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Blockage of STAT3 during epileptogenesis
prevents GABAergic loss and imprinting
of the epileptic state

Soraya Martin-Sudrez,”" Jesis Maria Cortes™*> and Paolo Bonifazi?

TPresent address: Achucarro Basque Center for Neuroscience. Edificio Sede 3p. Barrio Sarriena s/n, 48940 Leioa, Spain.

Epilepsy, characterized by recurrent unprovoked seizures resulting from a wide variety of causes, is one of the world’s
most prominent neurological disabilities. Seizures, which are an expression of neuronal network dysfunction, occur
in a positive feedback loop of concomitant factors, including neuro-inflammatory responses, where seizures generate
more seizures. Among other pathways involved in inflammatory responses, the JAK/STAT signalling pathway has
been proposed to participate in epilepsy.

Here, we tested an in vitro model of temporal lobe epilepsy, with the hypothesis that acute blockage of STAT3-phos-
phorylation during epileptogenesis would prevent structural damage in the hippocampal circuitry and the imprint-
ing of both neural epileptic activity and inflammatory glial states. We performed calcium imaging of spontaneous
circuit dynamics in organotypic hippocampal slices previously exposed to epileptogenic conditions through the
blockage of GABAergic synaptic transmission.

Epileptogenic conditions lead to epileptic dynamics imprinted on circuits in terms of increased neuronal firing and
circuit synchronization, increased correlated activity in neuronal pairs and decreased complexity in synchronization
patterns. Acute blockage of the STAT3-phosphorylation during epileptogenesis prevented the imprinting of epileptic
activity patterns, general cell loss, loss of GABAergic neurons and the persistence of reactive glial states. This work
provides mechanistic evidence that blocking the STAT3 signalling pathway during epileptogenesis can prevent
patho-topological persistent reorganization of neuro-glial circuits.
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Introduction

Epilepsy is a neurological disorder characterized by chronic aberrant
patterns of cerebral activity, i.e. seizures, which appear in conjunc-
tion with other symptoms such as convulsions, loss of conscious-
ness and mental absence. Typically, once they have appeared,
epileptic patterns remain imprinted in the brain, and ictal activity re-
appears chronically, possibly developing and scaling up symptoms
with additional dysfunction.”™ The relationship between causes,
prognosis and symptomatology is broad, complex and not fully
understood.® As a result, not all epileptic patients respond equally
to the same drugs.®’ Antiepileptic drugs can work via different me-
chanisms and often are aimed at preventing hyper-excitable brain
conditions that provide a fertile substrate for ictal patterns to appear
and uncontrollably spread to the rest of the brain.®?

The epileptogenic process, leading to the final imprinting of an
epileptic brain, has been hypothesized to be a positive feedback
loop in which seizures lead to more seizures through complex in-
teractions that involve, among others, neuronal death, gliosis,
emergence of aberrant connectivity, hyper-excitation and neuroin-
flammation.® In the case of temporal lobe epilepsy (TLE), the most
prevalent form of epilepsy, the circuit originating the seizures is lo-
cated in the temporal region of the brain, specifically the hippocam-
pus. Although the triggers that cause the hippocampus to become
epileptogenic are not always known, and drugs are not always ef-
fective as treatment, sometimes its surgical removal can lead to
the disappearance of the seizures, confirming its key role in the
generation of ictal activity.'*

Understanding the mechanisms underlying epileptogenesis, i.e.
what turns a functional circuit into an epileptic one capable of gen-
erating ictal patterns of activity, is still a major open question: the
key to developing new effective treatments for epilepsy.

In our study, we aimed to provide a clearer link between gliosis (an
initial marker of the neuro-glial inflammatory response) and epilep-
togenesis. In the last few years, clinical studies and experimental
findings have confirmed that inflammatory pathways are implicated
in epilepsy. Although several signalling pathways have been sug-
gested to participate in the development and progression of epilepsy,
in this study we focused on the JAK/STAT signalling pathway and, in
particular, the STAT3 transcription factor. This pathway is involved
in several processes such as cellular proliferation, differentiation,
neuron survival, death and synaptic plasticity.’>™* The induction of
epilepsy leads to activation of STAT3"; therefore, it has been hy-
pothesized that its inhibition could reduce neuronal damage and
the progression of epilepsy. WP1066, which inhibits the STAT3 path-
way, has been reported to reduce seizure severity and the progres-
sion of early epileptogenesis in a mouse model of epilepsy,'® but
the mechanisms of these effects are far from being understood.

In our study, we hypothesized that the acute blockage of STAT3
in the presence of pro-epileptic conditions could attenuate the dam-
age induced by the reactive gliosis response on brain circuits, pre-
venting the manifestation of epileptic activity'® along with cell loss.

Our results lay in the longitudinal monitoring of the activity of
circuits previously exposed to epileptogenic hyper-excitation by
simultaneous blockage of GABAergic synaptic transmission and
STATS3 signalling. In particular, we show that affecting the JAK/
STAT pathway prevents the future appearance of hyper-
synchronized patterns of activity, cell loss, depletion of inhibitory
cells and persistence of gliosis (a main marker for neuro-glial in-
flammatory states). Our study provides strong support that acute
treatments affecting reactive gliosis can prevent patho-topological
reorganizations that lead to the imprinting of epileptic dynamics.
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Materials and methods

