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Epilepsy is characterized by recurrent synchronizations of neuronal
activity, which are both a cardinal clinical symptom and a debilitating
phenomenon. Although the temporal dynamics of epileptiform syn-
chronizations are well described at the macroscopic level using elec-
trophysiological approaches, less is known about how spatially dis-
tributed microcircuits contribute to these events. It is important to
understand the relationship between micro and macro network
activity because the various mechanisms proposed to underlie the
generation of such pathological dynamics are united by the assump-
tion that epileptic activity is recurrent and hypersynchronous across
multiple scales. However, quantitative analyses of epileptiform spa-
tial dynamics with cellular resolution have been hampered by the
difficulty of simultaneously recording from multiple neurons in
lesioned, adult brain tissue. We have overcome this experimental
limitation and used two-photon calcium imaging in combination
with a functional clustering algorithm to uncover the functional net-
work structure of the chronically epileptic dentate gyrus in the
mouse pilocarpine model of temporal lobe epilepsy. We show that,
under hyperexcitable conditions, slices from the epileptic dentate
gyrus display recurrent interictal-like network events with a high
diversity in the activity patterns of individual neurons. Analysis re-
veals that multiple functional clusters of spatially localized neurons
comprise epileptic networks, and that network events are com-
posedof the coactivation of variable subsets of these clusters,which
show little repetition between events. Thus, these interictal-like
recurrent macroscopic events are not necessarily recurrent when
viewed at the microcircuit scale and instead display a patterned but
variable structure.

functional connectivity | neuronal networks

The synchronization of neuronal networks is a widely observed
phenomenon and has been shown to have important impli-

cations in a variety of systems ranging from the development of
healthy circuits (1, 2) to pathological conditions such as epilepsy
(3, 4). Although the large-scale population level activity of these
systems is often investigated, less is known about how individual
neurons come together to create such synchronous network dy-
namics. The study of epilepsy from a networks perspective is of
special interest, as epileptic networks can support both normal
brain functioning and pathological activity. Multiple computa-
tional studies have linked the development of hypersynchronous
neuronal activity associated with the disorder to changes in the
underlying network connectivity (5–8), and many types of epi-
lepsy display significant structural changes in the neuronal net-
work such as cell loss and axon sprouting (9). In temporal lobe
epilepsy (TLE), many of these changes take place in the dentate
gyrus (DG), with a loss of hilar interneurons and mossy cells, as
well as the addition of recurrent connections between granule
cells through mossy fiber sprouting and alterations of cellular
morphology (10–16).
Interictal spikes are a common feature of epileptic networks and

can be identified as transient synchronous events in electroenceph-

alography (EEG) or local field potential recordings in epileptic
tissue (17). Although at the large scale, these events might seem
to reflect synchronous population firing, recent studies of single-
cell activity during interictal events in the human cortex suggest
a wide heterogeneity in neuronal firing with different populations
of neurons participating in sequential bursts (18). Additionally, the
propagation of interictal spikes shows a wide spatial variance both
at the large scale in EEG data from humans as well as at smaller
cellular scales in rat hippocampal slice cultures (19). This suggests
that the specific spatiotemporal properties of local neuronal
populations play an important role in epileptic activity. Thus, to
understand and better treat epilepsy, we must first determine how
individual cells give rise to network dynamics, and how these dy-
namics relate to the structure of the underlying network.
In this study, we address the basic question of how network

structure and dynamics are modified in epileptic networks by
studying functional network structure at the level of single-cell
resolution using multibeam two-photon calcium imaging in slices
from the DG of pilocarpine-treated, chronically epileptic mice. As
expected, we find that epileptic networks are more active and
display large-scale synchronous neuronal activity. However, we
also observe a great heterogeneity in neuronal dynamics and de-
termine that epileptic networks exhibit a functional network
structure composed of spatially localized cell clusters. In-
terestingly, it is the coactivation of subsets of these clusters that
comprise the large scale network events, and the composition of
these events continuously varies as different clusters participate in
each event. We conclude that the microstructure of synchrony in
epileptic networks is not as stereotyped as its large-scale expres-
sion, likely reflecting the fine underlying anatomical changes as-
sociated with epileptogenesis.

Results
To observe single-cell dynamics of both healthy and epileptic
networks, we used multibeam two-photon calcium imaging of the
DG in hippocampal slices obtained from either an age-matched
control group (n = 19 slices, 11 mice) or an epileptic group (n =
24 slices, 9 mice) in which mice had been subjected to the pi-
locarpine model of TLE (SI Materials and Methods). A chronic
model of epilepsy was used because it displays structural re-
organization. In the mouse pilocarpine model of TLE, the de-
velopment of spontaneous seizures has been associated with
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several structural network changes including cell death, axonal
sprouting, increased neurogenesis, and changes in cellular mor-
phology (20–22). Thus, by observing single-cell dynamics from
a large neuronal population, the functional network organization
could be described, and differences between control and epileptic
groups could be related to differences in the underlying networks.

