontaneous AP threshold, which represents one of the key
determinants of neuronal excitability (Bean, 2007). The AP
threshold was significantly decreased in CA3 neurons of Fmrl
KO mice (p < 0.0001; n = 44 WT, 39 KO; Fig, 1E), confirming
the increased excitability of these neurons in the absence of
FMRP. These defects were not due to changes in the RMP, input
resistance, or cell capacitance (Fig. 1F). Also, the maximal rising
rates of AP upstroke, AP rising time, and AP amplitude were not
altered in Fmrl KO neurons (Fig. 1G), while the excessive AP
duration and reduced fast AHP defects were observed (Fig. 1G),
as we previously reported (Deng et al., 2013; Myrick et al., 2015).
Even though the AP threshold was ~—42 mV, spontaneous AP
firing was observed at lower membrane potentials than the actual
threshold because the spontaneous network activity and/or
membrane potential fluctuation can add to the membrane po-
tential and bring it up to the threshold level.

Increased CA3 neuron excitability in Frnrl KO miceisa
cell-autonomous defect not caused by changes in mGluR5
signaling or persistent sodium current
Our previous studies in the entorhinal cortex indicated that ab-
normal mGluR5 signaling results in enhanced persistent sodium
current (Iy,p) in the layer-IIT PCs, leading to decreased AP
threshold and increased excitability (Deng and Klyachko, 2016b).
This defect was not a cell-autonomous phenomenon, but rather a
circuit phenomenon since layer-III PCs had normal excitability
in Frmr1 KO mice when isolated from the circuit activity. Surpris-
ingly, unlike the entorhinal cortex, inhibition of all glutamatergic
and GABAergic transmission in the hippocampal slices to isolate
the CA3 neurons from the circuit activity failed to abolish the
differences in excitability between genotypes. Specifically, CA3
PCs in Fmrl KO mice still fired significantly more APs in the
presence of a mixture of AMPA, NMDA, mGluR5, GABA,, and
GABAj receptor blockers (p = 0.0001; Fig. 2A, B).

We sought to verify this result by examining the evoked AP
threshold. Measurements were performed using a ramp protocol
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amplitude (p = 0.0014). WT, n = 33; KO, n = 35; **p << 0.01. ns, Not significant. Bar graph data are means = SEM.

to evoke APs, in which only the first APs were used to determine
AP threshold to avoid the effect of ramp current cumulatively
inactivating Na™ channels on the threshold of following APs
(Deng and Klyachko, 2016b). Inhibition of all glutamatergic (in-
cluding mGluR5) and GABAergic transmission failed to abolish
the difference in threshold between genotypes (p = 0.0044,n =7
WT, 7 KO; Fig. 2C-F). Moreover, unlike the entorhinal cortex,

inhibition of I, with riluzole (10 uMm) also failed to abolish the
differences in excitability of CA3 PCs between genotypes both
in terms of the number of APs firing (p = 0.015,n = 6 WT, 6
KO; Fig. 2B) and the threshold (p = 0.039; Fig. 2G). These
results indicate that hyperexcitability of PCs in the hippocam-
pus and in the entorhinal cortex layer III are mechanistically
distinct phenomena. In contrast to the non-cell-autonomous
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riluzole markedly increased threshold and no AP firing was detected at —51 mV. C, Determination of AP threshold by a ramp current injection (lower trace, ramp rate 0.1 pA/ms). Only the first AP
was used to estimate threshold (boxed area). D, Enlargement of box in C. Arrows denote the threshold in both genotypes. E, Analysis of data in € showing a decreased AP voltage threshold in Fmr1
KO neurons. F, AP threshold with and without the five blockers. G, Same as in F, but for riluzole. *p << 0.05, **p << 0.01. Data are means =+ SEM.

mGluR5/1,p-dependent excitability defects observed in the
entorhinal cortex, the abnormal excitability of hippocampal
CA3 PCsis independent of both circuit activity and changes in
mGluRS5 signaling or I,p.

SK-channel defects decrease AP threshold in CA3 PCs of
Fmr1 KO mice

What is the mechanism of neuronal hyperexcitability in the CA3?
Hyperexcitability can often be attributed to defects in expression
or functional regulation of ion channels. We focused on the ion
channels that are both active at subthreshold membrane poten-
tials and known to regulate neuronal excitability. These are the
Kvl, BK, H, M, and SK channels (Bean, 2007). Many of these

channels are reported to be dysfunctional in FXS (Brager and
Johnston, 2014; Contractor et al., 2015). For example, the so-
matic Kvl-mediated current is downregulated, resulting in in-
creased PC excitability in the prefrontal cortex in Frnrl KO mice
(Kalmbach et al., 2015). Thus, we first examined whether in-
creased excitability of CA3 PCs is caused by Kv1 channels. Kv1
blocker dendrotoxin (100 nMm) decreased the thresholds both in
WT and Fmrl KO CA3 neurons, but it failed to abolish the dif-
ference in threshold between genotypes (Fig. 3A). We further
found that the specific BK-channel blocker iberiotoxin (100 nm),
H-channel blocker ZD7288 (10 um), and M-channel blocker
XE991 (10 M) all failed to abolish the difference in AP threshold
between genotypes (Fig. 3B-D).



