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Fragile X Mental Retardation Protein Bidirectionally
Controls Dendritic I, in a Cell Type-Specific Manner
between Mouse Hippocampus and Prefrontal Cortex
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Channelopathies are implicated in Fragile X syndrome (FXS), yet the dysfunction of a particular ion channel varies with cell
type. We previously showed that HCN channel function is elevated in CA1 dendrites of the finr1™Y mouse model of FXS, but
reduced in L5 PFC dendrites. Using male mice, we tested whether Fragile X Mental Retardation Protein (FMRPO), the pro-
tein whose absence causes FXS, differentially modulates HCN channels in CA1 versus L5 PFC dendrites. Using a combination
of viral tools, intracellular peptide, and dendritic electrophysiology, we found that FMRP regulates HCN channels via a cell-
autonomous protein-protein interaction. Virally expressed FMRP restored WT HCN channel-related dendritic properties in
both CAl and L5 neurons. Rapid intracellular perfusion of the non-mRNA binding N-terminal fragment, FMRP) ,95, similarly
restored dendritic function. In support of a protein—protein interaction, we found that FMRP associated with HCN-TRIP8b
complexes in both hippocampus and PFC. Finally, voltage-clamp recordings showed that FMRP modulated I, by regulating
the number of functional dendritic HCN channels rather than individual channel properties. Together, these represent three
novel findings as to the nature of the changes in dendritic function in CA1 and PFC neurons based on the presence or ab-
sence of FMRP. Moreover, our findings provide evidence that FMRP can regulate its targets in opposite directions depending
upon the cellular milieu.
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Changes in dendritic function, and voltage-gated ion channels in particular, are increasingly the focus of neurological disor-
ders. We, and others, previously identified cell type-specific channelopathies in a mouse of model of Fragile X syndrome. The
present study shows that replacing Fragile X Mental Retardation Protein, which is absent in Fragile X syndrome, in adult CA1
and L5 PFC neurons regulates the number of functional dendritic HCN channels in a cell type-specific manner. These results
suggest that Fragile X Mental Retardation Protein regulates dendritic HCN channels via a cell-autonomous protein-protein
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Introduction
Fragile X syndrome (FXS) is the most common form of inherited
mental impairment and the leading identified genetic cause of
autism. FXS is caused by the transcriptional silencing of the
FMRI gene and results in the loss of a Fragile X Mental
Retardation Protein (FMRP) expression. FMRP regulates protein
expression through translational regulation and protein function
through protein-protein interactions (Bhakar et al., 2012; M. R.
Santoro et al,, 2012; Brager and Johnston, 2014). There is great
optimism that, because of its monogenic origin, identifying the
neuropathology of FXS is attainable, which will further elucidate
the etiology of mental impairment and autism more generally.
However, despite the monogenic basis of FXS, the neuronal
phenotype in mice can vary across brain regions and cell types
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(Brager et al., 2012; Zhang et al., 2014; Contractor et al., 2015;
Kalmbach et al., 2015; Ceolin et al., 2017). The loss of FMRP
results in an increase in HCN channel function in CA1 pyrami-
dal neuron dendrites (Brager et al., 2012) but a reduction of den-
dritic HCN channel function in L5 pyramidal-tract (PT)
projection neurons of the PFC (Zhang et al.,, 2014; Kalmbach et
al,, 2015). Nearby L5 intratelencephalic (IT) projection neurons
in the PFC have no HCN channel physiological phenotype in
fmrl ¥ mice (Kalmbach et al., 2015). These changes in dendritic
HCN channels in CAl and PT neurons dramatically alter the
integrative properties of these two neuron classes contributing to
FXS mouse behavioral phenotypes (Zhang et al., 2014).

It is unclear, however, how the loss of FMRP results in differ-
ential changes in the function of the same ion channel. Changes
to HCN channel function and/or expression in FXS could be
caused by a primary deficiency in an FMRP-mediated intracellu-
lar process (e.g. mRNA translation or protein-protein interac-
tions) or a secondary process extrinsic to the cell (e.g. changes in
network activity and/or connectivity).

To differentiate cell-autonomous from network-level changes
caused by FMRP loss, we expressed FMRP acutely in a small sub-
set of neurons in adult finr1”’ mice. To determine whether
FMRP modulates cell properties through protein-protein con-
tacts, we perfused neurons with purified FMRP;_,9g, which dis-
plays minimal mRNA binding (Ramos et al., 2006).

Using a combination of dendritic current and voltage-clamp
recordings, we show that both methods restore WT HCN chan-
nel phenotypes in hippocampal CA1 and L5 PT neurons of adult
fmrI™ mice. The fact that reintroduction of FMRP in a small
number of neurons, including a single cell in the case of FMRP;
208> Testores dendritic physiology, supports the cell-autonomous
regulation model of HCN channels by FMRP. We determined
that FMRP was in complex with HCN channels and TRIP8b, an
auxiliary protein that controls gating, surface and expression,
and trafficking (B. Santoro et al., 2004). We demonstrate that, in
each cell type, FMRP regulates I, density, albeit in opposite
directions, by rapidly altering the number of functional channels
in the dendritic membrane. We therefore conclude that FMRP
regulates HCN channel function in a cell-autonomous fashion
via distinct protein—protein interactions.

Materials and Methods

Animals. All procedures involving animals were performed with the
approval of the University of Texas Animal Care and Use Committee.
All mice were housed in the satellite animal facility, under the manage-
ment of the University of Texas Animal Resource Center, under reversed
light/dark cycles. We used 8- to 12-week-old male WT and Fmr1™ mice
on a C57BL/6 background.

Adeno-associated virus assembly and production. Each recombinant
adeno-associated virus construct comprised either a mouse synapsin
promoter (Borghuis et al., 2011) or a rat CaMKII« promoter (Dittgen et
al,, 2004), followed by the coding sequences for mouse FMR1 gene or
inducible Cre recombinase (Matsuda and Cepko, 2007) or tdTomato
fluorophore, the woodchuck post-transcriptional regulatory element
(WPRE), and SV40 polyadenylation sequence, and flanked by inverted
terminal repeats. To impose recombinase dependence, FMR1 and
tdTomato were inserted between asymmetric optimally spaced loxP
recombination sites (Schlake and Bode, 1994). Viruses were assembled
using a modified helper-free system (Stratagene) as serotype 2/1 (rep/
cap) and purified on sequential cesium gradients according to published
methods (Grieger et al., 2006). Titers were measured using a payload-in-
dependent qPCR technique (Aurnhammer et al., 2012). Typical titers
were >10' viral genomes/pl. For coinjections, the viruses were titer-
matched to equalize each in the mix. Buffer was used in place of the
FMR1 vector for tdTomato-only expression.
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Stereotaxic injections. All procedures involving animals were per-
formed with the approval of the University of Texas Animal Care and
Use Committee. Male finr1™Y mice, 8-12 weeks old, were anesthetized
with isoflurane (1%-4% mixed in oxygen), placed in a stereotaxic appara-
tus, and prepared for injections with craniotomies over the target injec-
tion regions. Injections were performed using a pulled glass pipette
(10-15 wm diameter tip) mounted on a Nanoject II small-volume injec-
tor (Drummond Scientific). Injections were performed at a speed of 23
nl/s, separated by a 2-3 min intervals, into either the PFC (AP: 1.5 mm;
ML: £0.45 mm; DV: 2, 1.75, and 1.5 mm; 40 nl per location) or the mid-
dle hippocampus (AP: -3.4 mm; ML: 3.5 mm; DV: 3.5, 3.25, and 3
mm; 20 nl per location). The pipette was left in place for 3-5 min before
removing it from the brain. Mice were given analgesics (carprofen 5 mg/
kg; TW Medical, #PF-8507) after surgery and monitored daily to ensure
full recovery. Mice received a single intraperitoneal dose of 4-hydroxyta-
moxifen (Kithbandner et al, 2000) (45 mg/kg; Sigma Millipore,
#H6278), 1 week after surgery, to induce expression of FMRP and
tdTomato. Tissue was prepared for physiological and biochemical analy-
sis 2 weeks after intraperitoneal drug administration.

