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Abstract: A common neurobiological mechanism in several neurodevelopmental disorders, including
fragile X syndrome (FXS), is alterations in the balance between excitation and inhibition in the brain.
It is thought that in the hippocampus, as in other brain regions, FXS is associated with increased ex-
citability and reduced inhibition. However, it is still not known whether these changes apply to both
the dorsal and ventral hippocampus, which appear to be differently involved in neurodegenerative
disorders. Using a Fmr1 knock-out (KO) rat model of FXS, we found increased neuronal excitability
in both the dorsal and ventral KO hippocampus and increased excitatory synaptic transmission in
the dorsal hippocampus. Interestingly, synaptic inhibition is significantly increased in the ventral
but not the dorsal KO hippocampus. Furthermore, the ventral KO hippocampus displays increased
expression of the α1GABAA receptor subtype and a remarkably reduced rate of epileptiform dis-
charges induced by magnesium-free medium. In contrast, the dorsal KO hippocampus displays an
increased rate of epileptiform discharges and similar expression of α1GABAA receptors compared
with the dorsal WT hippocampus. Blockade of α5GABAA receptors by L-655,708 did not affect
epileptiform discharges in any genotype or hippocampal segment, and the expression of α5GABAA

receptors did not differ between WT and KO hippocampus. These results suggest that the increased
excitability of the dorsal KO hippocampus contributes to its heightened tendency to epileptiform
discharges, while the increased phasic inhibition in the Fmr1-KO ventral hippocampus may represent
a homeostatic mechanism that compensates for the increased excitability reducing its vulnerability to
epileptic activity.

Keywords: fragile X; neurodevelopmental disorders; hippocampus; dorsoventral; septotemporal;
excitation; inhibition; GABAA receptors; epileptiform discharges; rat

1. Introduction

Fragile X syndrome (FXS) is a genetic, phenotypically complex disorder associated
with several neuropsychological deficits, including hyperactivity, hypersensitivity, cog-
nitive impairments, learning deficits, and sleep dysregulation, thereby representing a
syndrome of intellectual disability [1–6]. Furthermore, approximately 30% of FXS patients
are also diagnosed with autism, making FXS the most common inherited single-gene cause
of autism [4–6]. The cause of FXS is the transcriptional silencing of the Fmr1 gene, leading
to the suppression of expression of fragile X messenger ribonucleoprotein (FMRP) [7,8].
The widespread expression of FMRP in the brain makes it a key regulator of neuronal
activity, and suppression of FMRP expression is associated with deficits in the function of
neural circuits [9,10].

Neuronal hyperexcitability is a prominent neurobiological feature of FXS thought to
result from a disturbed balance between excitation and inhibition (E-I) [11,12]. Accordingly,
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a consistent observation in the brains of patients and animal models of FXS is a reduction
in GABA signaling, including GABAergic neurons [13], expression of GABAA receptor
subunits [14–18], GABA content [19,20], GABA release [21], GABAA receptor-mediated
synaptic currents [16,22], and dysfunctional inhibitory network [23–26]. However, not
all studies agree with a monotonous brain-wide reduction of GABAergic inhibition in
FXS [27,28].

Compatible with increased excitability and reduced inhibition, individuals with FXS
display increased susceptibility to epilepsy [3,29], with epileptic seizures occurring fre-
quently in young patients with FXS [30–33]. Interestingly, however, seizures occurring in
children and teenagers with FXS usually disappear in adulthood [3,33–35], and seizures
are rarely observed in adult patients.

Previously accumulated evidence shows that FXS-associated neurobiological changes
are brain region-specific [36–38], and the hippocampus is among the brain regions that are
affected by the loss of FMRP [39–41]. Nevertheless, the hippocampus is not a functionally
homogeneous structure, displaying functional segregation along its long septotemporal
or dorsoventral axis [42–45]. To a certain extent, the segregation of functions along the
hippocampus could be attributed to specific anatomical connections of distinct segments of
the hippocampus with extrahippocampal structures [45–49]. In addition, there is abundant
evidence suggesting that large-scale functional segregation in the hippocampus may be
accompanied by diversification of the intrinsic neuronal circuit along the long axis of the
structure [42,50]. More specifically, recent evidence demonstrated that GABAergic inhibi-
tion is lower in the ventral compared with the dorsal segment of the hippocampus of adult
rats [51–55]. The relatively reduced inhibition of the ventral hippocampus may contribute to
the specific functional roles as well as characteristic susceptibility to epilepsy/epileptiform
discharges of this segment of the hippocampus [56–68]. Notably, despite the evidence on
the impact of FXS in the dorsal hippocampus, it is not yet known whether FXS similarly
affects neuronal activity in the VH as well. Considering the above-described evidence, we
wondered whether and how FXS affects synaptic transmission, neuronal excitability, and
GABAergic inhibition in the dorsal and ventral hippocampus.