Deng et al. @ SK-Channel Dysfunction and Hyperexcitability in FXS

J. Neurosci., January 2, 2019 - 39(1):28—43 + 33

A . B o C
0 Basal Dendrotoxin O Basal Iberiotoxin 0 Basal ZD7288
5 -5 54

< -307 §-30 <-30

£ E £

© o

S 401 % -40 S -40

= €= <

3 3 1) b

= -50 = -50 = -50 * *

[ = [

-60/ HEEWT |l KO -60/ HEEWT |l KO -60/ I WT [ KO

D
0. Basal XE991 Basal Apamm ucL o Sontrol EBIO_ NS309
5 5

S -301 < -30] <

o ke; ko]

S -401 = -40 =

5 £ \_1 &

a [ [

2 _50 \_1 2 50 — p

£ - £ £

-60/ I WT [ KO -60! I WT KO
G H
wT KO o 40 EEEWT KO
8] *k
_/LLLUJ,L S 30 F
WT + EBIO KO + EBIO E
>
Ll DL Ll Zw e s
8 5 =
WT + NS309 05s KO+ NS309 E 10
S S e I O O
>
Z 0
Control EBIO NS309

Figure3.

SK-channel defects decrease AP threshold in CA3 PCs of Fmr7 KO mice. A, Effect of Kv1 inhibitor dendrotoxin on AP threshold. B, Same as in A, but for the BK-channel blocker iberiotoxin.

C,Same asin A, but for the H-channel blocker ZD7288. D, Same asin A, but for the M-channel blocker XE991. E, SK-channel blocker apamin or UCL1684 abolished the difference in threshold between
genotypes. F, SK-channel opener 1-EBIO or NS309 abolished the difference in threshold between genotypes. G, Sample AP traces recorded with or without intracellular administration of 1-EBIO or
NS309. H, 1-EBIO or NS309 abolished the difference in AP firing between genotypes. *p << 0.05, **p << 0.01. ns, Not significant. Data are means == SEM.

In contrast, two different SK-channel blockers, apamin (300
nM) and UCL1684 (100 nm), not only decreased the AP threshold
in CA3 PCs of both WT and KO mice, the blockers also, and more
importantly, abolished the difference in threshold between geno-
types (apamin: p = 0.85, n = 6 WT, 6 KO; UCL1684: p = 0.57,
n =6 WT, 5KO; Fig. 3E). To verify this observation, we used two
different SK-channel openers, 1-EBIO (200 um) and NS309 (3 um),
to increase SK-channel activity. We included these openers in the
recording pipettes to avoid circuit effects. Both 1-EBIO and NS309
abolished the difference in AP threshold between genotypes (1-
EBIO: p =0.39,n =9 WT,5KO;NS§309: p = 0.91;n = 7WT, 6 KO;
Fig. 3F), as well as the differences in the number of APs fired (1-
EBIO: p=10.39, N=7WT,5KO;NS309:p = 091, N= 6 WT, 5KO;
Fig. 3G,H). These results suggest that the SK-channel deficits cause
hyperexcitability of CA3 PCs in Frnrl KO mice.

SK-channel calcium sensitivity is decreased in CA3 PCs of
Fmrl KO mice

First, we verified that SK currents are indeed reduced by loss of
FMRP in CA3 PCs. SK channels do not desensitize and their
gating solely depends on intracellular Ca** (Hirschberg et al.,
1998; Xiaetal., 1998). We thus used a slow voltage ramp (5 mV/s)
from —100 to —25 mV to evoke calcium influx and activate SK

channels (Li and Bennett, 2007; Zhang and Huang, 2017). As
expected from the above results, the apamin-sensitive (i.e., SK)
current was significantly smaller in Frmrl KO than in WT neurons
(p = 0.0098, n = 7 WT, 7 KO; Fig. 44, B).

To confirm this observation, we used a complimentary, stan-
dard voltage-step protocol to measure SK current. Neurons were
depolarized from —60 to 0 mV with different step durations
(from 1 to 1000 ms) to evoke Ca" influx. After the end of each
step, the tail SK current was isolated by apamin application. As in the
experiments above, we observed that the SK current was significantly
smaller in Frnrl KO than in WT neurons (1000 ms step: p = 0.0028,
n = 8 WT, 10 KO; Fig. 4C,D). Because SK-channel activation de-
pends on the intracellular Ca®" and the step durations reflect
amounts of Ca?" influx, we then used step duration to construct an
SK-channel activation curve. As expected, in Frnrl KO neurons the
SK-channel activation curve was right-shifted, and a longer step du-
ration was required for SK-channel half maximum activation (p =
0.03, n = 8 WT, 10 KO; Fig. 4D, bottom, inset).