Acute slice preparation. Mice were anesthetized with a ketamine/
xylazine (100 mg/kg, 10 mg/kg) cocktail and were perfused through the
heart with ice-cold saline consisting of the following (in mM): 2.5 KClI,
1.25 NaH,POy, 25 NaHCO3, 0.5 CaCl,, 7 MgCl,, 7 dextrose, 205 sucrose,
1.3 ascorbate, and 3 sodium pyruvate (bubbled with 95% O,/5% CO, to
maintain pH at ~7.4). A vibrating tissue slicer (Vibratome 3000,
Vibratome) was used to make 300-um-thick sections. For middle hippo-
campal slices, the brain was removed and bisected along the midline, an
oblique cut was made to promote the planar orientation of the dendrites,
the brain was mounted to the stage of a Vibratome, and sections were
made from the middle hippocampus. For mPFC, 300 pum coronal sec-
tions were used. Slices were held for 30 minutes at 35°C in a chamber
filled with aCSF consisting of the following (in mM): 125 NaCl, 2.5 KClI,
1.25 NaH,PO,, 25 NaHCO3, 2 CaCl,, 2 MgCl,, 10 dextrose, and 3 so-
dium pyruvate (bubbled with 95% O,/5% CO,) and then at room tem-
perature until the time of recording. WT and fimrl™" interleaved daily
when possible, although the experimenter was not blind to the genotype.

Electrophysiology. Slices were placed in a submerged, heated (32°C-
34°C) recording chamber that was continually perfused (1-2 ml/minute)
with bubbled aCSF containing the following (in mM): 125 NaCl, 3.0
KCl, 1.25 NaH,PO,, 25 NaHCO;, 2 CaCl,, 1 MgCl,, 10 dextrose, 3 so-
dium pyruvate, 0.025 D-APV, 0.02 DNQX, 0.005 CGP, and 0.002 gaba-
zine. Slices were viewed either with an Axioskop microscope (Carl Zeiss)
and differential interference optics or an AxioExaminer D microscope
(Carl Zeiss) and Dodt contrast optics. Patch pipettes (4-8 M()) were
pulled from borosilicate glass and wrapped with Parafilm to reduce
capacitance.

Whole-cell recordings. The pipette solution contained the following
(in mM): 120 K-gluconate, 16 KCI, 10 HEPES, 8 NaCl, 7 K, phospho-
creatine, 0.3 Na-GTP, 4 Mg-ATP, pH 7.3 with KOH. Neurobiotin
(Vector Laboratories; 0.1%-0.2%) was also included for histological
processing and post hoc cell location determination. In some experi-
ments, FMRP; 595 (10-100 nM; Novus Biologicals, H00002332-01) or
the heat-inactivated (HI) peptide (90°C for 10 min) was included in the
internal recording solution. Alexa-594 (16 uM; Thermo Fisher Scientific,
#A10428) was also included in the internal recording solution to deter-
mine the dendritic recording location relative to the soma. Data were
acquired using a BVC-700 amplifier (Dagan) and custom data acquisi-
tion software written using Igor Pro (Wavemetrics) or AxoGraph X
(AxoGraph Scientific) data acquisition software. Data were acquired
at 10-50 kHz, filtered at 2-10 kHz, and digitized by an ITC-18
(InstruTech) interface. Pipette capacitance was compensated for, and the
bridge was balanced during each recording. Series resistance was moni-
tored and compensated throughout each experiment and was 10-25 M)
for somatic recordings and 15-40 M() for dendritic recordings. Recordings
were discarded if series resistance increased by more than 30% during the
recording. Voltages are not corrected for the liquid-junction potential (esti-
mated as ~8 mV).

Outside-out recordings. Outside-out recordings were made using an
Axopatch 200B amplifier (Molecular Devices), sampled at 10 kHz,
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Sparse expression of FMRP. A, Schematic of the sparse labeling technique: A mix of three viruses was introduced into sites shown in B: one virus expressed an inactive form of Cre

recombinase from a CaMKllcx promoter, the other viruses encoded recombinase-dependent tdTomato fluorophore and FMRP (mouse FMR1 gene). Recombinase activation was dose-dependent,
requiring systemic administration of 4-hydroxytamoxifen (see Materials and Methods). Protein expression was stochastic and binary. B, lllustration showing the bilateral virus injection sites and
stereotaxic coordinates in either the CA1 region of the hippocampus (top) or L5 of the PFC (bottom). C, Representative image of a hippocampal section used for in vitro studies showing sparse
expression of tdTomato 2 weeks following a single 4-hydroxytamoxifen injection. The CaMKllex promoter labeled primarily excitatory neurons but was also active in some putative stratum ori-
ens inhibitory neurons. Recordings were performed using only excitatory neurons. Scale bar, 50 m. D, Representative fluorescent image showing the presence of tdTomato detected by anti-

mCherry antibodies. E, Same section as in D, stained for FMRP. F, Overlay of D and E.

analog filtered at 2 kHz, and digitized by an ITC-18 interface connected
to a computer running Axograph X. The pipette solution contained the
following (in mM): 120 K-gluconate, 16 KCI, 10 HEPES, 8 NaCl, 7 K,
phosphocreatine, 0.3 Na-GTP, 4 Mg-ATP, pH 7.3 with KOH. TTX (1
puM), BaCl, (0.2 mM), and CdCl, (0.1 mM) were added to the extracellu-
lar saline. I, was measured using hyperpolarizing voltage commands
from -50 to —~140 mV from a holding potential of -30 mV.
Immunoprecipitation and immunohistochemistry. The intact hippo-
campus was first visualized by removing subcortical tissue at the midline
and then excised from the rest of the cortex. To isolate the PFC, a
1.5-mm-thick section was cut (~3-1.5 mm from bregma) and the
PFC was isolated by making a diagonal cut in the cortical region
above the anterior forceps of the corpus collosum toward the midline.
The isolated tissues were carefully weighed. For every 100 mg of tis-
sue, 1 ml of lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl,
0.5% NP-40, and 0.5 mM EDTA) was added along with protease
(Roche Diagnostics, #11836153001) and phosphate inhibitors (Sigma
Millipore, #11836153001). The tissue was homogenized on ice using a
glass Dounce homogenizer, and the lysate was clarified by centrifugation
as previously described (Deng et al., 2013). Protein concentrations in the
clarified lysate were typically 3-5 mg/ml. Freshly prepared lysate was
used for all experiments, as protein complexes could not be reliably iso-
lated from frozen lysate. A small fraction of the lysate was reserved as
input control. Lysate was precleared with Protein G Sepharose beads

(GE Healthcare, #17061802) for 1 h at 4°C. For immunoprecipitation, 10
g of desired antibody was conjugated to 50 pl Dynabeads (Invitrogen,
#00615821) in 500 pl PBS according to the manufacturer’s instructions.
The beads were washed with lysis buffer and rotated with the precleared
lysate at 4°C for 12-16 h. The beads were washed 5 times with lysis
buffer, and the associated proteins were analyzed by Western blot.
Briefly, washed beads were heated in 1x Laemmli loading buffer at 80°C
for 15 min, resolved on a 4%-12% NuPAGE gel, and transferred to nitro-
cellulose membrane (LI-COR, #926-31092). The membrane was blocked
with 4% nonfat milk in PBST (10 mM PB, pH 7.4, 150 mM NaCl, 0.1%
Tween 20) for 1 h and incubated at 4°C for 12 h in 1% milk in PBST with
the appropriate primary antibody: anti-FMRP: 1:1000 (Cell Signaling
Technology, #4317), anti-TRIP8b la-4 1:1000 (NeuroMab, #N212/3,
RRID: AB_2750749), anti-TRIP8b 1la 1:1000 (NeuroMab, #N291C/22,
RRID: AB_2315949), anti-HCN1 1:4 (NeuroMab, #73-110), anti-HCN2
1:200 (Alomone Labs, #APC-030), and anti-tubulin 1:5000 (Abcam,
#EP1332Y). The membrane was washed with 2% PBST containing 2% milk
and incubated for 1 h in suitable antimouse or antirabbit secondary anti-
body (conjugated AlexaFluor). The membrane was washed 3 times with 2%
milk in PBST and 2 times with PBS before imaging on an Odyssey imaging
system (LI-COR Odyssey).