In the present study, we used a recently developed rat model of FXS, the Fmr1-knock-
out (KO) rat model, and we examined basic features of the local neuronal network using
slices from the dorsal hippocampus (DH) and the ventral hippocampus (VH) of adult rats in
combination with field recordings of evoked potentials. We found that neuronal excitability
is enhanced in both DH and VH of Fmr1-KO rats. Interestingly, in the VH, but not the DH,
the increase in excitability is accompanied by an increase in the effectiveness of inhibition
and upregulation of α1 subunit-containing GABAA receptors but not α5 subunit-containing
GABAA receptors. Furthermore, the VH of Fmr1-KO rats displays a striking resistance to
induced epileptiform activity, while the KO DH displays increased epileptiform activity.
Our results show that the DH and VH respond unequally to the loss of FMRP, suggesting
that FXS may be associated with distinct localized alterations even inside a particular brain
structure; furthermore, our data point to the possibility that some changes occurring in the
brain of subjects suffering from neurodevelopmental disorders may represent homeostatic
processes that attempt to maintain the effectiveness of the neuronal network function.

2. Materials and Methods
2.1. Animals and Hippocampal Slices

In this study, we used adult male Long Evans rats, 3–4 months old. Both wild-type
(WT) and Fmr1-KO (KO) rats were obtained from the Medical College of Wisconsin (RRIDs:
RGD_ 2308852 and RGD_ 11553873, respectively). Rats were maintained at the specific
pathogen-free Laboratory of Experimental Animals of the Department of Medicine of the
University of Patras (license No: EL-13-BIOexp-04). Rats were kept under a stable cycle
of light–dark (12/12 h) and a temperature of 20–22 ◦C; animals had free access to food
and water. The treatment of rats and all experimental procedures we used were conducted
in accordance with the European Communities Council Directive Guidelines for the care
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and use of Laboratory animals (2010/63/EU—European Commission). Furthermore, they
were approved by the Protocol Evaluation Committee of the Department of Medicine of
the University of Patras and the Directorate of Veterinary Services of the Achaia Prefecture
of Western Greece Region (reg. number: 5661/37, 18 January 2021), and this animal study
was reviewed and approved by the Research Ethics Committee of the University of Patras.
Rats were genotyped after each experiment using tail or brain tissue to test the expression
of FMRP protein by means of Western blotting.

Slices were prepared from the dorsal and the ventral segment of the hippocampus as
previously described [69]. Briefly, after decapitation of the animal under anesthesia with
diethyl-ether and removal of the brain from the skull, we sliced the dorsal and ventral
hippocampus transversally to its long axis using a McIlwain tissue chopper. Specifically,
we prepared 500 µm thick slices between 0.5 mm and 3.5 mm from the dorsal and ventral
end of the hippocampus. We performed the surgical procedure with the tissue submerged
in chilled (2–4 ◦C) artificial cerebrospinal fluid (aCSF) containing (in mM) 124 NaCl, 4 KCl,
2 CaCl2, 2 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, and 10 glucose, and equilibrated with
95% O2 and 5% CO2 gas mixture at a pH = 7.4. We immediately transferred slices in a
homemade interface-type recording chamber where they were continuously perfused with
aCSF of the same composition as described above at a temperature of 30 ± 0.5 ◦C.

2.2. Electrophysiological Recordings

Recordings were started at least one and a half hours after the placement of the slices
in the chamber. We recorded evoked field excitatory synaptic potentials (fEPSPs) and
population spikes (PSs) from the stratum radiatum and stratum pyramidale, respectively,
of the CA1 hippocampal region, using a 7 µm-thick carbon fiber electrode (Kation Scientific,
Minneapolis, MN, USA). Field potentials were evoked following electrical stimulation of
Schaffer collaterals using a homemade bipolar platinum/iridium wire electrode with a
wire diameter of 25 µm (World Precision Instruments, Sarasota, FL, USA) and an inter-wire
distance of 100 µm. Electrical stimulation consisted of constant current pulses with a stable
duration of 100 µs and variable amplitude (20–300 µA). We applied baseline stimulation
at a frequency of 0.033 Hz using a current stimulation strength, eliciting an fEPSP with
a slope of approximately 1 mV/ms or a PS with an amplitude of roughly 1 mV. We
quantified fEPSP by the maximum slope of the early rising phase and PS by its amplitude
measured as the length of the projection of the minimum peak on the line connecting the
two maxima peaks of the PS waveform. From input–output curves constructed between
the stimulation current intensity and fEPSP or PS, we assessed synaptic effectiveness and
neuronal excitation, respectively. We also assessed neuronal excitability by the relationship
between fEPSP and PS (i.e., the PS/fEPSP ratio). We studied the effectiveness of feedback
inhibition in suppressing principal cell firing in the local neuronal circuit using a paired-
pulse stimulation protocol. Specifically, we delivered, in rapid succession (10 ms), two
pulses of identical intensity and duration at the Schaffer collaterals, and we estimated the
so-produced paired-pulse inhibition (PPI) by measuring the suppression of PS evoked by
the second pulse with respect to PS evoked by the first pulse.

