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Although epilepsy is associated with a variety of abnormalities, exactly why some brain regions produce seizures and others do not

is not known. We developed a method to identify cellular changes in human epileptic neocortex using transcriptional clustering. A

paired analysis of high and low spiking tissues recorded in vivo from 15 patients predicted 11 cell-specific changes together with

their ‘cellular interactome’. These predictions were validated histologically revealing millimetre-sized ‘microlesions’ together with a

global increase in vascularity and microglia. Microlesions were easily identified in deeper cortical layers using the neuronal marker

NeuN, showed a marked reduction in neuronal processes, and were associated with nearby activation of MAPK/CREB signalling,

a marker of epileptic activity, in superficial layers. Microlesions constitute a common, undiscovered layer-specific abnormality of

neuronal connectivity in human neocortex that may be responsible for many ‘non-lesional’ forms of epilepsy. The transcriptional

clustering approach used here could be applied more broadly to predict cellular differences in other brain and complex tissue

disorders.
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Introduction
Epilepsy is an often life-long brain disorder causing seizures

or convulsions, which affects �1% of the world population

(Annegers, 1993). One of the most common forms of epi-

lepsy is temporal lobe epilepsy often associated with glial

scarring or sclerosis of the hippocampus where seizures

begin. However, patients with seizures starting from the

neocortex, while associated with many nearby pathological

lesions including dysplasia, tumours, infections, and

strokes, often have no clear underlying pathology in

regions that produce epileptic activities (Palmini et al.,
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1991, 2004; Lee et al., 2000; Seo et al., 2009). Around

30% of epileptic patients have refractory epilepsy and

they fail to respond to medical therapies, but can improve

with resective surgery to remove epileptic brain regions

(Spencer and Huh, 2008). Epileptic brain regions consist

of areas of the brain producing abnormal electrical activ-

ities created by synchronous firing of large populations of

neurons. As part of a two-stage surgical procedure for epi-

lepsy, these areas are identified using long-term, in vivo

intracranial recordings that show both where seizures

start together with areas with frequent electrical discharges

between seizures (interictal spiking). Although these two

electrical abnormalities are often in the same brain regions

(Asano et al., 2003), the relationship between interictal

spiking and seizures is not known (Gotman, 1991; Staley

et al., 2011). However, removing both of these regions is

associated with a better surgical outcome for refractory

seizures (Kanazawa et al., 1996; Bautista et al., 1999).

We have developed a unique systems biology approach

to measure differential gene expression using an internally

controlled experimental design where neocortical regions,

where seizures begin, are compared to nearby ‘control’

tissue regions from the same patient that show minimal

epileptic activity (Rakhade et al., 2005; Beaumont et al.,

2012). This required methods to quantify the in vivo elec-

trical properties of each piece of brain tissue before its re-

moval (Loeb, 2010, 2011; Barkmeier et al., 2012a).

Recently, this work has revealed a common group of

genes and pathways involving MAPK and CREB activation

in superficial neocortical layers in regions where seizures

first start that was also associated with a marked increase

of synapses (Rakhade et al., 2005; Beaumont et al., 2012).

Many of these transcriptional changes correlate better with

interictal spiking activity than with seizures (Rakhade et al.,

2007), can be reproduced in an animal model of interictal

spiking, and can be suppressed with a drug that inhibits

MAPK signalling (Barkmeier et al., 2012a). This raises the

possibility that interictal spiking is a major driving force for

transcriptional changes underlying epileptic disorders.

As a means to understand the cellular and molecular net-

works that underlie neocortical brain regions that produce

spontaneous epileptic spiking and seizures, we performed a

pairwise analysis of gene expression between low and high-

spiking tissues from 15 patients with neocortical epilepsy.

Using a statistical clustering algorithm, we found a sub-

group of the differentially-expressed genes arranged into

11 tight clusters, each predicting a change in a specific

cell type. The interrelationships of these clusters formed a

‘cellular interactome’ leading to histological predictions that

were then validated on tissue sections from the same brain

regions. In addition to global increases in vascularity and

microglia, transcriptional clustering identified a multicellu-

lar ‘microlesion’ present in high-spiking regions from

almost all patients examined regardless of other associated

brain abnormalities. Microlesions may represent a common

epileptic lesion by which focal disruptions in deeper cortical

layer connectivity promote epileptic hypersynchrony in

more superficial cortical layers.

Materials and methods

Isolation of human tissues and RNA
preparation

All human brain tissues were removed as part of planned sur-
gery for refractory epilepsy. Informed consent was obtained
through an approved Institutional Review Board protocol at
Wayne State University. The 15 patients implicated in this re-
search underwent a two-stage surgery with long-term subdural
electrocorticography and at least 3 days of continuous in vivo
monitoring (Table 1). Tissue samples were mapped precisely to
regions of neocortex displaying different levels of interictal
spiking (by averaging of 3 � 10 min segments on different
days) based on long-term electrocorticography as described
(Beaumont et al., 2012; Lipovich et al., 2012). Tissue regions
chosen for this study showed no clear pathological changes
and were devoid of surgical haemorrhage. Total RNA was
isolated from high and low interictal spiking areas from each
patient. Alternating strips of full-thickness (layers I–VI) grey
matter from the neocortex were pooled to produce total
RNA representative of a given recording electrode location.
For each tissue region, a portion of the tissue was also fixed
in 4% paraformaldehyde for histological studies as previously
described.

