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Abstract

Fragile X syndrome (FXS) is caused by a failure of neuronal cells to express the gene
encoding the fragile mental retardation protein (FMRP). Clinical features of the syndrome
include intellectual disability, learning impairment, hyperactivity, seizures and anxiety. Fmr1
knockout (KO) mice do not express FMRP and, as a result, reproduce some FXS behavioral
abnormalities. While intrinsic and synaptic properties of excitatory cells in various part of the
brain have been studied in Fmr1 KO mice, a thorough analysis of action potential character-
istics and input-output function of CA1 pyramidal cells in this model is lacking. With a view to
determining the effects of the absence of FMRP on cell excitability, we studied rheobase,
action potential duration, firing frequency—current intensity relationship and action potential
after-hyperpolarization (AHP) in CA1 pyramidal cells of the hippocampus of wild type (WT)
and Fmr1 KO male mice. Brain slices were prepared from 8- to 12-week-old mice and the
electrophysiological properties of cells recorded. Cells from both groups had similar resting
membrane potentials. In the absence of FMRP expression, cells had a significantly higher
input resistance, while voltage threshold and depolarization voltage were similar in WT and
Fmr1 KO cell groups. No changes were observed in rheobase. The action potential duration
was longer in the Fmr1 KO cell group, and the action potential firing frequency evoked by
current steps of the same intensity was higher. Moreover, the gain (slope) of the relationship
between firing frequency and injected current was 1.25-fold higher in the Fmr1 KO cell
group. Finally, AHP amplitude was significantly reduced in the Fmr1 KO cell group. Accord-
ing to these data, FMRP absence increases excitability in hippocampal CA1 pyramidal cells.

Introduction

Fragile X syndrome (FXS) is the most common form of inherited human intellectual disability.
Many FXS patients display learning impairment, hyperactivity, hypersensitivity to sensory sti-
muli, seizures and anxiety. Thirty percent of children with FXS are diagnosed with autism [1].
FXS is caused by transcriptional silencing of the FMRI gene which encodes the fragile mental
retardation protein (FMRP). Fmrl knockout (KO) mice do not express FMRP, and reproduce
some of the behavioral abnormalities seen in FXS; these animals are commonly used as a
model to understand the molecular-, synaptic-, cellular-, and neural network-bases of the syn-
drome [2-7].
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Electrophysiological research carried out on brain tissue from Fmrl KO mice has identified
impairment of long- and short-term synaptic plasticity [8-10], abnormal dendritic excitability
associated with alterations in the expression and/or function of several types of voltage-gated
ion channels [11-15], and presynaptic dysfunction dependent on N-type voltage-gated cal-
cium channels [16]. The abnormal dendritic excitability attributed to ion channels appears to
be specific both to the brain region and to the cell type under investigation [13, 15, 17]. Studies
of intrinsic excitability using somatic patch-clamp recordings have also been carried out. Some
reports suggested unaltered membrane properties of layer 5 pyramidal neurons in the somato-
sensory cortex [15, 18]. On the other hand, an increased input resistance probably underlies a
decrease of the minimum current step required to evoke an action potential and the increased
firing frequency seen in response to a given suprathreshold current injection in layer 4 excit-
atory neurons in the barrel sensory cortex [19]. This neuronal population, under an epilepti-
form condition, switch from a regular spiking pattern to a seizure-like activity [20]. An absence
of FMRP increased the persistent sodium current which diminished action potential threshold
and caused pyramidal cell hyperexcitability in the entorhinal cortex [21]. Layer 2/3 neurons of
the prefrontal cortex in Fmrl KO mice display a higher excitability as measured at the soma,
which could result from a larger transient Na* current and a depolarizing shift in the activation
of A-type K™ conductance [22]. Action potential broadening, via a reduction in the activity of
BK channels, has been reported in layer 5 pyramidal cells of the entorhinal cortex and in CA3
pyramidal neurons of the hippocampus in Fmrl KO mice [23]. In this way, a primary objective
of the current work was to increase our present understanding of cell excitability by studying
the hippocampal CA1 pyramidal neurons in wild-type (WT) and Fmrl KO mice.

The hippocampus is widely recognized as a critical structure for learning and memory; cell
hyperexcitability could, at least in part, underlie behavioral deficits associated with the absence
of FMRP [for review see 5, 6, 7]. FMRP is highly expressed in the somatodendritic domains of
neurons in all hippocampal areas [24] and acts through multiple mechanisms, including as a
translational regulator of its mRNA targets, some of which, encode voltage-gated ion channels,
and interaction with ion channel-associated proteins [11, 16, 23, 25-29]. In physiological con-
ditions, cell bodies integrate incoming signals from synaptic transmission. Abnormal channel
expression and/or function can have substantial effects on the processes of cell body signal
integration and the generation of neuronal outputs [30]. The manner in which the absence of
FMRP can affect cell computations can be captured by the input-output function. The input-
output function is characterized by the threshold and the gain [31]. Here we define the thresh-
old from rheobase and the gain from the slope of the relationship between firing frequency
and injected current. Modifications in resting membrane potential, input resistance, and /or
action potential voltage threshold could shift rheobase, and therefore increase or decrease cell
excitability. A change in the slope (gain) can lead to the amplification or scaling-down of the
sensitivity of the neuron to stimuli [31, 32]. On the other hand, FMRP-dependent alterations
in action potential duration can modify neurotransmitter release [23]. Based on this knowl-
edge, we investigated whether the absence of FMRP by genetic modification alters rheobase,
the firing frequency-current injection relationship, and/or the shape of the action potential,
including after-hyperpolarization (AHP).