The observed reduction of SK current in Fmrl KO mice may
be attributed to a reduced cytosolic Ca*" elevation upon depo-
larization or reduced Ca** sensitivity of the SK channels them-
selves. To sort out these possibilities, we sought to determine the
primary source of Ca®™ that activates SK channels in CA3 neu-
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rons. The SK-current activation and the differences in SK current
between genotypes are observed during and immediately after
depolarization steps as brief as 6 ms, which suggests that the
predominant source of Ca®" for SK-channel activation in our
measurements is from voltage-gated calcium channels (VGCCs)
because the time course of other Ca** sources (such as calcium
release from internal stores) is much slower. To support this
notion, we examined the contribution of internal Ca>* stores to

excitability defects in CA3 PCs of Finrl KO mice. Application of
thapsigargin (10 uM), which depletes internal Ca>* stores, failed
to abolish the difference in AP threshold between genotypes
(WT, —38.44 = 0.91 mV, n = 5; KO, —42.52 = 0.41 mV, n = 6;
p = 0.00182; Fig. 4E), suggesting that internal Ca>* stores are not
a major cause of this SK-channel-dependent hyperexcitability
defect and thus are not the reason for reduced SK-channel cur-
rents in CA3 PCs of Fmrl KO mice. We further argued that if
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VGCCs are indeed the primary source of calcium for SK-channel
activation, chelation of Ca®* with BAPTA should abolish the
difference in AP threshold between WT and KO neurons. Indeed,
we found that pretreatment and continuous perfusion of slices
with BAPTA-AM (10 uM) abolished the difference in AP thresh-
old between genotypes (WT, —44.31 = 1.27 mV, n = 13; KO,
—44.42 * 0.40 mV, n = 15; p = 0.933; Fig. 4E). Moreover, low
concentration of cadmium (CdCl,, 100 uMm), which blocks cal-
cium influx through the VGCCs, also abolished the difference in
AP threshold between genotypes (WT, —42.61 £ 1.09 mV, n = §;
KO, —43.02 £ 0.56 mV, n =7, p = 0.756; Fig. 4E) and completely
inhibited the SK current (Fig. 4F). These results indicate that
Ca** influx through VGCCs is the primary Ca** source that
activates SK channels in CA3 PCs.

Importantly, our previous studies showed that the Ca*" in-
flux through the VGCCs was increased, rather than decreased, in
the absence of FMRP due to prolonged AP duration in CA3 PCs
of Fmrl KO mice, and the VGCCs themselves are unaffected
(Deng et al., 2011, 2013). Such increased Ca*" influx through
VGCCs cannot explain the reduced SK current in KO neurons.
Therefore, neither VGCCs nor internal stores are the major
causes of reduced SK current in the CA3 PCs. Thus, an alternative
explanation for the abnormal SK current is a reduced SK-channel
Ca** sensitivity in Fmrl KO neurons. Indeed, our observations
that SK activation curve was right-shifted and the half maximum
activation step time (i.e., Ca®”" influx time) was significantly in-
creased in Fmrl KO neurons support the notion of a reduced
SK-channel calcium sensitivity in Frmrl KO mice (see Fig. 6).

Abnormal SK currents decrease mAHP in CA3 PCs of Fmrl
KO mice

In CA3 PCs, APs are followed by a pronounced mAHP, which is
mediated in large part by SK channels (Bean, 2007). Thus, to
confirm and extend the above results on the role of SK channels
in excitability defects in the FXS mouse model, we examined
whether mAHP is altered in CA3 Fmrl KO neurons.

We first examined the mAHP after single APs by analyzing the
spontaneous APs recorded at —51 mV. We found that the mAHP
amplitude was markedly decreased in CA3 Fmrl KO neurons
(Fig. 5A, B). More importantly, the SK-channel blockers apamin
(300 nMm) and UCL1684 (100 nM) abolished the difference in
mAHP amplitude between genotypes (control: p < 0.0001, n =
39 WT, 33 KO; apamin: p = 0.62,n= 6 WT, 6 KO; UCL1684: p =
0.86, n = 6 WT, 6 KO; Fig. 5B). As can be expected from distinct
hyperexcitability mechanisms in the CA3 and the entorhinal cor-
tex layer-IIT PCs of Fmrl KO mice, the mAHP amplitude was
unaffected in the latter cell population (WT, —8.28 * 0.72 mV,
n = 7;KO, —8.68 = 0.56 mV, n = 7, p = 0.67), in which hyper-
excitability is caused by increased I,p rather than SK-channel
defects (Deng and Klyachko, 2016b).