The preparation of slice cultures was carried out as described by
Obiega et al.'’ In brief, post-natal Day (P)5-7 wild-type pups were de-
capitated and the brains extracted and placed in cold dissection
medium [96% HBSS, 2% HEPES, 1% penicillin/streptomycin, 0.7%
glucose (2.5 M) and 0.3% of NaOH (0.5 M)]. Both hippocampi were
dissected out and cut into 300 ym slices using a vibratome. Both
hippocampi were cut in cold artificial CSF (195mM sucrose;
2.5mM KCl; 1.25mM NaH,PO,; 28 mM NaHCOs; 0.5 mM CaCly;
1mM L-ascorbic acid/Na-ascorbate; 3mM pyruvic acid/
Na-pyruvate; 7 mM glucose; 7 mM MgCl, in MiliQ) bubbled with
5% CO,."® After slicing, the slices were transferred to 0.4 um culture
plate inserts (Millipore, PICM01250). The membranes were placed in
24-well plates, each well containing 250 pl of culture medium. The
medium consisted of 50% Minimum Essential Medium supplemen-
ted with 2% B27, 25% horse serum, 2% Glutamax, 0.5% penicillin/
streptomycin, 0.5% NaHCOs;, 0.5% glucose (2.5M), 0.8% sucrose
(2.5 M) and 18% HBSS. Slices were incubated at 37°C and 5% CO,.
The medum was changed on the first day after doing the culture
and every 2 days afterwards. Slices were kept in culture for 7 days
before changing to fresh culture medium without B27.%%%°

Epilepsy was induced by the addition of the GABA, receptor in-
hibitor picrotoxin (PTX; 100 pM). PTX, vehicle or the inhibitor of
the STAT3 pathway, WP1066 (1.25 pM), was added with serum-free
media for 3 days. These results are shown in Supplementary Fig. 1A
and B. As per the results in Supplementary Fig. 2A and B, it was
added for 1 day starting at 12 days in vitro (DIV). During the induc-
tion of epilepsy, the medium was replaced every day, adding fresh
serum-free media and PTX/vehicle and/or WP1066.

To evaluate the role of glutamatergic synaptic transmission on the
dynamics of the induced circuits following exposure to epileptogenic
conditions (i.e. 3 days after exposure to PTX), we blocked AMPA/kai-
nate and NMDA receptors simultaneously by applying CNQX
(6-cyano-7-nitroquinoxaline-2,3-dione) (20 uM) and D-APS (D-2-amino
-5-phosphonopentanoate) (10 pM), respectively.

In preparation for calcium imaging, slices were infected with the
calcium indicator AAV1.SYN.Gcamp6f WPRE.SV40%° at 1 week after
slicing. Twenty-four hours after infection, the medium was chan-
ged. Calcium imaging was performed using a 20x objective on anin-
verted microscope (Zeiss Axio Observer.Z1 Apotome.2) for living
cell imaging, equipped with an AxioCam MRc camera, a chamber
for CO, and temperature control for maintaining the same condi-
tions as in the cellular incubator. For imaging, the 24-well plates
containingslices from the same animal donor under the four differ-
ent conditions [control (CNT), Control + WP1066 (CNT-WP), PTX,
PTX-WP)] were transferred to the microscope. The activity of each
slice was then imaged for a duration of 20 min. All slices were
imaged consecutively, and we did not follow any predefined se-
quence in the order of the slice being imaged in relation to the slice
group. The plates were left open to maintain the culture conditions
and avoid any disturbance.

For the analysis of CNQX (6-cyano-7-nitroquinoxaline-
2,3-dione)-D-AP5(DL-2-amino-5-phosphonopentanoic acid), the
slices were first imaged for 10 min to obtain the basal activity,
then CNQX or D-AP5 were added to the media, and after 30 min
of incubation under controlled conditions (37°C and 5% CO,), the
activity of each slice was again imaged for another 15 min.
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Figure 1 Experimental model, longitudinal calcium imaging and immunostaining. (A) Scheme of the positive feedback loop mechanism where sei-
zures lead to more seizures through complex interactions that involve gliosis and neuroinflammation ultimately leading to patho-topological organ-
ization of the neuro-glial circuit. (B) Scheme of the experimental procedure. The organotypic slices (OTC) were extracted at P5-7 (Day 0, d0) and
cultured. After 7 days (Day 7, d7), slices were infected for the expression of the GCaMP6f. From Day 12 (d12) to Day 14 (d14), slices were exposed to
PTX and/or WP1066. Imaging and immunostaining were performed 3, 7 and 10 days afterwards [i.e. at Days 17 (d17), 21 (d21) and 24 (d24); we refer
to them, respectively, as 3D, 7D and 10D]. (C) Representative image acquired at x10 magnification of the cells expressing the calcium sensor at d17.
Note that imaging of the neurons was performed in a quarter of the field shown, corresponding with the GCL region. (D) Quantification of STAT3 levels
by quantitative PCR with reverse transcription on the third day of PTX exposure. (E) Representative calcium traces of seven neurons from a control slice
at d17 with a zoomed-in visualization (grey shaded) of the calcium traces and spike onsets highlighted with black markers. (F) Health of the circuits
as assessed by the density of live cells per mm?. (G) Representative raster plots (top) showing the calcium spike onsets of each cell over time in the
four experimental groups at d17. The percentage of active cells per frame is plotted at the bottom.
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Figure 2 Single-neuron level: frequency of calcium events. For each cell, the average inverse of the intervals between consecutive calcium spikes is
considered to be the firing rate. From left to right: Results from slices at 3D, 7D and 10D are shown. (A) Pooled values at 3-7 and 10D across all slices
show the median (horizontal line) 25th-75th percentile limits, bottom to top range values and outliers (marked by red asterisks). (B) Cumulative dis-
tributions were obtained as an average across slices belonging to the same condition. Fifty identical equally sized intervals were chosen within the
minimum-maximum range of the variable across all groups. (C) The maximum difference between cumulative distributions shown in B (KS-S) for
all group comparisons. Right: Dots highlight the comparison in the PTX group versus all other groups. Left: Dots represent all other comparisons.

Significant data are denoted with asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.