Spontaneous population discharges resembling interictal epileptiform discharges were
induced by removing magnesium ions (Mg2+) from the perfusion medium (i.e., Mg2+-free
medium). The effects of an inverse agonist of α5GABAARs L-655,708 (Tocris Cookson
Ltd., Bristol, UK) were examined in epileptiform population discharges. Epileptiform
discharges were quantified by the probability of their appearance in slices from individual
rats and their frequency (rate) of occurrence in individual hippocampal slices. Measures
of epileptiform discharges were obtained after approximately ninety minutes of tissue
perfusion with Mg2+-free medium when a stable rate of discharge occurrence was estab-
lished. The electrophysiological signal was acquired and amplified X500 and then filtered
at 0.5 Hz–2 kHz using Neurolog amplifiers (Digitimer Limited, Welwyn Garden City, UK);
the signal was digitized at 10 kHz and stored on a computer disk for offline analysis using
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the CED 1401-plus interface and the Spike2 version 5 software, respectively (Cambridge
Electronic Design, Cambridge, UK).

2.3. Western Blotting

The CA1 region of the dorsal and ventral hippocampus from WT and KO rats and the
remaining brain tissue or tail tissue were stored at −80 ◦C for protein expression analysis.
Tissue was solubilized in 200 µL lysis buffer containing 1% SDS and protease inhibitors at a
1:100 dilution and homogenized with sonication. Protein concentration was determined for
each sample using the NanoDropTM 2000/2000c Spectrophotometer. Protein homogenates
(25–50 µg of protein per lane) were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels for 30 min at 80 V and 1 h at
120 V. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane at 400 mA
for 90 min followed by 1 h of blocking at room temperature (RT) in PBS containing 0.1%
Tween-20 (PBST) and 5% nonfat dried milk. Membranes were next incubated overnight
at 4 ◦C with the following primary antibodies diluted in PBST, 3% dried milk: rabbit anti-
FMRP polyclonal (1:1500 dilution, #17722, Abcam, Cambridge, UK), rabbit anti-GABAA
α1 R polyclonal (1:2500, #06-868, Millipore Sigma, Burlington, MA, USA), mouse anti-
GABAA α5 R monoclonal (1:1000, #MA5-27700, Thermo Fisher Scientific, Waltham, MA,
USA), and rabbit anti-β-actin polyclonal (1:15,000, #E-AB-20058, Elabscience, Houston, TX,
USA) antibodies. The blots were rinsed with PBST and then incubated with either goat
anti-rabbit or anti-mouse secondary horseradish peroxidase-conjugated IgG antibodies for
60 min at RT. Immunodetection was carried out using an Enhanced Chemiluminescence
detection system. The bands were visualized on ChemiDoc MP (BioRad, Hercules, CA,
USA) with 1 to 10 min exposures. Optical density measurements from each band were
defined as ROD units with ImageLab 6.1. The ROD of each band was quantified relative to
the ROD of β-actin, which serves as a gel-loading control. Then, the ratio (ROD of protein
of interest)/(ROD β-actin) was normalized with the same ratio of an internal sample, which
was loaded in all gels.

2.4. Statistics

The parametric independent t-test, paired t-test, and the two-way ANOVA were
used to assess the effects of genotype, hippocampal segment, or drug on the various
parameters. Whenever variances differed between compared populations of values, we
used parametric tests that accounted for unequal variances. We performed statistical
analysis on electrophysiological data using the number of slices. However, Western blot
data were analyzed using the number of rats. The IBM SPSS Statistics 27 software package
was used for all statistical analyses. Values throughout the text represent mean ± S.E.M.

