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Abstract Astrogliosis and microgliosis in hippocampal scle-
rosis (HS) are widespread and are postulated to contribute to
the pro-excitatory neuropathological environment. This study
aimed to establish if seizure burden at the time of surgery or
post-surgical outcome were correlated with the extent of
gliosis in HS. As a secondary aim, we wanted to determine
if the degree of gliosis could be predicted by pre-operative
neuroimaging.

Children and adults who underwent epilepsy surgery for
HS between 2002 and 2011 were recruited (n=43), and age-
matched autopsy controls obtained (n=15). Temporal lobe
specimens were examined by DAB immunohistochemistry
for astrocytes (glial fibrillary acidic protein (GFAP)) and mi-
croglia (CD68). Cell counting for GFAP and CD68 was per-
formed and quantitative densitometry undertaken for GFAP.
Seizure variables and outcome (Engel) were determined
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through medical record and patient review. Seizure frequency
in the 6 months prior to surgery was measured to reflect the
acute seizure burden. Duration of seizures, age at onset and
age at operation were regarded to reflect chronic seizure bur-
den. Focal, lobar and generalized atrophy on pre-operative
MRI were independently correlated with the degree of cortical
gliosis in the surgical specimen.

In HS, both acute and chronic seizure burden were posi-
tively correlated with the degree of gliosis. An increase in
reactive astrocyte number in CA3 was the strongest predictor
of poor post-operative seizure outcome at 1 and 3 years post-
operatively in this cohort. Changes in lower cortical astrocyte
and upper cortical microglial number also correlated with
post-operative outcome at 1 year. Post-surgical seizure out-
come (1, 3 and 5 years) did not otherwise correlate with GFAP
immunoreactivity (GFAP-IR) or CD68 immunoreactivity
(CD68-IR). Increased microglial activation was detected in
patients with pre-operative bilateral convulsive seizures, com-
pared to those without convulsive seizures. Furthermore, fo-
cal, lobar and generalized atrophy on pre-operative neuroim-
aging were independently correlated with the degree of corti-
cal gliosis in the surgical specimen.

Keywords Astrocyte - Microglia - Temporal lobe epilepsy -
Lobectomy - Astrogliosis - Hippocampal sclerosis

Introduction

Hippocampal sclerosis is a common neuropathological find-
ing in intractable epilepsy requiring surgery. Disappointingly,
despite significant technological advances in imaging and
technical procedures over the last decade, one third of patients
continue to have seizures after surgery [1]. Certain factors have
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been linked to seizures continuing post-operatively, including
widespread and incompletely resected pathology [2—-5].

Neuronal loss and gliosis of the hippocampus and sur-
rounding regions are pathological hallmarks of HS [6], but
gliosis also occurs in extra-temporal cortical regions, indepen-
dent of hippocampal projection pathways [7]. A new classifi-
cation of hippocampal sclerosis was recently published defin-
ing patterns of neuronal loss and gliosis [8] and noted the co-
occurrence with other pathologies, including focal cortical
dysplasia and tumour. Atypical patterns of neuronal loss have
been documented as having poorer outcomes post-surgery and
were highlighted in this new classification [8].

Atrophy on MRI is frequently reported in neuroimaging
studies of temporal lobe epilepsy (TLE) [7—11]. Although
the pathological basis of the volume loss is unclear, some
authors have suggested that it may be due to acquired pathol-
ogies, such as gliosis, which is also known to be widely dis-
tributed in TLE [7]. No previous studies have correlated MRI
atrophy with pathological increases in gliosis.

On pathological examination of the cortex of patients with
seizures associated with acute and chronic injury, there is an
increase in both astrogliosis and microgliosis [12—15]. Acute
and subacute responses to central nervous system (CNS) in-
jury include both microglial proliferation and migration and
reactive astrocytosis. In reactive astrocytes, morphological
changes are evident with upregulation of glial fibrillary acidic
protein (GFAP), astrocyte hypertrophy, proliferation and over-
lap of astrocyte domains [16, 17]. Similar morphological
changes also occur in microglial activation, with thickening
of processes and cell bodies [18]. These acute changes can
resolve when the trigger is removed [19, 20]. There is growing
evidence that reactive glia in seizure foci are both pro-
excitatory and pro-inflammatory, and it has been suggested
that such inflammation contributes to the perpetuation of dis-
ease development and severity [21].