Microarray analysis and detection of
differentially expressed genes

To have sufficient accuracy of differentially expressed genes, a
quadruplicate, flip-dye experimental design was used for each
pair of samples (Beaumont et al., 2012; Lipovich et al., 2012).
Labelled antisense RNAs were co-hybridized to 60-mer Agilent
human genome-wide oligonucleotide arrays (catalogue
#G411A, Agilent) using a two-colour dye-swap method.
Microarrays were scanned with an Agilent Technologies
Microarray Scanner and the fluorescence was accessed using
the software Feature Extraction software (v10.3.1, Agilent
Technologies). The differentially expressed genes were de-
tected with a linear mixed model and validated using quanti-
tative PCR on several epileptic gene markers (Lipovich et al.,
2012).

Cellular interactome

Although the fluorescence intensities from microarrays cannot
reliably assess the absolute quantity of RNA in a given sample
because of variable hybridization efficiency and cross hybrid-
ization (Draghici et al., 2006; Zahurak et al., 2007), they can
be used to indicate how the quantity of RNA varies across
tissue samples, as the fluorescence intensity is proportional to
the quantity of each hybridized transcript (Lockhart et al.,
1996; Cho et al., 1998; Li and Wong, 2001; Hubbell et al.,
2002). For each differentially expressed gene, the normalized
fluorescence was averaged across the four replicates using the
two dyes. Across all microarrays for the 15 high and 15
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low-spiking samples, this resulted in a series of 30 fluorescent
intensities for each differentially expressed gene. Pearson cor-
relations were then calculated for each differentially expressed
gene across the 30 samples resulting in a correlation matrix.
While other clustering methods are available, we compared
these to the Pearson correlation and did not find any add-
itional clusters. Linkages between two genes were created
when the Pearson correlations were 50.95. A ‘Simple
Interaction File’ (SIF format) was built using these linked
genes and loaded into Cytoscape v2.8 software (Smoot et al.,
2011). Statistically distinct clusters were identified using the
plugin AllegroMCODE (AllegroViva, Santa Clara, CA, USA)
based on the degree of linking between each gene: the more a
gene receives links from other genes, the more it is moved in

the direction of the kernel of a given cluster (as in Fig. 1B).
Once gene clusters were identified, we used a literature mining
approach to assign each cluster a putative cell type with a
custom Python algorithm (see Supplementary material for
script). This approach identified the number of PubMed ab-
stracts (hits) containing both a given gene and the name of a
given cell type. These were then plotted (Supplementary Fig. 1)
and summarized in Supplementary Table 1. Cell types with the
greatest number of hits were given a cell type designation. For
each cluster, the fluorescence intensity for each gene within a
given cluster was averaged together with other genes in that
cluster to generate an ‘eigengene’ intensity for the relative
quantity of each predicted cell type. Dendrograms were then
built using the absolute value of the Pearson correlations

Table 1 Patient and tissue information

Patient ILAE

classification

Age of

onset

(years)

Age at

surgery

Sex MRI

findings

Outcome

(Engel 6

months)

Other

tissue

diagnoses

Spike

frequency

Tissue use:

microarray (M)

or

histology (H)
Low High

ep122 PC, SG NA 15 F P NA P 0 6 M, H

ep132 NA NA 10 F PO NA DG, AI, NLP 1 116 M, H

ep143 SG 9 11 F BSH NA H 0 5 M, H

ep148 SG 5 7 F Normal NA MG 0 425 M, H

ep150 NA NA 33 M Normal I NTL 157 576 M, H

ep159 SG NA 27 M LHA NA WG 2 27 M, H

ep158 NA 0.3 1 M IT2 III MG 0 85 M, H

ep164 ES, PC 0.4 3 F PE I WG, SupH 66 141 M, H

ep165 ES 0.5 3 F BGW I MG 56 212 M, H

ep167 SG NA 7 F P & W I CD, MG 25 215 M, H

ep168 ES 2 6 F TC, (CD?) I MG 26 124 M, H

ep169 ES 0.5 8 M NA III MG 3 172 M, H

ep185 PC 49 56 F SubID I HS 51 299 M, H

ep188 PC, SG 0 16 M PO I DG 44 176 M, H

ep189 SG 6 11 F Normal I MCD 2 66 M, H

EP160 ES NA 1 F Normal III MG 140 H

EP162 ES 0.3 1 F NSH I H, P 74; 202* H

EP175 NA NA 49 M MA I MG 114 H

EP178 ES 0.3 1 F focal CD NA TS 104 H

EP179 SG 10 23 M Normal II MG 188 H

EP180 PC 2.5 5 M TC, (CD?) I CD 67 H

EP181 PC 7 13 M NSH NA SubBH 95 H

EP182 ES 0.4 3 M TS I TS 114 H

EP183 NA 0 22 F PO I HS, GC 134 H

EP190 PC 0.1 17 M RVI III PNLG 140 H

EP195 PC 3 7 M ACVD NA G, HS 23 H

EP196 NA NA 2 M NA NA E 72 H

EP199 NA NA 2 M NA NA WG, WD 57; 83* H

EP200 NA NA 17 M NA NA WG, WD 78 H

Clinical demographics, spike frequencies, and pathological diagnoses from patients with neocortical epilepsy used for this study are shown. Note that the pathological diagnosis was

from a different brain region and not present in the tissue used for microarrays. Only the tissues with normal-appearing histology were used for microarrays and histological

validation.

*For this patient two different brain regions were used while identifying microlesions. Cells left blank indicate data not available.