3. Results
3.1. Synaptic Transmission and Neuronal Excitability

After constructing input–output curves between stimulation current intensity and evoked
responses (fEPSP, PS and PS/fEPSP), we calculated the average fEPSP, PS, and PS/fEPSP
produced by moderate stimulation current intensity (current intensity of 40–70 µA). First,
we compared responses between the two segments of the hippocampus in WT rats. In
keeping with previous results [53,69–73], we found that the average fEPSP recorded from
WT rats did not significantly differ between the DH (n = 24) and VH hippocampus (n = 24)
(independent t-test, t46 = −0.244, p = 0.808). Regarding the excitation of local neuronal
circuitry, we found that the average PS was similar in DH-WT (n = 66) and VH-WT (n = 52)
(independent t-test, t116 = 1.262, p = 0.209). We assessed the excitability of the local neuronal
network by measuring the PS/fEPSP ratio and found no significant difference between
DH-WT (n = 24) and VH-WT (n = 19) (independent t-test, t32 = −0.8, p = 0.430). These
results are in accordance with previous evidence [72,74]. We obtained similar results
when we compared DH-KO and VH-KO. Specifically, fEPSP (independent t-test, t36 = 0.4,
p = 0.692), PS (independent t-test, t135 = 1.8, p = 0.074), and PS/fEPSP (independent t-test,
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t36 = 0.446, p = 0.658) were similar between DH-KO (n = 19, n = 72 and n = 19 for fEPSP,
PS and PS/fEPSP) and VH-KO (n = 19, n = 65 and n = 19 for fEPSP, PS, and PS/fEPSP).
We also explored the effect of the hippocampal segment on input–output curves in both
genotypes (Figure 1A,B). We found similar results to those yielded by the t-test for synaptic
transmission (fEPSP, WT: F521 = 0.25, p = 0.62; KO: F415 = 0.573, p = 0.449) and excitability
(PS/fEPSP, WT: F335 = 1.24, p = 0.267; KO: F400 = 1.94, p = 0.165); however, we found
increased excitation (PS) in the DH compared with VH in both WT (F1217 = 36.92, p < 0.001)
and KO rats (KO: F1383 = 32.86, p < 0.001). We obtained similar results when we explored
the interaction of hippocampal segment and stimulation current intensity on input–output
curves, which are provided in the graphs of Figure 1A,B.
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Figure 1. (A,B) Input–output curves of fEPSP, PS, and PS/fEPSP as a function of stimulation current
intensity in DH and VH of WT (A) and KO rats (B). At the bottom of graphs A and B are shown
the results of statistical analysis (two-way ANOVA) of input–output curves (effect of the interaction
between hippocampal segment and stimulation current intensity). Example traces of fEPSP and PS
are shown in inserts; calibration bars: 1 mV, 5 ms. (C–E) Effects of genotype on fEPSP (C), PS (D), and
PS/fEPSP (E) in DH (left panel) and VH (right panel). Average values of the three variables produced
by stimulation current intensity of 40–70 µA are shown. Asterisks denote statistically significant
difference between WT and KO (independent t-test). “ns” denotes not significant.
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Then, we examined possible differences in fEPSP, PS, and PS/fEPSP between WT
and KO rats (Figure 1C–E). Regarding excitatory synaptic transmission, we found that
the genotype significantly affected fEPSP in DH but not VH (Figure 1C). Specifically, DH-
KO (n = 19) displayed a significantly increased fEPSP compared with DH-WT (n = 24)
(independent t-test, t41 = −2.314, p = 0.026) (Figure 1C, Dorsal). In contrast, the fEPSP
recorded from VH did not significantly differ between WT (n = 24) and KO rats (n = 19)
(independent t-test, t41 = −1.96, p = 0.057) (Figure 1C, Ventral). Furthermore, we found
that the genotype did not significantly affect PS in either segment of the hippocampus
(Figure 1D). Specifically, we found a similar PS between DH-WT (n = 66) and DH-KO
(n = 72) (independent t-test, t136 = −1.79, p = 0.076) and between VH-WT (n = 52) and VH-
KO (n = 65) (independent t-test, t115 = −1.543, p = 0.126). The neuronal excitability, however,
assessed by the PS/fEPSP ratio significantly increased in both hippocampal segments of
KO compared with WT rats (Figure 1E). Specifically, we found a significantly higher
PS/fEPSP ratio both in DH-KO (n = 19) compared with DH-WT (n = 16) (independent
t-test, t33 = −4.153, p < 0.001) and in VH-KO (n = 19) compared with VH-WT (n = 18)
(independent t-test, t35 = −2.358, p = 0.024). These results indicate that excitatory synaptic
transmission increases in DH-KO but not VH-KO, while neuronal excitability increases in
both segments of the hippocampus in KO vs. WT rats.

3.2. Paired-Pulse Inhibition (PPI)

We examined PPI in DH and VH of WT and KO rats (Figure 2A–F). As previously
demonstrated [51–55], we found that DH from WT rats displayed a significantly lower
PS2/PS1 ratio compared with VH (independent t-test, t115 = −2.742, DH = 65 and VH = 52,
p = 0.007). Then, the PS2/PS1 ratio observed in DH and VH was compared between WT
and KO. We found that genotype did not significantly affect PS2/PS1 in the DH-KO (n = 65)
compared with DH-WT (n = 72) (independent t-test, t135 = 0.294, p = 0.769) (Figure 2E).
Remarkably, however, we found a significantly enhanced PPI in the VH of KO compared
with WT rats. Specifically, we found a significant reduction in the PS2/PS1 ratio of VH-
KO (n = 65) vs. VH-WT (n = 62) (independent t-test, t115 = 2.207, p = 0.029) (Figure 2F).
Markedly, the increase in inhibition that occurred in the ventral hippocampus of KO rats led
to the abolition of the inhibition difference between DH-WT (n = 72) and VH-WT (n = 65)
(independent t-test, t135 = −0.833, p = 0.406) (Figure 2G). These results demonstrated that
Fmr1-KO is associated with an enhancement of feedback inhibition in the CA1 field of the
VH but not the DH.
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Figure 2. Paired-pulse inhibition is enhanced in VH-KO but not DH-KO. (A,B) Examples of trace
recordings of the conditioning PS (PS1) and the conditioned PS (PS2) evoked by the paired-pulse
stimulation in DH and VH, respectively, obtained from WT and KO rats. (C,D) Examples of input–
output curves of PS1 and PS2 plotted as a function of stimulation current. Note that PS2 is suppressed
more in DH-WT than in VH-WT, and that the suppression of PS2 is stronger in VH-KO than in
VH-WT. (E,F) Collective data from DH and VH, respectively, showing that the average PS2/PS1
ratio is significantly lower in the VH-KO compared with VH-WT but similar in DH-WT and DH-KO.
(G) Rearranged data to illustrate that the significant difference in PPI between DH-WT and VH-WT
is eliminated in KO rats. Asterisks denote a statistically significant difference at p < 0.05 (independent
t-test). Error bars represent SEM. “ns” denotes statistically not significant.