To evaluate FMRP and tdTomato colocalization, mice were injected
with ketamine/xylazine (10 mg/ml xylazine in 90 mg/ml ketamine) and
perfused transcardially with PBS followed by 4% PFA/10 mM PB. Brains
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Figure 2.  Viral replacement of FMRP restores I,-related dendritic physiology in both CAT and L5 PT fmr7™" excitatory neurons. A, Representative voltage responses to current injected into
the soma or dendritic locations for both FMRP™ (black) and FMRP™ (red) CA1 pyramidal neurons. B, Input resistance as a function of recording location for both FMRP™ and FMRP™ CA1 pyram-
idal neurons. €, FMRP™ CA1 neurons (n = 9) have a higher dendritic input resistance measured at multiple potentials compared with FMRP™ neurons (n = 9). D, Representative impedance

amplitude plots in response to a chirp stimulus injected into the soma or dendritic locations for

both FMRP-negative (black) and FMRP-positive (red) CA1 neurons. E, Resonance frequency as a

function of recording location for both FMRP™ and FMRP™ CA1 neurons. F, FMRP™ neurons have a lower dendritic resonant frequency measured at multiple potentials compared with FMRP™
neurons. G, Representative voltage responses to current injected into the soma or dendritic locations for both FMRP™ (black) and FMRP ™ (red) L5 PT pyramidal neurons. H, Input resistance as

a function of recording location for both FMRP™ and FMRP™ PT pyramidal neurons. /, FMRP™

neurons (n = 9) have a lower dendritic input resistance measured at multiple potentials com-

pared with FMRP™ neurons (n = 8). J, Representative impedance amplitude plots in response to a chirp stimulus injected into the soma or dendritic locations for both FMRP™ (black) and
FMRP* (red) PT neurons. K, Resonance frequency as a function of recording location for both FMRP™ and FMRP™ PT neurons. L, FMRP™ neurons have a higher dendritic resonant frequency

measured at multiple potentials compared with FMRP™ neurons. *p << 0.05. Data in C, F, I, and

were postfixed overnight in 4% PFA/PBS. Tissue was sectioned at 50 pm
on a microtome (VT1000, Leica Microsystems) and mounted on
Microfrost Plus slides (Thermo Fisher Scientific). Rehydrated sections
were rinsed in PBS and incubated in sodium citrate for antigen retrieval

L presented as mean = s.e.m.

(85°C, pH 6.0, 30 min). After the incubation, slides remained in sodium
citrate until reaching room temperature. Mounted sections were rinsed
in PBS and placed in blocking solution (10% normal goat serum and
0.5% Triton-X-100) at room temperature for 3 h, then rinsed and placed



Brandalise, Kalmbach et al. @ FMRP Regulates I;,in CA1 and PFC Neurons

in primary antibody mix (1:1 of mouse supernatant anti-FMRP,
Developmental Studies Hybridoma; 1:250 goat anti-mCherry, SicGen,
#AB0081; in blocking buffer) for 48 h at 4°C. The mCherry antibody to
tdTomato was needed because tdTomato fluorescence diminished
during antigen retrieval. Slides were washed 3 times and placed into
blocking buffer with appropriate secondary antibodies (1:500 donkey
anti-mouse AlexaFluor-488 #715-545-150 and 1:500 donkey anti-goat
AlexaFluor-594 #715-585-151, Jackson ImmunoResearch Laboratories)
for 3 h at room temperature. Slides were washed 3 times and cover-
slipped with Fluormount-g (Southern Biotechnology) for imaging.
Images of FMRP and tdTomato immunostaining were acquired using a
AxioZoomV16 microscope (Carl Zeiss) using standard Zeiss filter sets
and running ZEN2pro software. Image processing and quantification
were performed in Fiji (National Institutes of Health).

Experimental design and statistical analyses. Input resistance, sag,
and rebound were calculated from the voltage response to a family of 1 s
current injections (—150 to 50 pA, 20 pA steps). Input resistance was cal-
culated from the linear portion of the current—voltage relationship. Sag
was defined as the ratio of maximum to steady-state input resistance.
Rebound was defined as the slope of the rebound potential as a function
of steady-state membrane potential. The functional membrane time con-
stant was defined as the slow component of a double-exponential fit of
the average voltage decay in response to hyperpolarizing current injec-
tions (100-300 pA, 2 ms). Resonance was determined from the voltage
response to a chirp stimulus (sinusoidal current injection that linearly
increased in frequency from 1 to 15 Hz in 15 s) of constant amplitude.
The impedance amplitude profile (ZAP) was constructed from the ratio
of the fast Fourier transform of the voltage response to the fast Fourier
transform of the current injection. The peak of the ZAP was defined as
the resonant frequency. The presence (2.2 Hz) or absence of resonance
was used to classify L5 mPFC neurons into projection types (PT vs IT).
Patch area was estimated by fitting the decay of the capacitive transient
in response to a small voltage step (assuming 1 pF cm™2). The time con-
stant of I, activation was estimated by fitting a single exponential to the
measured current. Activation data were fit to a single Boltzmann func-
tion using a least-squares program. Linear leakage and capacitive cur-
rents were digitally subtracted by scaling traces at smaller command
voltages in which no voltage-dependent current was activated.

Western blots were quantified using the Odyssey ImageLite software.
Experiments where quantitation is reported were repeated at least twice
using different animals and brain lysates. Differences in bound FMRP
were confirmed with three experiments, four pooled brain regions per
experiment. All quantified coimmunoprecipitated protein amounts were
normalized against the Western blot signal of the primary immunopreci-
pitated protein in the pulldown. Aggregate data were then used to deter-
mine the mean and SEM. Statistical significance was determined using a
paired two-tailed  test.

To determine protein levels in lysate, equal amounts of lysate (esti-
mated by bicinchoninic acid assay) obtained from four pooled brain
regions were resolved by SDS-PAGE and analyzed by Western blot.
Protein levels were estimate using Odyssey ImageLite software and nor-
malized against tubulin in each sample. Two independent experiments
were used to obtain the mean and SEM.

Statistical analysis. Repeated-measures ANOVA, between-subjects
factors ANOVA, mixed-factors ANOVA, and post hoc t tests were used
to test for statistical differences between experimental conditions. Sidak’s
correction was used to correct for multiple comparisons. Data are pre-
sented as mean, and error bars indicate SEM. Statistical analyses were
performed using Prism (GraphPad) and considered significant if p <
0.05. Power analyses were performed using G*power and reported as
Type II error probability (3).

