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Introduction

SUMMARY

Aims: Rasmussen encephalitis (RE) is a rare but devastating condition, mainly in children,
characterized by sustained brain inflammation, atrophy of one cerebral hemisphere, epi-
lepsy, and progressive cognitive deterioration. The etiology of RE-induced seizures associ-
ated with the inflammatory process remains unknown. Methods: Cortical tissue samples
from children undergoing surgical resections for the treatment of RE (n = 16) and non-RE
(n = 12) were compared using electrophysiological, morphological, and immunohisto-
chemical techniques to examine neuronal properties and the relationship with microglial
activation using the specific microglia/macrophage calcium-binding protein, IBA1 in con-
junction with connexins and pannexin expression. Results: Compared with non-RE cases,
pyramidal neurons from RE cases displayed increased cell capacitance and reduced input
resistance. However, neuronal somatic areas were not increased in size. Instead, intracellu-
lar injection of biocytin led to increased dye coupling between neurons from RE cases. By
Western blot, expression of IBA1 and pannexin was increased while connexin 32 was
decreased in RE cases compared with non-RE cases. IBA1 immunostaining overlapped with
pannexin and connexin 36 in RE cases. Conclusions: In RE, these results support the
notion that a possible mechanism for cellular hyperexcitability may be related to increased
intercellular coupling from pannexin linked to increased microglial activation. Such find-
ings suggest that a possible antiseizure treatment for RE may involve the use of gap junction
blockers.

The cause(s) of RE and why or how the brain inflammation
produces severe seizures and EPC remain unknown. Studies have

Rasmussen encephalitis (RE) is a rare but devastating condition
involving severe unihemispheric brain inflammation and epilep-
tic seizures generally unresponsive to antiepileptic drugs (AEDs)
[1,2]. RE is usually a childhood disease with an age of onset
around 2-10 years [3,4] and is associated with epilepsia partialis
continua (EPC) in about 50% of patients [5]. Over time,
patients develop hemiparesis, visual loss, and speech and mental
disabilities associated with cerebral hemiatrophy. In most cases,
complete hemispherectomy represents the only option to con-
trol epileptic activity and progression of the disease [6]. Histo-
pathological findings demonstrate the presence of inflammation
dominated by CD8+ T-cells, widespread microglial activation,
perivascular lymphoid cells, and glial scarring sometimes with
cystic cavitation [7-9].
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failed to demonstrate a causal association between any specific
virus and RE [6,10,11]. Further, although it was initially proposed
that autoantibodies against the GluA3 ionotropic glutamate
receptor subunit or against the N-methyl-D-aspartate (NMDA)
glutamate receptor subtype may play a role in producing seizures
[12—15], more recent studies have shown that the presence of au-
toantibodies against GluA3 or NMDA receptors is not exclusive
for RE, but also occurs in other epileptic manifestations [16-19].
Due to the relative rarity of RE, approximately 2.7% of pediat-
ric epilepsy surgery patients [20], virtually nothing is known
about the basic electrophysiological mechanisms that cause sei-
zures in these patients. Our laboratory has pioneered the use of
surgical tissue resected for the treatment of pharmacoresistant
pediatric epilepsy to study electrophysiological mechanisms of
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epileptogenesis. In the past years, we have assembled a critical
number of RE cases to perform an analysis compared with other
brain pathologies, particularly cortical dysplasias (CD) [21]. The
present study was designed to investigate electrophysiological
membrane and synaptic properties of pyramidal neurons from
RE compared with non-RE cases. In the course of these studies,
we discovered that cell membrane properties in RE cases might
be altered as a consequence of increased electrotonic coupling
between pyramidal neurons related to microglial activation and
increased pannexin protein expression forming hemichannels.

Subjects and Methods

The research protocols were approved by the Institutional Review
Board of the Human Research Protection Committee at the Uni-
versity of California Los Angeles (UCLA). Informed consent to use
the surgically resected tissue for research was obtained from par-
ents or legal guardians. This was not a clinical trial and is not regis-
tered in any public registry.

Patient Cohorts and Evaluation

Consecutive surgical patients with RE (n = 16) from 2001 to 2012
were included. All patients had neuroimaging features of RE
including progressive unilateral hemispheric atrophy and histo-
pathological findings consistent with RE. For this study, RE cases
were compared with as normal tissue as possible from non-RE
cases (n = 12) mostly from subjects with cerebral infarcts (n = 6),
tumors (n = 4), and mild CD (ILAE classification CD type Ib;
n = 2) [22] matched for age at surgery. The clinical protocols to
evaluate patients have been described in detail [23,24]. In brief,
the standardized evaluation included medical history and neuro-
logical examinations, as well as interictal and ictal scalp EEG video
recordings. Neuroimaging studies included 1.5T MRI and FDG-
PET [25]. Clinical data were abstracted from the medical records
and included the following: age at seizure onset, age at surgery,
type of operation (hemispherectomy, multilobar, lobar/focal), side
of operation, gender, seizure freedom after surgery, and duration
of follow-up [24]. Epilepsy duration was calculated as the interval
in years from age at seizure onset to age at surgery.