Materials and methods
Slice preparation

Fmrl KO mice (FVB.129P2-Pde6b™ Tyrc'c}1 Fmr1"™€"[J; stock# 4624, Jackson Laboratory) and
wild-type (WT) mice (FVB.129P2-Pde6b+Ter'Ch /Ant]; stock# 4828, Jackson Laboratory) were
used in these studies. All experimental procedures were approved by the Ethics Committee on
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Animal Experimentation at the University of Seville (Permit number 12-06-15.260) in accor-
dance with the guidelines of the European Community (Directive 2010/63/EU), as well as with
the Spanish legislation (R.D. 53/2013 BOE 34/11370-421). Male mice (8-12 weeks old) were
anesthetized deeply with sodium pentobarbital (50 mg kg-1) and all efforts were made to mini-
mize suffering. Mice were then perfused intracardially with ice-cold sucrose-artificial cerebros-
pinal fluid (ACSF) and decapitated; brains were removed quickly and placed in a dissection
medium containing cold sucrose-ACSF. Coronal slices (300-pm thickness) including the hippo-
campi were cut using a vibrating microtome (Leica 1200S). Slices were first incubated in a cham-
ber containing ACSF for 30-45 minutes at 32°C, and then maintained at room temperature.
Single slices were transferred to the recording chamber and superfused at 2 ml min™" with ACSF
bubbled with 95% O2-5% CO2 (pH 7.4; 32 + 1°C). The composition of ACSF was as follows (in
mM): 126 NaCl, 2 KCl, 1.25 Na2HPO4, 26 NaHCO3, 10 glucose, 2 MgSO4, and 2 CaCl,. For the
sucrose-ACSF solution, NaCl was substituted by sucrose (240 mM) and the concentrations of
MgSO, and CaCl, were modified to 4 mM and 0.1 mM, respectively.

Electrophysiological recordings

Whole-cell patch clamping was performed on visually identified somata of CA1 pyramidal
cells using a Nikon Eclipse FN1 equipped with infrared-differential interference contrast
optics, a 40x water immersion objective and a Hamamatsu C-7500 camera. Recordings were
carried out on neurons located approximately between Bregma -1.3 and -1.9 mm [33] in the
dorsal region of the hippocampus. For current clamp recordings, patch pipettes (4-6 MQ)
contained (in mM): 120 potassium gluconate, 10 KCI, 10 phosphocreatine disodium salt, 2
MgATP, 0.3 NaGTP, 0.1 EGTA and 10 Hepes, adjusted to pH 7.3 with KOH. The osmolality
of intracellular solutions was 280-290 mosmol 1", adjusted with sucrose. Whole-cell patch
clamp recordings were carried out using a MultiClamp 700B Amplifier (Molecular Devices).
Gigaseals (>1 GQ) were obtained before rupture of the patch, pipette capacitance was com-
pensated before breaking in and the bridge was balanced using the auto-adjust button. Series
resistance was 20 MQ or less during recording. Current clamp recordings were low-pass Bes-
sel-filtered at 10 kHz; data were digitized at 20 kHz with a Digidata 1440A analog-to-digital
converter and acquired using pCLAMP 10 software (Molecular Devices). Data were stored on
a computer disk and analyzed offline using Clampfit 10.2 (Molecular Devices) software. Volt-
ages were not corrected for the liquid-junction potential (estimated as ~14 mV).

Data acquisition and analysis

Current clamp experiments were conducted to determine whether FMRP modulates the cell
excitability of hippocampal CA1 pyramidal cells and a number of parameters were quantified.
Resting membrane potentials were measured as the difference between the intracellular and
extracellular potentials. Input resistance was determined by passing current steps (500 ms, 1
Hz; with 10 pA increments from 20 to—60 pA), and calculated as the slope of the current-volt-
age plot. To measure inward rectification, or sag, a current pulse that drifted the membrane
potential from rest to -85 + 2 mV was applied; sag amplitude was calculated as the difference
between membrane potentials at peak and at steady-state; the percentage of sag was equal to
(sag amplitude / voltage difference between rest and peak amplitude) x 100. The membrane
time constant was obtained by recording the membrane response to 20 pA hyperpolarizing
current pulses (500 ms duration, 1 Hz) and fitting the response to a single exponential curve.
We chose 20 pA of hyperpolarizing current because such a current intensity did not produce
sag. The rheobase was the minimum injected current that generated an action potential in
50% of cases, and was measured for pulse durations of 500 ms (1Hz; with 2 pA increments).
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Depolarization voltage was the increase in membrane potential required for the cell to reach
the spike voltage threshold. To assess the spike voltage threshold, we used phase-plane plots
and the spike onset was taken as the value of the membrane potential at which the first deriva-
tive exceeded 10 V s Single action potentials were evoked by short (100 ys) depolarizing cur-
rent pulses; the current intensity was progressively increased by 0.5 nA current steps until the
spike voltage threshold was reached. Action potential amplitude was the voltage increment
between the resting level and spike voltage peak. The value of the duration of the action poten-
tial was determined as the width of the spike at half-maximal amplitude. Repetitive firing was
evoked by depolarizing current steps (500 ms, 0.5 Hz) with 10-50 pA increments, and the
mean firing for each injected current in WT and FmrI KO cells was calculated. Next, the rela-
tionship between the firing frequency and injected current was plotted for each cell and the
slope (gain) determined. Evoked action potentials were followed by an after-depolarization
(ADP) and /or AHP. A 100 ps stimulus with current intensity adjusted just above the spike
voltage threshold yielded an action potential often followed by an ADP, the amplitude of
which was taken as the voltage difference between rest and membrane potential peak during
ADP. The duration of the ADP corresponded to the time between ADP onset and rest recovery.
The amplitude and /or duration of the fast and medium components of the action potential AHP
were also measured [34]. AHP parameters were quantified for three conditions: (1) with current
depolarizing pulses of 500 ms that shifted the membrane potential to the spike threshold value
and evoked spikes at a low firing frequency (< 2 action potential s '); (2) with suprathreshold cur-
rent steps lasting 500 ms and producing 8-12 action potentials; and (3) at the end of the repetitive
discharge evoked by the previous current injections. For low firing frequency, fast AHP ampli-
tude was the difference between resting membrane potential and the lowest value of membrane
potential during this AHP phase. The amplitude of the medium AHP was measured as the differ-
ence between rest and membrane potential in a time window of 5-15 ms after the lowest value of
membrane potential during fast AHP. To measure the medium AHP component after repetitive
discharge, the amplitude and duration were assessed relative to the resting membrane potential.
For spike trains, AHP amplitudes were assessed relative to the action potential threshold. To
study spike-frequency adaptation, the instantaneous frequency was calculated as the reciprocal of
the inter-spike interval duration. The spike-frequency adaptation was then quantified by the
adaptation index, which is equal to [1—(frequency in the steady-state/instantaneous frequency
in the first inter-spike interval)]. The steady-state firing frequency was taken as the average of the
instantaneous frequency during the last 250 ms of the repetitive discharge. Adaptation index was
measured from trains of 8—12 action potentials evoked by 500 ms current injections.