Results

Viral-mediated FMRP mosaics to examine individual neuron
properties

We previously identified changes in dendritic I, using the finr1 ™
mouse model of FXS (Brager et al., 2012; Kalmbach et al., 2015).
To test whether these previously published changes in HCN
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Table 1. The effect of viral FMRP replacement on subthreshold properties of
CA1 and PT neurons

FMRP™ (n = 10) FMRP™ (n = 10) I
Viral replacement: CA1
Vi (mV) -63.2 = 1.55 -60.4 = 1.20 0.17
Sag 17.9 = 232 28 +283 0.0132
Rebound slope (mV/mV) -0.23 = 0.03 —0.4 £ 0.052 0.0145
7y (ms) 241 £ 3.4 16.6 = 2.23 0.0605
FMRP™ (n = 10) FMRP™ (n = 8) p
Viral replacement: L5 PT
Vi (mV) -59.9 = 0.065 -62.6 = 0.81 0.0492
Sag 326 = 2.98 21.7 = 1.74 0.0135
Rebound slope (mV/mV) -0.51 = 0.061 —-0.29 * 0.025 0.0101
7y (ms) 8.6 £ 1.32 149 = 191 0.0445

channel function in hippocampal pyramidal CA1 and L5 PT neu-
rons are due to the intracellular absence of FMRP or network-
wide compensatory mechanisms, we restored FMRP to small
subsets of neurons in adult frnr1™”Y mice using a virus-based
strategy (Fig. 1A,B; see Materials and Methods).

FMRP was expressed in a mosaic, such that neighboring exci-
tatory neurons within a small brain region were either FMRP "
or FMRP ™. The FMRP " neurons additionally expressed a red
fluorophore (tdTomato) to aid in their identification (Fig. 1C).
To allow for expression of FMRP, electrophysiological studies
were performed 2 weeks after injection. Post hoc immunohisto-
chemistry confirmed the coexpression of FMRP and tdTomato
(Fig. 1D-F). Viral expression of the fluorescent reporter
tdTomato had no effect on the input resistance (Ry; unlabeled:
67.25 * 4.83 M(); red: 64.50 * 4.68 M(); t test labeled vs unla-
beled ¢ = 0.4097; df = 20; p = 0.6864) or resonance frequency (f;
unlabeled: 3.41 = 0.267 Hz; red: 3.74 = 0.342 Hz; ¢ test labeled
vs unlabeled ¢ = 0.7702; df = 20; p = 0.4502).

Virally expressed FMRP restores cell-autonomous I, -related
dendritic properties in hippocampal excitatory CA1 and L5
PT neurons

Hippocampal CA1 pyramidal neurons in the finr1™” mouse have
elevated dendritic I;, that manifests as lower Ry and higher fg
compared with WT neurons (Magee, 1998; Narayanan and
Johnston, 2007; Brager et al., 2012). We made whole-cell cur-
rent-clamp recordings from the soma or apical dendrite of
EMRP™ (red, 223 = 31 um from soma) and FMRP"~ (unlabeled,
201 * 35 um from soma) CA1 pyramidal neurons and measured
Ry (Fig. 2A-C) and fi (Fig. 2D-F). Dendritic Ry was significantly
higher (mixed-factor ANOVA, main effect of FMRP: F; 15y =
4312, p = 0.045, B = 0.001) and fy significantly lower (mixed-
factor ANOVA, main effect of FMRP: F(; 15) = 13.62, p = 0.017,
B = 0.001) across multiple membrane potentials in FMRP "
compared with FMRP™ CA1 neurons (Fig. 2C,F). Voltage sag
and rebound were also reduced and membrane time constant
longer in FMRP' CAl neurons (Table 1). The values for
FMRP" and FMRP ™ neurons were in good agreement with WT
and fmrl1™ neurons, respectively, from our previous work
(Brager et al., 2012).

In contrast to CA1 neurons, the fmr1™ dendritic phenotype
in L5 PT neurons is a loss of functional I, (Kalmbach et al,
2015). We asked whether sparse expression of FMRP could res-
cue dendritic physiology in L5 PT neurons. We made whole-cell
current-clamp recordings from the soma and dendrite of
FMRP" (mean, 260 + 71 pm from soma) and FMRP™ (mean,
235 * 48 um from soma) L5 PT neurons. Unlike CA1, dendritic
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Figure 3. Intracellular perfusion of 100 nM FMRP,_ygg restores I,-related dendritic physiology in both CA1 and L5 PT fnr1™" excitatory neurons. A, Representative voltage responses
to current injected into the dendrite of fmr1™ CAT neurons perfused with HI FMRP;_s (black) and FMRP; 595 (red). B, Input resistance as a function of recording location for both
HI FMRP;_503 and FMRP;_j0s. €, CA1 neurons perfused with FMRP; 03 (red, n = 7) have a higher dendritic input resistance measured at multiple potentials compared with HI
FMRP;_59¢ neurons (black, n = 6). D, Representative impedance amplitude plots in response to a chirp stimulus injected into the CA1 dendrite using either HI FMRP;_,55 (black) or
FMRP;_5 (red). E, Resonance frequency as a function of CA1 recording location for HI FMRP; 595 (black) or FMRP;_ss (red). F, Neurons perfused with FMRP;_,o3 (red) have a lower
dendritic resonant frequency measured at multiple potentials compared with HI FMRP; 45 (black). G, Representative voltage responses to current injected into the L5 PT dendrite
with either HI FMRP;_,05 (black) or FMRP; 50 (red). H, Input resistance as a function of recording location with either HI FMRP;_o (black) or FMRP; 95 (red). /, Neurons perfused
with FMRP;_,6¢ (red, n = 15) have a lower dendritic input resistance measured at multiple potentials compared with neurons recorded with HI FMRP;_ o5 (black, n = 13).
J, Representative impedance amplitude plots in response to a chirp stimulus injected into the dendrite using either HI FMRP;_g (black) or FMRP; s (red). K, Resonance frequency

as a function of recording location for either HI FMRP;_,05 (black) or FMRP; 595 (red). L, Neurons perfused with FMRP;_,e (red) have a higher dendritic resonant frequency measured
at multiple potentials compared with HI FMRP; s (black). *p < 0.05. Data in C, F, I, and L presented as mean = s.e.m.
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Ry was significantly lower (mixed-factor ANOVA, main effect of
FMRP: F; 13 = 5.622, p = 0.0339, B8 = 0.001) and f; significantly
higher (mixed-factor ANOVA, main effect of FMRP: Fy 3y =
12.41, p = 0.0038, B = 0.001) across multiple membrane poten-
tials in EMRP™ compared with FMRP™ PT neurons (Fig. 2G,L).
Voltage sag and rebound were also increased and membrane
time constant shorter in FMRP™" PT neurons (Table 1). The val-
ues for FMRP " and FMRP™ PT neurons were in good agreement
with WT and fmr1™ neurons, respectively, from our previous
work (Kalmbach et al,, 2015). Together, these data demonstrate
that viral expression of FMRP decreases dendritic Ij-related
properties in fmr1™"Y CA1 but increases dendritic I-related prop-
erties in fmr1™”Y L5 PT neurons. Moreover, we observed only
cell-autonomous, not network-level effects.