Calcium Imaging of Chronically Epileptic Tissue. Previously, calcium
imaging of acute slices had largely been limited to studies of
developing or juvenile tissue due to the difficulty of bulk loading
adult cells with the AM-ester form of calcium dyes (23). How-
ever, the use of the pilocarpine model to generate the epileptic
networks analyzed in this study required that all imaging be done
on slices from adult animals whose epilepsy had been verified
with telemetric EEG (SI Materials and Methods). We therefore
developed a protocol that allowed for the bulk loading of neu-
rons in the DG of acute slices from adult mice with the calcium
dye fura-2 AM (SI Materials and Methods) (Fig. S1). Because
under normal in vitro conditions the DG is a relatively silent
structure, partly due to the rather hyperpolarized values of the
resting membrane potential of granule cells (24), neuronal ac-
tivity was induced through continuous perfusion of an artificial
cerebrospinal fluid (ACSF) with an elevated K+ concentration
(7.5 mM) that depolarizes cells to a level comparable with the in
vivo condition (25). Although others have used elevated extra-
cellular K+ conditions as an acute model to study epileptiform
dynamics in other hippocampal regions in control slices, we
simply used this protocol as a tool to induce enough activity in
individual cells to calculate functional connectivity in both con-
trol and chronically epileptic networks. Upon the introduction of
7.5 mM K+ ACSF, we observed an increase in neuronal activity,
and slices were allowed to stabilize for at least 3 min before the
recordings used for analysis began. Cell contours and onset times
of calcium activity were identified using custom software (SI
Materials and Methods) as previously described (26). A high level
of heterogeneity was observed in the activity of cells (Fig. S1),
and this diversity was seen in both control and epileptic slices.

Epileptic Networks Are More Active and Display More Network
Events. When recording from slices from both control and epi-
leptic groups, we detected the same number of cells on average
(Fig. S1; 99 ± 6 cells, n = 19 slices, 11 control mice; 101 ± 9 cells,
n = 24 slices, 9 epileptic mice; two-sample t test, P = 0.0019).
However, a larger percentage of cells were active (i.e., displayed
spontaneous calcium transients seen as downward deflections in
Fig. S1B) in the epileptic group: 59 ± 2% vs. 48 ± 3% in the
control group (two-sample t test, P = 0.002; n = 19 slices, 11
control mice; n = 24 slices, 9 epileptic mice). In addition, cells in
the epileptic group had a higher activation frequency (Fig. S1 F
and G; median: 4.3 onsets/min, n = 912 cells, 19 slices, 11 control
mice; median: 6.0 onsets/min, n = 1413 cells, 24 slices, 9 epileptic
mice; two-sample Kolmogorov–Smirnov test, P = 0.0003). Thus,
neurons in the epileptic DG are more likely to be active and
display higher activation frequencies than those in control slices.
These results are consistent with the fact that epileptic networks
have a higher excitability (27, 28).
We also observed (especially in epileptic slices) the presence

of statistically significant synchronous network-level activity,
which we refer to as network events. Similar spontaneous activity
has been previously described in the DG of slices from kainate-
treated rats when perfused with elevated K+ (29). To automat-
ically detect the presence of these large-scale events, we used
a sliding window technique based on the statistical significance of
the total number of calcium activations summed over all neurons
within each 500-ms window (SI Materials and Methods) (Fig. 1A).
Although network events were observed in both control and

epileptic slices, the frequency of events was significantly higher in
epileptic slices (Fig. 1B; 1.9 ± 0.5 events/min, n = 19 slices, 11

control mice; 3.9 ± 0.8 events/min, n = 24 slices, 9 epileptic mice;
two-sample t test, P = 0.04). Because not all slices displayed
network events, we further divided the data into two groups:
slices that displayed network events, and those that did not. Only
slices that displayed more than one event per minute on average
were classified as displaying network events (this allowed for
further statistical analysis of network events as it meant that
a typical 4-min movie contained a minimum of five events).
Forty-seven percent (n = 9 of 19) of control slices were classified
as displaying network events, whereas 71% (n = 17 of 24) of
epileptic slices displayed events (Fig. 1C).

Network Dynamics Are Composed of Synchronous Cell Clusters. We
next quantified the percentage of significantly correlated pairs of
neurons in each slice that displayed network events (SI Materials
and Methods) (Fig. S2A). Although there was a broad range in
the distribution of values, many slices in both groups contained
a high percentage of significantly correlated pairs of neurons, as
one might expect because we observed network events. However,
the data also contained a high percentage of background activity,
i.e., a large percentage of calcium onsets occurred outside of
network events (Fig. S2B). Surprisingly, the distributions of cor-
relations between individual neurons and network events were
skewed toward low values in both control and epileptic conditions
(SI Materials and Methods) (Fig. S2C; n = 481 cells, 9 slices, 7
control mice; n = 1017 cells, 17 slices, 7 epileptic mice). Thus,
although the data displayed high correlations between pairs of
neurons, the individual neurons did not seem to be correlated
with the activity of the network as a whole, indicating that the
prevalence of network events was not the only reason for the high
number of pairs of significantly correlated neurons.
As the lack of high correlation between neuronal activity and

network events was rather unexpected, we further examined the
structure of correlations and searched for relationships within
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Fig. 1. Slices display network events. (A) Raster plot of the population dy-
namics after onset detection in an epileptic slice. (B) The frequency of net-
work events is higher in epileptic slices (n = 19 slices, control; n = 24 slices,
epileptic; two-sample t test, P = 0.04; error bars represent SEM). (C) Classi-
fication of slices that displayed network events. A slice was deemed to dis-
play network events if the frequency of detected events was greater than
one event per minute.
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groups of neurons. We applied the functional clustering algo-
rithm (FCA), which was designed to detect groups of synchro-
nous neurons in spike train data based on statistically significant
similarities between firing patterns (30). This algorithm is a form
of hierarchical clustering that sequentially joins neurons to create
groups based on a chosen similarity metric (SI Materials and
Methods). For each imaged network, a dendrogram representing
the order of grouping was obtained (Fig. 2A), and the point at
which the grouping was no longer statistically significant was cal-
culated (dashed horizontal line in Fig. 2A). The detected groups
correspond to the neurons that have been joined below this sta-
tistical threshold line and are depicted with a common color in
Fig. 2. All neurons that were not joined with another neuron to
form a group are depicted in gray. We defined a functional cluster