In chronic CNS injury, glial scarring occurs, with a dense
network of intermingled GFAP-labelled processes, persisting
long after the triggering injury has resolved [8, 14, 20]. Within
a glial scar, fibromeningeal cells and astrocytes predominate
with tightly interdigitating processes forming a physical bar-
rier [20, 22]. Particularly in cortical and spinal cord injuries, a
glial scar has been demonstrated to form both a physical and
chemical barrier, which while acting to isolate the damaged
area, inhibits further axonal regeneration [17, 20, 22, 23]. The
hypertrophy and hyperplasia of astrocytes seen in acute injury
are less apparent in chronic scarring [24]. Dense fibrous
astrogliosis has been described in HS since early pathological
descriptions [6].

There have been few studies examining the relationship
between seizures in HS and the extent of gliosis in surgically
resected neuropathological specimens. However, microglial
numbers have been positively correlated with the duration of
epilepsy and the frequency of seizures in other types of

lesions, for example, focal cortical dysplasia [25], but there
has been a lack of consensus to date in HS. Blanc et al. [7]
demonstrated increased cortical immunostaining for GFAP
and CD68 in six post-mortem cases with HS, but there was
no significant correlation with the duration of epilepsy or fre-
quency of seizures in this small adult cohort. By contrast,
another small study of 12 patients with HS showed a positive
correlation between seizure frequency and increased numbers
of reactive astrocytes, but no correlation was found between
epilepsy duration and GFAP expression [26]. Animal studies
have found similar results regarding seizure frequency and
reactive astrocytosis [19]. The relationship between the degree
of gliosis and post-surgical outcome has received little atten-
tion to date. The only post-operative study, conducted by
Spencer et al. [27], examined glial density in 62 patients with
mesial TLE and found no correlation with seizure freedom.

Given that gliosis is known to be common and widely
distributed in HS and may be an active pro-excitatory compo-
nent of the neuropathology, we aimed to establish if seizure
burden at the time of surgery or post-surgical outcome were
correlated with the extent of gliosis in a large group of adults
and children with HS. As a secondary aim, we also wanted to
determine if the degree of gliosis could be predicted by pre-
operative neuroimaging.

Materials and Methods
Cohort

Participants were children and adults who underwent TLE
surgery at Sydney Children’s Hospital (SCH) or Prince of
Wales Hospital (POWH) between January 2002 and Decem-
ber 2011. Research ethics approval was granted by the Sydney
Children’s Hospitals Network Human Research Ethics Com-
mittee. All patients were at least 1-year post-surgery at the
time of recruitment. Pathological review of specimens from
the group with TLE (n=73)" was undertaken to confirm a
smaller cohort who had HS.

Pathological Review and Quantitation of Gliosis
Review of Pathology

The original histopathological sections of the surgically
resected lesion were reviewed by a neuropathologist and neu-
rologist. In those patients confirmed to have HS, suitable
blocks were selected from hippocampus (one block) and tem-
poral cortex (one block) on the basis of orientation, location
and satisfactory completeness and integrity of the section. If
several operations had occurred and tissue was available from

! The larger cohort with TLE is reported in Johnson et al. [28].
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more than one procedure, the block with the most representa-
tive pathology was chosen. If tissue that was available from
the hippocampus or temporal lobe was considered inadequate
by the neuropathologist, the patient was not included in the
study.

In the temporal cortex, mid-temporal blocks were chosen in
preference to anterior or posterior temporal blocks. Sections
were judged to be well-orientated if the cortical ribbon ap-
peared to be of normal thickness, was not cut tangentially
and included a straight section of the cortical ribbon, not at
the crest of a gyrus or deep in a sulcus. Previous studies have
noted the importance of achieving non-tangential cuts in ac-
curately assessing cortical measures and suggested assessing
cortical sections where the section was perpendicular to the
cortical surface [7, 29]. Cortical thickness was measured for
each of the orientated cortical ribbons, using a 2.5% objective.
The median cortical width was 2.5 mm (interquartile range
(IQR)=0.85) for the majority of specimens, with only one
outlier (4 mm), indicating non-tangential orientation.

In the hippocampus, blocks were selected on the basis of
orientation and specimen completeness, displaying all sub-
fields where possible. If the hippocampus was infiltrated by
tumour, the specimen was not used for the study.