FMRP regulates I;-mediated dendritic properties in a
protein-protein manner

While FMRP is traditionally considered to be a translational reg-
ulator (Darnell et al., 2005, 2011), there is evidence that FMRP
can also directly interact with ion channel proteins (Brown et al.,
2010; Deng et al., 2013; Zhang et al., 2014; Ferron, 2016). To test
whether FMRP could affect Ij-related dendritic properties
through protein-protein interactions and not through changes
in protein expression, we perfused neurons with FMRP;_,gg, a
N-terminal fragment that lacks the mRNA binding domains but
retains the ability to bind via protein-protein interactions
(Ramos et al., 2006). The introduction of FMRP at the beginning
of the recording, in contrast to 2 weeks prior, as for the previous
experiments, also tested the hypothesis that the effects of FMRP
replacement using viruses were likely not related to changes in
protein translation. We made current-clamp recordings from
fmrl’/y CA1 dendrites with 100 nM of either FMRP;_,95 or HI
FMRP; _,¢5 included in the patch pipette. Consistent with our vi-
ral expression experiments from CA1 neurons, the inclusion of
FMRP; 595 significantly increased dendritic Ry (mixed-factor
ANOVA, main effect of FMRP;_,9: F(1,10) = 10.43, p = 0.009,
B =0.01) and decreased fy (mixed-factor ANOVA, main effect
of FMRP, o5t F(19) = 8.079, p = 0.0193, B = 0.01) in fmrI™
CALl dendrites compared with the HI control (HI FMRP;_,gg;
Fig. 3A-F). Voltage sag and rebound were also reduced and
membrane time constant longer with FMRP;_,9g in the pipette
(Table 2). In contrast, the inclusion of 100 nM FMRP,_,¢g had
the opposite effect in finr1”¥ L5 PT dendrites, decreasing Ry
(mixed-factor ANOVA, main effect of FMRP; ,05: F(112) =
6.219, p = 0.0282, B = 0.003) and increasing fr (mixed-factor
ANOVA, main effect of FMRP;_08: F(1,12) = 13.86, p = 0.0029,
B =0.02) (Fig. 3G-L). Voltage sag and rebound were also higher
and membrane time constant shorter (Table 2). In all cases with
FMRP, ,¢g in the pipette, dendritic input resistance significantly
changed within 1 min and reached steady state within 3 min of
obtaining whole-cell configuration (Fig. 4) in agreement with
previously published effects of FMRP;_,93 on potassium chan-
nels (Brown et al., 2010). Because the effect of perfused FMRP
on cell physiology is rapid, these results indicate that FMRP;_5qg,
and virally expressed FMRP, can alter dendritic I, in a cell-au-
tonomous manner, likely through protein-protein interactions.

Replacement of FMRP does not affect PFC L5 IT neurons

In addition to PT neurons, IT neurons reside in layer 5 of the
PFC and can be physiologically identified by their lack of reso-
nance (Dembrow et al., 2010; Sheets et al., 2011; Kalmbach et al.,
2015; Baker et al., 2018). We previously showed that the loss of
FMRP in finr1™” mice selectively alters the properties of PT neu-
rons without affecting IT neurons (Kalmbach et al.,, 2015). To
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Table 2. The effect of FMRP;.,93 peptide on the subthreshold properties of CA1
and PT neurons

FMRP1_508 (n=7) HI FMRP1_505 (n=16) p

Peptide infusion: CA1

Vi (mV) -63.9 = 0.86 -60.4 £ 0.51 0.011
Sag 19 £ 32 29 =37 0.042
Rebound slope (mV/mV) —-0.16 = 0.034 —-0.33 = 0.061 0.0263

FMRP1_508 (n=14) HI FMRP 508 (n=11) p

Peptide infusion: L5 PT

Vin (V) —-64.5 £ 0.85 -69.7 + 0.83 0.00075
Sag 204 = 1.92 9.1 =097 0.0005
Rebound slope (mV/mV) ~ —0.193 = 0.03 -0.10 £ 0.015 0.016
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Figure 4. Perfusion of FMRP,,9 rapidly alters dendritic input resistance. A,
Representative voltage responses to a hyperpolarizing current injection recorded with either
FMRP; 59 (red) or HI FMRP; 595 (black) immediately after establishing a whole-cell recording
and 3 min later in an L5 PT dendrite. B, Summary plot showing the time course of the
change in input resistance after establishing whole-cell recording with FMRP; 505 (n = 5)
and HI FMRP; 05 (n = 4). Data presented as mean = s.e.m.

test whether restoring FMRP expression alters the subthreshold
properties of IT neurons, we made whole-cell current-clamp
recordings from the soma of FMRP" and FMRP™ IT neurons
using the same mosaic preparation (Fig. 5A-D). There was no
significant difference in Ry (mixed-factor ANOVA, main effect
of FMRP: F(; 11y = 0.4259, p = 0.5274, 8 = 0.056) or f (mixed-
factor ANOVA, main effect of FMRP;_,95: F(1,11) = 0.4584, p =
0.5123, B = 0.13) between FMRP* and FMRP™ IT neurons. In
agreement with these viral data, we found that recording with
FMRP; 595 or HI FMRP;_,0g had no significant effect on dendri-
tic Ry (mixed-factor ANOVA, main effect of FMRP; _5o: F(18) =
0.4045, p = 0.5426, B = 0.38) or fr (mixed-factor ANOVA, main
effect of FMRP,_so5: F(1 8) = 0.3304, p = 0.5812, B = 0.37) in IT
neurons (Fig. 5E-H). These results are in agreement with our
previous conclusion that changes in the expression of FMRP
have no effect on the subthreshold properties of IT neurons
(Kalmbach et al., 2015).
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Our initial experiments used 100 nM
FMRP; _,9g based on previously published
reports of FMRP regulation of K* chan-
nel function (Brown et al., 2010; Deng et
al., 2013). We next asked whether lower
concentrations of FMRP;_,9g could also
restore normal HCN channel func-
tion. We included either 1 or 10 nM
FMRP, 593 or HI FMRP;_,95 in our pip-
ette solution during dendritic current-
clamp recordings from CAl or L5 PT
dendrites (Fig. 6). We found that 10 nM
was the minimum concentration that
affected dendritic physiology in both CA1
and PT dendrites (Fig. 6). We conclude
that 10 nM FMRP;_,¢g is sufficient to
reduce dendritic I, in CA1 dendrites and
increase Iy, in PT dendrites.

HCN channels are in complex with
FMRP and TRIP8b in WT mice

Having observed the rapid effect of per-
fused FMRP; 593 on Ij-related dendritic
physiology, we set out to determine
whether FMRP is in complex with HCN
channels, as was reported for FMRP and
potassium channels (Brown et al., 2010;
Deng et al., 2013, 2019). We used an anti-
body against HCN1 to immunoprecipi-
tate HCN1 channel complexes from WT
and fimr1™ mouse hippocampus (HPC)
and PFC lysates. HCN2 was present in
the HPC and PFC immunoprecipitates,
indicating that h channels in both the
HPC and PFC from WT and fimrl™” mice
are heteromers of HCN1 and HCN2, con-
sistent with previous reports on HCN
channel composition (B. Santoro et al.,
2000; Chen et al., 2001) (Fig. 7). The anti-
HCN1 antibody failed to immunoprecipi-
tate FMRP from HCNI KO mouse
extracts (not shown).

FMRP was also detected in complex
with HCN1 in WT mouse lysates (Fig. 7).
Despite similar levels of FMRP in the
lysates from HPC and PFC (Fig. 7C,D),
significantly more FMRP was found asso-
ciated with HCN1 in the PFC lysate than
in HPC lysate (3 = 0.4-fold; Fig. 7B). The
presence of FMRP associated with the
HCN channel complexes supported our
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Figure 5. FMRP does not affect neuronal physiology of fimr7~"* L5 IT neurons. 4, Representative voltage responses for cur-
rent injected into either a FMRP™ or FMRP™ IT neuron. B, Summary plot showing that expression of FMRP does not affect
input resistance of IT neurons (FMRP™, n = 7; FMRP™, n = 6). C, Representative impedance amplitude profiles for a chirp
stimulus injected into either a FMRP™ or FMRP™ IT neuron. D, Summary plot showing that expression of FMRP does not
affect the resonant frequency of IT neurons. E, Representative voltage responses to current injected into the dendrite of
fmr ™Y 1T neurons perfused with HI FMRP;_yqg (black) and FMRP;_595 (red). F, FMRP;_595 does not affect dendritic input re-
sistance of [T neurons (FMRP;_y08, 1 = 5; HI FMRP;_,06, n = 5). G, Representative impedance amplitude plots in response to
a chirp stimulus injected into the IT dendrite using either HI FMRP; 05 (black) or FMRP;_5q (red). H, FMRP;_5s does not
affect dendritic resonant frequency of IT neurons. Data in B, D, F and H presented as mean = s.e.m.

contention that FMRP can regulate I,
through protein-protein interactions. No
FMRP was detected in finr1™Y lysates.