Analysis of calcium imaging and circuit dynamics

Neuronal cell body segmentation was performed as described by
Kenner et al.** Briefly, the maximum value of each pixel across all
calcium images acquired for a given slice was used to reconstruct
the image template and to segment the contours of the neuronal
cells using the custom-made software HIPPO. For each frame, the
average value of the pixels within a cell contour was calculated,
and for each cell, a calcium time series was then constructed across
all frames. The time series were first high-pass filtered above
0.05 Hz to remove slow fluctuations and baseline changes, and
the traces were then deconvolved using the MATLAB function
‘deconvolveCa’ with default options, as derived and described by
Friedrich et al.?? The onsets of the calcium events were extracted
from the deconvolved calcium signal with start and end points
set by the respective thresholds of 0.05 and 0.04 AF/F (i.e. with a ratio
of 1.25). The automatic detection of calcium spikes was later visual-
ly inspected for each cell. When the event detection was considered

faulty, the starting and ending thresholds of a given calcium trace
were adjusted manually, always keeping, respectively, a ratio of
1.25between them. A binary time series representing the calcium ac-
tivity in each frame was first reconstructed for each cell, where the
‘ones’ marked the onset of calcium spikes. For each cell, the interval
between two consecutive onsets was used as the instantaneous fir-
ing rate (IF). To calculate the firing correlation in each neuronal pair,
the binary time series were smoothed with a Gaussian moving aver-
age using the MATLAB ‘smoothdata’ function with a window length
of four points, and the correlation C;; was calculated as:

1 T
G = 1 2 MO0 @

where x;(t) and x;(t) represent the time series of the neuronal pair
(i, j), T the total number of frames (typically about 4800 for a 20 min
recording) and the symbol || represents the norm of a vector [i.e.
the time series x;(t) and x;(t)].
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Only for assessing global synchronization were the binary time
series x;(t) smoothed with a different window length of 20, repre-
sented by s;(t), to address the dynamics emerging over larger
time windows compared to the one from the neuronal pair. We cal-
culated the global synchronization index at time t, GSI(t), by sum-
ming over all network smoothed activity:

Gsi) = 3 si() @

where nis the total number of imaged neurons. Network synchro-
nizations (NSs) exceeding a threshold of chance level with P <
0.05, were identified by GSI, as calculated from 1000 reshuffled
network dynamics in which single-neuron time series were ran-
domized, while keeping the same inter-event distribution in
each neuron.

To each NS was assigned the timestamp of the peak of the cor-
responding GSI. All the cells recruited within a time window of se-
ven frames around the GSI peak were considered to be participating
in the NS. The size of a NS event was calculated as the percentage of
cells participating in a given NS out of the total number n of imaged
neurons in the circuit. The instantaneous frequency of the NSin a
given circuit was calculated as the inverse of the intervals (in sec-
onds) between consecutive NSs. The similarity between two NSs
was calculated as the cosine between the two binary vectors A
and B:

1 n
Sap=—— Y AB; 3
TIAT B 21: o ®

where the vector components i are set to 1 if the neuron iis partici-
pating in the corresponding NS and 0 otherwise.

Table 1 shows for each group and day of recording, and for each
slice, the imaged neurons per slice (ImN) and the number of NSs
that occurred within the 20 min duration of the recordings.

At the end of the calcium imaging sessions, slices were washed
with PBS and fixed with 4% paraformaldehyde for 30 min at room
temperature. Immunohistochemical techniques were performed
as described previously.?*?* Slices were incubated with blocking
and permeabilization solution containing 0.25% Triton-X100 and
3% bovine serum albumin in PBS for 3h at room temperature.
They were then incubated overnight with the primary antibodies
(diluted in the same solution) at 4°C. After washing with PBS, the
sections were incubated with fluorochrome-conjugated secondary
antibodies diluted in the permeabilization and blocking solution for
3 h atroom temperature. After washing with PBS, the sections were
mounted on slides with Dako fluorescent mounting medium
(Agilent-Dako S3023). The following primary antibodies were
used: goat a-glial fibrillary acidic protein (GFAP) (Abcam Ab53554,
1:1000); rabbit a-Iba 1 (Wako 19- 19741, 1:1000); mouse a-NeuN
(MerkMillipore, MAB377, 1:1000); rabbit «-GABA (GeneTex
GTX125988, 1:1000); and rabbit a-GAD (Sigma-Aldrich G5163). The
secondary antibodies (ThermoFisher Scientific; 1:1000), were: don-
key a-rabbit Alexa Fluor 568 (A10043); donkey a-mouse Alexa Fluor
647 (A-31571); goat a-rabbit Alexa Fluor 488 (A-11034); and donkey
a-goat Alexa Fluor 488 (A-21084). 4',6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich D9542) was used for staining.
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All fluorescence images were collected with a Leica Stellaris 5
(Leica) microscope and LASAF software. Images were exported as
tiff files and adjusted for brightness and background using Adobe
Photoshop (‘levels’ tool). All images shown are projections, from
z-stacks of ~5 pm thickness.

Quantitative analysis of cell populations was performed by design-
based (assumption free, unbiased) stereology using a modified
optical fractionator-sampling scheme.?®?* All the quantifications
regarding the GABAergic cell population were normalized to the
number of NeuN+ cells (all neurons) in each slice. Therefore, we
quantified the proportion of GABAergic cells within the total neur-
onal population.

The area occupied by astrocytes was measured in the slices using
the open-source FIJI (Image]). GFAP*-cells were selected in z-stacks
using the ‘Threshold’ tool to outline the pixels of the image labelled
with GFAP. The ‘Measure’ tool was used to calculate the percentage
area occupied by the staining in the image that had been high-
lighted using the threshold.”® Both measures were calculated
from at least five z-stacks from a minimum of three hippocampal
slices.

Apoptosis was quantified as previously described.?” The number of
pyknotic/karyorrhectic (condensed/fragmented DNA) nuclei were
quantified in the region of the granule cell layer (GCL) + subgranular
zone (SGZ).