Pathological categories were based on recent definitions for
HS, tumour and focal cortical dysplasia (FCD) IIIA [1, 8,
30-34]

Immunohistochemistry

Paraffin blocks of hippocampus and temporal lobe were sec-
tioned at a thickness of 6 um. The same microtome (Leica,
2035 Biocut. Reichert-Jung, Fabr Number 004119) was used
for the study to maintain consistency of section thickness.
GFAP, CD68 and NeuN immunostaining was performed
using a Leica Bond III automated immunostainer (Leica
Autostainer XL, Leica Microsystems, Newcastle, UK) follow-
ing the manufacturer’s protocol. Following de-paraffinization
and rehydration and prior to peroxidase blocking, enzymatic
antigen retrieval was performed for 10 min (GFAP and CD68)
or heat retrieval was performed for 30 min (NeuN). Sections
were then incubated with either a primary (rabbit) polyclonal
antibody against GFAP (Reference Z0334, Lot 00087880, 1 in
4000, DAKO), a primary (mouse) monoclonal antibody
against CD68 (Clone PG-M1, 1 in 500, DAKO) or a primary
(mouse) monoclonal antibody against NeuN (clone A60, bio-
tin conjugated, MAB377B lot LV1770323, 1 in 200,
Millipore) for 30 min. Antibody binding was detected using
the respective Bond Polymer Refine Detection Kit (Leica
Microsystems), which uses HRP-conjugated (Horseradish
peroxidase) secondary antibodies and DAB (3,3' diaminoben-
zidine tetrahydrochloride) as the chromagen. Mayer’s
haematoxylin was used as the counterstain. NeuN immuno-
staining to detect neuronal cell bodies was only performed in
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the epilepsy group, as it could not be used in control speci-
mens due to incompatibility with the fixation methods. Histo-
chemistry and immunohistochemistry were otherwise per-
formed on both cohort and control specimens.

Quantitation

Sections were examined using a motorized Axioplan2 micro-
scope (Zeiss, Gottingen, Germany), and digital images ac-
quired using an AxioCamHR digital camera using Axiovision
software. Quantitation of glial number and immunoreactivity
in the epilepsy cohort and controls were measured by density
of immunoreactivity and cell counts. All counting was per-
formed by the same operator to maximize consistency.

Immunostaining with antibodies directed against GFAP is
the most accepted current methodology for examining both
reactive astrocytes and the formation of glial scarring [35].
GFAP is a specific marker for astrocytes, as it labels interme-
diate filaments in the main processes and body of the cell,
producing the typical star-shaped appearance [20, 24]. Acute
injury increases production of GFAP so that previously
immunonegative cells may become immunopositive, as well
as causing physical hypertrophy of the cell body and its pro-
cesses [20, 24]. Elevated expression of GFAP is now regarded
as a sensitive and reliable marker of reactive astrocytes that are
responding to CNS injuries. Limitations of the use of GFAP
include a lack of expression by a proportion of normal astro-
cytes in the CNS and its expression exhibiting both regional
and local variability by immunostaining [20].

Density of GFAP immunoreactivity (GFAP-IR) was per-
formed using a ‘densitometric mean’ (DSM, Axiovision soft-
ware). Areas with dense immunoreactivity gave a lower DSM
(minimum value measured=3814.9) than areas with minimal
immunoreactivity (maximum value measured=10281.4).
Cells were counted as being GFAP-immunoreactive astro-
cytes if the morphology was stellate in appearance, and there
was at least a rim of IR around the nucleus or the nucleus
appeared to be positive (see Fig. 1). If no nucleus was visible,
the cell was not counted. Astrocytes adherent to blood vessel
walls were not included in the overall counts. If the cell was on
the edge of the region of interest, at least half of the cell
nucleus had to be visible in order for it to be counted.

CD68 is the commonest marker used in studies
immunolocalizing microglia in human epilepsy surgical spec-
imens [7, 25, 36], though other markers for cells of microglial/
macrophage lineage have also included HLA-DR (human leu-
kocyte antigen complex) [25] and mGluR 1« (metabotropic
glutamate receptor) [37]. These markers are non-specific as
they do not differentiate between intrinsically activated mi-
croglia or trafficking macrophage/monocytes [38, 39].
Perivascular and luminal immunoreactive cells would be the
best representatives of this second group, with ongoing turn-
over from bone marrow-derived monocytes [40].
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Fig. 1 Morphology of GFAP-
immunoreactive cells. Some of
the various morphologies of
GFAP-immunoreactive cells are
illustrated and indicated by
arrowheads: a a typical reactive
astrocyte in CA4; b a reactive
astrocyte in CA4 where no
nucleus was visible in section, so
not included in cell counts; ¢ a
reactive astrocyte in CA1 with a
nucleus surrounded by dense
fibrillary gliosis; d a reactive
astrocyte in CA1 surrounded by
gliosis where no nucleus was
visible in section, so not included
in cell counts. Scale bar shown in
d equals 12.5 pm for a—d. Control
cases illustrated in a and b.
Epilepsy specimen demonstrated
in ¢ and d, showing HS ILAE
class I with maximal neuronal
loss and gliosis in CA1 and CA4