Sample Selection for Electrophysiology

Neocortical sample sites were excised for in vitro electrophysiologi-
cal evaluation based on abnormal neuroimaging and electrocorti-
cography (ECoG) assessments. Tissue samples were classified as
most abnormal (MA) and least abnormal (LA) according to
published criteria [21]. Sample sites (about 2 cm?) were removed
microsurgically and directly placed in ice-cold artificial cerebrospi-
nal fluid (ACSF) containing the following (in mM): NaCl 130,
NaHCO; 26, KCI 3, MgCl, 5, NaH,PO, 1.25, CaCl, 1.0, glucose 10
(pH 7.2-7.4). Within 5-10 min, slices (350 um) were cut (Microsl-
icer, DSK Model 1500E or Leica VT1000S) and placed in ACSF for
at least 1 h (in this solution, CaCl, was increased to 2 mM and
MgCl, was decreased to 2 mM). Slices were constantly oxygen-
ated with 95% 0,-5% CO, (pH 7.2-7.4, osmolality 290—
300 mOsm, at room temperature). After incubation, tissue slices
were transferred to a custom-designed chamber attached to the
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fixed stage of an upright microscope. Slices were held down with
thin nylon threads glued to a platinum wire and submerged in
continuously flowing oxygenated ACSF (25 °C) at 3-4 ml/min.
Individual cells were visualized with a 40x water immersion
objective using infrared illumination and differential interference
contrast optics [21]. Cells were sampled in layers II-VI. The patch
electrodes (3—6 M) impedance) were filled with an internal solu-
tion containing (in mM) the following: Cs-methanesulfonate 125,
NaCl 4, KCl 3, MgCl, 1, MgATP 5, ethylene glycol-bis (f-amino-
ethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) 9, HEPES 8, GTP 1,
phosphocreatine 10, and leupeptin 0.1 (pH 7.25-7.3, osmolality
280-290 mOsm). Electrodes also contained 0.2% biocytin in the
internal solution to label recorded cells. Glutamate receptor agon-
ists, NMDA and o-amino-3-hydroxy-5-methyl-4-isoxazoleprop-
ionic acid (AMPA), were applied in the bath or iontophoretically.
4-aminopyridine (4-AP), a proconvulsant drug that increases neu-
rotransmitter release, and mefloquine (MFQ), a gap junction
blocker, were bath-applied.

Cells were initially held at =70 mV in voltage clamp mode. Pas-
sive membrane properties were determined by applying a depolar-
izing step voltage command (10 mV) and using the membrane
test function integrated in the pClamp8 software (Axon Instru-
ments, Foster City, CA, USA). This function reports membrane
capacitance (Cm, in pF), input resistance (Rm, in MQ), and decay
time constant (Tau, in ms). The time constant is obtained from a
single exponential fit to the decay of the capacitive transients, and
the cell capacitance is obtained by dividing the total charge under
the capacitive transient by the membrane potential change. Spon-
taneous excitatory (E) and inhibitory (I) postsynaptic currents
(PSCs) were recorded for 3 min. Spontaneous EPSCs were isolated
by holding the membrane at —70 mV, and IPSCs were isolated by
holding the membrane at +10 mV in the presence of appropriate
antagonists [6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and
APV]. Frequency of spontaneous PSCs and kinetic analyses were
performed using the Mini Analysis program (Justin Lee, Synapto-
soft, version 6.0) and subsequently checked manually for accu-
racy. The threshold amplitude for the detection of an event (5 pA
for SEPSCs; 10 pA for sIPSCs) was set above the root mean square
noise (<2 pA at Vyoig = —70 mV and < 4 pA at Viog =+ 10 mV).
SEPSCs and IPSCs with peak amplitudes between 5 and 50 pA and
10-100 pA, respectively, were grouped, aligned by half-rise time,
and normalized by peak amplitude to calculate event kinetics and
average amplitude. For each cell, grouped events were averaged
to calculate amplitude, rise time, half-amplitude duration, and
decay time.