to be a group consisting of three or more neurons (12 functional
clusters in Fig. 2).
Next, we constructed raster plots of activity as a function of

time, where neurons are ordered according to the functional
cluster to which they belong (Fig. 2B). Inspection of these raster
plots clearly indicates that the algorithm has grouped neurons
with similar temporal dynamics. The spatial distribution of these
functional clusters onto the imaged contour plots was then an-
alyzed. In the case of epileptic networks, as quantified below, we
observed that the functional clusters tended to be composed of
spatially local neurons and distributed along the granule cell
layer (GCL) (Fig. 2C).
Clusters were detected in slices from both control and epileptic

groups, but epileptic slices contained more functional clusters
than control slices (Fig. S3A; 1.6 ± 0.3 clusters/slice, n = 19 slices,
11 control mice; 3.0 ± 0.5 clusters/slice, n = 24 slices, 9 epileptic
mice; two-sample t test, P = 0.04). There was no statistical dif-
ference between the distributions of the number of neurons
comprising a cluster between the groups (two-sample Kolmo-
gorov–Smirnov test, P = 0.8, n = 30 clusters, 15 slices, 10 control
mice; n = 72 clusters, 22 slices, 9 epileptic mice) with the majority
of clusters being composed of 3–6 neurons (Fig. S3B).

Epileptic Cell Clusters Are Spatially Localized. Although the number
of neurons composing a cluster was similarly distributed for
control and epileptic groups, marked differences were observed
when clusters were spatially mapped. We first examined the
spatial extent of the clusters (SI Materials and Methods). This
metric is an inverse measure of density that quantifies the area of
the cluster, normalized by the number of neurons in the cluster.
Clusters with a small spatial extent will be spatially localized,
whereas those with larger values will be composed of neurons
spread throughout the GCL. The spatial extents of clusters from
the epileptic group are highly skewed toward low values and
significantly smaller than those from the control group (median:
383 μm2/neuron, n = 30 clusters, 15 slices, 10 control mice;
median: 151 μm2/neuron, n = 72 clusters, 22 slices, 9 epileptic
mice; two-sample Kolmogorov–Smirnov test, P = 0.03). This
result is in agreement with the average pairwise distance between
neurons within a cluster (Fig. 3 A and B). Again, this distribution
is skewed toward low values for the epileptic group and is sig-
nificantly smaller than that of the control group (median: 76 μm,
n = 30 clusters, 15 slices, 10 control mice; median: 43 μm, n = 72
clusters, 22 slices, 9 epileptic mice; two-sample Kolmogorov–
Smirnoff test, P = 0.03). Thus, clusters in epileptic slices are
more spatially localized, whereas clusters in control slices tend to
be composed of neurons distributed across the GCL.
The maximum distance between neurons within a cluster also

showed differences between groups. In the case of the control
group, the distribution was bimodal and could be fit by the sum
of two Gaussians (R2 = 0.62, χ2 = 0.0013, peak1 = 58 ± 8 μm,
peak2 = 225 ± 11 μm), with the second mode occurring for
clusters with a maximum distance >150 μm (Fig. 3C; n = 30
clusters, 15 slices, 10 control mice; n = 72 clusters, 22 slices, 9
epileptic mice). Thus, to investigate the differences between
clusters belonging to each peak of the bimodal distribution, we
further divided clusters in both control and epileptic groups into
subgroups with a maximum pairwise distance of either <150 or
>150 μm. For the control group (n = 15 slices), 53% of the
detected clusters had a maximum pairwise distance of >150 μm,
whereas 35% of the clusters in the epileptic group had a maxi-
mum pairwise distance of >150 μm (n = 22 slices). Because we
were imaging the GCL, the dimensions (radial vs. tangential) of
the imaging were not equal, and the radial width of the GCL was
generally <150 μm. Thus, clusters with a maximum distance
>150 μm were composed of neurons distributed throughout the
imaging area and span the tangential axis of the GCL. Impor-
tantly, clusters distributed throughout the GCL also tended to be
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Fig. 2. Functional clustering of neuronal dynamics. (A) Dendrogram rep-
resenting the application of the FCA to neuronal dynamics observed in an
epileptic slice. The vertical axis represents the step in the algorithm, and the
dashed line indicates the cutoff for statistical significance. The resulting
clusters of neurons are indicated by a common color, which is held constant
in all resulting plots. (B) Raster plot of population activity plotted with the
neuron order given from the above dendrogram. Note that neurons within
the same cluster do indeed display similar synchronous dynamics. The ver-
tical black lines indicate detected network events. (C) Spatial mapping of the
clusters of neurons depicted in A and B. A corresponding polygon enclosing
the cluster has been additionally overlaid to aide in the visualization of the
identified clusters. Clusters of neurons are spatially localized and arranged
radially throughout the granule cell layer.
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composed of tonically active neurons and were grouped together
based on their high-level activity as opposed to their specific
temporal patterning. Clusters with a distributed spatial layout
(maximum pairwise distance of >150 μm) have a significantly
higher average activation rate in both control and epileptic slices
(Fig. 3D; two-sample t test; n = 14 clusters, 8 slices, 6 mice,
maximum pairwise distance of <150 μm, control; n = 16 clusters,
13 slices, 9 mice, maximum pairwise distance of >150 μm, con-
trol, P = 0.00018; n = 25 clusters, 18 slices, 9 mice, maximum
pairwise distance of <150 μm, epileptic; n = 47 clusters, 16 slices,
7 mice, maximum pairwise distance of >150 μm, epileptic, P =
0.004; differences within subgroups are not significant).
Examples of the spatial distribution and relationship to the