Statistical analysis

Significant differences between WT and FmrI KO cell groups were determined by using the
Student’s t test for unpaired samples as values were normally distributed within each group
with equal variance between groups. The correlation between variables was measured by Pear-
son’s correlation coefficient (r). The significance level was established at P < 0.05. All data are
reported as mean * standard error of the mean. The percentage change in each parameter was
normalized relative to the WT cell group and calculated as: (Fmrl KO mean value—WT mean
value / WT mean value) x 100.

Results
Rheobase in CA1 pyramidal cells is not modified in Fmr1 KO mice

Whole-cell patch clamp recordings were performed on the somas of 33 WT and 32 Fmr1 KO
pyramidal cells located within the hippocampal CA1 region. These cells were from slices
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prepared from 14 WT and 16 Fmrl KO mice (details in S1 and S2 Tables). Resting membrane
potential, input resistance and action potential voltage threshold were measured to assess if the
absence of FMRP leads to changes in rheobase. All cells included for analysis showed a stable
resting membrane potential, and the mean value of the resting membrane potential was close
to—63 mV in both cell groups (Fig 1D; Table 1). The Fmrl KO cell group exhibited a signifi-
cantly higher input resistance (~15%; Fig 1A and 1B; Table 1). The amplitude of sag was mea-
sured, as the altered functional expression of h-channels in dendrites has been linked to input
resistance modifications in Fmrl KO mice [13, 15], and there were no differences between WT
and Fmrl KO cell groups (Table 1). The Fmrl KO cell group showed a significantly higher
membrane time constant (~15%) than the WT cell group (Table 1). Next, we measured
whether spike voltage threshold and depolarization voltage (i.e. the difference between spike
voltage threshold and resting membrane potential) were different between WT and Fmrl KO
cell groups and found non-significant differences (Fig 1C and 1D; Table 1). Higher values of
input resistance in the Fmrl KO cell group were accompanied by a reduction of rheobase (in
the Fimrl KO group was ~13% lower than in the WT group); however, differences in rheobase
were not statistically significant (Fig 1D; Table 1).

Action potential duration is longer in CA1 pyramidal cells from Fmr1 KO
mice

Action potential broadening associated with the absence of FMRP was recently reported for
pyramidal cells within CA3 region of the hippocampus [23]. When this parameter was assessed
in relation to excitatory neurons located in layer 5 of the entorhinal cortex, the magnitude of
the effect of FMRP absence on the action potential duration appeared to fall into two different
cell populations: one of these populations showed action potential broadening similar to CA3
pyramidal cells, whereas the other population exhibited highly exaggerated broadening.
According to these reports, the absence of FMRP produces an increased action potential dura-
tion, the magnitude of which depends on the cell population under investigation. To deter-
mine if such a finding can be extended to CA1 pyramidal cells, the action potential duration
was assessed following short- and long-duration current steps. Short current steps (100 us)
evoked single action potentials. These spikes were lower in amplitude (WT = 118.56 + 1.51
mV from 28 cells of 11 mice versus Fmrl KO = 105.9 + 2.22 from 29 cells of 14 mice) and lon-
ger in duration (~7%) in cells from the Fmrl KO group compared to cells from WT mice (Fig
2A; Table 1). Differences between groups were statistically significant for both parameters.
Because action potential duration increases during burst firing [23], 500 ms current steps were
injected to evoke trains of 8-12 action potentials and the durations of the first, middle (250 ms
after stimulus onset) and last spike of the train were measured in both cell populations. Action
potentials were longer in duration (~6%) in the Fmrl KO cell population compared with the
WT cell group (Fig 2B and 2C; Table 1). In conclusion, the absence of FMRP results in an
increased action potential duration.