ACVD = arachnoid cyst ventricular dilatation; AI = acute inflammation; BGW = blurring of grey-white junction; BSH = bifrontal subcortical heterotopias; CD = cortical dysplasia;

CD? = probable cortical dysplasia; DG = diffuse gliosis; E = encephalomyelitis; GC = gliosis in cyst; H = heterotopia; HS = hippocampal sclerosis; ES = epileptic spasms; IT2 = some

increase in T2 in white matter; LHA = left hippocampal atrophy; MA = mild atrophy; MCD = mild cortical dysplasia; MG = mild gliosis; NLP = normal laminar pattern; NSH = nodular

subcortical heterotopias; NTL = normal temporal lobe; P = polymicrogyria; PC = partial complex (focal seizures with impairment of consciousness or awareness);

PE = periventricular mild increase in FLAIR; PNLG = patchy neuronal loss and gliosis at site of injury; PO = porencephalic cyst; RVI = remote vascular injury; SG = secondary

generalized (focal seizures evolving to a bilateral, convulsive seizure); SupH = superficial heterotopias; SubID = subcortical ischaemic disease; SubBH = subcortical band

heterotopias; TC = thickened cortex; TS = tuberous sclerosis; W = increased white matter signal; WD = white matter demyelination; WG = white matter gliosis; NA = data

not available.
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between profiles as a measure of similarity as shown in Fig. 2.
For downregulated clusters, the order of the values from low

to high were interchanged and their profiles drawn as negative

values on the y-axis. To understand the interrelationship be-
tween predicted cell clusters in high versus low spiking brain

regions, the fluorescence intensity ratios between high low

spiking for each cell type was also plotted for each patient
in a second dendrogram (Fig. 2B).

Histology of human neocortex

Brain tissues corresponding to precise electrode locations were

prepared as described previously (Beaumont et al., 2012) and

20 mm sections were prepared and stored frozen.
Immunostaining was performed after first washing in phos-

phate-buffered saline (PBS) and incubating for 1 h in a block-

ing solution (0.05% of TritonTM X-100, 10% goat serum,

Figure 1 Paired analysis of low- and high-spiking human neocortex reveals a cellular interactome. (A) Subdural arrays of elec-

trodes placed on the cortex of a human epileptic patient are used to detect low and high interictal spiking areas. Total RNA from each of these

areas was used in a quadruplicate dye-swap microarray design to identify differentially expressed genes. (B) The expression of the differentially

expressed genes across all patients was used to build a cellular interactome to predict changes in cellular composition in low- versus high-spiking

human neocortex. Each cluster of genes represents a different cell type and is displayed with a different colour, where each dot represents a single

RNA transcript. The links shown between each gene in a given cluster had a Pearson correlation coefficient 50.95. Clusters are themselves

clustered based on how closely they are statistically linked to each other. (-) refers to cell clusters that are downregulated.
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Figure 2 Hierarchical clustering of assigned cell types predicts both parallel and reciprocal patterns of cellular changes in high-

spiking human neocortex. (A) Hierarchical clustering of the predicted cell clusters using Pearson correlations were used to generate their

corresponding profile from the average expression of genes within a given cluster. Dendrograms showing similar as well as reciprocal correlations

between each cell cluster across patient samples are shown. For each patient sample, ‘L’ indicates low-spiking and ‘H’ high-spiking brain regions. To

account for the downregulation of type 1 neurons and oligodendrocytes the values in low-spiking and high-spiking were inverted on the y-axis. (B)

Hierarchical clustering of normalized fluorescence ratios between high and low spiking cell clusters segregated into two groups: (i) clustering of

neuron types 1, 2, 3 and 4 with type 1 microglia; and (ii) clustering of endothelial cells and type 2 microglia. RFU = relative fluorescence unit;

RFC = relative fold change. *This cluster has been computed after removing three samples (high-spiking regions from Patients 143, 150 and 185)

because they showed aberrant blood contamination from surgery.
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in PBS). After three more PBS washes, endogenous peroxidases
were inactivated using 0.2% sodium azide with 0.3 % H2O2

in TBS (Tris buffered saline) and incubated overnight in the
blocking solution with the following antibodies: CD68 (mouse,
monoclonal clone KP1, Dako) at a concentration of 1:10;
dpERK (mouse, #8159, Sigma) at 1:1000; GFAP (rabbit poly-
clonal, Dako) at 1:5000; Map (mouse, monoclonal MAB378
anti-MAP2A2B, Millipore) at 1:20 000; NeuN (mouse, mono-
clonal, cat #MAB377, Millipore) at 1:4000; pCREB (rabbit,
#9197, Cell Signaling) at 1:100. The slides were then incu-
bated with a biotinylated secondary antibody anti-mouse or
anti-rabbit (Jackson ImmunoResearch) at a concentration of
1:150 for 2 h in blocking solution and amplified with ABC
solution (Vectastain, Vector laboratories) followed by 3,30-dia-
minobenzidine (DAB, Sigma) as per the manufacturer’s proto-
col. The slides were dehydrated in three successive baths of
ethanol (75%, 90%, 100%) and a final bath of xylene for
5 min each and mounted using CytosealTM (Fisher). Antibody
specificity for each was confirmed by omitting the primary
antibody and through known staining patterns. Blood vessels
were revealed by direct DAB labelling (with no antibodies) in
the absence of the peroxidase inactivation step. Luxol Fast
blue and Periodic acid–Schiff (PAS) stained slides were first
washed three times in PBS and then placed overnight in a
bath of Luxol Fast blue (Poly Scientific). The next morning,
excess reagent was washed away with 95% ethanol, then in
water followed by 1 min in 0.005% lithium carbonate (Poly
Scientific) and then rinsed with water. The slides were next
oxidized using 1% periodic acid (Poly Scientific) for 5 min,
rinsed with water before putting them in Schiff reagent (Poly
Scientific) for 15 min and then washed with water. The sec-
tions were then stained by placing the slides in haematoxylin
(Meyer) for 3 min, washed with water and then put in ammo-
nia for 1 min. The sections were then washed with water,
dehydrated with 95% ethanol for 3 min, stained in eosin Y
(FD NeuroTechnologies) for 8 min, rinsed in 95% ethanol
and sealed with CytosealTM.