amount of activity displayed by the cluster can be seen in Fig. 3
E–H. In epileptic slices, clusters are spatially localized and their
raster plots show clear temporal patterning. However, in control
slices, the clusters occupy a larger spatial area and are composed
of highly active neurons whose continuous activity occurs in-
dependently of the network events. Thus, these continuously
active clusters are unlikely to shape the overall temporal structure
of network dynamics, and the observed network events are more
likely to be related to the activity of the smaller, spatially local-
ized clusters that are more frequently observed in epileptic slices.

Network Events Are Composed of the Coactivation of Different
Subsets of Cell Clusters. We next explored the relationship be-
tween cluster and network dynamics by analyzing the dynamics of
cluster activation (SI Materials and Methods). A cluster was
considered active if greater than one-half of its neurons had at
least one calcium onset within a 500-ms window (consistent with
the window size used to detect network events; Fig. 4A). Al-
though cluster–network correlations were higher on average than
neuron–network correlations, many clusters still had low cluster–
network correlations and there was a relatively high amount of
background activity (Fig. S4 A and B), indicating that clusters
were active both during and outside of network events. Addi-
tionally, the percentage of neurons that participated in each
network event was highly variable and broadly distributed (Fig.
S4C). This was consistent with the observation that many clusters
were often inactive during individual network events.
We examined the structure of the network events in terms of

the clusters that were activated in each event by creating a “pat-
tern” describing the composition of each event. Each pattern was
a series of 0 and 1, with each character representing a cluster. The
value was 0 if the cluster was not active during the event, and 1 if
the cluster was active (see Fig. 4B for the first eight network
events depicted in Fig. 4A). By comparing the patterns for each
event, we found that there was very little repetition of patterns
meaning that, in general, each network event was composed of
the coactivation of a different subset of clusters. For example, the
eight events illustrated in Fig. 4B are all represented by unique
patterns. In both the control and epileptic groups, patterns were
unlikely to dominate the composition of network events, as seen
in the distributions of Fig. 4C, which are skewed toward low
values (n = 23 patterns, 3 control slices; n = 123 patterns, 10
epileptic slices). Thus, although network events appear to be
similar when observed at a large global scale, analysis of the
smaller scale structure of cluster and neuron participation reveals
that each event is different and composed of a varying subset of
coactive functional clusters.

Discussion
In this study, we explored the functional reorganization of struc-
turally altered, chronically epileptic networks through the appli-
cation of a clustering algorithm to neuronal dynamics obtained
from population-level calcium imaging. Our main finding is that
large-scale recurrent network synchronizations, one of the hall-
marks of epilepsy, are not actually repetitive events. Instead, when
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Fig. 3. Characterization of spatial properties of neuronal clusters. (A) Dis-
tributions of the spatial extent of control (n = 30) and epileptic (n = 72)
clusters. The red lines indicate median values, and the box encloses the 25th
to 75th percentiles. The distribution of clusters in epileptic tissue is highly
skewed toward small values, indicating that these clusters are more spatially
localized (Kolmogorov–Smirnov test, P = 0.03). (B) Distributions of the av-
erage pairwise distance between neurons within a cluster. Again, the dis-
tribution for epileptic tissue is skewed toward low values, confirming that
these clusters tend to be spatially localized. (C) Probability distributions of
the maximum pairwise distance within a cluster for control (Upper) and
epileptic (Lower) tissue. Note the bimodal nature of the distribution in
the case of clusters from control tissue. Clusters with a maximum distance of
>150 μm are distributed throughout the GCL. (D) Average frequency of
calcium activations for neurons within a cluster, separated by clusters with
a maximum pairwise distance of >150 or <150 μm. Clusters with a tangential
orientation (>150 μm) are composed of neurons with higher firing rates
(two-sample t test; n = 14 clusters <150, n = 16 clusters >150, P = 0.00018,
control; n = 25 clusters <150, n = 47 clusters >150, P = 0.004, epileptic). (E
and F) Examples of the spatial mapping of clusters from a control slice (E)
and an epileptic slice (F). The shade of the cluster indicates the average
frequency of calcium activation for neurons within the cluster. The darker
shades indicate clusters with more activity. (G and H) Raster plots depicting
the activity of neurons in the clusters from E and F.
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observed at the level of individual neurons, they break down
into unpredictable combinations of spatially localized, coherent
neuronal clusters.
Although the temporal aspects of epileptiform dynamics have

been thoroughly examined using electrophysiological approaches,
their microcircuit level spatial aspects have remained elusive due
to the technical challenges of experimentally addressing this issue
with imaging approaches. Traditionally, calcium imaging has been
limited to juvenile tissue because of the difficulties associated with
loading adult tissue with membrane-permeable fluorescent cal-
cium dyes (23). Thus, spatial analysis of network bursts could only
be studied in healthy juvenile slices using acute drug applications
or in organotypic cultures (19, 31, 32). However, these prepara-
tions are not ideal for the study of epileptic networks because they
do not exhibit the spectrum of structural changes associated with
epileptogenesis. Here, we overcame the experimental difficulties
of imaging adult tissue by improving the slicing and loading pro-
cedure (SI Materials and Methods). The quality of the slice surface
was the most important parameter associated with high-quality
imaging in adult slices.
Previous work using similar techniques to study the functional