Western Blots and Immunocytochemistry

Additional cortical samples were collected from the larger surgical
resection for Western blots and immunocytochemistry. Fresh-fro-
zen neocortical samples were homogenized in buffer (50 mM He-
pes, 10 mM MgCl,, 1 mM EDTA, 10 mM benzamide, 100 ng/ml
leupeptin, 100 ng/ml aprotinin, 0.08 M sodium molybdate,
2 mM sodium P-pyrophosphate, 0.01% Triton) at a 1:1 ratio. The
supernatant was clarified by centrifugation and proteins separated
on a 12% polyacrylamide gel in the presence of sodium dodecyl
sulfate at 100 V, 0.04 A, 300 W overnight at room temperature.
Transfer to nitrocellulose membranes (Sigma, St. Louis, MO, USA)
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or PVDF membrane (Bio-Rad, Irvine, CA, USA) was performed at
100 V, 1 A, 100 W for 2 h at room temperature. The nitrocellu-
lose/PVDF membranes were blocked with 3% dry milk in TBS-T
buffer (0.1% Tween-20, 4% BSA) at 4 “C overnight with constant
shaking. Membranes were then incubated for 1-2 h at room tem-
perature and constant shaking in incubation buffer (0.1% Tween-
20, 5% BSA) with the following primary antibodies: rabbit poly-
clonal anti-IBA1 (WAKO, Cat: 016-20001) at a 1:1000 dilution,
rabbit polyclonal anti-pannexin 1 (Ab60098; Abcam Inc.,
Cambridge, MA, USA) at a 1:1000 dilution, mouse monoclonal
anti-connexin 32 (SC59948; Santa Cruz International, Dallas, TX,
USA) at 1:200 dilution, rabbit polyclonal anti-connexin 36 (Santa
Cruz International, SC14904), and monoclonal anti-G3PDH
(EMD Millipore MAB374) at a 1:5000 dilution. After 3 x 10 min
(30 min total) of washing in a 1X TBS and 0.1% Tween solution,
blots were incubated for 1-2 h at room temperature with constant
shaking and the following horseradish peroxidase-conjugated sec-
ondary antibodies: anti-mouse 1gG (Sigma A9044) at a 1:2500
dilution, anti-mouse IgG (Jackson ImmunoResearch Laboratories)
at 1:2500, and anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) at 1:2500. Following another
3 x 10-min (30 min total) wash in a 1X TBS and 0.1% Tween
solution, proteins were visualized using a chemiluminescent sub-
strate (Thermo Fisher Scientific, Waltham, MA, USA) X-ray film
developed with a Fischer Autotank processor (Fischer Industries,
Inc. Geneva, IL, USA). Quantification of signals was carried out
using densitometric scanning (TotalLab Quant, TotalLab Life Sci-
ence Analysis Essentials, TotalLab Ltd, Newcastle upon Tyne, NE1
2JE). Detailed immunocytochemical methods for CD3, a T-cell
marker, and CD68, a microglial/macrophage marker, have been
described elsewhere [9,26].

Data Analysis

Values are presented as mean =+ standard deviation (SD) or stan-
dard error of the mean (SEM). Differences were considered statis-
tically significant at P < 0.05. Statistical differences between RE
and non-RE cases were examined using Student’s f-test or Mann—
Whitney rank sum test, chi-square, and appropriate one- or two-
way ANOVA followed by Bonferroni post hoc tests using the
Sigmastat or Statview (SAS, Cary, NC) software.

Results
Clinical Cohort

The clinical characteristics of the RE (n = 16) and non-RE cohorts
(n = 12) were generally similar (Table 1). RE cases were operated
on from September 2001 to December 2012, while the non-RE
cases had surgery from September 2005 to December 2012. By
design, the non-RE cases were selected to roughly match the RE
cases for age at surgery. The etiologies for the non-RE cases con-
sisted of relatively normal cortex associated with large cerebral
infarcts (n = 6), low-grade glial tumors (glioma, n = 2; DNET,
n = 2), and mild CD (ILAE CD type Ib; n = 2) [22]. With the
exception of age at seizure onset and duration of follow-up post-
surgery, there were no major differences comparing clinical fea-
tures of RE versus non-RE patients (Table 1). As not all cortical
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Table 1 Comparison of clinical features for Rasmussen encephalitis (RE)
and non-RE cases

RE Non-RE
Clinical variable (n=16) (n=12) P-value
Age at surgery (years) 10.2 + 3.5 9.0 4+ 3.6 0.354

Epilepsy duration (years) 34 +£32 58 + 3.0 0.054
Age at seizure onset (years) 6.9 + 3.9 32+28 0.010
Gender (Female) 44% (7116) 33% (4/12) 0.576
Side of resection (Left) 37% (6/16) 58% (7/12) 0.274
Surgical procedure

Hemispherectomy 100% (n = 16) 66% (n = 8) 0.050

Multilobar resection 0 17% (n = 2)

Lobar resection 0 17% (n = 2)
Seizure-free last follow-up 94% (15/16) 83% (10/12) 0.378

Duration of follow-up (years) 39 +29 1.5 +£06 0.007

Data are presented as mean (£SD) or percentages. P-values from t-tests
or chi-square. Statistically significant values (P < 0.05) indicated in Bold

type.

tissue samples resected from RE cases were optimal for electro-
physiological recordings, because of either age or degree of pathol-
ogy, only a subset of patients was studied. For electrophysiology,
we examined 10 of the 16 RE cases (average age 7.03 £ 0.8 years)
compared with 9 non-RE cases (average age 6.4 + 1.3 years) that
included cerebral infarct (n = 5), heterotopia (n = 2), CD type Ib
(n = 1), and one case with unremarkable pathology. Tumor cases
were not used for electrophysiology.