3.3. Expression of α1 GABAA Receptors

The increase in PPI found in the VH of KO vs. WT rats prompted us to further
define whether the electrophysiological evidence is accompanied by a similar change at
the molecular level. Therefore, we examined the protein expression of GABAA receptors
containing the α1 subunit (α1GABAARs), which present a dominant expression in the
CA1 hippocampal field [75] and are mostly located at synaptic sites [76]. Figure 3 shows
that a1GABAARs are similarly expressed in DH-WT (n = 8 rats) and DH-KO (n = 8 rats)
(independent t-test, t14 = −0.865, p = 0.408). In contrast, we found a significantly higher
expression of α1GABAARs in VH-KO (n = 10 rats) compared with VH-WT (n = 10 rats)
(independent t-test, t18 = −2.1, p = 0.049). These results clearly corroborated the enhanced
effectiveness of phasic feedback inhibition in the VH-KO.
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3.4. Epileptiform Activity

Considering that the ventral hippocampus in rodents and the corresponding anterior
hippocampus in humans display increased susceptibility to epileptic/epileptiform activ-
ity compared with the dorsal hippocampus [56,62,64,66,68,77–79] and that the relatively
reduced inhibition in the ventral compared with dorsal hippocampus [51–53] may signif-
icantly contribute to this susceptibility, we wondered whether the increase in feedback
inhibition in VH-KO observed here could have an effect on the vulnerability of this hip-
pocampal segment to epileptiform activity. Thus, we induced spontaneous epileptiform
discharges in DH and VH from WT and KO rats perfusing slices with medium without
magnesium ions (Mg2+-free medium). Under these conditions, we observed interictal-like
population discharges in both DH and VH from WT and KO rats (Figure 4).
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Figure 4. Comparison of Mg2+-free-induced population discharges between WT and KO. (A–D) Ex-
ample trace recordings from DH (left panel) and VH (right panel) of WT and KO rats (E). Collective
data are shown. Asterisks denote a statistically significant difference at p < 0.05 (independent t-test).
“ns” denotes statistically not significant. Note that epileptiform discharges occur less frequently in
DH-WT than VH-WT; they occur with similar frequency in DH-WT and DH-KO, but their frequency
is reduced in VH-KO compared with VH-WT.

Epileptiform discharges appeared with increased incidence in VH-WT (n = 54) com-
pared with DH-WT (n = 67) (independent t-test, t63.08 = −3.954, p < 0.001) (Figure 4E)
as previously described [62,64,67,68]. Comparing the rate of discharges between DH-
WT (n = 67) and DH-KO (n = 58), we found no significant difference (independent t-test,
t120 = −2.18, p = 0.05). In contrast, the rate of discharges was significantly lower in VH-KO
(n = 51) compared with VH-WT (n = 54) (independent t-test, t94.68 = 2.01, p = 0.047). As
a result, we found no difference in the rate of discharges between DH and VH in the KO
rats (independent t-test, t72.61 = −0.713, p = 0.478). These results led us to conclude that the
enhancement of PPI accompanied by an upregulation of α1GABAA receptors effectively
contributes to reducing the rate of epileptiform discharges in the VH of KO rats.