The slope (gain) of the firing frequency—current intensity relationship is
higher in CA1 pyramidal cells from Fmr1 KO mice

CA1 pyramidal cells showed a repetitive discharge of action potentials in response to supra-
threshold depolarizing current steps. Current steps of equal intensity produced a higher num-
ber of spikes in Fmrl KO cells than in WT cells (Fig 3A and 3B). The increased firing
frequency of Fmrl KO cells was statistically significant for current steps of 100, 200, 300 and
400 pA (Fig 3B; Table 1). Fig 3C shows the firing frequency-current intensity relationships of
representative WT and Fmrl KO cells. As shown, firing frequency increases with the stimulus
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Fig 1. Rheobase is not modified in CA1 pyramidal cells of Fmr1 KO mice. (A) Voltage responses of two representative WT and Fmr1 KO cells to
depolarizing and hyperpolarizing current steps. (B) Histogram showing input resistance in WT and Fmr1 KO cell groups. (C) Representative recordings of the
rheobase that was 70 pA for both WT and Fmr1 KO cells (left panel). Phase-plane plots to determine the action potential voltage threshold (right panel). (D)
Histograms showing resting membrane potential, depolarization voltage, action potential voltage threshold and rheobase in WT and Fmr1 KO cell groups.
Calibrations as indicated. In this and following figures, histograms show the mean value and standard error of the mean. Asterisks (*) indicate statistically
significant differences (P<0.05). n.s. indicates non-significant statistical differences.

https://doi.org/10.1371/journal.pone.0185067.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0185067 September 20, 2017 6/18


https://doi.org/10.1371/journal.pone.0185067.g001
https://doi.org/10.1371/journal.pone.0185067

@’PLOS | ONE

Cell excitability in Fmr1 KO mice

Table 1. Membrane properties of the CA1 pyramidal cells in wild type and Fmr1 KO mice.

Parameter Wild type mice (n)' Fmr1 KO mice (n)' Statistics? (P)* % Change®
Resting membrane potential (mV) -63.33 £ 0.49 (33/14) -63.02 £ 0.87 (32/16) 0.760 -0.50
Input resistance (MQ) 151.8+6.90 (32/13) 174.1 £8.16 (32/16) 0.040% 14.69
Time constant (ms) 20.41+0.78 (32/13) 23.39+0.93 (32/16) 0.017* 14.60
Sag (%) 16.42 +0.72 (13/9) 13.91+0.75 (21/11) 0.030 -9.19
Rheobase (pA) 76.64 +11.68 (22/10) 66.94 £9.02 (17/11) 0.538 -12.65
Voltage threshold (mV) -47.62 +1.06 (22/10) -49.03 £0.89 (17/11) 0.336 2.96
Depolarization voltage (mV) 15.24 +1.29 (22/10) 15.15+1.23 (17/11) 0.963 -0.59
Action potential duration* (ms)
Single action potential 0.99+0.01 (28/11) 1.06 £ 0.02 (29/14) 0.026* 7.07
Firing train (8—12 AP during 500 ms)
First 0.96 +0.02 (12/9) 1.02+0.01 (11/8) 0.046* 6.25
Middle 0.98 £0.01 (12/9) 1.04+0.01 (11/8) 0.035* 6.12
Last 0.99+0.01 (12/9) 1.03+0.01(11/8) 0.041% 4.04
Firing frequency® (AP ¢ s™")
100 pA 10.64 +1.71 (22/11) 15.58 +1.58 (19/13) 0.042* 46.42
200 pA 22.55+2.04 (22/11) 31.37£2.21 (19/13) 0.005* 39.11
300 pA 32.57 £2.16 (22/11) 41.05+1.79 (19/12) 0.006* 26.03
400 pA 38.80 +2.44 (20/10) 45.05+1.75(19/12) 0.046* 16.10
Gain® 0.12£0.006 (22/11) 0.15+0.006 (19/12) 0.013* 25
ADP/AHP’
ADP single action potential
Amplitude (mV) 8.01+0.66 (24/14) 6.93+0.55 (26/13 0.220 -13.48
Duration (ms) 65.96 + 4.08 (24/14) 92.89 + 7.49 (26/13) 0.003*% 40.82
AHP low frequency (<2 AP ss™")
fAHP Amplitude (mV) 10.29 £0.92 (22/11) 7.68+0.80 (17/11) 0.047* -25.36
fAHP Duration (ms) 3.33+0.41 (22/11) 3.52+0.19 (17/11) 0.709 5.70
mAHP Amplitude (mV) 7.57 £0.76 (22/11) 4.40 £0.57 (16/11) 0.003* -41.87
mAHP Duration (ms) 167.73 +£9.65 (22/11) 153.5+16.63 (15/11) 0.436 -8.84
AHP firing train (8—12 AP during 500 ms)
fAHP Amplitude (mV) 10.67 +1.214 (12/9) 7.72£0.59 (11/8) 0.044% 27.64
fAHP Duration (ms) 2.05+0.19 (12/9) 3.17+0.12(11/8) 0.001* 54.63
mAHP Amplitude (mV) 9.64 +1.32 (12/9) 6.13+0.90 (11/8) 0.043* -36.41
mAHP Duration (ms) 58.28 £2.9 (12/9) 50.39 £3.64 (11/8) 0.102 -13.53
mAHP after a firing train (8—12 AP during 500 ms)
Amplitude (mV) 2.15+0.16 (5/3) 1.39+0.24 (4/3) 0.029*% -35.34
Duration (ms) 121.2+16.29 (5/3) 141.78 £25.3 (4/3) 0.498 16.98
Adaptation index® 0.46 +0.06 (12/9) 0.43+0.06 (11/8) 0.763 -6.52

1(n) indicates the number of cells / mice quantified for each parameter.

