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Autism Spectrum Disorder (ASD), Rett syndrome (RTT) and Angelman Syndrome (AS)
are neurodevelopmental disorders (NDDs) that share several clinical characteristics,
including displays of repetitive movements, developmental delays, language deficits,
intellectual disability, and increased susceptibility to epilepsy. While several reviews
address the biological basis of non-seizure-related ASD phenotypes, here, | highlight
some shared biological mechanisms that may contribute to increased seizure
susceptibility. | focus on genetic studies identifying the anatomical origin of the
seizure phenotype in loss-of-function, monogenic, mouse models of these NDDs,
combined with insights gained from complementary studies quantifying levels of
synaptic excitation and inhibition. Epilepsy is characterized by a sudden, abnormal
increase in synchronous activity within neuronal networks, that is posited to arise
from excess excitation, largely driven by reduced synaptic inhibition. Primarily for this
reason, elevated network excitability is proposed to underlie the causal basis for the
ASD, RTT, and AS phenotypes. Although, mouse models of these disorders replicate
aspects of the human condition, i.e., hyperexcitability discharges or seizures on cortical
electroencephalograms, measures at the synaptic level often reveal deficits in excitatory
synaptic transmission, rather than too much excitation. Resolving this apparent paradox
has direct implications regarding expected outcomes of manipulating GABAergic tone.
In particular, in NDDs associated with seizures, cortical circuits can display reduced,
rather than normal or increased levels of synaptic excitation, and therefore suggested
treatments aimed at increasing inhibition could further promote hypoactivity instead
of normality. In this review, | highlight shared mechanisms across animal models
for ASD, RTT, and AS with reduced synaptic excitation that nevertheless promote
hyperexcitability in cortical circuits.

Keywords: seizures, autism, excitation, Rett, Angelman

INTRODUCTION

Rett syndrome (RTT) is an X-linked disorder that in ~95% of cases is caused by mutations
in the gene encoding the transcription factor Methyl-CpG-binding protein 2 (MECP2)
(Amir et al, 1999). RTT occurs almost exclusively in females and is characterized by
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largely normal development for the initial 6-18 months after
birth, followed by regression of previously acquired speech and
motor skills (Guy et al, 2001). Epileptic seizures of various
types (for example: tonic-clonic, absence, myoclonic, tonic) occur
in 60-80% of Rett syndrome patients (Operto et al., 2019).
Typically, seizure onset initiates between 2 and 3 years of age,
with seizure severity often increasing until 7-12 years of age
(Glaze et al., 2010).

Like Rett Syndrome, Angelman Syndrome (AS) is a rare
neurodevelopmental disorder that affects ~1/10,000 to 1/20,000
individuals, and is characterized by developmental delay,
intellectual disability, increased susceptibility to seizures,
impaired language development, and movement or balance
dysfunction (Kishino et al., 1997; Matsuura et al., 1997; Williams,
2005). Approximately, 5-15% of AS cases are attributed to
reduced or absent maternal expression on chromosome 15q of
the gene UBE3A, which encodes the E6-AP ubiquitin ligase, an
enzyme that links ubiquitin to specific proteins thereby targeting
them for degradation within the cell proteasome (Huibregtse
et al., 1993; Horsthemke and Wagstaff, 2008). These pathogenic
point mutations in UBE3A are more common in familial
rather than sporadic patients and though several seizure types
occur, atypical absence seizures and myoclonic seizures are the
more common forms.

Autism spectrum disorder shares aspects with both RTT
and AS. Of the three disorders, ASD is the most common,
currently affecting 1 in 54 eight-year-old children in the
United States (Knopf, 2020). Unlike, RTT and AS, hundreds
of genes have been identified that increase susceptibility to
developing ASD. Of these genes, loss-of-function mutations in
SCN2A, which encodes the Nay 1.2 voltage-gated sodium channel
pore-forming alpha II subunit, has one of the strongest genetic
associations with ASD susceptibility (Satterstrom et al., 2020).
Functionally, Na, 1.2 is involved in the initiation and propagation
of action potentials in immature neurons throughout the
central nervous system (Catterall, 2017) and appears essential
for spiking in a subpopulation of immature oligodendrocytes
(Gould and Kim, 2021). The development of patients with
SCN2A mutations and ASD is mostly typical until 6-months
of age, after which motor and verbal delays manifest, and
between 18 months to 4 years of age, one-third of these cases
will display seizures or milder and/or later-onset epilepsies
(Wolff et al., 2017; Sanders et al., 2018). Here, we focus on
mechanisms that may help drive these milder and/or later-
onset epilepsies.