MRI and Histopathological Findings

Most MRI scans of patients with RE showed different degrees of
cerebral atrophy, mostly localized around the sylvian fissure
(Figure 1A1, A2). Only one case (8 year old with status epilepti-
cus) had a slightly unusual presentation showing MRI changes in
the hippocampus (Figure 1A3). MRI scans from non-RE cases did
not show significant atrophy. Histopathological examination
revealed that all RE cortical tissue samples displayed inflammatory
processes and moderate-to-severe gliosis. Focal loss of neurons,
astrocytosis, microglial proliferation, formation of microglial nod-
ules, as well as perivascular/leptomeningeal lymphocytic infil-
trates, also were commonly observed. The presence of T-cells and
microglia was particularly evident using CD3 and CD68 antibod-
ies, respectively (Figure 1B-E. See also Figure S1). None of the
non-RE cases showed inflammatory infiltrates or microglial nod-
ules. However, mild-to-moderate Chaslin’s gliosis was observed in
all cases.

Pyramidal Cell Membrane Properties and
Morphology

Cortical pyramidal neurons from RE (n = 44) and non-RE cases
(n = 48) were compared for passive membrane properties, includ-
ing cell capacitance, input resistance, and decay time constant.
Cell capacitance was significantly larger in pyramidal neurons
from RE compared with non-RE cases, while input resistance was
lower and the time constant was longer (Figure 2C, D). Increased
cell capacitance is usually an indication of larger membrane area.

© 2014 John Wiley & Sons Ltd
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Figure 1 Representative axial FLAIR MRI scans of patients with RE all of whom underwent cerebral hemispherectomy. (A1) Typical case showing diffuse
right cerebral atrophy centered on the sylvian fissure (arrow). This child was 6 years old with a 2-year history of progressively worsening right
hemispheric seizures. (A2) A 14-year-old case with less severe atrophy in the left sylvian fissure (arrow). His seizures began at age 12 years. (A3) Slightly
unusual RE presentation with acute status epilepticus and FLAIR signal change in the right hippocampus (arrow) in an 8 year old with a 4-month history of
epilepsy. (B—E) Immunohistochemical features of RE using anti-CD3 (panel B), a T-cell marker, and anti-CD68 (panels C-E), a microglial/macrophage
marker. (B) Arrows indicate a cluster of T-lymphocytes in the brain parenchyma, while arrowheads indicate prominent T-cells cuffing a meningeal blood
vessel. (C) CD68-immunoreactive macrophages centered on a parenchymal blood vessel (arrows) and low-grade microglial proliferation throughout
adjacent brain parenchyma. Panel D shows a microglial nodule highlighted by anti-CD68 immunostain. Panel E shows activated microglia throughout the
cortex.

Therefore, we measured morphological properties of recorded areas were similar to pyramidal neurons from non-RE cases (Fig-
cells that were successtully labeled with biocytin (n = 29 from RE ure 2A1, B). In addition, the number of visible primary dendrites
and n = 46 from non-RE cases). The vast majority of pyramidal also was similar (about 4-5 in pyramidal neurons from RE and
neurons from RE cases were normal-appearing, and the somatic non-RE cases).
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Figure 2 (A1) Panels show representative examples of normal-appearing pyramidal neurons from RE and non-RE cases. Cells were recorded and filled
with biocytin. They appear similar in terms of somatic area and dendritic elaboration. (A2) Examples of dye coupling in two different RE cases. Only one
cell was injected with biocytin, but multiple neurons were labeled, indicating the presence of gap junctions. (B) Graphs show morphological
measurements of biocytin-injected neurons from RE and non-RE cases, including average somatic diameter, perimeter, and area. (C) Example voltage
clamp traces illustrating differences in biophysical membrane properties in a pyramidal neuron from a RE compared with a non-RE case. Arrows indicate
the decay time constant after a depolarizing step voltage command (10 mV) from a holding potential (Vi0q) 0f =70 mV. Notice that the decay time is
much slower in the RE neuron compared with the non-RE neuron, also indicating a much larger cell membrane capacitance. Arrowheads show that the
input resistance in the RE neuron is lower than in the non-RE neuron, that is, the closer the inward or outward current to the midline the higher the input
resistance. The cell from the RE case was dye-coupled. (D) Graphs show average basic membrane properties of pyramidal neurons from RE and non-RE
cases. Cm = cell membrane capacitance, Rm = membrane input resistance, and Tau = decay time constant. Statistically significant differences (indicated

by asterisks) were found.

In the absence of gross differences in somatic cell area, larger
cell capacitance and decreased input resistance in RE neurons
have to be explained by other mechanisms, such as increased gap
junction permeability via intercellular connexin (Cx) or pannexin
hemichannels. To determine the presence of gap junctions, we
examined biocytin-labeled cells and looked for other cells labeled
in the vicinity of the recorded cell. In our experience, dye transfer
or dye coupling between cortical pyramidal neurons is negligible
(about 10%) in pediatric patients older than 2 years [27]. In our
cohort, no dye coupling was observed in the non-RE cohort
(n =9 cases), whereas in RE cases we found that dye coupling
occurred in 5 of 10 cases (50%; chi-square, P = 0.013). Coupling
was observed only between pyramidal neurons and appeared to
occur by close apposition of dendrites (Figure 2A2). Of 29 success-
ful injections of biocytin, 15 resulted in dye coupling (52%; chi-
square, P = 0.0001). In most cases (n = 12), injections resulted in
>3 neurons labeled. From these observations, we can suggest that
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increased cell capacitance and reduced input resistance could be
linked to increased coupling between pyramidal neurons.