GraphPad Prism (v.6 for Windows) was used for statistical analysis
in Figs 5 and 6. One-way ANOVA was performed in all cases to com-
pare data from the CNT, CNT-WP, PTX and PTX-WP groups in all the
experiments. Error bars represent mean +standard error of the
mean (SEM). Dots show individual data points. To confirm the effect
of the analysis, Student’s t-test was carried out. Results are ex-
pressed as means + SEM. Significant data are denoted with aster-
isks as follows: *P < 0.05; **P < 0.01; **P < 0.001.

MATLAB was used for the statistical analysis of the following
variables quantifying networks’ dynamics: single-neuron firing
rate, neuronal pair correlation, NS (size and frequency) and syn-
chronization similarity.

The analysis was performed similarly in Figs 2A, 3A and 5A,
Fig. 4B and C and Supplementary Figs 1 and 2, using pooled data-
sets. Specifically, given a variable, all the data obtained from differ-
ent slices belonging to a given experimental group (CNT, CNT-WP,
PTX, PTX-WP) and day of experiment [Day 3 (3D), Day 7 (7D) and Day
10 (10D)] were pooled. Post hoc statistical differences between
groups were assessed using the Kruskall-Wallis test for non-
parametric group comparisons with corresponding P-values for
each pair of groups. Corresponding plots represent medians, 25-
75% percentile limits, smallest-highest values and outliers for
each group.

Figs 2B, 3B and 5B and Fig. 4D and E represent the cumulative
distributions obtained as averages across slices for a given
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Table 1 The total number of slices imaged, the imaged neurons per slice (ImN) and the number of circuit synchronizations (NS)
that occurred during the 20 min recordings for each group and day of recording

Condition Control Control WP PTX PTX-WP
Day Slice ImN NS Slice ImN NS Slice ImN NS Slice ImN NS
3 1 70 31 1 71 56 1 83 94 1 56 36
2 77 80 2 66 58 2 105 55 2 97 56
3 163 75 3 150 44 3 84 67 3 105 53
4 140 72 4 107 57 4 113 94 4 112 96
5 135 54 5 109 67 5 59 61 5 79 53
- - - - - 6 95 168 - - -
7 1 99 55 1 72 41 1 70 94 1 139 87
2 100 74 2 124 80 2 92 94 2 90 77
3 105 64 3 84 54 3 96 63 3 98 74
4 58 43 4 103 39 4 100 72 4 102 57
5 75 38 5 84 53 5 107 74 5 101 51
10 1 73 19 1 113 73 1 77 65 1 101 88
2 107 24 2 128 102 2 66 71 2 105 90
3 101 42 3 94 102 3 102 127 3 119 97
4 125 37 4 88 48 4 90 95 - - -
5 88 46 5 104 83 5 97 64 - - -

experimental group and day of recording. Specifically, the range of
the considered variable (from the smallest to the highest value) was
equally divided into 50 intervals. For each slice, the cumulative dis-
tribution of the variable was calculated on such intervals. The aver-
age cumulative distribution across slices was then calculated and
plotted.

Figs 2C, 3C and 5C and Fig. 4F and G plot the Kolmogorov-
Smirnov statistics (KS-S) as a measure of distance between two ex-
perimental groups. Given a pair of experimental groups (out of CNT,
CNT-WP, PTX and PTX-WP), the KS-S was calculated as the max-
imum difference between the corresponding cumulative distribu-
tions on each interval of the variable considered.?®

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results

To assess the impact of inhibiting STAT3 signalling pathway during
epileptogenesis, we studied in vitro hippocampal organotypic
slices generated at P5-7 and cultured for at least 17 days (see
Fig. 1A and B).

As a model of epileptogenesis, we exposed the circuits to
hyper-excitation transitorily, by blocking GABAergic transmission
with picrotoxin (PTX), an antagonist of the GABA-A receptor.
STAT3 pathway blockage was performed using WP1066, which in-
hibits the transcription of the STAT3 gene.'® We designed four ex-
perimental groups: (i) the control condition (CNT group), in which
cultured slices were never exposed to epileptogenesis or STAT3 in-
hibition; (ii) the epileptogenic condition (PTX group), in which cul-
tured slices underwent suppression of GABAergic transmission in
extracellular presence of PTX (100 uM) from DIV12-14; (iii) the epi-
leptogenic and inhibited-STAT3 condition (PTX-WP group), in
which slices underwent suppression of GABAergic transmission

as in the PTX group with simultaneous extracellular application
of the STAT3 inhibitor WP-1066 (1.25 uM); and (iv) the control un-
der inhibited-STAT3 condition (CNT; CNT-WP group), in which
slices were exposed to WP1066 (1.25puM) from DIV12-14. The
slices obtained from the same animal (batch) were separated to
cover the four different experimental conditions, cultured on
the same multi-well plate and imaged on the same DIV (see the
‘Materials and methods’ section). The effective need for prolonged
exposure (3 days) to GABAergic synaptic blockers to induce a suf-
ficiently long epileptogenic time window, leading to an impact on
the dynamical states of the slices, was preliminarily verified
(Supplementary Fig. 1A and B) in relation to single-neuron and
global circuit dynamics as described below in the corresponding
‘Results’ sections.