H channels are also known to colocal-
ize with TPR-containing Rab8b interact-
ing proteins (TRIP8b) (B. Santoro et al.,
2004; Lewis et al., 2009; Zolles et al., 2009;
Zobeiri et al, 2017). Previous studies
showed the predominant TRIP8b iso-
forms in the hippocampus and cortex
contain exon 4 (la-4) and exon 5 (la)
(Lewis et al., 2009; B. Santoro et al., 2009).
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Figure 6.  Dose-dependent effect of perfused FMRP;_,95 On dendritic function in CA1 and L5 PT fnr 7™ excitatory neurons. A, Representative voltage response for current injected into the
dendrite of fmr7™ CAT neuron recorded using 1 nM FMRP;_,g5 (red, n = 5), 10 nM HI FMRP;_5 (green, n = 5), or FMRP;_,05 (blue, n = 5). B, Summary plot that shows input resistance as
a function of recording location for 1 and 10 nM HI FMRP;_,6g and FMRP;_595. C, Only perfusion of 10 nM FMRP;_595 (blue) reduces dendritic input resistance in fmr1™" CA1 neurons. D,
Representative impedance amplitude plot for chirp stimulus injected into the dendrite of fmr7™ CAT neuron recorded using T nM HI FMRP; 595 (black) or FMRP; 565 (red) or 10 nM HI
FMRP;_,5 (green) or FMRP; g (blue). E, Summary plot that shows resonant frequency as a function of recording location for 1 and 10 nM HI FMRP;_,05 and FMRP;_5gs. F, Only perfusion of
10 nM FMRP;_y95 (blue) increases dendritic resonant frequency in fmr7™"¥ CA1 neurons. G, Representative voltage response for current injected into the dendrite of fmr7™ PT neuron recorded
using 1 nM HI FMRP;_ygg (black, n = 4) or FMRP;_,95 (red, n = 4) or 10 nM HI FMRP;_,qg (green, n = 5) or FMRP;_,95 (blue, n = 5). H, Summary plot that shows input resistance as a function
of recording location for 1 and 10 nM HI FMRP;_,9g and FMRP;_0g. /, Only perfusion of 10 nM FMRP;_,gs (blue) reduces dendritic input resistance in fmr ™Y PT neurons. J, Representative im-
pedance amplitude plot for chirp stimulus injected into the dendrite of fmr1™ PT neuron recorded using T nM HI FMRP;_g (black) or FMRP;_593 (red) or 10 nM HI FMRP;_,4g (green) or
FMRP1_05 (blue). K, Summary plot that shows resonant frequency as a function of recording location for 1 and 10 nM HI FMRP;_595 and FMRP;_,gs. L, Only perfusion of 10 nM FMRP;_,5q
(blue) increases dendritic resonant frequency in fmrT™ PT neurons. Data in €, F, I and L presented as mean = s.e.m.
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Figure 7. FMRP is in complex with HCN1 channel subunits. A, Western blot analysis of
HCNT immunoprecipitate identified associated HCN2, FMRP, and the indicated TRIP8b iso-
forms. B, Summary of group data shows that approximately threefold more FMRP was asso-
ciated with HCN1 in the PFC compared with the HPC (three independent experiments, p =
0.0091). Other proteins were not significantly different across samples. Reported protein
amounts were normalized to HCNT in the precipitate. C, Lysates were prepared from the indi-
cated brain regions of WT and fmrT™" mice, and HCN proteins, TRIP8b isoforms, FMRP, and
tubulin were quantified by Western blot (see Materials and Methods). Similar lysates were
used for immunoprecipitation studies. D, Protein quantitation from group data normalized to
tubulin. No significant differences in expression for any of the proteins could be discerned
(three independent experiments for FMRP and tubulin; two experiments for HCN and TRIP8b
proteins). ** p < 0.01.

In agreement, both la-4 and la were present in the HCN1
immunoprecipitates from WT and fimr1™ mouse HPC and PFC.
The quantities of both TRIP8b isoforms immunoprecipitated
using an anti-HCN1 antibody and normalized based on the recov-
ered HCN1 were similar for all sources (HPC or PFC, and WT or
fimnr1™) and complex-bound proteins were enriched compared
with their abundance in the lysates (Fig. 7A,B).

FMRP regulates HCN channel conductance density

Our current-clamp data suggest that FMRP modulates I;, via
cell-autonomous protein—protein interactions. FMRP may regu-
late I;, in PT and CAl pyramidal neurons by changing HCN
channel kinetics and/or density. To test for these possibilities, we
pulled outside-out patches from the distal dendrites of CA1 and
L5 PT neurons and made voltage-clamp recordings of I, with
FMRP; 94 in the recording pipette (Fig. 8A). For these experi-
ments, outside-out patches were pulled after 3 minutes to allow
for stabilization of the peptide effect on dendritic properties (Fig.
4). Consistent with previous published reports for CA1 neurons
(Magee, 1998; Bittner et al.,, 2012), we found that I;, increased
with increasing distance from the soma (WT: r* = 0.76, p =
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0.0046; FMRP,_sg: 1° = 0.74, p = 0.0059; HI FMRP; s05: 1 =
0.70, p = 0.0048). However, the distance dependence and maxi-
mum I}, were significantly lower with FMRP,_,qg in the pipette
solution compared with HI FMRP;_,9s (mixed-factor ANOVA,
interaction between membrane potential and FMRP; ,os: F15162) =
2.190, p = 0.0053, B = 0.016; Fig. 8A-C). Indeed, there was no sig-
nificant difference in I, between finrl™” dendritic patches with
FMRP,_,95 and WT dendritic patches. FMRP; _,9g had no effect on
the voltage dependence of I, activation (Fig. 8D) or activation time
constant (Table 3). Similar to CA1 neurons and consistent with pre-
vious reports on L5 cortical neurons (Kole et al., 2006; Harnett et al.,
2015), we found that I, increased with increasing distance from the
soma in L5 PT neurons (WT: 7 = 0.86, P =0.0076; FMRP;_jg: =
0.79, p = 0.0075; HI FMRP;_,04: =071, p =0.0167). However, the
distance dependence and maximum I;, were significantly higher
with FMRP; 593 in the pipette solution compared with HI
FMRP, 595 (mixed-factor ANOVA, interaction between mem-
brane potential and FMRP; g F1g144) = 13.37, p << 0.0001,
B = 0.001; Fig. 8E-G). Consistent with CA1 patches, FMRP;_5og
had no effect on the voltage dependence of activation (Fig. 8H)
or activation time constant (Table 3). Thus, although FMRP reg-
ulates I, in opposite ways in CAl versus L5 PT neurons, these
voltage-clamp data, in combination with our coimmunoprecipita-
tion results, suggest that the molecular composition of the den-
dritic HCN channels in CA1 and PT neurons is similar.