Synaptic and Intrinsic Electrophysiology of
Pyramidal Neurons in RE

The frequency and kinetics of SEPSCs and IPSCs were examined
in cortical pyramidal neurons from RE and non-RE cases. At a
holding potential of -70 mV, the frequency of SEPSCs was signifi-
cantly higher (t-test, P = 0.007) in cells from RE compared with
cells from non-RE cases (Figure 3A, B inset). An amplitude—fre-
quency histogram revealed higher sEPSC frequencies in cells from
RE cases in practically every amplitude bin. Pairwise multiple
comparisons (Bonferroni t-test) revealed differences in frequency
were statistically significant in the 5-10 pA and 10-15 pA ampli-
tude bins (Figure 3B). A cumulative interevent interval histogram
also demonstrated a shift to the left (more short intervals) in cells

© 2014 John Wiley & Sons Ltd
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Figure 3 (A) Traces are examples of spontaneous glutamatergic synaptic activity recorded in voltage clamp mode (voltage held at —70 mV). The
frequency of spontaneous currents was higher in pyramidal neurons from RE compared with non-RE cases. (B) The average frequency of spontaneous
EPSCs was significantly increased in pyramidal neurons from RE compared with non-RE cases (inset). In addition, the amplitude—frequency histogram of
SEPSCs indicates that the increased frequency was due to more low-amplitude (5-10 and 10-15 pA) synaptic events. (C) Cumulative probability
distributions of interevent intervals (IEls, a reciprocal of the frequency) demonstrate a significant leftward shift in the probability of IEls in cells from RE
patients, indicating increased frequency of spontaneous synaptic currents. (D) The overall cumulative amplitude probability distributions did not reveal
statistically significant differences in cells from RE and non-RE patients (P = 0.189, two-way repeated-measures ANOVA). However, pairwise multiple
comparisons (Bonferroni t-test) revealed a significant difference in the 5-10 pA amplitude range, due to the fact that more events in this amplitude bin
occurred in cells from RE cases.

from RE cases (Figure 3C), supporting the finding that in RE, Table 2 Average amplitude and kinetics of sEPSCs
the frequency of sEPSCs is increased and could be a source of Rise Decay Half Amplitude
hyperexcitability. In contrast, a cumulative amplitude histogram time (ms) time (ms) width (ms)  (pA)
demonstrated no statistically significant difference in overall ampli-
tude distributions (P = 0.189). Only the 5-10 pA bin was different,
due to the fact that more events in this amplitude range were

RE (n = 22) 1.5+ 01* 53+ 04** 71 +£05% 123 £ 0.7*
Non-RE (n =30) 1.8 £ 0.1 7.0+ 04 85+04 105+04

observed in cells from RE cases (Figure 3D). Interestingly, the aver- Data are presented as mean (£SE). *Statistically significant difference
age amplitude of grouped sEPSCs (5-50 pA) was significantly (P < 0.05) and **( P < 0.01).

increased in RE compared with non-RE cases (Table 2). In addi-

tion, average rise time, decay time, and half-amplitude duration 25+ 04 ms and non-RE 1.9 + 0.2 ms; decay time RE
were significantly faster in pyramidal neurons from RE compared 10.9 £ 1.4 ms and non-RE 10.2 £+ 0.8 ms; half-amplitude dura-
with non-RE cases, supporting the idea that changes in glutamate tion RE 14.5 £ 1.6 ms and non-RE 12.7 £+ 0.7 ms) of sIPSCs
neurotransmission occur at both pre- and postsynaptic levels. were similar, indicating that reduced inhibition is probably not

In contrast, the frequency (RE 9.1 £ 2 Hz, n = 9 cells and non- the main cause of cortical hyperexcitability in RE.

RE 9.6 £ 1.1 Hz, n = 18 cells), average amplitude (RE 22.9 + 2.5 In addition to increased glutamatergic input, intrinsic conduc-

pA and non-RE 25.8 £ 2.0 pA), and kinetics (rise time RE tances could be responsible for hyperexcitability. A number of
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pyramidal neurons (n = 6, 14%) from RE cases displayed signs of
intrinsic cellular hyperexcitability. For example, most normal-
appearing neurons from RE and non-RE cases showed small
inward calcium currents induced by a depolarizing ramp. In con-
trast, hyperexcitable RE neurons displayed repetitive Na* and
slowly inactivating Ca?* spikes. This type of hyperexcitability is
exemplified by the trace shown in Figure 4B and recorded from
an abnormal-appearing pyramidal neuron (Figure 4A). In addi-
tion, seizure-like activity was observed in three additional neu-
rons from different RE cases (Figure 4C). However, for the most
part, pyramidal neurons from RE cases did not display spontane-
ous epileptiform activity.