Loss-of-function mutations in MECP2, UBE3A, and SCN2A
yield a shared neurodevelopmental disorder phenotype that
strongly features abnormal electroencephalograms (EEGs) and
increased susceptibility to seizures. It is often theorized that this
increased association with epilepsy reflects a shared biological
mechanism. Typically, this mechanism is proposed to involve
excess synaptic excitation that is largely driven by too little
inhibition at the synaptic and circuit levels (Rubenstein and
Merzenich, 2003). To date, several molecular and physiology-
based studies in mouse models carrying loss-of-function
mutations in either Mecp2, Ube3A or Scn2a have demonstrated
key aspects of the human phenotype, i.e. the occurrence of

either hyperexcitability discharges or seizure activity on cortical
electroencephalograms (Born et al., 2017; Ogiwara et al., 2018;
Wither et al., 2018). Unexpectedly, measures at the synaptic
level also revealed a shared phenotype for deficient, rather
than excess, excitatory synaptic transmission (Dani et al., 2005;
Wood and Shepherd, 2010; Wallace et al., 2012; Banerjee et al,,
2016; Spratt et al, 2019). In the ensuing sections of this
review, guided first by Cre/Lox genetic studies that identify
the causal cell source(s) of the seizure or hyperexcitability
phenotype, and second by parallel studies in these mice that
quantify synaptic excitation and inhibition levels, I propose that
shared mechanisms account for hyperexcitability discharges or
seizure activity in ASD, RTT and AS despite impaired excitatory
synaptic transmission.

A Shared Cortical Locus for Absence
Seizure Susceptibility in Mecp2 and
Scn2a Haploinsufficiency

In the human condition, a key diagnostic criterion for absence
epilepsy is the display of spike-and-wave discharges (SWDs)
on cortical electroencephalograms (EEGs) (Terlau et al., 2020).
SWDs are defined by a characteristic electroencephalographic
pattern consisting of a sharp, negative spike followed by a
slow wave. Unlike other seizure phenotypes, absence seizures
typically lack overt displays of convulsions. Instead, during
seizures, EEGs may indicate bilaterally synchronized 3-4 Hz
SWDs while electromyography (EMG) measures show brief
periods of behavior arrest (Panayiotopoulos, 2001; Blumenfeld,
2005; Idro et al, 2008). Mice with a heterozygous deletion
of Scn2a (Scn2at/~) recapitulate the human phenotype of
“absence-like” seizures (Ogiwara et al., 2018). Electrocorticogram
(ECoG)-EMG recordings in Scn2at/~ mice at 10-27 weeks
of age reveal occurrences of synchronous, bilateral, cortical
SWDs during behavioral quiescence. As Scn2a haploinsufficiency
reduces the Nayl.2 current by half, the projected result
is reduced neuronal excitability, but surprisingly seizure
activity is observed.

Dissection of the cell types underlying this seizure phenotype
with Cre-lox genetics revealed critical contributions of Na,1.2
haploinsufficiency in neurons that are excitatory rather than
inhibitory. In this experiment, EmxI"*/*;Scn2a //+ mice
were generated from a cross between EmxI-Cre mice (Gorski
et al, 2002) and the Scn2a floxed allele (Ogiwara et al,
2018), and showed reduced expression of Scn2a in dorsal-
telencephalic derivatives (e.g., neocortical and hippocampal
excitatory neurons). ECoG-EMG recordings in 6-8 week-
old Emx1°7¢/*;Scn2a #/+ mice showed “absence-like” seizures
featuring SWDs with EMG suppression. Like the human
condition, administration of the anticonvulsant ethosuximide
suppressed seizures (Ogiwara et al, 2018). In contrast, this
“absence-like” seizure phenotype was not observed when using
the vesicular GABA transporter Cre mouse line (Vgat-Cre) to
reduce Nay1.2 expression specifically in interneurons (Ogiwara
et al, 2018; Miyamoto et al., 2019). Thus, a loss of Scn2a
from GABAergic cell types may not be a primary cause
underlying SWDs.
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Finer resolution cell-type dissection of the seizure phenotype
showed that SWDs can be generated in mice with a reduction
of Scn2a in cortical layer (L)5 pyramidal neurons (ie.,
Trpc4®re/ *;Scn2a /7 mice) but not in Ntsr®/+;Scn2a /5
mice, where Scn2a expression is reduced in cortical L6 neurons
(Miyamoto et al., 2019). These findings in mice support studies
conducted in rat models of absence epilepsy, which suggest
that the deep layers of the somatosensory cortex may act as
the initiation site of SWDs (Blumenfeld, 2005; Pinault and
O’Brien, 2005; Liittjohann and van Luijtelaar, 2015; Depaulis and
Charpier, 2018; McCafferty et al., 2018). Thus, the pathological
origins of “absence-like” seizures in rats may be similar to the
mouse ASD condition.