structure of synchronous network behavior in the developing
hippocampus identified early-born GABAergic hub neurons that
consistently fired at the beginning of synchronous network events,
and therefore could be identified as having a high degree of
functional connectivity (26, 33). Although at a large scale, these
synchronous events observed during development seem similar to
interictal bursts observed in models of epilepsy, it has been shown
that their dynamics are deterministic, showing the same repeatable
patterns in the firing of neurons (26, 31). We showed that the
dynamics of the synchronous interictal-like events observed in our
chronic model of epilepsy display a different and variable struc-
ture. Moreover, the specific activity patterns of neurons also
showed a large heterogeneity. A diversity of neuronal activity as-
sociated with synchronous pathological behavior has also recently
been observed during seizures recorded from microelectrode
arrays in humans with focal epilepsy (34). This raises the intriguing
possibility that pathological and physiological network dynamics
could be distinguished based on the stability of their spatial com-
ponents and highlights the importance of understanding how in-
dividual cells work together to produce network activity.

To further understand how the heterogeneity in neuronal dy-
namics related to network activity, we used the FCA to extractfiring
motifs within groups of neurons. Specifically, we detected small
clusters of cells with synchronous times of activation and showed
that, in epileptic slices, these clusters were spatially localized.
Functional clusters could be detected in both control and epileptic
tissue, but epileptic networks were composed of twice as many
clusters as control networks. These clusters could be divided into
two distinct types: spatially dispersed clusters composed of con-
tinuously active neurons, and spatially localized clusters displaying
patterned activation profiles. Control networks were composed of
a higher fraction of dispersed clusters, whereas localized assemblies
were preferentially detected in epileptic networks. These different
spatial arrangements likely reflect the anatomical reorganization
occurring during epileptogenesis, although future work is needed to
address the relationship between the functional and anatomical
structure of these clusters.
Several mechanisms can be proposed to support the observed

segmentation of synchronization within the GCL, but because
epileptogenesis is associated with complex network reorganization,
the exact mechanism(s) remain an open question. For example,
common coherent excitatory or inhibitory inputs could serve to
synchronize these neuronal assemblies as has been previously
proposed (32). In this case, patterned mossy fiber sprouting onto
clustered groups of neurons could locally coordinate the activity
(35). Alternatively, common inhibitory inputs originating fromhub-
like GABAergic neurons (12) could function in resetting the acti-
vation times of neuronal clusters. Another unknown parameter is
the cellular composition of these clusters. Our imaging was limited
to the GCL, meaning that this apparently homogeneous cell pop-
ulation is in fact functionally diverse. Given the significant amount
of neurogenesis associated with epileptogenesis (14, 36) and the fact
that newborn granule cells differentially contribute to mossy fiber
and basal dendrite sprouting depending on their age at the time of
status epilepticus (37), these clusters could reflect clonally related
granule cells. Unfortunately, it is currently not possible to address
these questions using targeted electrophysiological recordings as in
refs. 26 and 33 due to the time required to run the analysis and
detect neuronal clusters.
When examining the temporal properties of clusters, we found

that clusters were synchronously activated both during and out-
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Fig. 4. Cluster activation and composition of network events. (A) Cluster activation raster plot (Upper) and corresponding fraction of active clusters as a function
of time (Lower). The colored vertical lines depict cluster activation, and the color corresponds to the clusters identified in Fig. 2. The vertical height indicates the
number of neurons comprising the cluster, and the horizontal length indicates the time window during which the cluster was active. The vertical gray lines mark
detected network events, and the fraction of active clusters as a function of time is shown below. The time period shown is the same as in the raster plot from Fig.
2B. (B) Schematic depicting transformation of network events into a “pattern” of 0 and 1 in which a value of 1 indicates that the cluster was active during the
network event. The vertical position of the 0/1 value in the column corresponds to the vertical position of the cluster in the raster plot. Transformation is shown
for the first eight network events from A. (C) Probability distributions showing the percentage of network events that are composed of each observed pattern.
Here, data are shown for patterns from slices that displayed network events and had three or more clusters (n = 23 patterns, 3 slices, control; n = 123 patterns,
10 slices, epileptic). This indicates that patterns rarely repeat, and each network event is composed of the coactivation of a different subset of clusters.
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side of network events. Not only did the clusters involved change
from event to event, but there was also very little repetition for
any given pattern of composition indicating a lack of similarity
between events. This surprising result means that, although the
events looked similar at the large network-level scale, they are
actually highly variable at the level of individual neurons. Inter-
estingly, a similar variance in synchronization dynamics has been
reported recently in human EEG recordings of single neurons
during interictal spikes (18). Additionally, in cultured rat slices,
Sabolek et al. (19) showed that interictal like events have a variable
path of propagation. They also observed a varied path of propa-
gation at larger scales between electrodes in human EEG record-
ings. Our observance of synchronous functional clusters of neuronal
activity is consistent with a variable path of event propagation, as the
variance in subsets of clusters participating in an event necessarily
implies a varied path of propagation through the network. Whether
the network bursts observed here represent locally generated or
propagating events remains to be determined. This would require
large-scale imaging from several hippocampal regions, which is
currently impossible in the adult epileptic tissue because the low
signal-to-noise ratio excludes the use of low-magnification objec-
tives, and the CA3 region of adult tissue does not load the calcium
dyes. Future studies using genetically encoded calcium indicators
may improve network sampling but require the development of new
analytical tools.
In conclusion, the interictal-like recurrent network events occur-