CD68 immunoreactivity (CD68-IR) was distributed
sparsely and was considered to be more accurately measured
through cell counts than overall staining density, in contrast to
GFAP. Cells were counted as being CD68-immunoreactive
microglia if their morphology showed immunoreactive pro-
jections from a nucleus, which often appeared to also have a
rim of immunoreactivity (see Fig. 2). If no nucleus was visi-
ble, the cell was not counted. If the cell was on the edge of the
region of interest, at least half of the cell nucleus had to be
visible in order for it to be counted. Perivascular and luminal
CD68-positive cells were not counted as microglia, as they
have been shown to represent bone marrow-derived mono-
cytes rather than intrinsic CNS microglia [40].

Multiple fields were examined in both the hippocampus
and temporal neocortex, to allow for variability in immunore-
activity between anatomical structures. Three measures were
taken from each anatomical location (non-overlapping fields)
to allow for variation and a mean value calculated for each
measurement. Regions of interest were photographed
avoiding, where possible, artefacts from the staining or
mounting process, large vessels or significant haemorrhage.

Hippocampal measures (high power field=40% objective)
were taken in all subfields (CA1, CA2, CA3, CA4 and den-
tate). In the temporal neocortex, measures were taken in the
upper cortex, lower cortex and white matter. Upper cortical
measures were orientated so the region of interest was parallel
to the cortical surface, and the upper margin was placed mid-
way through layer II. For GFAP (acquired using 10x

objective), the upper cortical measure encompassed layer II
(part), III and IV (part). The lower cortical measure for GFAP
was contiguous to the initial measure, encompassing layer IV
(part), V and V1. If white matter was included in the field, it
was excluded from measures of DSM and cell counts. For
CD68 (acquired using 20x objective), the upper cortical mea-
sure encompassed layer II (part) and layer III. The lower cor-
tical measure for CD68 was taken adjacent to, but not includ-
ing the white matter, and encompassed layers Vand VI. White
matter measures were taken in interdigitate matter, where
available, or in deeper white matter not including any cortical
tissue.

Clinical Review and Outcome

Clinical data were collated from the medical records. For
those patients undergoing more than one surgical procedure,
clinical details were determined prior to the first surgery where
tissue was available. Data included age at first seizure, age at
operation, duration of seizures prior to operation and seizure
frequency (average number of seizures per month for 6 months
prior to surgery). Pre-operative seizure frequency was classi-
fied as reflecting the acute seizure burden. Variables consid-
ered to be associated with the chronicity of the seizures in-
cluded early age at the onset of seizures, long epilepsy dura-
tion and older age at operation. The types of seizure experi-
enced by each patient were recorded. Seizure classification
was based upon the most recent seizure and epilepsy
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Fig. 2 Morphology of CD68-immunoreactive cells. CD68
immunoreactivity is demonstrated in epilepsy cases, with HS ILAE
class I, indicated by arrowheads: a in CA4, a clearly CD68-
immunoreactive cell with thickened processes, which was counted as a
reactive microglial cell. b In contrast, when clearly CD68
immunoreactive processes were seen in the parenchyma as here,
presumably with their cell body excluded from the plane of section,
they were not included in counts. ¢ Immunoreactivity associated with
blood vessel endothelium was not counted. Scale bar shown in ¢ equals
12.5 um in a-b, 25 pm in ¢

classification from the International League Against Epilepsy
(ILAE) [41]. Status epilepticus was defined in accordance
with published definitions [42, 43]. Post-operative seizure out-
come was recorded according to the Engel classification [44].
Outcome was calculated for 1, 3 and 5 years post-operatively,
where possible.
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MRI Review

Pre-operative MRIs (majority 1.5 T) were independently
reviewed by a neuroradiologist and neurologist, blinded to
the original report. These studies were analyzed for extra-
hippocampal atrophy and the location of the atrophy. Atrophy
was grouped into generalized atrophy, hemispheric atrophy
(extra-temporal atrophy involving ipsilateral hemisphere),
temporal atrophy (involving majority of temporal lobe) or
focal atrophy involving the anterior temporal pole. Each of
these types of atrophy was regarded as an independent vari-
able, so that a patient’s MRI could be classified as having
several different types of atrophy (e.g., both focal and
generalized).