Because the spontaneous AP frequency varies among cells and
between genotypes, which influences Ca** influx and thus SK-
channel activation, we sought to confirm the above results using
a fixed-duration train of 25 APs at 60 Hz to measure mAHP after
an AP burst. In line with the results above, the amplitude of
mAHP after a 25-AP burst was significantly smaller in Frnrl KO
than in WT CA3 neurons (p = 0.0098, n = 6 WT, 12 KO; Fig.
5E,F). SK-channel blocker apamin or UCL1684 decreased the
amplitude of mAHP in both WT and Fmrl KO neurons (Fig.
5E,F) and, more importantly, abolished the difference in mAHP
between genotypes (apamin: p = 0.36, n = 6 WT, 6 KO;
UCL1684: p = 0.60; n = 6 WT, 6 KO; Fig. 5E, F).
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Finally, we examined whether SK-channel openers can correct
the abnormally reduced mAHP in Fmrl KO neurons. 1-EBIO
(200 uM) or NS309 (3 M) were included in the recording pipette
and spontaneous APs or AP bursts were recorded as above.
mAHP after both single APs and AP bursts were markedly in-
creased and both SK-channel openers abolished the difference in
mAHP amplitude between genotypes after single APs (1-EBIO:
p=0.54,n=7WT,5KO;NS309: p = 0.07,n = 6 WT, 7 KO; Fig.
5C,D) and AP bursts (1-EBIO: p = 0.64, n = 6 WT; 6 KO; NS309:
p =0.09,n = 6 WT; 6 KO; Fig. 5G,H).

Given that mAHP regulates the neuronal intrinsic excitability,
these results indicate that abnormal SK-channel activity pro-
motes hyperexcitability in Fmrl KO CA3 neurons in part via
decreasing mAHP amplitude.

FMRP interacts with SK2, while SK-channel expression is
unaltered in CA3 pyramidal neurons of Fmrl KO mice

What are the molecular mechanisms that cause decreased SK
current in the absence of FMRP? This defect can be caused by
functional dysregulation (i.e., reduced Ca*" sensitivity of SK
channels as suggested by our experiments above) and/or reduced
SK-channel expression in Fmrl KO neurons. However, the latter
is unlikely because SK channels are not among the known targets
of FMRP translation regulation (Darnell et al., 2011) and our
Western blot analyses showed unaltered expression of all SK-
channel isoforms (SK1, SK2, and SK3) in the CA3 of Fmrl KO
mice (Fig. 6A).

To test this notion, we made functional estimates of the con-
tributions of the SK channels to neuronal excitability in WT and
Fmrl KO neurons by comparing the changes in AP threshold
caused by SK-channel modulators. SK-channel blockers apamin
and UCL1684 decreased the threshold to a much larger extent in
WT (3-5 mV) than in KO neurons (1-2 mV; Fig. 6B), as evalu-
ated by subtracting threshold values obtained from measure-
ments with and without the blockers (Fig. 3E). The SK-channel
openers 1-EBIO and NS309 had the opposite effect by increasing
the threshold in the Fmrl KO neurons to a much larger extent
than in WT neurons (~1 mV in WT; 3—4 mV in KO; Fig. 3F).
These results suggest that SK channels in Fnrl KO neurons ex-
hibit lower activity than in WT neurons, but activity can be
boosted to WT levels by the openers. Assuming the effects of
channel blockers represent the amount of normally opened chan-
nels and the effects of channel openers represent the amount of
normally unopened (but potentially activated) channels, the sum
of relative contributions of SK-channel blockers and openers to
the AP threshold reflects the total effect of SK activity on the
threshold. Based on these assumptions, the combined total effect
of “already-activated” and “can-be-activated” SK channels is
comparable in WT and Fmrl KO neurons (as defined by addition
of the contribution of the values above: apamin + 1-EBIO: WT,
6.04 mV; KO, 7.0l mV;or UCL1684 + NS309: WT, 4.06 mV; KO,
4.11 mV; Fig. 6B). Together with results in Figure 4, these find-
ings suggest that the decreased SK current is caused, at least in
part, by the functional dysregulation of SK channels rather than
changes in channel expression.

What causes this SK-channel defect in the absence of FMRP?
Previous studies found that FMRP can interact with a number of
K™ channels, including Slack, BK, and Kv1.2 channels (Brown et
al., 2010; Dengetal., 2013; Deng and Klyachko, 2016a; Yang et al.,
2018), and can regulate channel gating (Brown et al., 2010) as well
as calcium sensitivity (Deng et al., 2013). Therefore, to test
whether FMRP interacts with SK channels, we used our previ-
ously established in vitro binding assay (Myrick et al., 2015) and
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Figure 5.