Quantitation of blood vessels, microglia and neurons was
performed using Metamorph� 6.2 software (Molecular
Devices Inc), by counting the cell number per unit surface
area. For the blood vessels, the fibre length was used. The
significance was assessed using a paired t-test low versus
high-spiking.

Quantification of histological staining

MetaMorph� (v7.8, Molecular Devices) was used for all quan-
titative measures using customized macros. Some blocks of
tissue were large and corresponded to multiple recording
sites, however, we only used a single slide per block for each
quantitative measure. The blood vessel lengths (Fig. 3B) were
measured using the function ‘average fibre length’ to quantify
the dark brown staining of DAB-labelled vessels in the grey
matter. The same function was also used in Fig. 5C to quantity
the length of fibres stained by silver inside the layer IV.
Identical sized regions of interest (20 � fields) from paired
areas high/low spiking at the same layers were used for each
quantitation. For silver staining, the areas with reduced NeuN
staining versus regions with normal NeuN staining from layer
IV regions were selected, blinded from the silver staining pat-
tern on adjacent sections. The average areas of the processes in
the layer IV stained by silver (Fig. 5C) were measured with the

MetaMorph� function ‘average fibre area’. The processes with
a length 420 mm (remove small objects) and a shape between
0 to 0.2 (remove circular objects) were quantified in these two
areas for each of five patients. These two filters removed much
of the noisy background. The density of microglia (Fig. 3D)
and the density of neurons (Fig. 6C) were measured in paired
samples using the ‘count’ function, divided by the area used
for the quantification. The CD68 antibody used for microglia
CD68 is a cellular marker while the NeuN antibody used for
neurons is a nuclear marker. The size of microglia (Fig. 3E)
and the size of the neuronal nuclei (Fig. 6B) were measured
using the function ‘thresolded area’ divided by the number of
objects detected and the area for equal areas from high and
low spiking regions.

Results

Coordinate modulation of cell-based
gene clusters in high-spiking human
neocortex

When patients fail to respond to traditional medical treat-

ments, surgical procedures that remove regions of the brain

that produce seizures and interictal spikes can be curative.

As part of this procedure, abnormal electrical activities

produced by increased neuronal synchrony are measured

in vivo using subdural arrays of electrodes placed directly

on the cortical surface (Fig. 1A). These continuous record-

ings, lasting from a few days to a week, are used to design

a second surgical procedure to remove epileptic regions,

with a goal of maximally preserving normal brain func-

tions. For the present study, we have developed an intern-

ally controlled experimental design to assess what is

different between regions of human neocortex that show

high interictal spiking activity compared to nearby low or

non-spiking regions from the same patient. Figure 1A

shows an example of how low versus high interictal spiking

regions are identified from long-term in vivo recordings

together with our experimental microarray design to meas-

ure differential gene expression between paired regions

from each of the 15 patients with neocortical epilepsy

(Table 1).

Given that the neocortex is a complex, six-layered net-

work of interconnected neurons and glial cells, understand-

ing the significance of differential gene expression requires

consideration of complex brain cytoarchitecture. To make

certain that gene expression differences were not due to

tissue sampling differences or cortical lesions, two to

three strips of full-thickness grey matter were pooled for

each RNA sample from histologically normal-appearing

low- and high-spiking regions, including patients who had

lesions in other brain regions (Table 1). This analysis re-

vealed 2516 highly significant, differentially expressed

genes across all 15 patients, 1534 genes were upregulated

whereas 982 genes were downregulated in high-spiking

brain regions.
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Figure 3 Validation of increased vascularity and microglial infiltration in high-spiking human neocortex. (A) Staining blood vessels

shows an increase in vascularity in high-spiking brain areas. (B) Blood vessel length was significantly increased in the high-spiking brain for seven

patients (two-tailed, paired P-value5 0.05). (C–E) Microglia number and size were both increased in high-spiking areas versus low-spiking areas

using CD68 staining across six patients (both two-tailed, paired P-value5 0.05). The scale bar in A indicates 1 mm.
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One of the major limitations in profiling gene expression

in multicellular tissues is the inability to differentiate which

gene expression changes occur in which cell types. One

approach to solve this has been through physical isolation

of individual cell types (Cahoy et al., 2008; Morris et al.,

2011); others have used a variety of computational algo-

rithms sometimes combined with high-throughput in situ

hybridization data (Shen-Orr et al., 2010; Hawrylycz

et al., 2012). The approach used here was to hypothesize

that each cell type has a unique transcriptional signature

that can be identified through transcriptional clustering. We

first used this clustering approach on proteomic data to

identify histological changes from the same brain regions

(G. Keren-Aviram, in preparation). Cell clusters were pre-

dicted using a Pearson correlation measure of expressed

genes. Using a correlation cut-off of 0.95 for 15 patients

(P-value5 10�3), we identified 725 out of the 2516 genes

that fell into 11 clusters of co-expressed genes (Fig. 1B). We

then assigned each gene cluster a putative cell type desig-

nation using a literature mining Python algorithm we de-

veloped that cross-references genes in a given cluster with

the names of brain cell types (Supplementary Table 1; see

Supplementary material for cell assignation script). As an

example, this analysis predicted an increase in endothelial

cells in high-spiking brain regions based on known endo-

thelial genes present in the gene cluster (Supplementary Fig.