2 Statistical significance level (P value) after comparing mean values using Student's t test for unpaired samples

* indicates significant differences between both cell groups (P< 0.05).

3 Data in this column correspond to the percentage of change between the mean values from Fmr1 KO cells compared to WT cells and was calculated as:
(Fmr1 KO mean value—WT mean value / WT mean value) x 100. Positive and negative values indicate increments and decrements of Fmr1 KO cell group
relative to WT cell group.

“ Action potential (AP) durations were measured after short stimuli (100 ps—single AP) and during 500 ms depolarizing current pulses.

5 Action potential firing frequencies were evoked by 500 ms depolarizing current steps at 100, 200, 300 and 400 pA and measured as action potentials (AP)
per second.

6 Gain was the slope of the linear relationship between the firing frequency and injected current.

7 Action potentials after-depolarization (ADP) and after-hyperpolarization (AHP) were measured. Fast (fAHP) and medium (mAHP) were quantified for two
conditions: with current steps of 500 ms that shifted membrane potential to the spike voltage threshold and evoked spikes at a low firing frequency (< 2
action potential » s7'); with suprathreshold current steps that evoked 8—12 spikes. At the end of the repetitive discharge evoked by the previous
suprathreshold current, mAHP was also quantified.

8 The adaptation index was calculated as [1—(frequency in the steady-state/instantaneous frequency in the first inter-spike interval)]. The repetitive
discharge (8—12 AP) was evoked by 500 ms depolarizing current steps.

https://doi.org/10.1371/journal.pone.0185067.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0185067 September 20, 2017 7/18


https://doi.org/10.1371/journal.pone.0185067.t001
https://doi.org/10.1371/journal.pone.0185067

@° PLOS | ONE

Cell excitability in Fmr1 KO mice

intensity, reaching a firing plateau with stimuli > 300 pA. For this reason, data were fitted to a
linear regression up to 300 pA. Both WT and Fmr1 KO neurons had a good fit (r> 0,9), and
Fmrl KO cell group exhibited a significantly higher slope (gain) than WT (Fig 3D and 3E;
Table 1). The mean gain in Fmrl KO cell group was 1.25-fold higher than WT cell group.
Next, we studied spike-frequency adaptation and found that these were similar (~ 0.45) in
both cell groups (Table 1). In summary, the absence of FMRP resulted in an 1.25-fold increase
in the gain of the firing frequency—current intensity relationship; this alteration leads to a
heightened sensitivity of Fimr1 KO cells to changes in input.

CA1 pyramidal cells showed an action potential ADP and AHP in response to short and
long suprathreshold current steps, respectively (Fig 4). Stimuli of 100 us duration evoked single
action potentials that were often followed by an ADP (n = 24 of 28 WT cells and n = 26 of 29
Fmr1 KO cells). The amplitude of this response was similar in Fmrl KO and WT cells, but the
ADP duration was significantly longer in Fmrl KO cells (Fig 4A; Table 1). The injection of 500
ms depolarizing current steps shifted the membrane potential to values close to the spike
threshold, yielding action potentials at low firing frequencies (< 2 action potentials s ™). Under
this condition, AHP recordings were noticeably different in cells from the two groups. WT
cells exhibited a fast and a medium AHP, as already reported in rat CA1 pyramidal cells [33].
In Fmrl KO cells, fast AHPs were observed, whereas medium AHPs were absent or weak (Fig
4B). Consistent with previously reported data for CA3 pyramidal cells [23], an absence of
FMRP causes a significant reduction of the amplitude of fast AHPs in CA1 pyramidal cells
(Table 1). Fast and medium AHP characteristics were also studied during repetitive discharge.
Because firing frequency produces different amounts of calcium influx which can shape AHP
[35, 36], trains of 8-12 spikes were generated by 500 ms current injections and the fast and
medium AHPs were studied. Amplitude and duration of these AHP phases were quantified
for the action potential closest to 250 ms after stimulus onset. In the Fmrl KO cell group, fast
AHP amplitude (~28%) and duration (~55%) were reduced (Table 1); medium AHP ampli-
tude decreased (~36%), while duration did not (Fig 4C, 4E and 4F; Table 1). Medium AHPs
after similar repetitive firing were also studied. Some recorded cells of both groups showed an
AHP following the action potential train. When present, the AHP amplitude was lower in the
Fmrl KO cell group (Fig 4D; Table 1). These data support the notion that the absence of
FMRP has a considerable impact on conductances underlying AHP.

Discussion

The present study demonstrates an increase in excitability in hippocampal CA1 pyramidal
cells from Fmrl KO mice compared with WT mice. The origin of this increase was not due to
modifications in rheobase. The action potential duration was longer in cells from the Fmrl KO
group, and the firing frequency evoked by current steps of the same intensity (100, 200, 300
and 400 pA) and duration (500 ms) were higher for this group. Moreover, the relationship
between firing frequency and injected currents showed an almost 1.25-fold increase in the
slope (gain) for cells from the Fmrl KO cell group in comparison with WT cells. Firing fre-
quency increase of Fmrl KO cells was accompanied by a decrease in AHP amplitude. Modifi-
cations in input resistance, firing frequency gain and action potential duration reveal that the
cell body input-output function is altered by the absence of FMRP in CA1 pyramidal neurons.