Abnormal SK currents cause decreased mAHP in CA3 PCs of Fmr7 KO mice. A, Sample traces of mAHP after spontaneous APs (baseline membrane potential at —51 mV). Note that

SK-channel blocker apamin markedly decreased mAHP amplitude in both genotypes. B, Decreased mAHP amplitude after single APsin KO neurons. SK-channel blockers apamin or UCL1684 markedly
decreased mAHP and abolished differences between genotypes. €, Sample traces of mAHP with or without SK-channel opener 1-EBIO or NS309. D, Either 1-EBIO or NS309 increased mAHP amplitude
both in WT and KO neurons and abolished differences between genotypes. Control bars are the same as in B. E, Same as in A, but for mAHP after a burst of 25 APs at 60 Hz (baseline membrane
potential at —65mV). F, Same as in B, but for mAHP after AP bursts. G, Same as in €, but for mAHP after AP bursts. H, Same as in D, but for mAHP after AP bursts. Control bars are the same asin F.

*p < 0.05,**p < 0.01. ns, Not significant. Data are means = SEM.

used GST-tagged FMRP, o5 or GST alone as a control to pull down
SK-channel isoforms from WT brain lysates. We found that the
EMRP,,, fragment interacted with both isoforms of SK2 (SK2-L
and SK2-S; Allen et al., 2011), but not SK1 or SK3 isoforms (Fig.
6C). Notably, the FMRP, 44 fragment contains the protein—pro-
tein interaction NDF domain but lacks the KH2 domain essential
for FMRP association with polyribosomes and translational reg-
ulation (Siomi et al., 1993, 1994; Feng et al., 1997; Schaeffer et al.,
2001; Zang et al., 2009). Thus, these results indicate that FMRP

interacts with the SK2 channel and revealed that FMRP-SK-
channel interaction is mediated by the FMRP amino terminus.

Genetic reintroduction of N-terminal FMRP,, fragment
rescued hyperexcitability in CA3 PCs of Fmrl KO mice

Since FMRP can interact with SK channels and SK-channel de-
fects are not caused by changes in channel expression but repre-
sent a major underlying cause of hyperexcitability of CA3 PCs in
Fmr1 KO mice, we asked more broadly to what extent the hyper-
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threshold (D) and mAHP (E) in Fmr1 KO neurons, but heat-inactivated FMRP ,q4 failed to do this. WT data in D are from Figure 2£. *p << 0.05, **p << 0.01. ns, Not significant. Data are means = SEM.
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excitability defects in CA3 PCs are caused by loss of translation-
independent FMRP functions. We first examined whether acute
administration of the FMRP,, fragment is sufficient to normal-
ize the AP-threshold defect in Fmrl KO neurons. The FMRP, 4
fragment was reintroduced in CA3 PCs of Fmrl KO mice via
patch pipettes using a miniaturized perfusion system (Myrick et
al., 2015). Acute administration of FMRP,o, indeed normalized
the reduced AP threshold in KO neurons to WT level (before
FMRP, —42.16 * 0.61 mV; during FMRP, —39.23 = 0.70 mV,
n =7, p = 0.0089; Fig. 6D). The heat-inactivated FMRP, 44 had
no effect on AP threshold (before inactivated FMRP,qq,
—42.02 * 0.28 mV; during inactivated FMRP,,g, —42.85 * 0.60
mV, n = 6, p = 0.235; Fig. 6D). Since mAHP is largely mediated
by SK channels in CA3 PCs, then, if FMRP,o¢ corrects the AP
threshold defects in KO neurons through modulation of SK
channels, it should also correct the mAHP defect. Indeed, we
found that FMRP,s, significantly increased mAHP amplitude
(before FMRP, —8.91 * 0.33 mV; during FMRP, —10.66 = 0.38
mV, n = 6, p = 0.0041; Fig. 6E). The heat-inactivated FMRP
failed to increase the mAHP amplitude (before heat-inactivated
FMRP, —8.22 * 0.44 mV; during heat-inactivated FMRP,
—8.60 = 0.46 mV, n = 7, p = 0.593; Fig. 6E). Together, these
findings suggest that in CA3 PCs, FMRP regulates the AP thresh-
old via SK channels in a translation-independent manner.