1). Putative identification of 10 of 11 of these clusters was

achieved in this way (Fig. 1B). The 11th cluster (labelled as

type 4 neuron) did not produce a statistically significant cell

type by this method and was identified manually, gene by

gene, using the Allen Brain Atlas database (www.brain-

map.org/) and PubMed (NIH) literature mining. Cell

types identified as increased in high-spiking cortex include

endothelial cells, red and white blood cells, two types of

microglia, three types of neurons, and a group of dividing

cells, while decreased populations included a group of

oligodendrocytes and type 1 neurons. Interestingly, al-

though patients had other known pathologies in other

brain regions, we found no clear statistical relationships

between the differentially expressed genes and these other

pathologies.

The cellular interactome

As a means to examine the interrelationships between these

predicted cellular changes, the average expression pattern

of each of the 11 predicted cell types for all 30 samples

were further organized using dendrograms. Figure 2A

shows the relative quantities of each predicted cell type

across the 30 human tissue samples. These values were

then regrouped by hierarchical clustering to predict statis-

tically significant cellular interactions. Figure 2B shows for

each predicted cell type the fold change between paired low

and high-spiking tissues for each of the 15 patients.

Interestingly, both highly consistent and exact reciprocal

patterns of gene clusters were observed. For example, the

upregulated genes forming the cluster labelled as

‘endothelial cell’ correlate best with the cluster formed by

upregulated genes from the red and white blood cell clus-

ters, as would be expected for blood vessels. Taken to-

gether, these changes predict an increase in vascularity in

high-spiking brain regions. The dendrograms also show

two microglial clusters, both increased in high-spiking

brain regions. However, each of the two microglial clusters

segregates to a different group suggesting two distinct

microglial roles related to either increased vascularity for

type 1 (Fig. 2B) and to changes in neuronal composition for

type 2 microglia (Fig. 2B). To assess the subtypes of micro-

glia implicated in high-spiking, we calculated the enrich-

ment for both M1 and M2 microglial subtypes for each

of the microglial clusters. We found that type 2 microglial

genes were enriched with both M1 and M2 subtypes at

around six times higher than expected by chance

(Supplementary Table 2). A slight enrichment in type M1

versus M2 was present (M1/M2 = 1.3). The type 1 micro-

glia cluster could not be related to either of the M1 or M2

subtype.

Validation of predictions from the
cellular interactome revealed novel
‘microlesions’

The results from the cellular interactome shown in Figs 1

and 2 make predictions about the cellular compositions of

high versus low spiking human brain regions. For each

block of tissue used for genomic studies, an adjacent

piece was analysed histologically to validate cellular predic-

tions (Loeb, 2010, 2011). As predicted in Fig. 2, the density

and size of microglia, as well as the density of the micro-

vasculature (composed of endothelial, red and white cells)

were significantly increased in high-spiking brain regions

relative to low spiking regions within each patient

(Fig. 3). This increase in vascularity can be linked directly

to a global increase of matrix metallopeptidases 3, 9 and

19 and to the presence in the endothelial cell cluster of the

angiogenic factors VEGFC and FGF1.

The bottom panel of Fig. 2B contains a majority of the

clustered genes and predicts a complex, reciprocal interplay

between four neuronal populations and another microglial

subgroup. In fact, of the 11 cell types identified, type 1

neurons (272 genes) and type 1 microglia (179 genes) con-

stitute 62% of all clustered genes and are thus mostly re-

sponsible for the cell changes related to interictal spiking.

The type 1 neuron cluster is formed by genes downregu-

lated in high-spiking brain and is inversely related to three

other neuron types and type 1 microglia (Fig. 2B). This

pattern suggests a spatially localized microglial infiltration

with a corresponding predicted change in neuronal pheno-

type in the same high-spiking brain region. To validate

these predictions, we identified genes within each group

to use for histological validation. One gene in the type 1

neuron cluster was the layer IV-specific neuronal marker

RORB (Schaeren-Wiemers et al., 1997), predicting a
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decrease in the layer IV neurons. Another approach we

took was to identify additional genes that correlate with

the neuron type 1 cluster even if they were not significantly

differentially expressed between high and low spiking tis-

sues at the threshold that we initially chose (fold

change5 1.4, FDR45%). By lowering this statistical

cut-off to 1.3-fold, we identified the well-known histolo-

gical neuronal marker NeuN (RBFOX3 gene)

(Supplementary Fig. 2), which is perhaps the most widely

used immunohistochemical marker to label neurons in

mammalian cortex (Dent et al., 2010). In fact, NeuN

showed a correlation coefficient of 0.92 (P5 0.001) with

the type 1 neuron cluster across 15 patients. Taken to-

gether, this purely bioinformatic approach predicts a de-

crease in layer IV neurons showing lower levels of NeuN

staining in cortical regions with increased microglia.