To monitor longitudinally the activity of circuits, we expressed
GCaMPéf only in neurons (with viral infection at 7 DIV under the
hSyn promoter, see the ‘Materials and methods’ section; Fig. 1B)
and performed calcium imaging around the GCL (Fig. 1C) at 17, 21
and 24 DIV (which corresponded to 3, 7 and 10 days following the
application of PTX/WP1066; Fig. 1B). The blockage of STAT3 expres-
sion using WP1066 was first checked by quantifying using quantita-
tive PCR with reverse transcription of the mRNA levels of STAT3 on
the third day of PTX exposure, under the different conditions
(Fig. 1D). The treatment with PTX increased the expression of
STAT3, whereas it was prevented by concomitant application of
WP1066. The spontaneous circuit dynamics were monitored simul-
taneously in several dozen neurons over 20 min, while fully pre-
serving the culturing conditions. Following semi-automated cell
contour segmentation and detection of calcium spikes, the onsets
of calcium events were extracted from each neuronal trace to re-
construct the circuit dynamics from single-neuron firing properties
to pair and ensemble synchronizations (Fig. 1E-G). In addition, at
3D, 10D and 10D, slices were stained for the immunochemical char-
acterization of the glial neuro-inflammatory state of cellular altera-
tions (i.e. counting alive/apoptotic cells and GABAergic cell density
in the GCL; Figs 1F, 6 and 7). The density of live cells was used to
monitor the health of the organotypic cultures (Fig. 1F). As ex-
pected, there was a progressive decrease in cell density with time
in culture.?’
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Figure 3 Pair-wise level: firing correlation in neuronal pairs. (A) Pooled values at 3-7 and 10D across all slices of the firing correlation show the median
(horizontal line) 25th-75th percentile limits, bottom to top range values and outliers (marked by red asterisks). (B) Cumulative distributions obtained as
averages across slices belonging to the same conditions. Fifty identical equally sized intervals were chosen within the minimum-maximum range
across all groups. (C) The maximum difference between cumulative distributions shown in B (KS-S) for all group comparisons. Right: Dots highlight
the comparison in the PTX group versus all other groups. Left: Dots represent all other comparisons. Significant data are denoted with asterisks: *P

<0.05; *P < 0.01; ***P < 0.001.

Blockage of STAT-3 restores neuronal firing under
epileptogenic conditions

We first focused on single-neuron dynamics, and in each neuron,
we calculated the instantaneous frequency of calcium events (IF,
i.e. the inverse of the time interval between consecutive calcium
spikes) as an indicator of neural firing frequency and general circuit
excitability. The effective need of a prolonged exposure (3 days) to
GABAergic synaptic blockers to affect neural firing was preliminar-
ily verified. The application of PTX just for 1 day slightly increased
the average neural firing frequency compared to control conditions
(0.06 and 0.04 Hz in PTX and in control conditions, respectively;
Supplementary Fig. 1A). However, 3 days of PTX exposure signifi-
cantly increased the average neural firing frequency 3-
fold compared to 1 day of PTX exposure at 0.18Hz
(Supplementary Fig. 1B). To further confirm our model, we imaged
the slices in the presence of PTX (on the third day of exposure) and
also at 3D (i.e. 3 days after the PTX wash out). The hyper-excitable

epileptic-like state in presence of PTX was characterized by an aver-
age neural firing frequency of 0.15 Hz: significantly higher than the
corresponding control condition. Therefore, the average neural fir-
ing frequency was significantly increased compared to correspond-
ingbaseline conditions both in presence of PTX and similarly 3 days
after the wash out of PTX (Supplementary Fig. 1C). Baseline control
activity and hyper-active neural firing observed in PTX-treated
slices at 3D was abolished in presence of glutamatergic synaptic
blockers (CNQX 20 pM and D-AP5 10 pM blocking AMPA/Kainate
and NMDA receptors, respectively), confirming that baseline activ-
ity and higher neural firing induced by long PTX exposure are
grounded on glutamatergic transmission (Supplementary Fig. 1D).
Given these observations, we used 3 days of PTX treatment to
have a clear impact after the wash out of the GABAergic blocker.
We next focused on single-neuron dynamics under the four dif-
ferent experimental conditions at 3D, 7D and 10D (Fig. 2) after PTX
exposure. We imaged an average of 98 + 22 neurons across all ex-
perimental conditions as summarized in Table 1, on a total of n=
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Figure 4 Ensemble level: size and frequency of circuits’ synchronizations. (A) Representative zoomed raster plot (top) of the smoothed calcium spike
onsets and the sum per frame of the activity (bottom). The asterisks mark synchronizations for which the sizes were above chance level (marked as a
horizontal line). (B and C) Pooled values of synchronization sizes (B) and frequencies (C) at 3-7 and 10D across all slices showing median (horizontal line)
25th-75th percentile limits, bottom-top range values and outliers (marked by red asterisks). (D and E) Cumulative distributions of synchronization
sizes (D) and frequencies (E) obtained as averages across slices belonging to the same conditions. Fifty identical equally sized intervals were chosen
within the minimum-maximum range across all groups. (F and G) Maximum differences (KS-S) between cumulative distributions shown in D and
E, respectively, for all group comparisons. Right: Dots highlight the comparison in the PTX group versus all other groups. Left: Dots represent all other
comparisons. Significant data are denoted with asterisks. *P < 0.05; **P < 0.01; ***P < 0.001. A similar plot scheme to Figs 2 and 3 was used in B-G.
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Figure 5 Ensemble level: similarity between circuits’ synchronizations. (A) Pooled values at 3-7 and 10D across all slices show the median (horizontal
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groups. (C) Maximum difference between cumulative distributions shown in B (KS-S) for all group comparisons. Right: Dots highlight the comparison
in the PTX group versus all other groups. Left: Dots represent all other comparisons. A similar plot scheme to Figs 2 and 3 was used.

60 slices. The comparison of single-neuron firing frequency be- KS-S, i.e. the maximum difference between cumulative distribu-
tween groups (and similarly to other neural dynamics variables tions (Fig. 2C), as a metric of distance (i.e. difference) between
shown in Figs 3, 4 and 5) was performed both on the values of IF groups. The KS-S values between the epileptic group (PTX) and all
pooled across all slices and neurons (obtaining one global distribu- other groups (CNT, PTX-WP and CNT-WP; see red dots in Fig. 2C)
tion per group; Fig. 2A) and on the average cumulative distributions were always (i.e. at 3D, 7D and 10D) higher when compared to the
of IF across slices (Fig. 2B and C), as described below. distance between the other groups (blue dots).