We further examined the role of the translation-independent
FMRP function in hyperexcitability of CA3 PCs using a genetic
reintroduction of an even shorter N-terminal FMRP fragment
amino acids 1-234 (FMRP,3,), which, similar to FMRP, g, con-
tains the protein—protein interaction NDF domain, but lacks the
KH2 domain essential for FMRP association with polyribosomes
and translational regulation (Siomi et al., 1993, 1994; Feng et al.,
1997; Schaeffer et al., 2001; Zang et al., 2009). FMRP, 3, was rein-
troduced into Fmrl KO background mice by using BAC trans-
genic techniques (Fig. 7A, B). Western blot and immunostaining
verified the successful reintroduction of FMRP,;, (Fig. 7C,D).
Because the FMRP,;, mice were generated on C57BL/6 (B6)
background, while we used mice on FVB background in the pre-
ceding experiments, we first confirmed that the hyperexcitability
defects in CA3 PCs were present in the B6-background mice.
Both the reduced AP threshold and mAHP we observed in Fmrl
KO FVB-background mice were phenocopied in Fmrl KO B6-
background mice (threshold: B6 WT, —42.82 = 0.74 mV, n = 7;
B6 KO, —44.46 * 0.46 mV, n = 11, p = 0.034; Fig. 7F; mAHP
after single APs: B6 WT, —8.48 *= 0.41 mV, n = 7; B6 KO,
—7.38 £ 0.31 mV, n = 11; p = 0.029; mAHP after AP burst: B6
WT, —9.42 £ 0.28 mV,n = 7; B6 KO, —5.94 = 0.46 mV,n = 11;
p = 0.0002; Fig. 7 F, G). Genetic reintroduction of FMRP,, nor-
malized both of these hyperexcitability phenotypes in CA3 PCs
(threshold: —42.71 £ 0.58 mV, n = 13, p = 0.017 vs KO, p =
0.091 vs WT; mAHP after single APs: —9.31 * 0.68 mV, n = 13,
p=0.012vs KO, p = 0.43 vs WT; mAHP after AP burst: —9.92 +
0.39 mV, n =13, p <0.0001 vs KO, p = 0.35 vs WT; Fig. 7E-G).
Most importantly, reintroduction of FMRP,;, also normalized
the AP firing frequency of CA3 PCs, which represents a critical
readout of neuronal excitability (number of APs per 20 s: B6 WT,
16.4 +3.9,n = 7;B6 KO, 31 * 3.2, n = 11; FMRP,,, 21.5 + 3.3,
n = 10; WT vs KO, p = 0.011; WT vs EMRP,,, p = 0.34; Fig.
7H,I). These results support the notion that translation-
independent FMRP functions, including FMRP modulation of
SK channels, have a major role in regulating neuronal excitability
in the CA3 PCs.
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Implications of abnormal SK-channel activity to signal
transmission of CA3 pyramidal neurons of Fmr1 KO mice

To determine the effect of abnormal SK-channel activity on sig-
nal transmission, we examined the input—output functions of
CA3 PCs in Fmrl KO mice. We stimulated MF inputs to the CA3
in the stratum lucidum and recorded both postsynaptic EPSCs
and the subsequently evoked APs from CA3 PCs. In these mea-
surements, EPSCs reflect the input from MF, while the synapti-
cally evoked APs represent the output of CA3 PCs in response to
MF stimulation. Recordings were performed in the presence of
APV (50 um), gabazine (5 mm), and CGP55845 (2 uMm) to avoid
the effects of the long-term plasticity and feedforward/feedback
inhibition, respectively, on excitatory transmission. The stimula-
tion intensity was carefully adjusted for each cell to ensure that
each baseline stimulus at 0.2 Hz evoked only a single-peak EPSC
and a single AP (but there were no AP failures). Following the
baseline intensity adjustment, a train of 25 stimuli at 40 Hz was
applied and resulting EPSCs were recorded under voltage clamp
followed by recording in current clamp of APs evoked by identi-
cal stimulation. We found that EPSCs were increased during the
burst in both genotypes, as would be expected from a large fre-
quency facilitation at MF synapses, but there was no significant
difference in EPSC amplitude at baseline or during the trains
between genotypes (actual baseline EPSC: WT, —392 = 56 pA,
n = 9; KO, —388 = 35 pA, n = 8, p = 0.94; normalized EPSC
during the burst: WT, 2.52 + 0.17, KO, 2.49 = 0.25, p = 0.98; Fig.
8A,B). Despite the same MF input, the CA3 neurons in WT and
FmrI KO mice exhibited very different patterns of output firing.
Specifically, while the input train evoked mostly single APs after
each stimulus during the train in WT neurons (Fig. 8A,C), the
same input frequently evoked multiple APs after each stimulus in
Fmrl KO neurons (number of APs per stimulus during burst:
WT, 1.08 = 0.035, n = 9; KO, 1.52 = 0.053, n = 8; p < 0.001; Fig.
8A,C), indicating that loss of FMRP leads to hyperexcitability
and abnormal signal transmission in the CA3.

If this increased excitability (exaggerated output) of CA3 PCs
is caused primarily by reduced SK-channel function in Frl KO
mice, as our results suggest, then acute enhancement of SK-
channel activity should normalize output firing during bursts in
Fmrl KO neurons. We tested this prediction using intracellular
perfusion of two different SK-channel openers, 1-EBIO (200 wum)
and NS309 (3 um). We found that both openers significantly
reduced the occurrence of multiple AP firing after each stimulus
during the bursts and eliminated the differences in AP firing
between genotypes (number of APs per stimulus during burst:
1-EBIO: WT, 0.97 = 0.03, n = 13; KO, 0.93 £ 0.04,n = 12,p =
0.32; NS309: WT, 0.95 = 0.07, n = 7; KO, 1.003 = 0.08, n = 8,
p = 0.64; Fig. 8D-G). These results confirm the critical role of SK
channels in controlling AP burst firing and suggest that the re-
duced SK-channel activity in Fmrl KO mice may play an impor-
tant role in hippocampal circuit hyperexcitability through
modulation of neuronal input—output functions.