Previous studies have demonstrated that human tissue samples
from CD patients are very sensitive to 4-AP, a K channel blocker
that augments neurotransmitter release [28,29]. 4-AP induces in-
terictal and ictal-like discharges in CD tissue, and gap junctions
play an important role as gap junctional blockers reduce 4-AP
oscillations [30]. After demonstrating increased coupling between
pyramidal neurons, we decided to test the effects of a gap junction
blocker, MFQ on 4-AP oscillations in a RE case. In all cells (n = 3),
4-AP (100 uM) induced membrane oscillations reminiscent of in-
terictal discharges. Addition of MFQ (25 uM) reduced the ampli-
tude and frequency of 4-AP oscillations (Figure 5).

Finally, as autoimmunity for specific AMPA receptor subunits
and NMDA receptors has been implicated in RE, we also exam-

RE (8.5 years, Temporal)
(B)

-90 mV

25 um Vholg = =70 MV

RE (4.9 years, Frontal)
(€)
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ined responses to exogenous application of excitatory amino acids
in a number of pyramidal neurons from 4 RE cases (Figure S2). In
the presence of TTX (1 pM) and CdCl, (100 uM) to prevent
activation of Na* and Ca®* channels, respectively, iontophoretic
application of AMPA, kainic acid (KA), or NMDA
(Vhola = —70 mV) consistently produced inward currents in pyra-
midal neurons from RE cases. The average peak amplitude of the
AMPA current was —143 £ 49 pA (n = 6), for the KA current it
was —274 £ 88 pA (n=3), and for the NMDA current,
—155 4+ 21 pA (n = 6). For NMDA currents, changing the holding
potential to more depolarized potentials led to an increase in peak
current amplitude due to removal of Mg?* block of NMDA recep-
tor/channels. The maximum currents were observed at ~—20 mV,
and the reversal potential occurred at ~+10 mV (not shown). Bath
application of AMPA and NMDA was examined in pyramidal neu-
rons from 3 RE cases. The average peak amplitude of the AMPA
current was —1182 £ 308 pA (n = 5) and that of the NMDA cur-
rent was —1301 £ 310 pA (n = 4). For comparison, we were able
to test the responses to iontophoretic or bath application of NMDA
in a group of non-RE cases (n = 4). The average peak current
amplitude evoked by iontophoretic (=133 £ 19 pA, n=6) or
bath (—1288 + 478 pA, n = 3) application of NMDA in non-RE
cells was similar to that induced in RE cells (P =0.45 and
P = 0.98, respectively). We also tested the effects of iontophoretic
application of AMPA in a small number of pyramidal neurons

50 mV

— L

|2nA

2 secs

| 500 pA

1sec

Figure 4 Some neurons from RE cases
displayed signs of hyperexcitability. (A)
Biocytin-filled neuron with bizarre morphology.
(B) A slow depolarizing ramp voltage command
(=70 to +50 mV) induced repetitive spikes and
bursts. (C) In another pyramidal neuron from a
RE case, spontaneous ictal-like activity was
observed (holding voltage = —70 mV).
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RE (6 years 1 month, Frontal)

4-AP

Vi = +10 mV

4-AP + MFQ

500 pA

20 secs

Figure 5 Bath application of 4-aminopyridine (4-AP, 100 uM) induced membrane oscillations and an increase in spontaneous synaptic activity. At this
holding potential (+10 mV), epileptiform activity is mainly mediated by GABA4 receptors but also contributed by activation of glutamate receptors.
Addition of the gap junctional blocker mefloquine (MFQ, 25 uM) decreased the amplitude and frequency of 4-AP oscillations in two different cells from an

RE case.

(n =4) from 2 non-RE cases. The amplitude of the responses
(-72 &= 14 pA) was generally smaller than the amplitude of
responses from RE cases. This trend did not reach statistical signifi-
cance (P = 0.28) due to the great variability of responses in cells
from RE cases. Based on these observations, we can conclude that
AMPA and NMDA glutamate receptors in RE are functional. How-
ever, AMPA response amplitude tends to be higher in neurons
from RE cases. This, in conjunction with statistically significant
increases in average sEPSC amplitude, suggests upregulation of
AMPA receptor function in RE.

Western Blots and Immunohistochemistry

To further determine whether RE cases showed signs of increased
gap junction permeability associated with inflammation, we per-
formed Western blots and immunocytochemistry for IBA1 (micro-
glia), pannexin, Cx32, Cx36, and G3PDH as a loading control
(Figure 6). Compared with non-RE cases, brain tissue from RE
patients showed increased expression of IBA1l, pannexin, and
G3PDH, decreased expression of Cx32, and no difference in Cx36
(Figure 6A, B). The increase in pannexin staining was seen within
neuronal-like cell bodies of RE compared with non-RE cases (Fig-
ure 7A,B). Double labeling of pannexin and Cx36 with IBA1
showed areas where these proteins were strongly linked with acti-
vated microglia (Figure 7C and D).