Disagreement between investigators was resolved through
consensus. For five patients, no pre-operative MRI was
available.

Control Specimens

Post-mortem controls (n=15) were received from the
Neuropathologisches Institut, Erlangen, Germany, as 6 um
paraffin-embedded, mounted sections, with no significant dif-
ference in age between this group and the epilepsy cohort (age
at death for controls compared to age at operation for epilepsy
cohort (p=0.898)). For each control patient, the whole brain
had been fixed for at least 2 weeks in 4 % formalin prior to
being processed, embedded in paraffin and sectioned. Control
specimens were from hippocampus and temporal neocortex
(middle or inferior temporal gyrus, 2 cm posterior to anterior
pole). This location was chosen to avoid parcellation at the
anterior pole. Control specimens underwent the same histo-
chemistry and immunohistochemistry as the epilepsy cohort,
except for NeuN immunostaining which could not be per-
formed in the control group due to incompatibility with the
fixation method.

Statistical Analysis

Statistical relationships between specific clinical features and
outcome (both continuous and categorical variables) and the
degree of gliosis (continuous variable) were assessed. Non-
parametric data were assessed using the Mann—Whitney U test
or two-tailed bivariate correlations (Kendall’s tau-b or
Spearman’s). Parametric data were assessed using indepen-
dent samples ¢ test or two-tailed bivariate correlations
(Pearson’s). Mean or median were quoted as a measure of
central tendency depending upon the distribution of values
(parametric or non-parametric, respectively). Normality of da-
ta was assessed using the Kolmogorov—Smirnov statistic.
Levene’s test was used to assess equality of variance. Logistic
regression was used to assess the impact of multiple factors
upon outcome.
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Interrater agreement regarding MRI findings was assessed
using observed concordance. Observed concordance for MRI
atrophy in the available scans (n=38) was 83.6 % with com-
plete agreement after discussion.

Statistical analysis was performed using IBM SPSS Statis-
tics for Mac (version 20.0). Random identification numbers
were generated for the epilepsy cohort using an online tool
(www.randomizer.org/form/htm). Each number remained
unique, and the list was unsorted prior to application to the
cohort.

Results
Cohort Details

Forty-three patients were included in the TLE surgery with HS
cohort (see Table 1). Thirty patients had isolated HS, and 13
had HS with co-pathology (nine with FCD IIIA, four with
tumour). Six patients required a repeat operation for ongoing
seizures. Patients with bilateral convulsive seizures had a sig-
nificantly longer duration of epilepsy (median=18.1 years,
IQR=25.1 years) than those without convulsive seizures (me-
dian=6.8 years, IQR=19.7 years, p=0.018). No significant
relationship was found between post-operative outcome and
any clinical variables in this cohort.

Differences in Gliosis Between Epilepsy Cohort
and Controls

There was a significant difference in astrocyte counts and
density and microglial counts between controls and the epi-
lepsy cohort. Figure 1 shows examples of reactive gliosis de-
termined by GFAP-IR for epilepsy cases and controls.
Figure 2 illustrates the morphology of CD68-IR cells.
CD68-IR cell counts were significantly higher in all hippo-
campal subregions (CA4, CA3, CA2, CAl and dentate) and
temporal lobe regions (upper cortex, lower cortex and white
matter) in epilepsy cases compared to controls (see Fig. 3).
Epilepsy cases were found to have significantly higher levels
of GFAP-IR density and fibrillary gliosis (increased density in
all hippocampal subregions and temporal lobe regions) but
decreased reactive astrocyte number in CA4, CA3 and dentate
compared to controls (see Fig. 4) (Fig. 5).

Relationship Between Gliosis and Pre-Operative Seizure
Variables

Variables associated with chronic seizure burden (age at onset
of epilepsy, duration of epilepsy prior to surgery, age at oper-
ation) were considered with regard to pathological factors
consistent with fibrillary gliosis (increased GFAP-IR density
and decreased astrocyte count). There was shown to be a

Table 1 Demographics, seizure burden and imaging findings in
hippocampal sclerosis cohort

Cohort demographics (n=43) Descriptive measures

Sex (female) n=24 (55.8 %)
Median=10.0 (IQR=13.0)
Median=13.7 (IQR=27.5)
Median=8 (IQR=12)
n=30/43 (69.8 %)
n=6/43 (14.0 %)
Mean=33.5 (SD=16.6)
Median=4.1 (IQR=3.6)
n=9 (23.7 %)

n=6 (15.8 %)

n=5(13.2 %)

n=9(23.7 %)