Whole-cell current clamp recordings in adult L5b PYR
neurons deficient in Scn2a, due to AAV-EFla-Cre-mCherry
virus-mediated recombination of the floxed allele (Scn2a/f),
indicated that cell excitability was elevated. Namely, the
number of action potentials increased in response to somatic
depolarizing current injections, input resistance increased,
action potential (AP) repolarization speed decreased, and the
afterhyperpolarization (AHP) during spike trains was more
depolarized, when compared to wild type (Scn2a™/* or
Scn2a//%) neurons in the contralateral uninfected hemisphere
of the medial prefrontal cortex (mPFC) (Spratt et al., 2021).
Compartmental modeling revealed two interesting findings.
The first and main finding was that complete deletion of
Nay1.2 promoted an exponential rather than linear shift in the
relationship between the Na, and K-channel current during an
AP (Spratt et al., 2021). This effect can potentially increase overall
L5 excitability because repolarization in neurons is incomplete
between APs, so threshold attainment and AP generation can
occur more rapidly. The second finding was that increased input
resistance can shift the onset of the Firing/Current (F/I) curve
left, which can theoretically increase the number of APs generated
at current onset. Intriguingly, during this current onset period,
Scn2a deficient neurons regularly produce high-frequency bursts
(Spratt et al., 2021).

Besides L5b PYR excitatory neurons, Scn2a is expressed in
somatostatin-positive (SSt*) and vasoactive intestinal peptide-
positive (VIP™) interneurons, as well as in unmyelinated axons
of GABAergic medium spiny neurons (MSNs) (Li et al., 2014;
Miyazaki et al., 2014; Yamagata et al, 2017). It is currently
unclear whether excitability is similarly altered in SSt™ and
VIPT interneurons under conditions where Scn2a is severely
reduced or absent. However, another recent study, using a
mixed striatal MSN population, linked drastically reduced
Scn2a levels to an increase in intrinsic excitability. Patch-clamp
recordings in brain slices from an Nay1.2 hypomorph mouse
(Scn2a8'/8t) (Eaton et al., 2021) with 25-30% of the wild-type
protein level, revealed enhanced neuronal excitability in striatal
MSNs (ie., an increased number of action potentials/spikes
generated in response to depolarizing current injections, reduced
rheobase, a mildly elevated fast after-hyperpolarization, and
increased input resistance) (Zhang et al, 2021). Ex vivo
recordings in adult MSNs, with sparse rescue of the severe
Navl.2 deficiency via viral transduction, showed that these
alterations to intrinsic excitability were largely cell autonomous

and likely driven by the downstream effects of a reduction
in the total potassium current (Zhang et al., 2021). Spratt
et al. (2021) did not observe changes in potassium channel
function in L5 cortical neurons. Nevertheless, both studies
identified largely cell autonomous changes in input resistance
and AHP hyperpolarization that may contribute to epilepsy
in cases of severe Scn2a deficiency, even though seizure
activity was not reported specifically for Scn2a€/$' mice
(Eaton et al,, 2021; Zhang et al, 2021). Studies on human
neurons also show evidence of paradoxical hyperexcitability.
Induced pluripotent stem cell derived SCN2A~/~ neurons when
compared with isogenic controls display an increased number
of spikes on multielectrode arrays and impaired excitatory
synapse formation and function (Brown et al, 2021). Key
observations from mouse studies were also replicated with
human neurons, including increased input resistance, reduced
AP height, and reduction in the somatic component of the
rising phase of the AP. However, unlike in mice, only a
minor increase in the number of APs generated at current
onset was observed (Brown et al., 2021). Excitatory neurons
derived from an ASD patient heterozygous for the R607*
truncating mutation in SCN2A also showed reduced excitatory
synapse function. Future studies incorporating measures of
synaptically-evoked spiking and excitatory currents (which
are reduced in Scn2a haploinsufficiency and presumably
in more severe Scn2a deficiencies), will help to confirm
the predicted effects of physiological changes on seizure-
related behaviors.

Similar to Scn2a mice, adult female mice heterozygous
for a null mutation in Mecp2 (Mecp2¥/~) exhibit the cardinal
hallmarks of “absence-like” seizures, i.e., the occurrence of
brief (< 2 s) spontaneous cortical epileptiform discharges
with frequencies of 6-8 Hz in the somatosensory cortex
during acute behavioral arrest with sensitivity to ethosuximide
(Wither et al., 2018). Here too, Cre-lox genetics was used to
dissect potential causal roles of Mecp2 loss in excitatory and
GABAergic neurons in the seizure phenotype. Mice in which
calcium-calmodulin-dependent protein kinase II (CaMKII)-Cre
(Chen et al, 2001) was used to delete Mecp2 (Chen et al,
2001) selectively in forebrain excitatory neurons during early
postnatal development reproduce RTT associated features such
as increased anxiety, impaired motor coordination, and social
deficits (Gemelli et al., 2006). However, the effects on seizures
were not reported.