Further analysis showed several positive as well as negative cor-
relations in RE, but not in non-RE cases (Figure 6C-E). In RE
cases, optical densities for pannexin negatively correlated with
densities for Cx32 (Figure 6C) and G3PDH (Figure 6E). Further-
more, IBA1 positively correlated with Cx36 (Figure 6D). Similar
correlations were not found for non-RE cases (Figure 6C-E).

Discussion

This study found differences in basic membrane properties of
pyramidal neurons, increased dye coupling, signs of cellular

© 2014 John Wiley & Sons Ltd

hyperexcitability, and increased pannexin expression associated
with microglia activation when comparing RE with non-RE cases.
We noted an increase in cell capacitance and lower input resis-
tance that was not due to changes in cell size or dendritic number
but more likely due to increased neuronal coupling linked to
increased pannexin expression. In addition, microglial IBA1
expression also was linked to increased pannexin hemichannels,
which could explain changes in pyramidal neuron membrane
properties and possibly hyperexcitability. Blocking hemichannels
pharmacologically reduced epileptiform activity induced by 4-AP,
suggesting that novel treatments for RE might include interrupt-
ing neuronal electrotonic coupling by changing hemichannel
permeability.

The hallmark of RE is the presence of inflammatory processes
and highly activated microglia in one hemisphere [31]. Mounting
evidence suggests that inflammation per se can contribute to
development of epileptic seizures [32,33]. Although it is not
known whether microglia activation is the cause or consequence
of seizures, in a previous study our group showed that greater acti-
vation of microglia in RE is not just a consequence of seizure dura-
tion or frequency as epileptic patients with CD or tuberous
sclerosis complex showed much less microglia activation than RE
patients [26]. The causes of inflammation and pathology in RE are
still unknown. A purely viral or autoimmune etiology seems unli-
kely, and although it was suggested that several viruses or GluA3
autoantibodies can be toxic, these findings remain controversial
[6,9-11,34].

Regardless of the etiology, inflammation is known to cause
changes in hemichannel expression and function [35], which in
turn could alter interneuronal transmission and favor network
synchronization [36]. In addition, studies have shown that inflam-
matory stimuli facilitate opening of glial hemichannels [37] and
also can summate to cause opening of Cx and pannexin hemichan-
nels [38]. Although pannexins rarely form gap junctions [39,40], it
is possible that in disease conditions where there is inflammation
they do. For example, pannexins can be activated by P2X7
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Figure 6 (A) Western blots of IBA1, pannexin, Cx32, Cx36, and G3PDH expression in RE and non-RE cases. RE patients show an increase in pannexin (45
kDa), IBA1 (17 kDa), and G3PDH (37 kDa) expression. In contrast, there is a decrease in Cx32 (32 kDa) and no change in Cx36 (42 kDa) expression. Box plots
(B) and scatterplots (C-E) comparing optical densities for IBA1, pannexin, Cx32, Cx36, and G3PDH for RE and non-RE cases [axes values represent arbitrary
optical densitometry (OD) units multiplied by 10°]. Statistical tests provided within each panel. Compared with non-RE cases, patients with RE had
increased protein for IBA1, pannexin, and G3DPH, and decreased protein for Cx32. (C) There was a negative correlation between pannexin and Cx32 for
RE, but not for non-RE cases. (D) There was a positive correlation between IBA1 and Cx36 for RE, but not for non-RE cases. (E) There was a negative

correlation between pannexin and G3PDH for RE, but not for non-RE cases.

receptors, which are involved in inflammation [41]. Alternatively,
pannexin expression could alter or induce Cx expression and facili-
tate gap junctional communication. Multiple Cxs are involved in
CNS disease [42], and studies have shown that in human CD and
temporal lobe epilepsy, Cx expression is altered [43,44].

The present data demonstrate increased pyramidal neuron cou-
pling and increased pannexin expression associated with microglia
activation in RE patients. Both pannexins and Cx can form hemi-
channels, which in turn can form gap junctions [45]. Further,
activated microglia can develop the formation of gap junctions
[46], and coupling between neuronal and microglial populations
through Cx36 gap junctions has been demonstrated [47]. Interest-
ingly, a close association between pyramidal neurons and micro-
glia, as well as alignment of microglial rod cells along apical
dendrites, has been observed [26]. It is tempting to speculate that
this close association could facilitate the formation of hemichan-
nels between pyramidal neurons. We also found that MFQ, a Cx
channel blocker, reduced 4-AP oscillations. At present, it is impos-
sible to determine whether this effect was due to Cx or pannexin
hemichannel blockade, as in general drugs that block gap junc-
tions formed by Cx also block pannexin channels, for example,
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carbenoxolone [41]. Additional studies using specific pannexin
blockers, for example the small peptide inhibitor '°panx, could
help sort this out.