FMRP regulates the number of functional dendritic h
channels

Our outside-out patch-clamp experiments suggest that FMRP
increases or decreases the amplitude of I;, without affecting the
voltage dependence or kinetics of HCN channel activation. This
may occur because FMRP changes the number of available HCN
channels (N) or changes the single-channel conductance () of
HCN channels. To distinguish between these two possibili-
ties, we used nonstationary fluctuation analysis (NSFA) of I,
measured in outside-out patches from fmrl”Y dendrites with
FMRP; 95 in the pipette (Sigworth, 1980; Kole et al., 2006).
The single-channel current (i) and the maximum number of
channels (N) were estimated by fitting the plot of I}, current
variance versus the mean I, current with a parabola (Fig. 94,
B). For both CA1 and PT dendritic patches, there was no sig-
nificant difference in 7y between FMRP,_,03 and HI FMRP;_,og
(mixed-factor ANOVA, main effect of FMRP; 05 F(y,14) = 0.7,
B = 0.21; Fig. 9C). In contrast, FMRP; 59 significantly
reduced N in CAl dendritic patches and significantly
increased N in PT dendritic patches (mixed-factor ANOVA,
interaction between FMRP; ,95 and cell type: F(; 14y = 175.7,
post hoc Sidak’s multiple comparisons test of FMRP;_,gg,
CAl: p = 0.0018, B = 0.001; PT: p = 0.0001, B = 0.001; Fig.
9D). When h channels were blocked with 20 uM ZD7288,
there was a small increase in the current variance during the
voltage step (baseline o: 1.6 = 0.3 pA% maximum o during
step: 3.3 + 0.5 pA% n = 4 patches). However, in the presence
of ZD7288, the variance-current plot was not well described
by a parabola and the average increase in variance was
smaller compared with recordings when h channels were not
blocked (105% vs 407%). These results suggest that FMRP
modulates dendritic I, in both CA1 and PT neurons by rap-
idly decreasing and increasing the number of functional den-
dritic HCN channels, respectively.

Discussion
Cortical neurons receive thousands of synaptic inputs that they
can integrate and transform into action potential output. CA1
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Figure 8.  Perfused FMRP; 55 alters current density without affecting the voltage dependence of h channels in both CA1
and L5 PT fmr7™" excitatory neurons. A, Representative recordings of the maximum I, measured in outside-out patches from
WT CA1 dendrites (blue) or fmr7™" dendrites with either HI FMRP;_05 (black) or FMRP;_gs (red). B, Summary plot showing
the maximum 1, density in dendritic CA1 patches as a function of distance from the soma for WT (blue) or fimr7™ dendrites
with either HI FMRP;_o5 (black) or FMRP;_,95 (red). €, Summary plot showing lower I, density as a function of membrane
potential in CA1 dendritic patches from WT (blue, n = 8) or fnr 1™ patches measured with FMRP; o5 (red, n = 7) com-
pared with HI FMRP;_595 (black, n = 7). D, Summary plot showing that there was no difference in |, activation in CA1 den-
dritic patches from WT (blue) or fnr 1™ patches with either HI FMRP;_0g (black) or FMRP;_59s (red). E, Representative
recordings of the maximum |, measured in outside-out patches from L5 PT dendrites from WT (blue) or fmr 1™ patches with
either HI FMRP;_,g5 (black) or FMRP;_59s (red). F, Summary plot showing the maximum I, density in dendritic L5 PT patches
as a function of distance from the soma from WT (blue, n = 6) or fmr1™" patches with either HI FMRP; 95 (black, n = 6) or
FMRP;_,5 (red, n = 7). G, Summary plot showing greater I, density as a function of membrane potential in L5 PT dendritic
patches from WT (blue) or fmr ™ patches measured with FMRP;_,s (red) compared with HI FMRP;_,g5 (black). H,
Summary plot showing that there was no difference in I, activation in L5 PT denditic patches from WT (blue) or fmr7™
patches with either HI FMRP;_,g (black) or FMRP;_,g (red). Data in B, D, G and H presented as mean =+ s.e.m.
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neurons in the hippocampus and L5 neu-
rons in cortex have high densities of HCN
channels localized in the distal dendrites
(Magee, 1998; Bittner et al., 2012; Harnett
et al., 2015) that can regulate the temporal
and spatial integration of synaptic inputs
(Harnett et al, 2013, 2015; Vaidya and
Johnston, 2013; Dembrow et al., 2015). The
spatial localization and unique biophysical
properties of HCN channels make them
critical regulators of dendritic function.
Relatedly, HCN channels were implicated
in several nervous system disorders, includ-
ing FXS.

We previously found that dendritic I,
is upregulated in CAl dendrites but
downregulated in L5 PFC dendrites in
fmrl'/y mice (Brager et al., 2012; Kal-
mbach et al, 2015). In this study, we
addressed several critical questions related
to the mechanisms for these differential h
channel phenotypes. Is the change in I,
due to the loss of FMRP within individual
neurons or a consequence of an altered
neuronal network? Can the deficit be res-
cued after development? We found that
the sparse expression of FMRP in adult
CA1 and L5 PT finr1™ cells restored Iy-
related properties (input resistance, reso-
nance frequency, rebound, and sag) to
WT levels. Does FMRP regulate I;, via a
translational or protein—protein mecha-
nism? We also found that intracellular
perfusion of a truncated FMRP lacking
the C-terminal mRNA binding domains,
but retaining the N-terminal protein
binding domains (FMRP;_,9g) is suffi-
cient to restore dendritic h channel physi-
ology in both cell types. This suggests that
FMRP regulates HCN channel func-
tion via a protein—protein interaction. In
support of this hypothesis, FMRP coim-
munoprecipitates with h channel pore-
forming HCN subunits and auxiliary
TRIP8b subunits in both hippocampus
and PFC of WT mice.

Several other ion channels are known
to be in complex with FMRP and are
regulated by FMRP via protein-protein
interactions, including BK and SK Ca®"-
activated K" channels, Na " -activated K™
channels, Ky1.2, and N-type Ca** chan-
nels (Brown et al., 2010; Deng et al., 2013,
2019; Ferron et al, 2014; Yang et al,
2018). While we did not explicitly test for
interactions between FMRP, 595 and
these channels in our experiments, modu-
lation of these channels by FMRP is
unlikely to contribute to our observed
changes in dendritic physiology as (1) we
reported significant changes in dendritic
fr in both CA1 and PT neurons, and none
of these channels contributed to reso-
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Table 3. The effect of FMRP;.,93 peptide on the activation and voltage
dependence of dendritic HCN channels in CA1 and PT neurons

WT KO FMRP_505 KO HI FMRP; 505 p
(A1 dendrite
Tace (MS) 87+ 217 2.4+ 2.06 27+19 0872
Vi (mV) -102.6 = 1.1 -101.7 £ 1.7 -101.8 £ 2.1 0.912
k (mV) -13.73 £ 1.147 -13.49 £ 1.856 -14.4 + 2223 0.933
WT KO FMRP;_05 KO HI FMRP;_505 p
PT dendrite
Tact (MS) 244 =122 23.7 = 1.56 23.8 £ 133 0.929
Vi (mV) -1044 = 1.8 -103.7 = 26 -1022 = 1.7 0.731
k (mV) -12.47 £ 1.732 —-15.67 = 2.673 -13.67 = 1.76 0.572

nance; (2) they are unlikely to be activated at the membrane
potentials we used (-80 to -60 mV); and (3) are not expressed in
significant densities in distal dendrites.

What is the cellular mechanism for the change in dendritic
I,,? Voltage-clamp recordings from dendritic outside-out patches
from both L5 PT and CAl neurons showed that FMRP; 5o
restored dendritic HCN channel function to WT levels. We
found that FMRP modulated the absolute magnitude of I,, and
nonstationary analysis revealed that FMRP decreased and
increased the number of functional HCN channels in CAl
and PT neurons, respectively. In contrast, neither the time con-
stant nor the voltage dependence of activation was altered by
FMRP in either cell type (Table 3). Because activation kinetics
are determined in part by the molecular composition of h chan-
nels, these data, together with our coimmunoprecipitation
results, suggest that: (1) the molecular composition of h channels
is similar between CA1l and PT neurons and (2) the absence of
FMRP does not affect the makeup of dendritic h channels.