Rheobase is not modified in CA1 pyramidal cells of Fmr1 KO mice

The function of FMRP in altering membrane properties—excitability—from somatic recordings
has previously been studied, and published reports suggest that FMRP-dependent intrinsic
properties appear to be cell type-, brain region- and mouse strain-specific, as already proposed
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Fig 2. Action potential duration is increased in CA1 pyramidal cells of Fmr1 KO mice. (A) Single action
potential ina WT and a Fmr1 KO cell generated by a short pulse (100 ps) with an intensity that was adjusted
to the spike voltage threshold. The recordings also depict the half-width (dashed line) of the spike for the
measurement of action potential duration. St indicates the onset of the stimulus. (B) Train of action potentials
(8—12 spikes) produced by applying 500 ms current injections at 200 pA in a WT cell and at 100 pAina Fmr1
KO cell. The durations of the first spike ('¥), the spike in the middle of the train (250 ms after stimulus onset; ®)
and the last spike of the train (®) were measured in both cell groups. (C) Histogram showing action potential
duration evoked in a single action potential and in trains of action potentials in WT and Fmr1 KO cell groups.
Calibrations as indicated. Asterisks (*) indicate statistically significant differences (P<0.05).

https://doi.org/10.1371/journal.pone.0185067.9002

for dendritic properties [7, 17]. Membrane potential, input resistance, spike voltage threshold
and rheobase were similar in layer 5 pyramidal neurons of the somatosensory cortex in WT
and Fmr1 KO mice [15, 18]. Layer 4 excitatory neurons of the somatosensory cortex exhibited
a higher input resistance and lower rheoase in Fmr1 KO mice; in contrast, no significant
changes were seen in inhibitory neurons [19]. Two different populations of cells located in
layer 5 of the medial prefrontal cortex have been studied in WT and FmrI KO mice: pyramidal
tract-projecting neurons and intratelencephalic-projecting neurons. Pyramidal tract-project-
ing neurons of the Fmrl KO mice showed a more hyperpolarized resting potential, similar
input resistance and lower spike voltage threshold; in contrast to this population, the sub-
threshold properties of intratelencephalic-projecting neurons were similar in WT and Fmrl
KO mice [17]. In the entorhinal cortex, a decreased action potential threshold was observed in
layer II pyramidal cells of the Fmrl KO mice, while no changes were observed in stellate cell
[21]. A previous study on CA1 pyramidal cells of the hippocampus reported that dendritic
input resistance was lower in Fmrl KO mice versus WT and suggested that this alteration
could be due in part to an enhancement of the hyperpolarization-activated non selective cat-
ionic current, I, [13]. In addition, this study found no significant differences between WT and
Fmr1 KO mice using somatic recordings in input resistance and voltage sag. The present
study, which was also performed on CA1 pyramidal cells, but in a different mouse strain,
found a higher somatic input resistance (~ 15%) in the Fmr1 KO cell group. Because we did
not find significant differences in sag, a unique characteristic of h-channels, and resting mem-
brane potential was not more hyperpolarized, higher somatic input resistance in Fmrl KO
cells cannot reliably be attributed to a lower I,. To support this proposal other studies would
be needed (for example, subthreshold electrical resonance in the theta frequency range, the
impact of ZD7288 on I}, membrane properties, quantification of I,) [13, 17]. On the other
hand, membrane properties (resting membrane potential, input resistance and action potential
threshold) play a major role in setting neuronal excitability. These membrane properties are
dependent on tonic excitatory/inhibitory inputs and /or on subthreshold currents such as M-
current, H-current, In,p [21] and potassium currents mediated by Kv1 and Kv4 channels [17].
Determining how alterations in synaptic inputs and /or subthreshold membrane currents con-
tribute to increased input resistance in CA1 pyramidal cells of Finrl KO mice requires further
investigation.

We have reported here an increased input resistance in CA1 pyramidal cells of Fmrl KO
mice and no significant changes in resting membrane potential, action potential threshold, or
rheobase between groups. Taken into account these data, what could the functional conse-
quences of an increased input resistance in the Fmrl KO cell group be? Input resistance
changes could result in modification in cell excitability and /or could occlude normal homeo-
static intrinsic plasticity in this parameter that occurs during long term synaptic plasticity [13,
14, 15, 17]. Input resistance and rheobase are often inversely related. Significant changes in
rheobase shift to the right or left the relationship between action potential firing frequency ver-
sus current intensity, leading to an increase or decrease in cell excitability. Depolarizing
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Fig 3. Action potential firing frequency is increased in CA1 pyramidal cells of Fmr1 KO mice. (A) Firing frequency
depended on injected current in both WT and Fmr1 KO cells, but in response to the same current intensity the number of spikes
was higher in Fmr1 KO cells. (B) Histogram showing firing frequency (spikes s') evoked by current steps of 100, 200, 300 and
400 pA in WT and Fmr1 KO cell groups. (C) Plot of the firing frequency versus injected current relationship for representative WT
and Fmr1 KO cells. The gain corresponds to the slope of the linear relationships. (D, E) Linear relationships between injected
current and firing frequency for WT and Fmr1 KO cells are represented in grey color. The black lines correspond to the mean fits
for each group: WT, firing frequency = 0.12 - injected current—2.7; Fmr1 KO, firing frequency = 0.15- injected current—3.7.
Calibrations as indicated. Asterisks (*) indicate statistically significant differences (P<0.05).