Like the Scn2a mutant condition, deleting the floxed Mecp2
allele from excitatory neurons and glia in the neocortex and
hippocampus using the Emx1-Cre mice (Emx1°/+; Mecp2 /1)
results in detection of absence seizures during EEG recordings
between 6-8 weeks of age (Zhang et al., 2014). Although, the
authors attributed the phenotype to Mecp2 reduction in neurons
rather than glia, intriguingly, Mecp2 is expressed in astrocytes
throughout the brain. Indeed, it has been proposed that while
neurons may initiate several symptoms of RETT syndrome, loss
of Mecp2 in astrocytes may strongly affect disease progression
(Lioy et al., 2011). Loss of MECP2 from astrocytes, using the
floxed Mecp2 allele (Chen et al., 2001) and the hGFAPcreT2
mouse line (Hirrlinger et al., 2006) results in a smaller body

+/-
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size, clasped hindlimb posture and irregular breathing (Lioy
et al., 2011). Notably, as the hGFAPcreT2 mouse line does not
recombine very well in the cortex and the substantia nigra, this
phenotype could be potentially more severe upon additional loss
of Mecp2 expression from these brain regions (Lioy et al., 2011).
However, the authors buttress their premise that altered neuronal
physiology mediated the “absence-like” seizure phenotype by
showing that although the intrinsic excitability, resting potential,
input resistance and spike threshold of L5 pyramidal neurons
in the cortex is normal, mild depolarizations in the membrane
potential (i.e., from —59 mV to —53 mV) produced significantly
more spikes in the Emx1¢¢/+;Mecp2 /7 mice than in controls
due to reduced inhibitory tone (Zhang et al, 2014). As we
will discuss in the next section of the review, this reduction
in inhibitory tone may arise from the combined effects of
reductions in inhibitory inputs onto postsynaptic excitatory
PYR neurons and cell autonomous changes in astrocytes that
diminish synaptic GABA levels. Nevertheless, hyperactivity of
cortical L5 pyramidal neurons may be a central mechanism that
drives seizures when either Scn2a or Mecp2 gene expression is
absent or reduced.

Dual Roles for Reduced Inhibition in
Seizure Susceptibility and Spiking

Stability

Absence seizures in Scn2a or Mecp2 cortical mouse models
have been linked to hyperactivity of cortical L5 pyramidal
(PYR) neurons (Zhang et al, 2014; Ogiwara et al, 2018;
Miyamoto et al., 2019). However, the mechanism underlying
hyperexcitation warrants further dissection. Studies on
Emx1€7¢/*;Mecp2 /¥ mice proposed a model whereby MECP2
loss in cortical PYR neurons causes a reduction of GABAergic
transmission, driving hyperactivity (Zhang et al., 2014). Whole-
cell patch-clamp recording in L5 PYR neurons in both the
mPFC and somatosensory cortex of acute brain slices from
Emx19¢/*;Mecp2 /7 mice at P17-P20 showed that although
the amplitude and the kinetics of spontaneous IPSCs (sIPSCs)
and miniature(m) IPSCs were unchanged, the frequency of
both parameters were reduced (Zhang et al., 2014). In mutant
neurons, measures of evoked monosynaptic IPSCs (i.e., recorded
in the presence of DNQX and kynurenic acid) at P18-P20
showed stable IPSC thresholds but significantly reduced peak
IPSC amplitudes when compared to control neurons. Notably,
this reduction in inhibition is long-lasting and remained as mice
aged to 6-7 weeks (Zhang et al., 2014). Comparable changes
in immunofluorescent staining of puncta for the vesicular
GABA transporter (VGAT, a marker for GABAergic synaptic
terminals) in L5 PYR neurons from Emx1C¢e/ +;Mecp2 Fxly
mice were also observed, with a 42% reduction in puncta at
P18-P19 and a 37% reduction at 7-8 weeks of age. In L2/3
PYR somatosensory cortical neurons, sIPSC frequency reduced
by 57% in mutant neurons, and sIPSC amplitude decreased
by 20%. Interestingly, these observed reductions in synaptic
inhibitory currents were not replicated when Mecp2 was deleted
from forebrain GABAergic neurons using the DIx5/6-Cre mice
(Zhang et al., 2014). Overall, these results show that the loss of

Mecp2 in PYR cortical neurons causes a reduction in GABAergic
transmission onto postsynaptic excitatory neurons.

Remarkably, an identical phenotype of a reduction in
GABAergic transmission onto postsynaptic CA1 excitatory PYR
neurons was observed after PYR-specific deletion of the ASD-
related gene, tuberous sclerosis complex 1 (Tsc1) (Bateup et al.,
2013). The authors also suggested that such reductions in
inhibition could alone drive Tscl-related hyperexcitability at
the network level to result in seizures. However, an alternative
explanation exists. Namely, that these changes in inhibition
are compensatory, rather than being a primary defect that
directly drives seizure activity. It was previously shown that a
primary deficit in either excitatory synaptic input or intrinsic
excitability in excitatory neurons can induce a decrease in
inhibitory inputs onto these neurons to balance the levels of
synaptic excitation and inhibition (Xue et al., 2014; He et al,
2018). In this activity-dependent phenomenon, decreases in
synaptic excitation are matched by greater reductions in synaptic
inhibition levels to preserve the magnitude of cell depolarization
and maintain spiking stability (Antoine et al., 2019). Figure 1,
adapted from Antoine et al. (2019), illustrates results of a
simulation examining the effect of differently scaled excitatory
(Gex) and inhibitory (Gin) conductance combinations on the
peak change in the membrane potential (Vm) in postsynaptic
cortical PYR neurons. Indicated in Figure 1 is the black “PSP
stability contour” line illustrating the postsynaptic Gex and Gin
conductance combinations that maintain a wild type-sized PSP
peak. Notably, Gin changes primarily reflect the alterations to
parvalbumin- positive (PV™) interneuron mediated inhibition
onto postsynaptic cortical PYR neurons. In regions where the
contour rests above the blue diagonal or unity line, when Gex
decreases, Gin must decrease more than Gex to maintain a
normal PSP peak.