3.5. Effect of SR 95531 on Epileptiform Population Discharges

Assuming the increased inhibition contributes to the reduction of the vulnerability of
KO vs. WT VH to epileptiform activity, we hypothesized that suppression of inhibition
should eliminate the genotype-related difference in the rate of epileptiform population
discharges in this segment of the hippocampus. First, considering that α1GABAARs are
located predominately at synaptic sites mediating phasic inhibition [76], we used the
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antagonist of GABAA receptors SR 95531, which blocks phasic but not tonic inhibition in
CA1 hippocampal neurons [80,81]. We applied SR 95531 to hippocampal slices perfused
with a Mg2+-free medium (control condition). We observed that SR 95531 significantly
increased the rate of epileptiform discharges in DH-WT (paired t-test, t12 = −2.28, p < 0.05,
n = 13) but not in DH-KO (paired t-test, t11 = 1.59, p = 0.141, n = 12) (Figure 5A,C,E).
Furthermore, application of SR 95531 significantly increased the rate of discharges in both
VH-WT (paired t-test, t5 = −2.56, p = 0.049, n = 6) and VH-KO (paired t-test, t7 = −3.7,
p = 0.018, n = 8) (Figure 5B,D,F), eliminating the difference in the rate of discharges in
VH between WT and KO rats (independent t-test, t24 = 0.826, p = 0.417, n = 9 and n = 17
for WT and KO, respectively). Paradoxically, the rate of discharges was reduced in DH-
KO compared with DH-WT under the action of SR 95531 (independent t-test, t23 = 3.042,
p = 0.006, n = 16 and n = 21 for WT and KO, respectively).
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Figure 5. Effects of SR 95531 on epileptiform population discharges. (A–D) Example trace recordings
from DH and VH of WT and KO rats, obtained under control conditions and during application of
SR 95531. Calibration bars: 0.5 mV, 2 ms. (E,F) Collective data are shown for DH (E) and VH (F).
Asterisks denote a statistically significant difference at p < 0.05 (independent t-test). “ns” denotes
statistically not significant.

3.6. Effect of L-655,708 on Epileptiform Population Discharges

The previous experiment showed that the SR 95531 eliminates the difference in the
rate of population discharges between VH-WT and VH-KO, suggesting that GABAA
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receptor-mediated phasic inhibition plays a significant role in limiting the susceptibility
of the VH-KO to epileptiform activity. However, GABAA receptors also mediate tonic
inhibition when located at extrasynaptic sites [82]. Therefore, the previous results with
SR 95531, which blocks synaptic inhibition, could not apparently provide an answer to
whether tonic inhibition may also play a role in the reduced rate of epileptiform discharges
observed in VH-KO. Thus, we aimed to explore the possible involvement of tonic inhibition
in the reduced susceptibility of the VH-KO to epileptiform activity, focusing on the α5
subunit containing GABAARs (α5GABAARs), which are largely extrasynaptic [76], greatly
contribute to tonic inhibition [83,84], and are abundantly expressed in the hippocampus [85].
We used L-655,708, an inverse agonist of α5 subunit containing GABAARs (α5GABAARs),
which suppresses tonic inhibition [83,86]. We applied L-655,708 at the concentration of 5
µM and 10 µM in hippocampal slices, which displayed epileptiform discharges in Mg-free
medium. We observed that L-655,708 did not significantly affect the rate of epileptiform
discharges in either hippocampal segment or genotype (Figure 6). Specifically, we found a
similar rate of discharges before and after drug application in DH-WT (5 µM, independent
t-test, n = 17, t16 = 1.9, p = 0.076; 10 µM, t16 = 3.2, p = 0.05) and DH-KO (5 µM, n = 12,
t8 = −2.0, p = 0.07; 10 µM, t8 = 0.037, p = 0.97). Similarly, L-655,708 did not significantly
affect discharges in VH-WT (5 µM, n = 12, t11 = −0.247, p = 0.809; 10 µM, t11 = 0.871,
p = 0.402) and VH-KO (5 µM, n = 13, t12 = −1.02, p = 0.328; 10 µM, t12 = −2.08, p = 0.06).
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Figure 6. Effects of L-655,708 on epileptiform population discharges. (A–D) Example trace recordings
from DH and VH of WT and KO rats, obtained under control conditions and during application
of L-655,708. (E,F) Collective data are shown for DH (E) and VH (F). “ns” denotes statistically not
significant. L-655,708 does not significantly affect the rate of epileptiform discharges in either segment
of the hippocampus or genotype.
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3.7. Normal Protein Expression of α5 GABAA Receptors in KO Dorsal and Ventral Hippocampus

Our next aim was to confirm the above-described electrophysiological results at the
molecular level. As shown in Figure 7, α5GABAARs display a similar expression in the DH
(independent t-test, n = 5 WT and 5 KO rats, t8 = −0.358, p = 0.73) and VH (independent
t-test, n = 5 WT rats and n = 4 KO rats, t7 = −0.506, p = 0.63) of WT and KO rats. This
data set showed that α5GABAARs did not significantly change in KO rats and suggested
that α5GABAAR-mediated tonic inhibition does not significantly participate in shaping the
properties of epileptiform activity either in the DH or the VH. Alternatively, the absence
of the effect of L-655,708 might also be related to the developmental reduction of tonic
GABAergic current and α5GABAAR expression, which stabilize at a low level before
adulthood [87].

Brain Sci. 2023, 13, x FOR PEER REVIEW 12 of 19 
 

the absence of the effect of L-655,708 might also be related to the developmental reduc-
tion of tonic GABAergic current and α5GABAAR expression, which stabilize at a low 
level before adulthood [87]. 

 
Figure 7. Protein expression of α5GABAAR in DH (A) and VH (B) from WT and KO rats. 
α5GABAAR displays similar expression between WT and KO hippocampus. “ns” denotes statisti-
cally not significant. 