https://doi.org/10.1371/journal.pone.0185067.9003

current steps are widely used to determine rheobase. However, depolarizing current steps do
not exactly replicate either the spatial and temporal summation of excitatory/inhibitory post-
synaptic currents or accompanying membrane potential fluctuations which underlie the prob-
ability of a neuron eliciting an action potential [31, 32]. For instance, an increased input
resistance and longer membrane time constant, mediated by a reduction in M-current, aug-
ment the magnitude of excitatory postsynaptic potentials, as well as temporal and spatial sum-
mation of subthreshold potentials in hippocampal CA1 pyramidal cells [35]. In accord with
these notions, an increased input resistance in Fmrl KO cells could increase cell excitability,
even though rheobase did not decrease.

With regards to input resistance plasticity, it was found that transient and persistent
changes in input resistance—I;, occur during and after induction of synaptic plasticity [36, 37].
Brager and colleagues [13] reported that the activation of group I metabotropic glutamate
receptors results in long-term depression (LTD) and an increased input resistance in CA1l
pyramidal neurons in both WT and Fmrl KO mice. In addition, they also found that a theta-
burst firing of action potentials paired with excitatory postsynaptic potentials (TBP) resulted
in long term potentiation (LTP) which was accompanied by a significant decrease in input
resistance in WT mice, but not in Fmrl KO mice. These changes in input resistance were in
part attributed to modifications in Th. According to these data they pointed out that elevation
in dendritic Ih (that is, lower input resistance) appears to occlude normal homeostatic intrinsic
plasticity of Ih—input resistance that occurs during TBP-LTP in Fmrl KO mice [13]. Taking
into account these findings and that we have reported here a higher input resistance at the
soma of Fmrl KO mice while Brager and colleagues did not [13], a replication of their experi-
ments should be carried out to investigate whether a higher somatic input resistance in Fmrl
KO mice occludes the normal homeostatic intrinsic plasticity in this parameter with the activa-
tion of group I metabotropic glutamate receptors.

Action potential duration is increased in CA1 pyramidal cells of Fmr1 KO
mice

Deng and colleagues [23] studied the effect of FMRP on action potential duration in pyramidal
cells of the hippocampal CA3 region and layer 5 of the entorhinal cortex. They reported two
different cell populations in the entorhinal cortex. In one, excessive action potential broaden-
ing due to the absence of FMRP was similar to that in the hippocampal CA3 pyramidal cells
(~130% of the baseline), whereas another population exhibited greatly exaggerated broadening
(up to 300% of baseline) at the end of the train. On the other hand, they also demonstrated
that FMRP regulates the action potential duration by altering the Ca®" sensitivity of BK chan-
nels, and that elevated action potential broadening during a train of stimulation resulted in
enhanced Ca®" influx into presynaptic terminals. The present data show that an absence of
FMRP gives rise to increased action potential duration in CA1 pyramidal cells that is of a simi-
lar magnitude to that reported for pyramidal cells in the CA3 hippocampal region [23]. In
addition, somatic recordings from cortical neurons also identified action potentials of
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Fig 4. Amplitude of the action potential fast and medium after-hyperpolarization (AHP) diminished in CA1 pyramidal cells of Fmr1
KO mice. (A) Action potential after-depolarization in response to a short stimulus (100 s, current intensity adjusted to spike voltage
threshold). (B) Action potential AHP in response to depolarizing current steps of 500 ms that shifted the membrane potential to the spike
voltage threshold and produced action potentials at low firing frequencies (< 2 spikes s™'). It should be noted that fast (A), but not medium
(A), AHPs were observable in Fmr1 KO cells. (C) Amplitude and duration of the medium AHP during a repetitive firing, measured in the spike
closest to 250 ms after stimulus onset. Current intensity was adjusted to evoke similar number of spikes (8—12 action potentials for 500 ms
pulse durations) in both cell groups. (D) Medium AHP after a train of action potentials (area indicated by square) in WT and Fmr1 KO cells.
Note the absence of a medium AHP in the Fmr1 KO cell. (E, F) Histograms show the amplitude and duration of medium AHPs in WT and
Fmr1 KO cell groups. Calibrations as indicated. Asterisks (*) indicate statistically significant differences (P<0.05). n.s. indicates non-
significant statistical differences.

https://doi.org/10.1371/journal.pone.0185067.g004

heightened duration in Fmrl KO mice [15]. Taken together, these findings suggest that FMRP
acts via BK channels in the hippocampus and other brain regions, and that the functional alter-
ation of these channels may result in an abnormally high neurotransmitter release contributing
to the synaptic alteration in FXS.