Thus, it is possible that the observed reduction in GABAergic
transmission onto postsynaptic excitatory neurons in Tscl
and/or Mecpl reflects a change that compensates for either
diminished excitatory drive or intrinsic excitability in PYR
neurons, rather than to directly drive seizure activity. In line
with this alternative interpretation, current clamp recordings
from Tscl-deficient CA1 PYR excitatory neurons revealed that
mutant neurons are significantly less excitable than control
neurons: exhibiting reduced action potential firing in response
to a wide-range of depolarizing current injections, increased
action potential threshold, decreased membrane resistance
and increased capacitance (Bateup et al., 2013). Furthermore,
in response to increasing stimulus intensities, no significant
difference in either the amplitude of excitatory postsynaptic
potentials (EPSPs) or firing frequencies were observed. Thus,
these cell autonomous reductions in GABAergic transmission
onto postsynaptic excitatory neurons may not be sufficient to
drive circuit hyperexcitability when they co-occur with either
diminished excitatory input or reduced intrinsic excitability in
PYR neurons. In line with this conclusion, TscI mutations that
promote increases in PYR intrinsic excitability co-occurs with
hyperexcitability (Abs et al., 2013; Koene et al., 2021).

Multiple studies reveal a cell autonomous reduction in
excitatory drive or activity in cortical and hippocampal PYR
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FIGURE 1 | Predicted changes in excitatory and inhibitory conductances that
maintain a normal/wild type-sized PSP. Simulation calculates the effect of
differentially scaled excitatory (Gex) and inhibitory (Gin) conductance
combinations on the peak change in the membrane potential (Vm) of
postsynaptic cortical PYR neurons. Points on the black ‘PSP stability contour’
line comprise the postsynaptic Gex and Gin conductance combinations that
maintain a wild type-sized PSP. For example, the purple dot (e) on the contour
line indicates that inhibition was reduced by 65%, which is indicated as 0.35
on the x-axis, whereas excitation was reduced by 40% and is indicated as 0.6
on the y-axis. The blue diagonal or unity line indicates numerically equal
changes in Gex and Gin conductances. For regions where the contour rests
above the diagonal, when Gex decreases, Gin must decrease more than Gex
to maintain a normal-sized PSP. Compensatory changes in Gin can potentially
be imperfect, maintaining balance in one brain region but not another. The
green dot (e) illustrates a hypothetical case where Gex is reduced but features
of hyperexcitability are present, i.e., PSPs are 2 mVs larger. For this case, the
blue shaded rectangular area predicts that pharmacological treatments
selectively increase synaptic GABA, may induce circuit hypoexcitability as Gin
levels near normal.

neurons with Mecp2 deficiency (Chao et al., 2007; Blackman
et al, 2012; Qiu et al, 2012; Meng et al, 2016). To
determine the functional role of Mecp2 in PYR glutamatergic
neurons, Meng and colleagues used the vesicular glutamate
transporter 2-Cre mice (Vglut2®®/*, Vong et al, 2011) to
delete the conditional Mecp2 allele (Guy et al, 2001) from
excitatory neurons throughout the brain. Whole-cell patch-
clamp recordings from cortical L5 PYR neurons in the
somatosensory cortex of mutant 6- to 8-week-old mice showed
reduced spontaneous action potential firing (Meng et al., 2016).
Measurements of postsynaptic currents (PSCs) showed a drop in
both spontaneous excitatory postsynaptic currents (SEPSCs) and
miniature excitatory postsynaptic currents (mEPSCs) compared
to controls. Consistent with the idea that PYR neurons cell
autonomously decrease inhibitory inputs to compensate for
reduced levels of excitation, reductions in spontaneous inhibitory
postsynaptic currents (sIPSCs) were also observed. In an
otherwise Mecp2 null mouse containing no MECP2 protein
throughout the brain and body, restoration of Mecp2 only in
Vglut2™ excitatory neurons normalized spontaneous action
potential firing and mEPSCs to control levels (Meng et al., 2016).