ring in epileptic slices are not actually recurrent at the microcircuit
level and are instead composed of the varying coactivation of
spatially localized clusters. Although the exact mechanisms that
synchronize the activity of neurons in the detected clusters remain
unknown, future work should address this important question

through the development of improved experimental techniques and
analysis. Furthering our understanding of the interplay between
micro- and network-level dynamics during pathological synchro-
nization in epilepsy will be essential in developing therapeutic
strategies against this widespread disorder.

Materials and Methods
All animal use protocols were performed under the guidelines of the French
National Ethic Committee for Sciences and Health report on “Ethical Princi-
ples for Animal Experimentation” in agreement with the European Commu-
nity Directive 86/609/EEC. Animal experiments were performed at the Institut
de Neurobiologie de la Méditerranée with approval from the Prefecture des
Bouches du Rhone, Direction départementale des services vétérinaires, Service
Santé, Protection Animale et Environnement under agreement number B
13-055-19. Only male mice (GAD67-KI-GFP or Dlx1/2CreERTM;RCE:LoxP, n = 11
control, n = 9 epileptic) were used in this study, and no differences were
observed between strains. These genetically modified mice were chosen such
that future studies could focus on the contribution of labeled cell populations.
Mice were divided into an epileptic group subjected to the pilocarpine model
of TLE or an age-matched control group. Error bars on bar plots indicate SEM,
and statistical significance is evaluated using 95% confidence. In box plots, the
red horizontal lines denote the median of the distribution, and the box enc-
loses the 25th to 75th percentiles. In this case, the error bars denote the upper
and lower extremes (38). For additional details concerning the methods, see SI
Materials and Methods.
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Pilocarpine Model of Temporal Lobe Epilepsy. Mice aged postnatal
day 28 (P28) to P35 were first given injections of scopolamine
methyl nitrate (1 mg/kg, i.p.), followed 20–30 min later by an
injection of pilocarpine (300–340 mg/kg, i.p.). Animals were
continuously observed to identify the onset of status epilepticus
(SE). Mice that did not enter SE within 1 h of the initial injection
of pilocarpine were given an additional half dose of pilocarpine
to aid in the induction of SE. Mice received diazepam (10 mg/kg,
i.p.) 60–90 min after the onset of SE, and this injection was re-
peated as needed to help terminate seizures. Animals that did not
develop SE were not used for experiments. Mice were given water-
soaked food and allowed to recover for at least 1 wk after pilo-
carpine injections before the implantation of a telemetric EEG
system (Data Sciences International), which was used to continu-
ously monitor EEG activity. EEG transmitters were implanted
under anesthesia (110 mg/kg ketamine and 6 mg/kg xylazine) with
electrodes attached to screws located –1.5 mm lateral, –1.5 mm
posterior relative to bregma and secured with dental cement (1).
At the time of surgery, mice were injected with antibiotics and
analgesics (Rimadyl, 5 mg/kg; Baytril, 5 mg/kg). Injections of an-
algesics were continued twice daily for 2 d following the surgery,
and antibiotics were administered orally in the water. EEG activity
was continuously recorded, and custom-made software (MATLAB,
MathWorks) was used to analyze the signal and detect the de-
velopment of spontaneous seizures. Upon the detection of at
least two spontaneous seizures, the mouse was considered to be
epileptic and was used for imaging studies.

Slice Preparation and Calcium Loading. Horizontal slices (400 μm)
were obtained from male mice (both control and epileptic)
aged 2–5 mo that were first anesthetized (110 mg/kg ketamine
and 6 mg/kg xylazine) and perfused transcardially with an ice-
cold modified artificial cerebrospinal fluid (mACSF) containing
the following (in mM): 126 choline, 2.5 KCl, 1.25 NaH2PO4,
7 MgCl2, 0.5 CaCl, 26 NaHCO3, 5 glucose. Slices were made
using a Leica VT1200 S vibratome in the same mACSF used
for perfusion. After being allowed to rest for at least 1 h in a
solution containing one-half mACSF and one-half ACSF (ACSF
composition in mM: 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2,
2 CaCl, 26 NaHCO3, 10 glucose), slices were transferred to a
custom-made oxygenated loading chamber, where they were bulk
loaded with a calcium dye solution (10 μM fura-2 AM, 0.0016%
Pluronic F-127, 2.5 mM probenecid) in ACSF at a temperature
of 32 °C for 30 min. This dye has the advantage over other
commonly used calcium dyes in that it fluoresces in its unbound
state and is quenched in the bound state, allowing one to easily
evaluate the quality of loading, even in the absence of neuronal
activity. Slices were then allowed to rest and rinse in ACSF at
room temperature for at least 30 min before imaging began.
During imaging, slices were perfused at a rate of 3 mL/min with
continuously aerated [95% (vol/vol) O2/5% (vol/vol) CO2] ACSF
at 35–57 °C. To induce neuronal activity, the ACSF was adjusted
to an elevated KCl concentration of 7.5 mM. This protocol in-
creases the excitability of the system and has been shown to in-
duce the appearance of synchronous network events (2, 3).