Consistent with the above predictions, an average of 2–3

focal regions of reduced NeuN staining were seen max-

imally in layer IV high-spiking brain regions in each of

29 high-spiking brain regions from 22 epilepsy patients

(Fig. 4 and Table 1). Figure 4A shows two facing regions

of human neocortex from a high-spiking region. While a

normal six-layered staining pattern is seen on the top half,

the facing cortical region below shows a focal loss of NeuN

staining. Using serial histological sections from the lower

part of this section, the loss of NeuN staining was not due

to a loss of neurons, shown by both histological tissue

staining methods (Luxol Fast blue-PAS with haematoxylin

as shown; cresyl violet data not shown) and DIC (differen-

tial interference contrast) microscopy (Fig. 4B and C).

However, the neurons in this region were not normal.

They showed a significant reduction in MAP2 staining

that normally should show rich dendritic arbours

(Fig. 4D). To explore this further, we used silver staining

to examine neuronal process density and length within

microlesions compared to nearby regions with normal

NeuN staining (Fig. 5). Consistent with the MAP2 den-

dritic staining, we found a marked alteration in neuronal

process architecture with a significant reduction in both the

density and length of neuronal processes in layer IV

(Fig. 5B and C). We also quantified the density and nuclear

size of the remaining NeuN positive neurons within micro-

lesions, demonstrating a decrease in both neuronal nuclear

size and neuronal density compared to nearby regions

(Supplementary Fig. 4A–C). Finally, as predicted by the

cellular interactome, these regions were filled with micro-

glia (Fig. 4E).

The increases in type 2, 3 and 4 neurons likely represent

the ‘missing’ subpopulations of NeuN neurons. Of these,

the type 4 neuron best (inversely) correlates with the de-

crease in type 1 neurons (R = �0.9), suggesting that they

represent phenotypically different neurons. Further under-

standing of these neuronal subtypes is gained from the

composition of differentially expressed genes within each

cluster. For example, the type 2 neuron gene cluster is

well represented by seven genes (ACRC, WNT1, SV2C,

NPTX2, GPR68, GABRQ and IGSF22), some of which

are known to be highly expressed in layer III (using the

Allen Atlas at www.brainatlas.org) (Zeng et al., 2012). A

similar analysis for the type 3 neuron cluster shows 18

genes which have been localized to layer IV (ABCC3,

ACPL2, AK094995, ALDH1A3, BC063385, BC094703,

FNDC9, GFOD1, CHST3, DCLK1, DUSP4, PDYN,

PLK3, SCG2, SLC22A4, THC2624202, TIPARP and

TTC39C).

Surprisingly, unlike the histopathology normally seen in

forms of epilepsy associated with hippocampal sclerosis, no

astrogliosis was predicted or seen in these microlesions

(Supplementary Fig. 3 shows one example; however,

many other patients were also examined). Consistently,

astroglial markers (GFAP and ALDH1L1) (Cahoy et al.,

2008), were not detected in our gene expression profiles

and did not display altered expression in high-spiking

regions.

Microlesions are a common in
high-spiking epileptic brain regions
and associated with epileptic
biomarkers

While microlesions varied in size and shape, and have an

average cross-sectional area in the range of a few milli-

metres, the majority were centred at layers II–IV, with

three distinct microlesion subtypes: (i) layer II only (9%);

(ii) layers III and IV (34%); and (iii) layers II, III and IV

(57%) (Fig. 4F). Screening additional patients for the pres-

ence and size of these NeuN negative microlesions in both

low and high-spiking neocortex revealed the presence of

microlesions in 80% of the high-spiking brain regions.

Combining all tissue samples together, regions showing

high spike frequency had statistically more microlesions

than low spiking regions (Fig. 4G).

One limitation of human tissue studies is that they cannot

prove cause and effect nor reveal any time-dependent pro-

cesses, given that the tissue is collected at one point in time

after epilepsy is well established. A key unanswered ques-

tion is whether microlesions in high-spiking epileptic tissue

cause or result from interictal spiking or seizures. Although

725 of 2516 differentially expressed genes fell into tight

cellular clusters, the remaining genes are also associated

with high interictal spiking and likely reflect additional

changes in brain structure and function related to epileptic

spiking. We recently reported that the constitutive activa-

tion of the MAPK/CREB signalling pathway is a biomarker

for interictal spiking in superficial neocortical layers I–III in

both humans and an animal model of interictal spiking

(Rakhade et al., 2005; Barkmeier et al., 2012a; Beaumont

et al., 2012; Lipovich et al., 2012). We therefore examined

the spatial relationship between microlesions and MAPK/

CREB signalling (Fig. 6). This analysis revealed that high-

spiking cortical regions show a marked activation of both

MAPK and CREB signalling in the superficial cortical

layers directly above or adjacent to deeper microlesions.
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From 19 patients (Table 1) we found that 17 of 21

high-spiking regions (80%) showed activation of ppERK

and/or pCREB either directly above or adjacent to the

microlesion. These findings raise the intriguing possibility

that the layer-specific disruption of deeper cortical

layers promotes epileptic hyperexcitability in adjacent

superficial layers as a putative mechanism for neocortical

epilepsy.