Discussion

Here, we report that a voltage-independent ion-channel dysfunc-
tion, an abnormal SK-channel activity, is a predominant cause of
neuronal hyperexcitability in the hippocampus of the FXS mouse
model. We found decreased SK-channel activity in CA3 PCs of
Fmrl KO mice, leading to reduced AP threshold and mAHP,
elevated AP firing rate, and abnormal neuronal input—output
function. All these excitability defects are normalized by the se-
lective SK-channel openers introduced to individual CA3 PCs.
Our results further suggest that abnormal SK current in Finrl KO
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neurons is caused, at least in part, by loss of FMRP interaction
with the SK channels (specifically the SK2 isoform), without
changes in the channel expression. The major translation-
independent role for FMRP as a direct regulator of neural excit-
ability is further supported by observations that acute or genetic
reintroduction of FMRP fragments lacking ability to interact with

polyribosomes or regulate translation is sufficient to normalize
all SK-channel-dependent excitability defects in CA3 PCs. The
present study uncovers a major role of SK-channel dysfunction in
hippocampal neuron hyperexcitability in the FXS mouse model.

Increasing evidence links hyperexcitability in FXS with defects
in ion-channel function. Previous studies focused on abnormal-
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ities in voltage-dependent ion channels leading to defects in neu-
ronal excitability, synaptic plasticity, and information processing
(Contractor et al., 2015). In the present study, in pursuit of the
mechanisms of reduced AP threshold and increase excitability of
CA3 PCs in Fmrl KO mice, we focused on the ion channels that
are both active at subthreshold membrane potentials and that
regulate neuronal excitability: I,p, Kv1, H, M, BK, and SK chan-
nels (Bean, 2007). Among these, I\,p, Kv1, H,and M channels are
voltage-gated, BK channels are both voltage-activated and Ca > -
activated, and SK channels are solely Ca**-activated. We found
that none of the above voltage-gated channels underlie the re-
duced AP threshold in the CA3 PCs of Fmrl KO mice. On the
contrary, our analyses indicate that voltage-independent SK-
channel dysfunction is the primary cause of neuronal excitability
defects in the CA3 PCs of Fmrl KO mice, including reduced AP
threshold and mAHP, as well as increased AP firing. These excit-
ability defects are a cell-autonomous phenomenon, as they are
observed in neurons isolated from the circuit activity and are
rescued by introduction of SK-channel openers or FMRP, g into
individual CA3 neurons. Thus, hippocampal neuron hyperexcit-
ability is mechanistically distinct from the excitability defects we
previously observed in the entorhinal cortex of Fmrl KO mice, in
which reduced AP threshold was dependent on circuit activity
and mediated by abnormal mGluR5 signaling causing an en-
hanced I, (Deng and Klyachko, 2016b). The presence of mul-
tiple distinct hyperexcitability mechanisms in different brain
regions is not surprising, as many of the voltage-dependent and
voltage-independent ion channels have distinct patterns of ex-
pression and may differentially contribute to regulation of RMP,
AP threshold, and neuronal excitability in a brain region-specific
and cell-type-specific manner. Indeed, no changes in I,p were
observed in layer-2/3 PCs in the prefrontal cortex of Fmrl KO
mice (Routh et al., 2017). Increased excitability of these layer-2/3
neurons was instead attributed to increased transient Na ™ cur-
rent. Yet, the unaltered AP rising time and maximal AP rising rate
in our measurements in the CA3 neurons argues against a con-
tribution from transient Na™ conductance to hippocampal PC
excitability. Similar brain-region-specific differences were ob-
served for the I, current, which is increased in the CA1 PCs
(Brager et al., 2012), but is downregulated in the somatosensory
cortex layer V of Fmrl KO mice (Zhang et al., 2014) and in the
prefrontal cortex layer-V PCs (Kalmbach et al., 2015). Moreover,
currents mediated by the Kvl and Kv4 channels show distinct
patterns of changes in the two subpopulations of PCs in the same
cortical area of Fmrl KO mice, and these changes are opposite
from the changes in the same channels observed in the hip-
pocampus (Kalmbach et al., 2015). These differential effects
could arise from combined changes in channel expression, activ-
ity, or localization, all of which have been reported to occur as a
result of FMRP loss (Contractor et al., 2015).