4. Discussion 
This study shows altered excitatory and inhibitory synaptic transmission and neu-

ronal excitability in the hippocampus of Fmr1-KO adult rats. However, these changes are 
not equally expressed in the two segments of the hippocampus. Interestingly, the effec-
tiveness of inhibition in limiting neuronal excitation is enhanced in the VH-KO vs. 
VH-WT but remains unaltered in DH-KO compared with DH-WT. The increased inhibi-
tion in VH-KO is associated with an enhanced expression of α1GABAARs and a notable 
restrain of induced epileptiform activity. These data suggest that a possible reorganiza-
tion of the local neuronal network attempts to keep adult VH-KO functional, away from a 
state of hyperexcitability that could disrupt information processing. 

A main neurophysiological correlate of FXS is an alteration of E-I balance towards 
excitation [11,12]. In keeping with previous observations [88–94], we report that loss of 
FMRP is accompanied by increased excitability of the hippocampal network. Addition-
ally, it is widely thought that a crucial determining factor in the FXS-associated increase 
of the E-I ratio is the reduction in inhibition [95,96]. Indeed, GABAergic inhibition has 
been extensively studied in the KO cortex, and FMRP modulates the function of GABAA 
receptors in the hippocampus [97]. However, studies of GABAergic inhibition in the 
hippocampus are relatively few [13,16,21,22,98]. We found three studies that examined 
GABAergic synaptic transmission in the CA1 hippocampal field [16,21,98]. All these 
studies have been performed in young or immature animals, particularly in the dorsal or 
medial segment of the mouse hippocampus. Sabanov and collaborators reported reduced 
expression in α2, β1, and δ GABAA receptor subunits and reduced phasic and tonic in-
hibitory currents in CA1 pyramidal cells. The other two studies found defective pre-
synaptic GABAB receptor-mediated signaling at Schaffer collaterals [21,98]. Additionally, 
previous studies have shown that the absence of FMRP is accompanied by selective 
changes in the expression of GABAA receptor subunits in the adult hippocampus, which 
displays decreased expression of β2, increased expression of β3, and no change in ex-
pression of β1 subunits [18,99]. Additionally, decreased surface expression of the δ 
GABAA receptor subunit has been recently observed in the hippocampus [22]. Never-
theless, these studies do not account for possible dorsoventral differences in GABAergic 
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4. Discussion

This study shows altered excitatory and inhibitory synaptic transmission and neuronal
excitability in the hippocampus of Fmr1-KO adult rats. However, these changes are not
equally expressed in the two segments of the hippocampus. Interestingly, the effectiveness
of inhibition in limiting neuronal excitation is enhanced in the VH-KO vs. VH-WT but
remains unaltered in DH-KO compared with DH-WT. The increased inhibition in VH-KO is
associated with an enhanced expression of α1GABAARs and a notable restrain of induced
epileptiform activity. These data suggest that a possible reorganization of the local neuronal
network attempts to keep adult VH-KO functional, away from a state of hyperexcitability
that could disrupt information processing.

A main neurophysiological correlate of FXS is an alteration of E-I balance towards
excitation [11,12]. In keeping with previous observations [88–94], we report that loss of
FMRP is accompanied by increased excitability of the hippocampal network. Additionally,
it is widely thought that a crucial determining factor in the FXS-associated increase of the
E-I ratio is the reduction in inhibition [95,96]. Indeed, GABAergic inhibition has been exten-
sively studied in the KO cortex, and FMRP modulates the function of GABAA receptors in
the hippocampus [97]. However, studies of GABAergic inhibition in the hippocampus are
relatively few [13,16,21,22,98]. We found three studies that examined GABAergic synaptic
transmission in the CA1 hippocampal field [16,21,98]. All these studies have been per-
formed in young or immature animals, particularly in the dorsal or medial segment of
the mouse hippocampus. Sabanov and collaborators reported reduced expression in α2,
β1, and δ GABAA receptor subunits and reduced phasic and tonic inhibitory currents in
CA1 pyramidal cells. The other two studies found defective presynaptic GABAB receptor-
mediated signaling at Schaffer collaterals [21,98]. Additionally, previous studies have
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shown that the absence of FMRP is accompanied by selective changes in the expression of
GABAA receptor subunits in the adult hippocampus, which displays decreased expression
of β2, increased expression of β3, and no change in expression of β1 subunits [18,99].
Additionally, decreased surface expression of the δ GABAA receptor subunit has been
recently observed in the hippocampus [22]. Nevertheless, these studies do not account for
possible dorsoventral differences in GABAergic inhibition in FXS. The present is the first
study that comparatively examines basal electrophysiological phenomena in the dorsal and
ventral hippocampus of Fmr1-KO rats. An increase in GABAergic inhibitory actions, such
as that found here, should reasonably be accompanied by an upregulation of GABAAR
subtypes that mediate a relatively increased postsynaptic effect, especially α1GABAARs
that permit an increased hyperpolarizing current [100]. Thus, the increased expression of
the α1 subunit of GABAARs in the ventral KO hippocampus suggests that the enhanced
inhibition may result from an upregulation of α1GABAAR in the ventral KO hippocampus.
Notably, in contrast to the α1 subunit, we found that the α5 subunit is normally expressed
in VH-KO. Considering that α1 and α5 subunits predominately participate in synaptic and
extrasynaptic GABAARs, respectively [76], these data suggest that an increase in phasic
but not tonic GABAAR-mediated transmission occurs in VH of KO vs. WT adult rats. The
absence of change in inhibition in the dorsal hippocampus of adult KOs is consistent with
previous observations showing a stable number of GABAergic neurons in this segment
of the hippocampus between WT and Fmr1-KO adult mice [13] and is compatible with
the lack of change in phasic GABAergic inhibition found in the medial subiculum of adult
Fmr1-KO mice [101].