After pooling IFs across all neurons from all slices within the Summarizing the results, the higher levels of single-neuron fir-
same group and day of recording (n > 325, see Table 1), non- ing in the circuits exposed to epileptogenic conditions (PTX group)
parametric group comparison (Kruskal-Wallis test, see ‘Materials confirmed the induction of a hyper-excitable epileptic-like state.
and methods’ section) revealed a significant difference at 3D, 7D Importantly, the acute inhibition of the STAT3 restored the level
and 10D between the PTX group and all other groups (Fig. 2A). of single-neuron firing to baseline control conditions.

Although differences in some cases could also be detected between
other groups, the median IF of the PTX group (Fig. 2A, red horizontal
line in the bar plots) was always the highest.

Further quantification of the statistical difference between the

Blockage of STAT3 preserve physiological neuronal
pair-wise dynamics

groups was performed using the distance between average cumula- As ictal and inter-ictal epileptic dynamics are characterized by
tive distributions (in this case data were not pooled but averaged pathological synchronous events across neurons and brain circuits,
across slices, and therefore a representative average cumulative we next looked at the coordinated firing across cells in the circuits,
distribution for each group and recording day was reconstructed, focusing first on the neuronal pairs level. Physiologically, commu-

see ‘Materials and methods’ section and Fig. 2B). We used the nication between neuronal pairs leads to correlated neuronal pair
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activity. However, synchronous epileptic dynamics could emerge
from the pair-wise level scaling up to circuits. Therefore, we ex-
pected a higher pair-wise correlation in the spontaneous firing of
epileptic circuits. As a result, we calculated the correlation between
the smoothed time series of neuronal firing (see Fig. 3 and
‘Materials and methods’ section).

Non-parametric group comparison of the pooled statistics of fir-
ing correlations across all neuronal pairs and slices showed signifi-
cant differences between all groups at 3D, 7D and 10D (Fig. 3A). Note
that the statistic on the neuronal pair scales was the square of the
number of neurons; therefore, the number of pooled observations
in each group and on each recording day was very high (>17 530
neuronal pairs) compared to single-neuron statistics. At 3D, the
median of the firing correlations in the PTX group was remarkably
higher (>33%) when compared to the other cases (0.52 in PTX, 0.39
in CNT, 0.23 CNT-WP and 0.34 in PTX-WP group, respectively).
Also, on 3D the KS-S revealed higher differences between the epi-
leptic group and other groups as shown in Fig. 3B and C. The
same trend, but attenuated, was observed at 7D with higher pair
correlation (>11%; 0.30 PTX, 0.22 CNT, 0.18 CNT-WP, 0.27 PTX-WP
group) and higher KS-S, when comparing the PTX group with the
others. At 10D, both medians of IF and KS-S differences showed
similar values when comparing groups. Summarizing the results,
higher levels of pair-wise synchronized dynamics were observed
in the epileptic group at 3D and 7D, but not at 10D (when also the
density of alive cells in the circuits displayed lowest values, as pre-
viously shown in Fig. 1E).

Since synchronization is a key feature of epileptic activity, but also
a physiological feature of spontaneous circuit dynamics, we
next quantified NS (Fig. 4). Because synchronized events could
also be detected by chance, simply as a consequence of the back-
ground neuronal activity, we considered only synchronizations
with a number of recruited cells above chance level (Fig. 4A) here;
these were estimated from reshuffled random firings keeping the
same firing frequency in a single neuron (see the ‘Materials and
methods’ section). Similar to the single-neuron firing, we first veri-
fied that a prolonged exposure (3 days) to GABAergic synaptic
blockers endured a sufficiently long epileptogenic time window to
impact NS (Supplementary Fig. 2). When looking at the frequency
of circuit synchronization for slices treated for only 1 day with
PTX, we did not observe any significant increase in the frequency
of circuit synchronizations compared to corresponding control
conditions (Supplementary Fig. 2A). On the contrary, a significant
increase in the synchronization frequency was observed when
slices were treated for 3 days with PTX (Supplementary Fig. 2B).
Notably, a similar increase in the frequency of synchronizations
was observed in the presence of PTX (i.e. the disinhibited epileptic
condition; Supplementary Fig. 2C).

Next, we quantified the instantaneous frequency (Fig. 4B, D and
F) and the size (Fig. 4C, E and G) of the synchronizations; the latter
was quantified as a percentage of recruited cells within the imaged
neural population.

The pooled statistics of circuits’ synchronizations showed simi-
lar trends at 3D and 7D. Specifically, non-parametric statistics
showed that the PTX groups were significantly different from all
other groups in terms of frequency and size of circuit synchroniza-
tion (P < 0.05), whereas all other groups did not show significant dif-
ferences between them. Higher frequencies of synchronizations
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(medians at 3D and 7D of PTX group were 0.11 and 0.09 Hz, respect-
ively, while all other groups had median values of 0.07 Hz) and per-
centage of recruited neurons in synchronized events (medians of
groups at 3D: PTX 76.8%, CNT 46.6%, CNT-WP 46.8%, PTX-WP
52.7%; medians of groups at 7D: PTX 57%, CNT 42.0%, CNT-WP
40.8%, PTX-WP 42.9%) were observed in the PTX group compared
to the other groups. Similarly, at 3D and 7D, the KS-S showed higher
differences between the PTX group and all other groups (Fig. 4B and
C). At 10D, such trends were no longer observed and the pooled sta-
tistics revealed a significant difference between CNT and all other
groups in terms of synchronization frequency (Fig. 4C); whereas,
in terms of synchronization size, all groups were significantly dif-
ferent apart from the cases of CNT versus PTX and CNT-WP versus
PTX-WP (Fig. 4D). At 10D, the KS-S did not show the previous trends
observed at 3D and 7D. Summarizing the results, synchronized en-
semble dynamics in the epileptic group were more frequent and re-
cruited a larger number of neurons at 3D and 7D, whereas at 10D
such trends did not persist.