Figure 4 Evidence for focal microlesions in high-spiking human neocortex. (A) NeuN staining revealed both normal (upper part of

section) and regions with reduced NeuN staining (lower part). (B) Regions with decreased NeuN staining still had neurons shown by differential

interference contrast microscopy (enlargement) and were centred in layers III and IV, with a normal appearance of layers II, V and VI. Scale

bar = 1 mm; inset bar = 100mm. (C) Traditional histological staining with Luxol Fast blue-PAS and haematoxylin staining shows a normal-appearing

laminar pattern of neurons that would not have detected these lesions. (D) NeuN negative regions have markedly reduced staining of neuronal

processes using MAP2 antibodies. (E) NeuN negative regions are full of microglia stained with CD68. (F) Three different types of microlesions

were seen by NeuN staining involving layers II/III (9%), layers III and IV (34%), or layers II–IV (57%). (G) Microlesions were strongly associated with

interictal spike frequency (unpaired t-test, P5 10�5). WM = white matter.
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Discussion
Epilepsy remains one of the least understood brain dis-

orders that can produce many types of clinical seizures de-

pending on where abnormal brain activity occurs and how

it electrically spreads. In many ‘non-lesional’ cases, includ-

ing many in our patient group, no clear pathological

abnormalities are seen within epileptic brain regions. Even

for patients with a wide variety of associated brain lesions

nearby, the epileptic focus itself is often histologically

normal (Annegers, 1993). Using transcriptional clustering

of low- versus high-spiking human neocortex from 15

unique epileptic patients we predicted and validated a

common interactome of cellular changes in high-spiking

neocortex. This cellular interactome predicted an increase

in vascularity and microglia and the presence of microle-

sions centred in deeper cortical layers superimposed with

superficial activation of synaptic plasticity genes.

Microlesions were easily identified by a loss of NeuN neur-

onal staining and are associated both with a significant

Figure 5 Silver staining confirms a marked loss of neuronal processes in microlesions. (A) Microlesions identified by NeuN staining

show a marked reduction of silver-stained neuronal processes in layer IV (B). (C) Quantitation of fibre density and length from five patients

showed a significant reduction of the average fibre density and length in the microlesions. **A paired P-value5 0.01.
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reduction in MAP2 and silver-stained neuronal processes

together with a focal infiltration of microglia. Subdural

electrodes did not cause these lesions, as both paired tissues

examined had the same amount of exposure to the given

grids. An attractive hypothesis that emerges is that dis-

rupted connectivity from deeper cortical layers induces

hypersynchrony in superficial layers. In addition to provid-

ing new insights in human neocortical epilepsy, the tran-

scriptional clustering methods developed here could be

useful in predicting the cellular abnormalities in other

brain or complex tissue disorders.

High throughput systems biology can be a powerful tool

to generate new research directions by identifying genes

and pathways linked to human disease. However, for

human or other tissue studies, the expanding number of

variables together with the cellular complexity makes the

output from these studies difficult to interpret. Nowhere is

this more difficult than in the brain, which is composed of

many different cell types. One approach is to know a priori

which cells are of interest and selectively isolate and profile

RNA from each of these cell types (Cahoy et al., 2008;

Shen-Orr et al., 2010). We have taken an alternative

Figure 6 Microlesions were strongly associated with activation of epileptic biomarkers in superficial brain layers. Regions of high

interictal spiking showing microlesions with NeuN staining almost always showed nearby activation of epileptic biomarkers including

diphosphoERK (dpERK) in layer I and phosphoCREB (pCREB) in layer II. The scale bar indicates 1 mm.
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approach using a paired experimental design to measure

consistent transcriptional differences between low- and

high-spiking human cortex from 15 patients. We used clus-

tering to identify subsets of differentially expressed genes

that fell into 11 statistically significant groups. We then

developed a literature-mining tool to assign a likely cell

type for each. This analysis not only predicted changes in

different cell groups, but also predicted their relative inter-

actions with each other producing a global, ‘cellular inter-

actome’ for high-spiking human neocortex.

One of the most intriguing questions from this work is

how deep cortical microlesions relate to epileptic spiking.

We found that brain areas with microlesions had increased

interictal spiking, suggesting a potential cause and effect

relationship. In fact, microlesions were strongly associated

with sustained MAPK and CREB activation in more super-

ficial cortical layers I–III directly above or adjacent to the

microlesions (Beaumont et al., 2012). One possible explan-

ation is that the loss of axo-dendritic neuronal processes

seen both with MAP2 and silver staining in deeper cortical

layers reduces normal inhibition resulting in aberrant syn-

chrony in superficial brain layers. Once a small region of

hypersynchrony forms, it can spread laterally to adjacent

cortical regions (Barkmeier et al., 2012b; Beaumont et al.,

2012).

Key predictions made by this cellular interactome were

validated in human epileptic neocortex. This is made pos-

sible because every block of tissue from our bank of elec-

trically mapped tissues is subdivided for RNA, protein,

metabolites and histology (Loeb, 2010). A key prediction

led to the identification of millimetre-sized microlesions pre-

sent in almost all high-spiking tissues examined, independ-

ent of any other nearby pathologies that ranged from mild

subcortical (white matter) gliosis to more severe lesions

such as polymicrogyria, heterotopias and dysplasias

(Table 1). It is important to reiterate that, although some

patients had these lesions nearby, the neocortical tissues

used here was deemed ‘normal’ by traditional histological

analysis.