Epilepsy onset (years)

Duration of epilepsy (years)
Seizure frequency (seizures/month)
Pre-operative bilateral convulsive seizures
Pre-operative status epilepticus
Age at operation (years)
Follow-up after operation (years)
Focal atrophy

Temporal atrophy

Hemispheric atrophy

Global atrophy

IOR interquartile range, SD standard deviation

strong correlation between duration of epilepsy prior to sur-
gery and age at operation (Pearson coefficient 0.631,
»<0.0005), but other correlations were only weak or moder-
ate. A significantly higher GFAP-IR density in CA1 (n=30,
r=0.445, p=0.001) and CA4 (n=43, r=0.350, p=0.021) was
associated with an earlier age of epilepsy onset. A longer
duration of epilepsy was significantly associated with lower
numbers of astrocytes in CA1 (n=30, r=—0.32, p=0.019) and
in the dentate (n=41, r=—0.345, p=0.004). These variables
were also significant on multivariate analysis (B=—0.04, 95 %
CI -0.074 to —0.005, p=0.025; B=-0.13, 95 % CI
—0.024 to —0.003, p=0.015, respectively). Patients who
were older at operation had a significantly increased
GFAP-IR density in the upper cortex (n=43, r=—0.308,
p=0.045), lower cortex (n=43, r=—0.378, p=0.01) and
white matter (n=43, r=—0.311, p=0.043), with only low-
er cortex (B=-23.246, 95 % CI=—40.26 to —6.233, p=
0.009) and white matter (B=—-14.9, 95 % CI —29.4 to
—0.392, p=0.044) significant on multivariate analysis.
Age was not correlated with neocortical GFAP-IR densi-
ty in controls (upper cortex p=0.108, lower cortex p=
0.439 and white matter p=0.257). Other comparisons
were not found to yield significant correlations.

A high seizure frequency was significantly associated with
reactive astrogliosis defined by higher levels of GFAP-IR den-
sity in CA1 (n=30, »=—0.331, p=0.013) and higher astrocyte
numbers in CA2 (n=29, r=0.443, p=0.016). Other regions
did not show a significant relationship between GFAP-IR
and seizure frequency.

Microglial cell numbers determined by CD68-IR cell count
was also used as a marker of acute/subacute injury. Patients
with pre-operative bilateral convulsive seizures had signifi-
cantly higher numbers of microglia in the upper cortex (n=
30, mean=19.9, SD=5.7) and in CA2 (n=20, mean=12.5,
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Fig. 5 Location of atrophy on MRI in epilepsy cohort. Atrophy was
noted on MRIs from the epilepsy cohort as a temporal lobe (leff), b
hemispheric (leff) or ¢ global

Other locations did not show a significant correlation between
CD68-IR and seizure type.

Relationship Between MRI Findings and Gliosis

Twenty patients (52.6 %) had atrophy on their MRI (locations
shown in Table 1, see Fig. 5 for examples), with six patients
displaying more than one sort of atrophy (15.8 %). In those
patients where the MRI showed focal atrophy, there was a sig-
nificantly higher number of microglial cells in the white matter
of the temporal neocortex (n=9, mean=43.9, SD=11.2) com-
pared to those patients with no focal atrophy (n=29, mean=
36.3, SD=9.4, p=0.047). Generalized atrophy on MRI was
significantly associated with higher density of GFAP-IR in the

upper cortex (p=0.033) and lower cortex (p=0.049) of the
temporal lobe. Lobar atrophy on MRI was significantly asso-
ciated with lower numbers of reactive astrocytes in the upper
cortex of the temporal lobe (n=6, median (Mdn)=1.8, IQR=
5.8) compared to those patients without lobar atrophy (n=32,
Mdn=9.5, IQR=15.6, p=0.046). Other comparisons between
MRI atrophy and neocortical measures for GFAP-IR and
CD68-IR were not found to yield significant correlations.