Considering that VH in rodents and the corresponding anterior hippocampus in hu-
mans display increased susceptibility to epileptic/epileptiform activity compared with the
dorsal hippocampus [56,62,64,66,68,77–79], the greatest impact of the increased excitability
that accompanies FXS could be expected to occur specifically in the VH. Notably, relatively
reduced GABAergic inhibition [51–54] has been suggested to crucially contribute to the
characteristic tendency of the VH to epilepsy [50]. Therefore, upregulation of inhibition
would prove beneficial, especially for VH-KO.

An interesting observation concerning FXS is that although a relatively high percent-
age of young individuals suffer hippocampus-involving epileptic seizures [3,30], epileptic
discharges almost disappear in adults with FXS [3,33,34]. To our best knowledge, this no-
table age-dependent difference in susceptibility to epilepsy in FXS has not been previously
explained.

The present findings that suggest an upregulation of GABAergic inhibition in VH of
adult KO rats link the reduced vulnerability to epilepsy of adults with FXS, specifically
with the ventral segment of the hippocampus, and provide a first mechanistic explana-
tion for the reduced vulnerability to epileptic activity seen in the adult VH-KO. However,
how this transformation occurs during development is not understood. Hypothetically,
increased E-I balance and enhanced network excitability at early developmental stages may
lead to compensatory adaptations that homeostatically attempt to restore normal activity
in brain circuits [12,102–104]. Likewise, the deficiency in FMRP that leads to an initial
primary deficit in the E-I balance may be followed by secondary changes occurring in the
developing brain that act to adjust neuronal network activity to physiological levels. For
instance, compensatory elevation in inhibition has been observed to follow an experimen-
tally induced increase in E-I balance in cortical circuits, and it partially restores normal
behavioral functions [105]. Additionally, compensatory changes have been suggested to
occur from youth to adulthood in the hippocampus in the valproic acid-induced rat model
of autism [106].

The present findings suggest that VH-KO is characterized by an upregulation of phasic
but not tonic GABAAR-mediated transmission that significantly contributes to restraining
epileptiform activity in this segment of the hippocampus. Furthermore, considering that
fast/phasic GABAergic inhibition in the rat CA1 hippocampal area starts around the
end of the first postnatal week [107,108] and reaches maturity levels by 30–35 postnatal
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days [109,110], it appears likely that the upregulation of GABAergic transmission in VH-KO
might occur between the first and fifth postnatal week. It has been previously shown that
the number of GABAergic neurons remains normal in the DH of KO mice [13]. Although
it is not known whether a similar stability also occurs in the ventral segment of the KO
hippocampus, it is more likely that a change in the functionality of GABAergic transmission
could underlie the observed increased effectiveness of inhibition in VH-KO, as we indeed
show in this study. For instance, increased excitability of GABAergic basket cell terminals
due to the downregulation of Kv1.1 potassium channels has been recently reported to
result in heightened GABAergic transmission in the cerebellum of Fmr1-KO mice [28].
Furthermore, upregulation of GABAARs has been previously reported to occur in cortical
neurons to homeostatically compensate for an imbalance in excitability [111], as well as
under conditions of increased anxiety [112], which is typically associated with FXS [2,3].

Therefore, we propose that the elevation in inhibition, specifically in VH of Fmr1-KO
adult rats, may result from adaptational mechanisms that try to keep the function of the
local network into the physiological range, thereby reducing the likelihood of epileptic
activity in adults with FXS. Interestingly, GABAergic transmission can be increased in
chronic temporal lobe epilepsy [113,114].

5. Conclusions

In conclusion, the hippocampus of adult FXS rats has increased excitability. Fur-
thermore, the VH, the segment of the structure with inherently increased excitability, is
characterized by a parallel enhancement of recurrent inhibition and an upregulation of
α1GABAARs, but not α5GABAARs, that presumably keep the E-I ratio balanced, thereby
preventing hyperexcitability and ensuring the physiological function of the ventral segment
of the hippocampus.
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