Multibeam Two-Photon Calcium Imaging. Imaging was performed
using a multibeam two-photon pulsed laser-scanning system
(LaVision Biotech) coupled to a microscope as previously de-
scribed (4). Images were acquired using a CCD camera at a rate
of 10 Hz (4 × 4 binning; pixel size, 1.2 μm; imaging field, 300 ×

300 μm) with a low-magnification, high–numerical-aperture ob-
jective (20×; N.A., 0.95; Olympus), and movies generally lasted
250 s. In general, imaging was restricted to neurons in the
granule cell layer due to the fact that these cells sat in a different
focal plane than other cells in the slice. Only movies in which at
least 50 cells could be detected and at least 30% of cells were
active when perfused with ACSF with an elevated K+ were an-
alyzed. Slices were allowed to acclimate to the elevated K+ for at
least 3 min before movies used in the analysis were performed.

Extraction of Cell Location and Calcium Onsets. Recorded fluores-
cence movies were first corrected for movement artifacts using the
StackReg plug-in for ImageJ. Stable portions of movies (range of
90–250 s, one movie per slice) were then imported to MATLAB
for semiautomatic cell contour detection using custom-made
software (4). The calcium fluorescence signal for each detected
cell was obtained (Fig. S1 A and B). In these traces, the large
downward deflections indicate calcium events that correspond to
the firing of action potentials by the neuron (Fig. S1C) and were
blocked when adding 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]
quinoxaline (NBQX) (10 μM), D-2-amino-5-phosphonovaleric
acid (D-APV) (40 μM), gabazine (10 μM), and tetrodotoxin (TTX)
(1 μM) to the perfusion saline. (The percentage of active cells was
reduced to 1.1 ± 0.4% for control, n = 4 slices, and 8 ± 4% for
epileptic, n = 2 slices.) The onset of each deflection was marked
using custom-made software (MATLAB, ref. 5), thus converting
the activity of each cell in the network into a set of calcium ac-
tivation onset times. The remaining analysis was performed using
the extracted calcium onset times for each detected cell, along
with the spatial location of the cell, which was defined to be the
centroid of the contour defining the cell.

Detection of Network Events. Network events were detected using
statistical significance obtained from comparison with surrogate
data sets. We used a sliding window technique to detect synchro-
nous activation of cells in the data by counting the total number of
calcium onsets within a 500-ms (five frames) window. The use of
a window was necessary given the timescale of synchronous wave-
like events seen in the data. Thewindowwas sequentially shifted by
100 ms (one frame) to create a time series representative of the
population activity. Surrogate datasets (n = 1,000) were then
created using interspike interval reshuffling, and the sliding win-
dow analysis was performed. For each surrogate set, the value of
the window with the maximum number of total onsets was re-
corded, and the cumulative distribution function (CDF) of maxi-
mum onset counts was used to calculate the 95% significance
threshold. The beginning of a network event was defined to be the
point in time when the onset count first crossed above the signif-
icance threshold, and the end of a network event was defined to be
the time when the onset count subsequently crossed below the
significance threshold. Slices were said to display network events if
the frequency of detected events was greater than one event per
minute (this corresponds to more than four events in the course of
an average movie).

Pairwise Neuron Correlations. Pairwise correlations between neu-
rons were calculated using the maximum normalized cross-cor-
relation. First, spike trains of calcium onset times were convolved
with a Gaussian with a SD of one movie frame (100 ms) and the
signal was demeaned. The normalized cross-correlation, Ĉ, be-
tween two onset trains, si and sj, was calculated as follows:
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This calculation was done for τ between −500 and 500 ms,
and the maximum value, Cmax, of these calculations was se-
lected to be the pairwise correlation between the two neurons.
For each pair of onset trains, surrogate datasets (n = 1,000)
were also created through the reshuffling of onset times. The
calculation of Cmax was repeated for the surrogate datasets
and the 95% significance threshold was calculated from the
CDF of these values. For each slice that displayed network
events, we then calculated the percentage of pairs of neurons
with statistically significant values of Cmax as presented in
Fig. S2.

Neuron–Network Correlations. To calculate correlations between
individual neurons and network events, neurons were represented
by an array of 0 and 1, where 0 represented quiescent movie
frames and 1 represented a calcium onset. Similarly, the activity of
the network was represented by an array of 0 and 1, where all
frames between beginning and end of a network event (calculated
as described above) were set to be 1. The arrays were demeaned
and the neuron–network correlation values were calculated for
each slice as Ĉðsi; snÞð0Þ using Eq. S1, where sn is fixed to be the
activity of the network. The calculation was done only for slices
that displayed network events.

Detection of Functional Cell Clusters. To detect functional cell
clusters, we used the functional clustering algorithm (FCA)
(please see ref. 6 for a complete description of the algorithm).
This algorithm was chosen because it groups neurons with sta-
tistically similar temporal firing patterns. Additionally, it does
not require an a priori knowledge of the number of groups and
instead determines the correct number of groupings based upon
statistical significance, making it ideal for the detection of
functional clusters of correlated neurons in our data. As in ref. 6,
we used 95% significance levels and chose our pairwise similarity
metric between spike trains i and j to be the average minimum
distance Θij, where

Θij =
Dij +Dji

2
; [S3]

Dij =
1
Ni

X
k

Δtik; [S4]

and Δtik is taken to be the distance from each spike, k, in train i to
the closest spike in train j, with Ni being the total number of spikes
in train i. The size of the window used for jittering to create the
surrogate data used in the significance calculation of the algo-
rithm was taken to be 4 s based on the timescale of the length of
observed network events (6). Although this algorithm returns
“groups” of all sizes (including groups of one or two neurons
total), we only considered a group to be a functional cluster if it
was comprised of three or more neurons. Importantly, due to the
design of the algorithm and use of statistical significance in de-
termining the point to cease clustering, the temporal activity of
neurons within a given group is statistically similar, but activity
patterns between groups are statistically different.