Relationship Between Gliosis and Post-Surgical Seizure
Outcome

Patients with poor seizure outcome (Engel 11 or IV at 1 year
post-operatively) had significantly higher numbers of astro-
cytes in CA3 and reduced numbers of lower cortical astrocytes
and upper cortical microglia (see Table 2). On logistic regres-
sion, this model was a good predictor of outcome (»p<0.0005,
x>=20.7, df=3) but failed to meet significance for individual
variables. High CA3 astrocyte count was the strongest predic-
tor of poor seizure outcome on logistic regression. Further-
more, at 3 years, an increased number of astrocytes in CA3
was the only significant predictor of poorer outcome (Engel
-1V, p=0.029). Fewer patients (n=27 and n=14) had post-
operative outcome available at later time measures (3 and
5 years, respectively). Other comparisons between post-
surgical seizure outcome (1, 3 and 5 years) and GFAP-IR or
CD68-IR were not found to yield significant correlations.

Discussion

This study supports a relationship between the degree of hip-
pocampal and cortical gliosis and clinical measures of seizure
burden in a large group of children and adults with HS. Acute
pre-operative seizure variables correlated with hippocampal
reactive astrocytosis. Bilateral convulsive seizures and status
epilepticus were correlated positively with microglial activa-
tion determined by CD68 immunostaining. Variables involved
with chronicity of seizure activity (age at onset, seizure dura-
tion, age at operation) correlated with fibrillary gliosis. A re-
lationship was also noted between MRI atrophy and the de-
gree of cortical gliosis. Importantly, post-operative outcome
was linked to both cortical and hippocampal gliosis, which is a
novel finding.

Previously reported pathological markers of poor outcome
in TLE have included atypical patterns of neuronal loss in HS
[1, 30] and incomplete resection of pathology [3, 4]. This is
the first report where an acquired pathological change was
predictive of poor post-operative outcome, and this therefore
has important implications regarding the management of sei-
zures in the post-surgical period. Previous studies of gliosis in
HS have not found a link between the degree of gliosis and
outcome [27].
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Table 2  Gliosis and post-surgical seizure outcome at 1 year

Area Engel I or II Engel I1I or IV

n Mean (SD) or median (IQR) n Mean (SD) or median (IQR) Statistics
GFAP-IR density
CAl 22 Mdn=5925.5 (2911.5) 8 Mdn=5420.3 (308.6) p=0.237
CA2 23 M=6821.5 (1535.9) 6 M=7356.1 (1410.7) t=—0.771 (df=27) p=0.448
CA3 19 M=6577.0 (1206.2) 9 M=6316.1 (889.6) t=0.577 (df=26) p=0.569
CA4 32 M=6310.6 (1041.6) 11 M=6601.6 (396.9) t=—1.325 (df=40.4) p=0.193
Dent 31 M=17040.9 (810.4) 10 M=7087.9 (559.5) t=—0.17 (df=39) p=0.866
ucC 32 M=8657.8 (811.4) 11 M=8646.3 (854.3) t=0.04 (df=41) p=0.968
LC 32 M=8338.7 (858.7) 11 M=8472.0 (861.9) t=—0.444 (df=41) p=0.66
WM 32 Mdn=5831.3 (900.4) 11 Mdn=6073.2 (579.4) p=0.466
GFAP-IR cell count
CAl 22 Mdn=0.3 (1.42) 8 Mdn=0.7 (1.3) p=0.298
CA2 23 M=1.7(1.2) 6 M=1.6 (1.5) t=0.181 (df=27) p=0.858
CA3 19 Mdn=0.3 (1.0) 8 Mdn=1.7 (3.0) p=0.025%
CA4 32 Mdn=0.7 (2.9) 11 Mdn=0.7 (1.0) p=0.859
Dent 31 Mdn=0.3 (0.3) 10 Mdn=0.3 (0.7) p=0.80
ucC 32 Mdn=9.5 (16.0) 11 Mdn=4.5 (14.7) p=0.276
LC 32 M=12.8 (10.0) 11 M=5.8(6.8) t=2.1 (df=41) p=0.038*
CD68-IR cell count
CAl 24 M=12.1 (4.7) M=12.0 (5.3) t=0.058 (df=31) p=0.954
CA2 24 M=11.2(9.6) M=9.6 (7.3) 1=0.642 (df=29) p=0.526
CA3 20 M=11.8 (12.0) 10 M=12.0 (4.0) t=—0.147 (df=28) p=0.884
CA4 32 Mdn=11.0 (6.1) 11 Mdn=10.0 (9.3) p=0.732
Dentate 29 Mdn=4.0 (3.2) 10 Mdn=3.7 (2.3) p=0.382
ucC 32 M=19.7 (5.0) 11 M=15.3 (8.0) t=2.138 (df=41) p=0.039*
LC 32 M=229 (7.7) 11 M=18.2(9.4) t=1.657 (df=41) p=0.105
WM 32 M=38.5(10.8) 11 M=37.9 (6.5) t=0.173 (df=41) p=0.863