C57BL/6] mice that are heterozygous for Ube3a, where the
deficient allele is inherited by the mother (m) rather than
the father (p) (Ube3a™~/PT), serve as a mouse model for
Angelman Syndrome (AS) (Jiang et al., 1998; Wallace et al,
2012). Electrophysiology studies on these mice by Wallace
and colleagues, provided evidence that preferential decreases
in inhibitory inputs that co-occur with decreases in excitatory
input or PYR activity may not be sufficient to induce a seizure
phenotype. Whole-cell patch-clamp recordings from neocortical
slices in L2/3 pyramidal (PYR) neurons of the visual cortex in
WT and Ube3a™~/P* mice at postnatal day (P) 80, showed
no genotypic difference in the amplitude of either miniature
(m)EPSCs or mIPSCs (Wallace et al., 2012). However, decreases
in the frequency of both mEPSCs and mIPSCs were observed,
with a preferential 50% reduction in spontaneous inhibitory
synaptic activity and a 28% decrease in excitatory synaptic activity
(Wallace et al., 2012). Interestingly, when mIPSC recordings are
performed at an earlier age during the critical period for ocular
dominance plasticity, both the amplitude and the frequency
of mIPSCs in these P21-P28 mice appear normal. Consistent
with inhibitory changes serving a compensatory role, excitatory
deficits are observed during the critical period prior to observed
changes in inhibition. Furthermore, synaptic deficits may be
limited to the excitatory neurons, as neither the amplitude nor
the frequency of miniature EPSCs or mIPSCs onto fast-spiking
inhibitory interneurons was affected. Analogous to the data
of the mIPSC recordings, reductions in L4-evoked inhibitory
postsynaptic currents on L2/3 PYR neurons (eIPSCs) were also
observed at P80 but not at P25 (Wallace et al., 2012). Despite
decreases in both excitatory and inhibitory synaptic activity,
spontaneous network activity and baseline firing rates were not
altered by the loss of Ube3a expression. Likewise, recordings
of spontaneous local network activity in L2/3 regular spiking
(RS) putative pyramidal neurons of the visual cortex during
presentation of a gray screen, showed that neither average
spontaneous firing rates nor UP state frequency and duration
were significantly different between wild type and mutant mice
(Wallace et al., 2017).

Overall, these results show that the loss of Mecp2, Tscl,
and Ube3a in postsynaptic excitatory cortical neurons can
induce preferential reductions in inhibition that may have a
compensatory role that is aimed at stabilizing synaptic activity,
rather than the deficiencies in inhibition directly driving seizures.
Thus, these alterations in inhibition alone may not be sufficient
to cause seizures. What additional factors might be required?
Despite employing Cre-lox approaches to delete Mecp2 from
glutamatergic excitatory neurons in both Emx1€"¢/*;Mecp2/y
and Vglut2¢¢/+;Mecp2”/¥ mutants, both mice exhibit different
levels of seizure severity. Video-EEG recordings at 10-weeks of
age showed that ~37.5% of Vglut2"*/ +;Mecp2*/¥ mice displayed
SWDs at a frequency of 3.3 £ 2.1 episodes/hour and with an
episode duration of 4.1 £ 0.4 s (Meng et al., 2016). In contrast
100% of Emx1€7¢/*;Mecp2”*/¥ mutant mice, displayed spike-and-
wave discharges at a frequency of 36 + 7 episodes/hour and
episode duration of 1.3 £ 0.1 s (Zhang et al., 2014).

At least two differences may account for the variance in
seizure severity. Firstly, in addition to glutamatergic excitatory

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2022 | Volume 15 | Article 826679


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Antoine

Multiple Cell Types Drive Hyperexcitability

neurons, Emx1¢"/* deletes Mecp2 in astrocytes. In fact, cell-
specific deletion of Mecp2 in astrocytes significantly reduces
ambient GABA levels in the extracellular space and decreases
tonic inhibition through increases in GAT3 GABA transporter
expression (Dong et al., 2020).

Therefore, the loss of Mecp2 in astrocytes could exacerbate
reductions in synaptic inhibition beyond the point needed
to compensate for the initial decline in synaptic excitation.
In support of non-glutamatergic Mecp2-deficient cell types
contributing to seizure phenotypes in Mecp2 null mice,
restoration of Mecp2 in Vglut2©™ excitatory neurons only slightly
reduces seizure incidence by ~12.5%.

Secondly, the Emx1¢" and the Vglut2¢" drivers recombine in
some non-overlapping brain regions at different developmental
timepoints and at different recombination efficiencies. For
example, unlike Vglut2¢"®/*;Mecp2 /7 mice, Mecp2 is not
deleted in the thalamus or cerebellum of Emx1¢/+;Mecp2 </
mice. Therefore, it is possible that the loss of Mecp2 from
these additional brain areas in the Vglut2“¢/+;Mecp2 /¥ mice
contributed to effects that help mitigate circuit hyperexcitability.
Alternatively, Emx1¢ recombines in cells at early stages of
the cortical PYR cell lineage, whereas Vglut2¢"® recombines in
essentially mature PYR neurons. Thus, it is possible that Mecp2
plays a role in PYR neuron maturation as well as activity.
Regardless of the genetic explanations for the differing severities
in the Emx1¢ and Vglut2¢"® driven phenotypes, differences in
the extent to which PYR excitatory drive or activity is reduced
may have contributed to the pointedly increased seizure severity
in the Emx1¢¢/*;Mecp2/*/Y mutant mice. In the next section, we
will explore the effects of ASD gene deletion in inhibitory neurons
on circuit hyperexcitability and seizure susceptibility.