Clues to the presence of cortical microlesions in high-

spiking cortex came predominantly from the coordinate

downregulation of a group of 272 genes we call type 1

neurons. While microlesions are not readily seen with con-

ventional histological staining methods, a more detailed

look in these focal brain regions revealed a marked loss

of axo-dendritic arborizations and extensive microglial in-

filtration. Microlesions are readily seen by staining with

antibodies against NeuN, a splicing factor called

RBFOX3 (previously known as Fox-3; Kim et al., 2009)

that has been shown to be downregulated following neur-

onal injury (Unal-Cevik et al., 2004). Furthermore, the

upregulation of type 1 microglia perfectly mirrored the

downregulation of type 1 neurons, and, at the same time,

three other neuronal types (type 2, 3 and 4) increased in

direct proportion to the degree of the loss of type 1 neu-

rons. This suggests the possible replacement or phenotypic

change of type 1 neurons with these other neuronal types in

high-spiking areas.

Exactly how and when these lesions occur during the

development of the epileptic disorder is not clear. The

marked reduction in neuronal processes indicates that

these small, focal brain areas are not normal and could

be due to developmental defects in neuronal migration or

lamination (Bentivoglio et al., 2003; Powell et al., 2003).

Further studies are needed; however, as many of the neu-

rons within these lesions are smaller with reduced neuronal

branching, it is also possible that they could be interpreted

as type IA focal cortical dysplasias that lack large, abnor-

mal neurons, but show changes in the laminar organization

(Palmini et al., 2004). Another possibility is that they result

from a past injury or infection (Choi et al., 2009), which is

supported by pronounced microglial infiltration in these

same areas. While microlesions could be the ‘cause’ of

the epileptic spiking, it is also possible that they instead

‘result’ from spiking. In fact, neurodegenerative changes

with reduced neuronal density have been described after

prolonged seizures (Holmes, 2002; Sutula et al., 2003),

but have not been reported for interictal spiking.

Validated predictions also included a global increase in

microglia and blood vessels. Not surprisingly, samples with

increased vascularity also showed a consistent upregulation

of the angiogenic factors VEGFC, FGF1 and the matrix

metalloproteinases 3, 9 and 19 that are known to promote

the growth of blood vessels. These changes could have re-

sulted from a higher oxygen requirement of more active

epileptic tissues. There have been a number of reports of

increased angiogenesis coupled with aberrant vasculariza-

tion in epileptic models (Pitkanen and Sutula, 2002;

Morin-Brureau et al., 2011). In addition to the type 1

microglia associated with microlesions, the second group

of microglia (type 2) correlated strongly with increased vas-

cularity, suggesting an independent role for microglia that

interact with blood vessels. Both of these gene clusters con-

tained genes from M1 and M2 subtypes. Microglia have

long been implicated in epileptic disorders and suggest the

presence of a chronic, inflammatory state (Vezzani et al.,

2011). Microglia are known to cause hyperexcitability in

damaged brain areas by stripping away inhibitory neurons

(Trapp et al., 2007) and they have been reported to be

associated with cortical dysplasias associated with epileptic

brain regions (Aronica et al., 2005; Boer et al., 2006).

While microglial transcriptomes have been demonstrated

based on their state of activation (Parakalan et al., 2012),

the transcriptional clustering approach used here has

divided microglia into two clear groups based on their

gene expression patterns. In fact MCP1 (now known as

CCL2), a potent chemo-attractant for monocytes, was sig-

nificantly upregulated in 11 of 15 patients in high-spiking

brain regions and has previously been linked to epileptic

disorders (Fabene et al., 2010).

One of the most highly studied and best-characterized

epileptic lesions is hippocampal sclerosis. Hippocampal

sclerosis has been observed in children following prolonged
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febrile seizures and histologically shows massive neuronal

loss with extensive ‘scarring’ that is readily seen with anti-

bodies against GFAP that recognizes reactive astrocytes

(Thom et al., 2010; Cersosimo et al., 2011). Unlike hippo-

campal sclerosis, the cellular changes predicted and

described here for neocortical spiking did not show a sig-

nificant drop out of neurons (Unal-Cevik et al., 2004) nor

any detectable gliosis in high-spiking grey matter, even

within the microlesions. However, many of the neocortical

samples we studied did have subcortical gliosis in the

white matter, which was not present in RNA samples

(Table 1) as only grey matter was used here. In a previous

study where white matter was also included, increased

GFAP mRNA expression was in fact observed, consist-

ent with the observed histopathology (Beaumont et al.,

2012).

In summary, patients who undergo cortical resections for

seizures that do not respond to current medications offer

unparalleled opportunities to link the in vivo electrical

properties of the human brain to their underlying molecular

pathways. Here we have focused on the unique transcrip-

tional profile and predicted and validate novel cellular

changes associated with interictal epileptic spiking rather

than seizures. Epileptic spiking is more frequent than seiz-

ures, often occurs in the exact same brain regions that pro-

duce seizures, and therefore has been extensively used to

localize seizure foci (Staley et al., 2005). Interictal spiking

can also be associated with behavioural abnormalities in

humans (Pressler et al., 2005; Fonseca et al., 2008) and

in animal models (Zhou et al., 2007; Kleen et al., 2010;

Barkmeier et al., 2012a), and can be seen in injured

brain regions long before clinical seizures begin (Staley

et al., 2005, 2011). However, the relationship between

interictal spiking and seizures is not well understood.

Using a similar experimental design on a smaller group of

patients, we recently identified a complex transcriptional

regulatory machinery between coding and long non-

coding RNAs that strongly implicates a coding–non-

coding MAPK/CREB signalling interactome for interictal

spiking (Lipovich et al., 2012). The cellular interactome

presented here places these earlier findings in a cellular

context and offers further clues to understand the under-

lying abnormal structural networks underlying human

neocortical epilepsy.
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