Significant correlations were noted between astrocyte number (GFAP-IR cell count), microglial number (CD68-IR cell count) and post-surgical seizure
outcome at 1 year in the epilepsy cohort

SD standard deviation, /QR interquartile range, df degrees of freedom, Mdn median, M mean, ¢ ¢ test, UC upper cortex, LC lower cortex, WM white
matter, Dent dentate, GFAP-IR density GFAP-immunoreactive density (DSM), GFAP-IR cell count GFAP-immunoreactive cell count (astrocyte count),
CDG68-IR cell count CD68-immunoreactive cell count (microglial number)

*Significant at level p<0.05

Previous studies in human HS, however, have demonstrated
activation of pathological pathways consistent with glial acti-
vation [21]. Both animal and human studies in HS have dem-
onstrated links between the degree of gliosis and the frequency
of seizures [19, 26]. No relationship has previously been des-
cribed between the degree of gliosis and the duration of epilep-
sy pre-operatively, as in other pathologies such as FCD [25].

In our study, absolute cell counts for GFAP and CD68 were
used, with the acknowledgment that this methodology may
have some limitations [26]. Whilst cell counts can be affected
by tissue atrophy or surgical processing, many other variables
could also potentially affect absolute cell counts, including
tissue oedema, tangential cutting and the differences in autop-
sy specimen fixation compared with epilepsy cases. Due to the
many variables that could potentially influence cell count in
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one or another direction, cell counts were not adjusted. Tan-
gential cuts were minimized through careful selection of the
cortical regions analyzed, and the cortical width was consid-
ered to be within normal limits for the majority of patients.
Post-operative outcome was correlated with hippocampal
glial activation (CA3 astrocytes were increased in poor out-
come) and cortical reactive gliosis (astrocytes were decreased
in poor outcome). It can be hypothesized that increased reac-
tivity in CA3 reflects increased reactivity in hippocampal pro-
jection pathways, as this subregion is an important part of the
trisynaptic circuit, involved with outflow of activity from the
hippocampus (through CA1 and entorrhinal cortex) [45, 46].
By contrast, cortical reactive gliosis was increased in patients
with good seizure outcome, though this was a less significant
factor on logistic regression. The correlation with good



Mol Neurobiol (2016) 53:5446-5456

5455

outcome may possibly be due to the complete resection of an
active seizure focus. Alternately, the difference in cortical glial
numbers could be due to differences in reactive cell migration,
with increased glial migration into the active hippocampal
circuit in patients with poor outcome. This finding has poten-
tial clinical application regarding surgical outcome prediction
and could help guide management post-operatively.

Patients with a longer duration of seizures were more likely
to have developed bilaterally convulsive seizures. Although the
presence of pre-operative bilaterally convulsive seizures was
not found to be significantly associated with post-operative
outcome in this series, it has been found to be linked to poorer
post-operative outcome in other TLE series [47, 48]. The link
between long duration of seizures, pre-operative bilaterally
convulsive seizures and poor post-operative outcome supports
the idea of performing early surgery for TLE.

Previous studies of MRI findings in TLE have noted wide-
spread atrophy affecting many cortical regions [9], with pro-
gressive extra-hippocampal atrophy over time [10, 11]. Blanc
et al. [7] noted that the pathological basis for volume loss has
not been firmly established, and postulated MRI changes were
due to acquired pathology secondary to cortical injury. Blanc
et al. [7] also established that cortical gliosis was widespread.
No studies have directly correlated MRI atrophy with patho-
logical increases in gliosis prior to this work. In our study,
there was a significant relationship between pre-operative,
extra-hippocampal MRI atrophy and the degree of cortical
gliosis. Further confirmation of these relationships would re-
quire sampling of multiple regions with MRI localization and
quantitation using voxel-based morphometry. Quantitated
MRI measures were not available for many of our patients,
and this is a limitation of this retrospective study.

Conclusion

In HS, both acute and chronic seizure burden were positively
correlated with the degree of gliosis. An increase in reactive
astrocyte number in CA3 was the strongest predictor of poor
post-operative seizure outcome in this cohort. Increased
microglial activation was detected in patients with pre-
operative bilateral convulsive seizures, compared to those with-
out convulsive seizures. Furthermore, atrophy on pre-operative
neuroimaging was correlated with the degree of cortical gliosis.
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