The slope of the firing frequency—current intensity relationship increases
in CA1 pyramidal cells of Fmr1 KO mice

Few studies of WT and Fmr1 KO mice have compared action potential firing frequencies in
response to current injections. Neither the firing frequency-current injection relationship, nor
the spike frequency adaption showed any abnormality in pyramidal neurons located in layer 5
of the somatosensory cortex in Fmrl KO mice [18]. In the absence of FMRP, excitatory neu-
rons in layer 4 of the somatosensory cortex fired more action potentials for a given 600 ms cur-
rent injection, with this increased excitability attributed, in part, to the increased input
resistance [19]. The number of action potentials evoked as a function of current injected and
the action potential rate gain were slightly increased in layer 5 Fmrl KO neurons in the
somatosensory cortex [15]. The present data obtained from CA1 pyramidal cells in Fmrl KO
mice showed a higher number of action potentials for current steps of 100, 200, 300 and 400
pA and the slope of the firing frequency-current injection relationship increased 1.25-fold.
The increased firing frequency gain in CA1 pyramidal cells from the Fmrl KO mice could
have its origin in changes in ionic currents underlying action potential shape, ADP and/or
AHP [22, 38, 39, 40]. A recent study carried out in layer 2/3 prefrontal cortex neurons reported
that the gain of action potential output in response to DC current injection was increased in
Fmrl KO neurons [22]. In addition, action potentials were larger, faster and narrower. These
latter properties underlie larger transient Na+ current and activation curve of somatic A-type
K+ current that was depolarized. According to neuronal simulations, these biophysical
changes could be sufficient to explain the increase in action potential firing. The increased fir-
ing frequency gain in CA1 pyramidal cells from Fmrl KO mice reported here cannot be reli-
ably supported by these mechanisms, since action potential had longer duration and shorter
amplitude. In CA1 pyramidal cells the amplitude of ADP depends on a balance between the
depolarizing persistent Na* current and hyperpolarizing M current (Kv 7/ M channels); when
M-current is blocked, the neuron remains depolarized for a lengthy period during which it
may generate multiple spikes [38]. The AHP features determine the refractoriness and firing
frequency. We have reported here lower amplitudes of both fast- and medium-AHP. Lower
amplitude of fast AHP could result from a reduced conductance via BK channels [23]. The
medium AHP plays a major role to determine firing frequency and, at least, three different
types of ion channels may be active during this period in CA1 pyramidal cells: SK-, HCN- and
Kv7/M-channels. Studies on SK channels have concluded that these channels contribute little
or nothing to the somatic mAHP [39, 41]; but, when Kv7/M channel activity is compromised,
SK channel activation significantly limits spike discharge [42]. Kv7/M- and HCN-channels
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generate somatic mAHP and their contribution is related to membrane potential [38].
Interestingly, inhibition of Kv7/M channels by XE991 [39, 40] and the absence of FMRP
(present results) in CA1 pyramidal cells produce some similar effects: i) the input resistance
increases; ii) medium AHP is abolished if a single action potential is evoked by drifting the
membrane potential to spike threshold; iii) the amplitude and duration of the medium AHP
are reduced after a train of action potentials; and iv) in response to suprathreshold depolar-
izing current steps of the same magnitude, the number of spikes increases, whereas the
amplitude of the medium AHP decreases. However, the blockage of the Kv7/ M channel
also produces some effects not found here: i) resting membrane potential is more depolar-
ized; ii) the ADP is enhanced and promoted spike bursting; iii) a lower firing frequency
adaptation [38, 39]. On the other hand, FmrI KO cells show an action potential broadening
which elevates calcium influx [23]. A rise of intracellular calcium reduces M current [43]
which, in turn, increase ADP amplitude [15] and decrease medium AHP amplitude [38].
According to these studies, the contribution of intracellular calcium to shape ADP and
medium AHP, as well as to control firing properties in Fmrl KO cells would require further
research. Therefore, FMRP absence could increase firing frequency gain by a diminished
activity of the Kv7/M channels and /or by dysfunction of other ion channels that also under-
lie somatic spike afterpotentials.

Synaptic dysfunction could also contribute to increased firing frequency gain in CA1 pyra-
midal cells from Fmrl KO mice [44-49]. Because the primary goal of this work was to deter-
mine whether FMRP absence generates an increase in intrinsic excitability independent of its
origin, we did not block synaptic receptors. Studies on change in cell excitability associated
with synaptic dysfunctions in Frmrl KO mice are scarce. In absence of FMRP epileptogenesis
produced by the activation of group I metabotropic glutamate receptor (mGluR) is enhanced
in CA3 pyramidal cells [44]; indeed, FMRP acts as a brake on group I mGluR-mediated trans-
lation and epileptogenesis [45]. Hyperexcitability in Fmrl KO mice may also be explained by
decreases in inhibitory transmission which can depend on: i) endocannabinoids mobilization
mediated by activation of group I mGluR [46, 47]; ii) reduced phasic and tonic GABAergic
currents mediated by ionotropic receptors [48]; and iii) presynaptic GABAj receptor-depen-
dent reduction in GABA release [49]. We have no evidence to establish any causal relationship
between changes in the input-ouput function reported in this study and the above-mentioned
glutamatergic and/or GABAergic disorders in Fmrl KO mice. As a consequence, more
research in this field is recommended.

Functional implications

The present study has demonstrated that the action potential duration was longer and firing
frequency gain was higher in the CA1 pyramidal cells of Fmr1 KO mice compared with WT
mice. These biophysical changes produce an increase in the excitability of CA1 pyramidal cell
body in Fmrl KO mice, which would lead to increased neurotransmitter release. Knowledge of
the cellular- and synaptic-mechanisms underlying cell body hyperexcitability produced by the
FMRP absence is relevant to better understand the clinical features of FXS and could provide a
potentially rich source of pharmacological and genetic therapies for treatment of this neuro-
logical disorder.

Supporting information

S1 Table. Membrane properties of the CA1 pyramidal cells in wild type mice.
(PDF)
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