Brain region and cell type-specific deficits in neurophysiologi-
cal processes occur in FXS. For example, LTD is enhanced in the
CA1 region of the hippocampus but not affected in the PFC
(Huber et al., 2002; Desai et al., 2006). The threshold for LTP is
lower in CA1 pyramidal neurons but higher in L2/3 neurons of
the PFC (Meredith et al., 2007; Routh et al., 2013). The same re-
gional specificity is known for channelopathies. HCN channel
function is higher in CA1 pyramidal neurons but reduced in L5
neurons of both the PFC and somatosensory cortex (Brager et
al,, 2012; Zhang et al., 2014; Kalmbach et al.,, 2015). A-type potas-
sium channels are downregulated in the dendrites of CA1 py-
ramidal cells but upregulated at the soma of L5 PT neurons
(Routh et al., 2013; Kalmbach et al,, 2015). Interestingly, L5 IT
neurons of the PFC had neither an I}, phenotype (Kalmbach et
al., 2015) nor were altered by the reintroduction of FMRP (Fig.
5). Two potential explanations for this observation are that (1)
IT neurons do not express FMRP and thus have no phenotype in
FMRP KO mice and/or (2) because IT neurons do not strongly
express I, (Dembrow et al., 2010), the absence (or presence) of
FMRP has no effect on dendritic properties sensitive to I;,. These
two hypotheses are not mutually exclusive, and further experi-
ments are necessary to explore this finding.

Given the multiple ways in which FMRP can regulate down-
stream targets (translational regulation, protein—protein interac-
tions, mRNA transport), a single mechanism is often difficult to
determine. Our data support a cell-autonomous, protein-pro-
tein-dependent mechanism by which FMRP regulates the num-
ber of functional dendritic h channels. However, a single
mechanism that could account for the increase in CA1 dendrites
while also reducing I, in PT dendrites is not clear. We hypothe-
sized that FMRP could regulate the interaction between HCN
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Figure 9.  FMRP; 0 alters the number of functional HCN channels without affecting sin-
gle-channel conductance. A, Variance-mean plot of h-current recordings from fmr7™ CA1 den-
dritic outside-out patches showing that FMRP; 55 (light red) decreases the number of functional
HCN channels compared with HI control (gray). A parabolic function (black) was used to estimate
the number of functional channels (N) and single-channel conductance (). Inset, Superimposed
single traces used for NSFA elicited by —110 mV hyperpolarizing step (black represents the
mean). B, Variance-mean plot of h-current recordings from fmr7™ PT dendritic outside-out
patches showing that FMRP; 56 (light red) increases the number of functional HCN channels
compared with HI control (gray). A parabolic function (black) was used to estimate the number
of functional channels (N) and single-channel conductance (). Inset, Superimposed single traces
used for NSFA elicited by —110 mV hyperpolarizing step (black represents the mean).
C, Summary plot that FMRP;_,5 does not affect single-channel conductance in either CA1 or PT
dendrites. D, Summary plot showing that FMRP;_g reduces the number of functional HCN
channels in CAT patches (n = 5, 5) but increases the number of functional HCN channels in PT
patches (n = 4, 4). * p << 0.05. Lines in € and D represent the mean.
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channels and various isoforms TRIP8b. Splice variants of
TRIP8b can have opposite effects on h channel surface expres-
sion and voltage dependence of activation (Lewis et al., 2009; B.
Santoro et al., 2009). However, our immunoprecipitation experi-
ments did not find a change in the association of either 1a or la-
4 TRIP8b isoforms with HCNI in the presence or absence of
FMRP. There are three additional exon 4-containing TRIP8
splice isoforms that could be present in our immunoprecipitate
that would be detected by the exon 4 antibody. They constitute
<10% of total TRIP8b mRNA, however; and their action on h
channel function remains unclear (B. Santoro et al, 2004).
TRIP8b splice variants containing exon 1b were not detectable in
our experiments (not shown). Differential regulation of adenylyl
cyclase between CA1l and PT neurons, and subsequent changes
in intracellular cAMP levels, could regulate the functional
expression of h channels. However, cAMP-dependent modula-
tion is typically accompanied by a shift in the voltage dependence
of activation (Chen et al., 2001), which we did not observe.

Based on these results, together with the bidirectional cell
type-specific regulation of HCN channel density, we hypothesize
that FMRP indirectly controls I, by protein-protein-dependent
regulation of an intracellular signaling pathway. Phosphorylation
is one candidate for this regulatory control. In particular, activa-
tion of PKC is known to downregulate dendritic I;, and reduce
the number of functional h channels, whereas PKC inhibition
upregulates I}, (Fan et al, 2005; Brager and Johnston, 2007;
Santello and Nevian, 2015; Williams et al., 2015). While FMRP is
known to bind to the mRNA and regulate the translation of mul-
tiple protein kinases (Davis and Broadie, 2017), it is not clear
whether FMRP is able to regulate protein phosphorylation in a
protein—protein-dependent manner. To determine which com-
ponents of the HCN channel complex FMRP directly binds to
and how this may result in bidirectional regulation of HCN
channel density requires additional experiments.

Implications for neuronal function and treatment

Changes in dendritic HCN channel function can significantly
affect how information is integrated and processed in these brain
regions. CAl and layer 5 PT pyramidal neuron dendrites are ca-
pable of generating nonlinear Ca®"-mediated plateau potentials.
In CA1 pyramidal neurons, these dendritic spikes are driven by
an interaction of synaptic inputs arriving via direct input into the
distal dendrites and indirect input, processed via the dentate
gyrus and CA3 region, onto the more proximal dendrites.
Similarly, in L5 pyramidal neurons, Ca** spikes can be elicited
by interactions between ascending input to basal dendrites and
feedback input arriving at the apical tuft (Larkum et al., 1999a,b;
Xu et al,, 2012). In CA1, the higher expression of HCN channels
in FXS would reduce the likelihood of nonlinear event genera-
tion and impair the induction of synaptic plasticity. Conversely,
in L5 PT neurons, the lower expression of HCN channels in FXS
would increase the probability of dendritic plateaus (Kole et al.,
2007; Labarrera et al., 2018). Indeed, in finr1 ™" mice, L5 neurons
of somatosensory cortex display increased dendritic excitability
that is in part attributable to lower levels of HCN channels
(Zhang et al., 2014). In addition to regulating Ca®" spikes, HCN
channels contribute to the spectral selectivity of neurons.
Specifically, HCN channels promote the integration of synaptic
input containing theta frequencies. The normally high level of
HCN channels expressed in the dendrites of L5 PT neurons
allows them to act as temporal coincidence detectors (Dembrow
et al,, 2015). Only near-synchronous inputs can efficiently sum-
mate to produce local dendritic nonlinear events and drive action
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potential output. Thus, the spectral selectivity of CAl and L5 PT
neurons would be affected differently in FXS; CAl neurons
would be expected to prefer higher frequencies of synaptic input
and L5 PT neurons lower frequencies. Intriguingly, HCN chan-
nels are more broadly expressed in pyramidal neurons across
human cortical lamina compared with mouse (Kalmbach et al,,
2018), potentially leading to more severe h channelopathies and
FXS-related impairments in humans.

Our results shed light on how the loss of FMRP can have dis-
parate effects on a single ion channel, depending on both the cell
type and brain region. This presents a conundrum when target-
ing a particular deficit, including ion channels, for therapeutic
intervention in Fragile X syndrome. Essentially, the targeting
needs to be brain region-specific, depending on whether the
behavior being addressed is hippocampal or PFC-dependent.
Alternatively, broad interventions would need to target the regu-
lation (or restoration) of the FMRI gene or a cellular process
upstream from the effector.
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