The decreased SK current we observed in Fmrl KO neurons
may be attributed to alterations in the SK channel itself (e.g.,
decreased expression and/or reduced Ca®" sensitivity) or de-
creased cytosolic Ca** concentration (e.g., reduced Ca*" in-
flux). SK channels can be activated by elevation in cytosolic Ca**
from multiple sources: Ca** influx via VGCCs or via receptor-
operated channels (NMDA or nAch receptors), Ca*" release
from internal stores, or a combination of these processes (Adel-
man etal.,2012). In our setting, the SK-current activation and the
differences in SK current between genotypes can be seen during
and immediately after depolarization steps as brief as 6 ms, indi-
cating that the predominant source of Ca>" for SK-channel acti-
vation in our measurements is from VGCCs because the time
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course of other Ca*>* sources is much slower. This notion is fur-
ther supported by the observations that (1) low concentration of
CdCl, that blocks calcium influx through the VGCCs eliminated
SK current and abolished the difference in AP threshold between
genotypes; (2) chelation of Ca?" with BAPTA abolished the dif-
ference in AP threshold between genotypes; and (3) in contrast,
depletion of internal Ca*" stores with thapsigargin failed to abol-
ish the difference in threshold between genotypes. Our previous
studies found that VGCCs are unaffected (Deng et al., 2011,
2013) and Ca** influx is actually increased in CA3 PCs of Fmrl
KO mice due to prolonged AP duration, which cannot explain
the decreased SK current. Thus, one plausible explanation for the
reduced SK current in KO neurons is that the channel itself
changed. Specifically, our results suggest that FMRP can interact
with the SK channels and that the Ca** sensitivity of SK channels
is decreased due to FMRP loss. This is supported by the evidence
of in vitro FMRP-SK2 interaction, a right shift of the SK-channel
activation curve, an increase of the half maximal activation step
duration (reflecting Ca®* influx time), and unaltered SK-
channel expression in Frrl KO neurons. It is noteworthy that the
increased Ca*™ influx in Fmrl KO neurons can act to compen-
sate, at least in part, for the reduced Ca*" sensitivity of the SK
channels. Since we still observed a reduced SK current in Fmrl
KO mice, this compensation is insufficient to overcome the re-
duced Ca** sensitivity of SK channels. Similar observations were
reported for BK channels in CA3 PCs of Finrl KO mice, in which
enhanced Ca*" influx fails to overcome the reduced Ca** sensi-
tivity of BK channels, resulting in uncompensated prolongation
of AP duration (Deng et al., 2013).

In addition to its well-established function in regulating local
translation, FMRP has a noncanonical function in directly regu-
lating excitability via interactions with a number of voltage-gated
ion channels. The N-terminal NDF domain of FMRP contains
two protein—protein interaction Tudor domains that interact
with Slack K™ channels and BK channels, as well as with Kv1.2
channels, to regulate their gating (Brown et al., 2010; Zhang et al.,
2012; Deng et al., 2013; Deng and Klyachko, 2016a; Yang et al.,
2018). Our observations suggest that SK-channel deficits in Fnrl
KO mice may also arise from loss of FMRP modulation of the
channel activity, rather than changes in channel expression. In-
deed, we found that FMRP can interact with the SK2 isoform; SK
channels are not a known target of FMRP translational regulation
and we observed that all three SK-channel isoforms have normal
expression levels in the CA3 of Fmrl KO mice. This notion is
further supported by our findings that SK-channel-dependent
excitability defects in the CA3 PCs are normalized by an acute
reintroduction of FMRP,og or a genetic reintroduction of
FMRP,,, fragments lacking essential RNA binding domains KH2
and RGG box, as well as the ability to associate with polyribo-
somes (Santoro et al., 2012). Because previous studies have estab-
lished that the KH2 domain is absolutely required to enable
FMRP to regulate translation (Siomi et al., 1993, 1994; Feng et al.,
1997; Schaeffer et al., 2001; Zang et al., 2009), the rescue effects of
the N-terminal FMRP,, or FMRP, s fragments on excitability in
the CA3 is likely mediated by the protein—protein interaction
functions of FMRP. Our results thus provide strong evidence for
a major role of translation-independent FMRP function in di-
rectly regulating neural excitability in the hippocampus.

SK channels are widely expressed throughout the CNS and
provide critical negative feedback control to counter hyperexcit-
ability, while also regulating synaptic transmission, synaptic plas-
ticity, and dendritic integration, thus influencing learning and
memory (Adelman et al., 2012). Indeed, SK channels play critical
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roles in LTP induction (Stackman et al., 2002; Griffith et al,,
2016) and spike timing-dependent plasticity. (Jones et al., 2017).
Also, SK channels have been implicated in a number of neurolog-
ical disorders, including epilepsy (Schulz et al., 2012; Lam et al.,
2013; Huang et al., 2018). Given that hyperexcitability-associated
phenotypes are common in FXS, our findings that dysfunction of
SK channels has a profound effect on neuronal excitability and
signal transmission in the hippocampus of Fmr1 KO mice suggest
that these channels may play an important role in the pathophys-
iology of FXS. SK channels may thus represent a therapeutic tar-
get for treating hippocampal hyperexcitability defects in FXS.
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