Given that epileptic circuits present dysfunctional topological
organizations with hypersynchronous patterns, to characterize
the complexity of spontaneous ensemble dynamics in terms of
the richness in the repertoire of synchronization patterns gener-
ated by the circuits, we observed similarity between the circuit
synchronizations (Fig. 5). The underlying hypothesis was that,
in a dysfunctional circuit, reduced complexity should be observed
in the generated patterns and dynamics. We quantified the simi-
larity of the generated synchronized patterns as the cosine of the
angle between the binary vectors representing the neurons re-
cruited in the circuit synchronizations (see the ‘Materials and
methods’ section). The pooled statistics revealed significant dif-
ferences between all groups at 3D, 7D and 10D (Fig. 5A). Note
thatin this case, as in the neuronal pairs correlation, the number
of observations (>3008 pairs of synchronization) scaled as the
square of the total number of synchronizations. At 3D, the me-
dian similarity of the synchronizations generated in the PTX
group was very high (median 0.89 out of a possible maximum of
1) compared to the other groups (0.57 CNT, 0.57 CNT-WP and
0.64 PTX-WP). The gap was attenuated at 7D (0.63 PTX, 0.49 CNT,
0.57 CNT-WP and 0.52 PTX-WP). KS-S showed clearly how the dis-
tribution of events both at 3D and 7D in the PTX group was con-
sistently more distant to all other groups (Fig. 5B and C). These
trends in the similarity of synchronization patterns were not pre-
sent at 10D.

The PTX group showed stereotypical patterns of hyper-excitable
epileptic states from single-neuron firing to increased pair-wise
correlations and larger ensemble synchronizations. These altera-
tions were attenuated in general by the inhibition of STAT3. We
therefore tested whether this beneficial effect could be mediated
by a reduction in neuroinflammation and preservation of inter-
neurons (i.e. GABAergic neurons). We first performed immunos-
taining to quantify the density of apoptotic cells and of inhibitory
neurons (i.e. GABAergic cells). According to previous reports®®=°
on the loss of GABAergic neurons across the development and in-
stalment of epilepsy, we hypothesized that: (i) PTX induces the
loss of GABA cells leading to hyper-excitable circuit states; and (ii)
inhibition of STAT3 during the time window of epileptogenesis re-
duces cellular damage affecting the emergence of epileptic circuit
dynamics (Figs 2-4).
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As a result, we quantified the number of GABA-positive cells in
the GCL, out of the whole population of neurons (NeuN-positive
cells; Fig. 6A). At 3D, we saw that the presence of GABA cells in
the epileptic group was reduced to 2%, ~50% less than that seen
under all other conditions, in which the GABAergic population re-
presented ~4% of the overall neural population (Fig. 6B). Similar re-
sults were obtained at 7D (central plot of Fig. 6B), although showing
a general decrease in the GABAergic population under all
conditions (more pronounced in the PTX-WP group with values
around 3%). Also, at 10D we observed under all conditions a general
decrease in the percentage of GABAergic neurons, but the trend for
3D and 7D to have the lowest values observed in the PTX group was
maintained (right plots of Fig. 6B). We further confirmed these re-
sults by using GAD antibody (Supplementary Fig. 3A). The quantifi-
cation of GAD-positive cells in the GCL across the different
experimental conditions at 3D presented the same trend shown
when using the GABA antibody, although with slightly lower
density values (Supplementary Fig. 3B).

Since GABAergic cell presence was reduced under epileptic con-
ditions but preserved by the acute blockage of the STAT3, we next
looked at overall cell loss and quantified the presence of dead cells
at 3,7 and 10 days counting the number of apoptotic cells GCL + SGZ
(see the ‘Materials and methods’ section) as a readout of cellular
damage through nuclear staining using DAPI (Fig. 6C). We found
that at 3D and 7D, cell loss was higher in the epileptic group, with
a more significant ratio of apoptotic cells compared to the other
conditions. This result highlighted general circuit structural dam-
age in the epileptic group. The inhibition of STAT3 under epilepto-
genesis (PTX-WP group) prevented general cellular damage. At 10D,
the whole experimental group showed a similar presence of dead
cells, but this also corresponded to the lowest and similar densities
of live cells in the cultures (as previously shown in Fig. 1E).

Overall, these immuno-characterizations showed that epileptic
conditions induce a general loss of cells targeting the GABAergic
neuronal population preferentially, which was decreased to half
of the baseline levels, and that anti-inflammatory conditions pre-
vent overall cell loss, specifically that of GABAergic cells.

Since we studied the impact on the epileptogenic conditions of
inhibiting the STAT3-mediated response, we next characterized
the inflammatory profile of the circuit in the different glial popula-
tions. Reactive glia, involving both astrocytes and microglia, is one
of the hallmarks of epilepsy. We first focused on reactive astroglio-
sis, measuring the overall area occupied by GFAP staining at 3D, 7D
and 10D, because an overexpression of GFAP represents a hallmark
of reactive astrocytes (Fig. 7A). At 3D, 7D and 10D, the expression of
GFAP was significantly higher in the PTX group compared to all
other groups (Fig. 7B). However, the inhibition of STAT3 significant-
ly reduced the area occupied by GFAP to control levels.

Next, we tested the reactivity of the microglia cells, using the
specific microglial marker Ibal (Fig. 7C). Similar to what we ob-
served for astrocytes, we found that the expression of Ibal, as mea-
sured by the area occupied by the marker, was significantly
increased in the PTX group compared to all other groups at 3D, 7D
and 10D (Fig. 7D). The blockage of STAT3 reduced the area occupied
by Ibal to control levels.