Spatial Properties of Cell Clusters. To analyze the spatial properties
of clusters detected using the FCA, each cell’s spatial location was
defined to be the centroid of the contour used to define the cell.
The spatial extent of each cluster was then defined to be the area
of the polygon defining the cluster’s convex hull, which was then
normalized by dividing by the total number of cells comprising
the cluster. The convex hull is defined as the minimal convex set
containing all of the points in the cluster and can be thought of,
informally, as the polygon created by connecting the points that
define the perimeter of the cluster. Thus, the spatial extent
represents a form of inverse density. Pairwise distances between
cells were calculated using standard Euclidian distances calcu-
lated from cell centroids.

Activation of Clusters. To detect the activation of clusters, we used
a sliding window technique with a window size of 500 ms (the
same size as used to detect network events). A cluster was defined
to be active during a given window if >50% of the cells had at
least one calcium onset within the window.

Cluster–Network Correlations. To calculate correlations between
cluster activation and network events, cluster activity was rep-
resented by an array of 0 and 1, where 0 represented quiescent
movie frames and 1 represented all frames during which the
cluster was active (see previous section). As in the case of the
neuron–network correlations, the activity of the network was
represented by an array of 0 and 1, where all frames between
beginning and end of a network event were set to be 1. The
arrays were demeaned and the cluster–network correlation val-
ues were calculated for each slice as Ĉðsi; snÞð0Þ using Eq. S1,
where sn is fixed to be the activity of the network, and i is indexed
across all clusters within a slice. The calculation was done only
for slices that displayed network events.
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Fig. S1. Population calcium imaging of neuronal dynamics in control and epileptic tissue. (A) Fluorescence image of granule cell layer neurons in the DG of an
acute slice from a 2-mo-old pilocarpine-treated mouse loaded with fura-2 AM. Contours of detected cells are displayed in red. (B) Traces showing 30 s of
calcium dynamics from the five neurons with corresponding color-filled contours in A. Recording was done in the presence of 7.5 mM K+ ACSF. Downward
deflections in the calcium signal correspond to the firing of action potentials by the neuron and are referred to as a calcium activation onset. (C) Calcium
fluorescence signal (upper trace) and membrane potential (lower trace) for a cell held at resting potential under current-clamp conditions. There is a clear
correspondence between the firing of action potentials by the neuron and a downward deflection in the calcium signal. (D) Average number of cells detected
and analyzed in movies from both control (n = 19) and epileptic (n = 24) tissue. Error bars represent SEM. (E) Average percentage of active cells in slices. A
higher percentage of cells are active in epileptic slices (two-sample t test, P = 0.0019). (F) Probability distribution function indicating that neurons from both
control and epileptic tissue display a heavy-tailed distribution of onset rates. (G) CDF comparison of the distributions in F. Although the distributions look
similar, cells from epileptic tissue have a statistically smaller CDF (two-sample Kolmogorov–Smirnov test, P = 0.0003) meaning that cells in epileptic tissue tend
to have a higher frequency of activation.
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Fig. S2. Neuron–neuron and neuron–network correlations in slices which displayed network events. (A) Percentage of significantly correlated pairs of neurons
based on comparison of maximum normalized cross-correlations to that from surrogate data for slices from control (n = 9) and epileptic (n = 17) tissue. The red
lines indicate median values (median: 17.2%, control; median: 27.4%, epileptic), and the box encloses the 25th to 75th percentiles. Both distributions span
a wide range of values and many slices have a high percentage of statistically correlated pairs of neurons. (B) Average percentage of calcium onsets that occur
outside of network events. Error bars indicate SEM. In both control and epileptic slices, there is a high amount of activity that occurs between network events.
(C) Probability distributions of the cross-correlation between a single neuron and network events for slices from control (Upper) and epileptic (Lower) tissue. In
both cases, the distribution is skewed toward low values.
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Fig. S3. Spatially distributed clusters are composed of highly active neurons. (A) Average number of identified clusters from application of the FCA to
population dynamics from control (n = 19) and epileptic (n = 24) slices. Epileptic tissue was composed of a higher number of clusters on average (two-sample t
test, P = 0.04). (B) Distributions of the number of neurons comprising each cluster. The red lines indicate median values, and the box encloses the 25th to 75th
percentiles. The distributions are not statistically different (Kolmogorov–Smirnov test, P = 0.8), and both are skewed toward small values.
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Fig. S4. Cluster–network correlations and neuron event participation in slices that displayed network events. (A) Average percentage of cluster activation
onsets that occur outside of network events. Error bars indicate SEM. In both control (n = 9) and epileptic (n = 17) slices, clusters are often active outside of
network events. (B) Probability distributions of the cross-correlation between a single cluster and network events. The red lines indicate median values, and the
box encloses the 25th to 75th percentiles. Although some clusters are highly correlated with network events, both distributions span a large range and many
clusters are lowly correlated with the network. (C) Distribution of the percentage of active neurons that participate in a given network event. The number of
neurons that participate in each event is highly variable, indicating a lack of similarity between events.
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