Signs of hyperexcitability occurred rarely, but were seen in a
number of neurons from RE cases and never in non-RE cases.
These signs consisted of spontaneous paroxysmal-like discharges
or repetitive Na* and Ca®* spikes reminiscent of those seen in
cytomegalic pyramidal neurons from CD type IIb cases [21]. It is
possible that the increased cell membrane capacitance of coupled
RE pyramidal neurons, as well as a concomitant decrease in input
resistance, facilitates the occurrence of these spikes. Hyperexcit-
ability in some RE neurons could be explained by changes in volt-
age-gated Na* or Ca?* channels. For example, a mutation in
SCN1A was observed in one RE case [48]. In this study, heterolo-
gous expression of the SCN1 mutation in HEK293 cells demon-
strated increased persistent Na* current and channel availability
compared with wild-type channels. Another study using cortical
astrocytes from an RE patient demonstrated the occurrence of
large spontaneous Ca>* oscillations [49]. Similar oscillations were
not observed in normal rat cortical astrocytes. This study high-
lights possible changes in Ca®* buffering in RE tissue.

© 2014 John Wiley & Sons Ltd
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Figure 7 Immunostaining for pannexin in
representative non-RE (A) and RE (B) cortical
specimens, and double labeling for pannexin
and IBA1 (C) and Cx36 and IBA1 (D) in RE
tissue. (A and B) Staining against pannexin was
localized to the cell bodies of pyramidal-
shaped cells and was denser in RE compared
with the non-RE case. (C) Double labeling of
pannexin (red) and IBA1 (green; microglia)
showed overlap supporting that areas of
microglial activation were associated with
pannexin expression in RE. Blue fluorescence is
from DAPI staining. (D) Double labeling of Cx36
with IBA1 showed similar overlap as with
pannexin.

Spontaneous glutamate synaptic activity was increased in RE
cases while GABA synaptic activity was similar between RE and
non-RE cases. Interestingly, although the frequency of sEPSCs
was increased, the kinetics of averaged synaptic currents, includ-
ing both rise and decay times, were faster. This probably indicates
compensatory mechanisms. We also demonstrated that the aver-
age amplitude of sEPSCs was significantly increased in neurons
from RE cases. This, in conjunction with a trend for increased
amplitude of AMPA currents evoked by iontophoresis in RE pyra-
midal neurons, supports the idea that AMPA receptors are proba-
bly upregulated, which could contribute to hyperexcitability and
neuronal vulnerability in RE. Interestingly, it has been reported
that binding to glutamate receptors is comparable between RE
and patients with partial epilepsy [50]. In the present study, we
did not observe changes in frequency or kinetics of spontaneous
GABA ,-receptor-mediated synaptic activity. However, an electro-
physiological study in dissociated neurons from one RE case sug-
gested the presence of deficits in postsynaptic GABA, receptor
function [51].

Increased intrinsic and synaptic excitation could eventually lead
to neuronal death in RE. However, it appears that astrocytes, not
neurons, are the main target of excitotoxicity in RE [52,53]. ATP
and glutamate released via astroglial Cx43 hemichannels lead to
neuronal death via activation of pannexin 1 hemichannels [54].
We can speculate that increased expression and activation of
pannexin hemichannels could contribute, by as yet unknown
mechanisms, to neuronal and astrocytic cell death [55]. If this is
the case, reducing hemichannel expression and permeability

© 2014 John Wiley & Sons Ltd
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could be protective. Indeed, knockout of pannexin 1 protects reti-
nal neurons against ischemic injury [56], and knockout of Cx36
reduces gamma oscillations and epileptic activity induced by 4-AP
[57,58]. Further, during seizure activity, pannexin 1 hemichan-
nels in hippocampal pyramidal neurons are activated by NMDA
receptors and blocking these channels reduces epileptiform activ-
ity [59].

In conclusion, the present findings underline the importance of
using in vitro slice preparations from human tissue to discern pos-
sible and selective new therapies in pediatric RE patients. It can be
proposed that drugs that reduce gap junction permeability can be
used to treat some of the symptoms of RE, as increased electro-
tonic coupling can lead to cortical hyperexcitability and seizure
activity.
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Supporting Information
The following supplementary material is available for this article:

Figure S1. H&E-stained sections of resected cerebral tissue from
RE subjects (panels A-C are representative micrographs from one
patient, panel D is from another patient). Panel A shows relatively
normal/uninvolved neocortex with modest astrocytic prolifera-
tion (pia and meninges are at lower right). Panel B shows exten-
sive cystic cavitation throughout much of the cortex (pia and
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leptomeninges are at right). Panel C shows extensive microvascu-
lar proliferation and astrocytic gliosis, but many preserved neu-
rons. Panel D shows extensive perivascular cuffing by
mononuclear cells surrounding a parenchymal vessel (arrow).

Figure S2. Iontophoretic (A) or bath (B) application of AMPA or
NMDA induced robust inward currents in pyramidal neurons
from RE cases. These responses were similar to those induced in

neurons from non-RE cases (not shown).
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