Contributions of Reductions in Inhibition
Due to the Dysfunction of Inhibitory
Neurons to Circuit Hyperexcitability and

Seizure Susceptibility

Two independent studies showed that seizures or epileptiform
activity are not produced in mice where a forebrain-specific
GABAergic Cre (i.e., DIx5/6-Cre; Monory et al., 2006) was used to
delete Mecp2 from inhibitory neurons (Chao et al., 2010; Zhang
etal., 2014). The DIx5 and DIx6 promoter is expected to drive Cre
expression in GABAergic interneurons (including parvalbumin-
positive (PV'), somatostatin-positive (SSt*+), and vasoactive
intestinal peptide-positive (VIPT) interneurons) throughout the
cerebral cortex, striatum, and hypothalamus (De Lombares
et al., 2019). However, additional Cre-lox studies to elucidate
the cause of the seizures showed that the loss of Mecp2 from
SSt* interneurons throughout the brain via SSt“¢/* mice
(Taniguchi et al., 2011) resulted in spontaneous seizures but
with a substantially delayed onset (Ito-Ishida et al., 2015).
Hence, Mecp2 loss from interneurons that are not located in
the forebrain may be needed exclusively, or perhaps required
in combination with Mecp2 loss from forebrain interneurons
to drive hyperexcitability or the seizure phenotype. At 15-
weeks of age, almost 10% of SSt“"*/ *;Mecp2~/7 mice developed
spontaneous epileptic seizures and by 45-weeks of age 50%

percent of these mice developed spontaneous epileptic seizures
(Tto-Ishida et al., 2015). Generalized tonic clonic seizures
were also observed in SSt“"¢/*;Mecp2~/¥ mice during routine
handling (Ito-Ishida et al, 2015). As these seizure phenotypes
were not observed upon deletion of Mecp2 from forebrain SSt™*
interneurons alone, these results suggest that SSt™ neurons in
the midbrain and/or hindbrain may play a particularly salient
role in seizure generation. In contrast, the loss of Mecp2 from
parvalbumin positive (PV™) interneurons, using a Pvalb-2A-Cre
driver (Madisen et al., 2010), did not produce seizures (Ito-Ishida
et al., 2015). The lack of a phenotype was highly unexpected,
especially given that fast-spiking PV' neurons provide a major
source of inhibition that regulates pyramidal cell output (Atallah
et al., 2012; Kepecs and Fishell, 2014). More importantly, PV
neurons, rather than SSt* neurons, play a dominant role in
maintaining the excitatory/inhibitory balance in the cortex (Xue
et al., 2014; Ito-Ishida et al., 2015).

More widespread deletion of Mecp2 from all GABAergic
and glycinergic neurons, using the Viaat-Cre mouse line,
further outlines a subtler role for the cell autonomous loss
of Mecp2 from interneurons in driving seizures. Interestingly,
deletion of Mecp2 expression using Viaat-Cre produces frequent
hyperexcitability discharges but no seizures (Chao et al., 2010).
Immunohistochemical and electrophysiological analyses reveal
subtle disruptions of GABAergic neuronal function, namely
reduced mRNA transcript levels for the genes encoding enzymes
involved in the conversion of glutamate to GABA (Gadl
and Gad2), reduced GABA immunoreactivity, and reduced
mIPSCs amplitude and charge (Chao et al.,, 2010). Mecp2 re-
expression in Viaat-Cre expressing neurons in the Mecp2 null
normalized mRNA levels of Gadl and Gad2 but the reduction
in mEPSC amplitude remained (Ure et al., 2016). Furthermore,
the incidence of non-seizure hyperexcitability discharges and
seizures were dramatically reduced (Ure et al., 2016). Collectively,
these data suggest that loss of Mecp2 from multiple cell types
(i.e., glutamatergic neurons, astrocytes, and interneurons) reduce
inhibition levels to a range that may drive seizures at early
postnatal developmental stages, but restoration of Mecp2 in
inhibitory neurons may be sufficient to elevate inhibition above
the seizure induction threshold.

A recent contrasting report is worth discussing. This
study, in which the same floxed Mecp2 allele (Guy et al,
2001) as above was purportedly recombined with Cre lines
targeting interneurons, namely DIx5/6-Cre mice (Monory et al.,
2006), SSt¢ mice (Taniguchi et al, 2011), Pvalb® mice
(Hippenmeyer et al., 2005) and Vip®"™® mice (Taniguchi et al.,
2011), detected seizure activity in each conditional Mecp2
mutant line (Mossner et al., 2020). Seizures manifest in
100% of Mecp2~/7, 100% of DIx5/6-Cre;Mecp2 /7, 52.9% of
SStCre/+;Mecp2~/7, 35.0% of PVC®/*;Mecp2~/7, and 37.5%
of VIPC™/*;Mecp2 //¥ mutants. Seizures were also detected
in Mecp2™/? controls. However, as described above, previous
studies failed to detect either hyperexcitability discharges or
seizures in DIx5/6-Cre;Mecp2 /¥ mice even at 39-weeks of
age (Ito-Ishida et al, 2015). It should be noted that DIx5/6-
Cre produces maternal germline recombination for several
alleles (Luo et al., 2020), providing a possible explanation for
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FIGURE 2 | Collective mechanisms that may drive hyperexcitability when synaptic excitation levels are reduced. (A) A gene mutation that is linked to a
neurodevelopmental disorder (NDD) induces cell autonomous changes in glutamatergic PYR neurons that reduce their excitatory postsynaptic input (E). This primary
defect in the PYR neurons triggers cell autonomous decreases in inhibitory postsynaptic inputs (l). (B) The same NDD-linked gene mutation also induces cell
autonomous changes in astrocytes that may reduce ambient GABA levels in the extracellular space. Reduced GABA levels may consequently lessen inhibitory
output in select subsets of interneurons. In this example, somatostatin-positive (SSt™) neuron-mediated inhibition is reduced. (C) This NDD-linked gene mutation can
also induce cell autonomous changes in parvalbumin-positive (PV+) interneurons which impair their inhibitory output. Moreover, these inefficiencies are perhaps
exacerbated during incidences of strong or sustained inputs, as the ability of PV neurons to scale-up their responses is compromised. (D) In response to the 40%
reduction in excitatory postsynaptic input from (A), even less inhibition is now provided due to the combined effects of cell autonomous changes in astrocytes and
PV+ interneurons. i.e. in C (e pink dot) an 80% drop, instead of the expected 65% that would typically occur in (A) (e purple dot). The net effect is PSPs that are TmV
larger than normal and increased depolarization levels (e pink dot). (E) Events in (D) help drive an increase in the intrinsic excitability of PYR neurons.

100% expressivity of seizures in not only the Mecp2~/? null,
but also the DIx5/6-Cre; Mecp2 /¥ mice in Mossner et al.
(2020). Contributions from strain background may also play
a role in modifying the phenotype. Despite this potential
caveat, this study demonstrated that single-unit recordings from
putative regular-spiking cortical excitatory PYR neurons in
awake mice, have 3 fold-larger firing rates in DIx5/6-Cre;Mecp2
Fely vIpCrel+;Mecp2 /¥ and SStC7¢/ *; Mecp2~/Y mice (Mossner
etal., 2020).

Interestingly, studies on the Ube3a™~/P* heterozygotes on
the C57BL/6] strain background provide evidence that genetic
alterations in interneurons that reduce their activity, can alter
the intrinsic properties of excitatory PYR neurons to increase
their excitability (Wallace et al., 2017). Continuous video EEG

recording (24 hours a day for 5 days) for spontaneous seizure
activity showed a significant increase in the amplitude and
frequency of spontaneous polyspike activity in the somatosensory
cortex (146 + 54.64 events/day in Ube3a™~/P* mice compared
to 1.04 &+ 0.20 events/day in control mice) (Born et al., 2017).
However, similar to the Viaat-Cre; Mecp2 /¥ mice, despite
this increase in abnormal epileptiform activity, no spontaneous
seizures were recorded in the Ube3a™~/P* mice. Equally, seizures
induced by exposure to a 140 dB aversive auditory stimulus were
not observed and seizures induced via kainic acid administration
bore similar latencies in the wildtype and Ube3a™ /% mutants
(Born et al, 2017). In vivo whole cell recordings of L2/3
PYR neurons to dissect the hyperexcitability phenotype, showed
that Ube3a mutant mice exhibited mildly increased spiking
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activity following current injection compared with control
mice. This increase in the intrinsic excitability of L2/3 PYR
neurons in the visual cortex was attributed to an increase in
membrane resistance as no differences occurred between groups
in resting membrane potential. In vitro experiments replicated
the finding; showing a modest increase in intrinsic excitability of
L2/3 PYR neurons in Ube3a™~/P* mice compared to wildtype
(Wallace et al., 2012).

To address whether the increased intrinsic excitability in L2/3
PYR neurons was cell autonomous or arose as a compensatory
result to a reduction in inhibitory synaptic activity, Wallace
and colleagues used the Gad2-Cre line (Taniguchi et al., 2011)
to conditionally reinstate Ube3a expression in all GABAergic
neurons of Ube3aSTOP/P*+ mice. This Cre-mediated gene re-
expression is facilitated by the removal of a STOP cassette
inserted between exons 3 and 4 of Ube3a (Silva-Santos et al.,
2015). Reinstatement of Ube3a restored intrinsic excitability
to control levels and thus illustrated that increased intrinsic
excitability in PYR neurons can be induced solely from Ube3a
loss in interneurons.

CONCLUSION

Altogether, the studies discussed here implicate L5 of the visual,
somatosensory, and prefrontal cortex as potential loci for further
study into the mechanisms mediating seizure activity in ASD,
RTT, and AS. Cortical L5 neurons integrate inputs from many
sources (including L2/3 cortex) and output to both cortical and
subcortical structures to mediate functions such as perception
and movement. Future studies are required to further connect
physiological abnormalities in L5 PYR neurons and their input
and output sources to the generation of absence seizure-like
activity (Miyamoto et al., 2019). While it is tempting to explain
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