Our results on glial reactivity show that STAT3 transcription in-
hibition alone was able to prevent the reactivity response of both
astrocytes and microglial cells under epileptogenic conditions.

The overall immunostaining characterizations of the structural
and inflammatory profiles of the circuits show that hyper-excitable
conditions induce a general reactive gliosis accompanied by an in-
crease in the number of apoptotic cells with a greater loss in
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GABAergic population, which are stereotypical hallmarks of epilep-
tic states. Notably, we emphasize again that the sole inhibition of
STA3 transcription was capable of preventing the induction of
these epileptic markers.

Discussion

We used organotypic hippocampal cultures as an in vitro model of
TLE, similar that described previously in the literature.’”*®3* We
exposed transitorily cultured circuits to pro-epileptic hyper-
excitable conditions by suppressing GABAergic synaptic transmis-
sion to model epileptogenesis. Preliminarily, we report that pro-
longed exposure to GABAergic synaptic blocker PTX (3 days of
treatment) was effective and needed to observe a clear impact on
neural dynamics. This effect was not achieved when the slices
were exposed to PTX for just 1 day. Using calcium imaging to moni-
tor spontaneous neural dynamics simultaneously in dozens of neu-
rons from 3 to 10 days following epileptogenic episodes, we
observed that at 3D and 7D monitored circuits showed increased
single-neuron firing, increased firing correlations in neural pairs,
higher frequencies of circuit synchronizations with higher num-
bers of recruited neurons and decreased complexity of synchro-
nized patterns (i.e. a less rich repertoire of activity as reflected by
a higher similarity between generated patterns). In addition, in
agreement with previous results on epileptic circuits, we observed
increased cellular loss,? particularly with respect to the GABAergic
population.?

It is known that the pattern of expression of organization of
GABAergic cells in developmental circuits resembling adult condi-
tions was not observed before P10.3® This is a key point to under-
standing the percentage of GABAergic cells obtained in our
experimental model, as it is based on slices extracted at P5-7.

Therefore, a lower presence of inhibitory cells was present in
the epileptic circuits, favouring the appearance of hyper-excitable
states with an increased frequency of single-cell and coordinating
circuit activity. Moreover, epileptic circuits showed a persistent in-
flammatory glial profile as revealed by astrocytic and microglial
markers

Although such observations on in vitro hippocampal slices are in
general agreement with previous literature,™* to the best of our
knowledge, this is the first time that spontaneous synchronizations
and emergent collective dynamics have been studied consistently
and quantified in epileptic circuits longitudinally over the days
after epileptogenesis. This was made possible by maintaining un-
disturbed culture conditions during the imaging sessions, avoiding
the perfusion of extracellular ACSF or medium, which was a major
protocol used in previous works.*®

When we selectively blocked STAT3,* concomitantly during
the time windows of epileptogenesis (by simultaneous application
of PTX and WP1066), we observed that epileptic dynamics, cellular
loss, GABAergic cell depletion and reactive gliosis were not present
in the neuro-glial circuits, with variable values at baseline control
levels. This was clear longitudinally at 3 and 7 days following epi-
leptogenesis, whereas at 10 days no clear differences or trends
were observed.

The general loss of difference between the experimental condi-
tions at 10D, in terms of circuit dynamics, GABAergic density and
neuro-inflammatory profile, can be explained by the progressive
cellloss and decreased density of alive cells in the cultured circuits,
which occurred under control conditions and all other tested condi-
tions. Although at 10D the level of apoptosis in all groups was simi-
lar, importantly, the composition of the neuronal population could
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Figure 7 Circuits’ neuro-inflammatory profile: WP1066 prevent the glial inflammatory state that is presentin epileptic circuits. (A) Representative con-
focal microscopy images showing the area occupied by the astrocytic marker GFAP in the different conditions at 3, 7 and 10 days. (B) Quantification of
the area occupied by GFAP at 3, 7 and 10 days after the addition of PTX/WP1066. (C) Quantification of area occupied by Ibal at 3, 7 and 10 days after the
addition of PTX/WP1066. (D) Representative confocal microscopy images showing the area occupied by the microglial marker Ibal at 3, 7 and 10 days.
Scale bar = 10 um. One-way ANOVA after all pair-wise multiple comparisons by the Holm-Sidak post hoc test. Bars show mean + SEM. Dots show indi-

vidual data. *P < 0.05, **P < 0.01, **P < 0.001.

play arole, since the GABAergic population was preserved with the
treatment (WP1066).

Ithas been reported that time in culture directly affects the integ-
rity and viability of cultured slices,?” with the period from DIV7 to
DIV14 being of particular vulnerability, and eventually the slices can-
not be maintained alive past a few weeks. Organotypic hippocampal
slices are commonly used as an in vitro model of seizures and chronic
epilepsy.'” Here, we demonstrated that PTX-treated organotypic cul-
tures recapitulate the most typical features of epileptogenesis:

spontaneous electrical seizures, cell death, inflammation and alter-
ation of neuronal circuitry, as previously described by other
authors.?>** Although there is some controversy about the intrinsic
epileptic profile of organotypic slices, even under control condi-
tions,*® our results demonstrated that PTX-treated organotypic
slices are an excellent model for studying and understanding epilep-
togenesis. Indeed, when we imaged slices under commonly used
conditions, i.e. by perfusion of ACSF losing culture conditions, we
did not observe spontaneous synchronizations (unshown).
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Here we focused on the role of STAT3 in the development of epi-
lepsy and neuroinflammation. The JAK/STAT3 pathway is known
to be rapidly activated in the hippocampus after status epilep-
ticus.®” Previous reports have linked STAT3 activation to epilepto-
genesis,®® suggesting that STAT3 remains activated for up to 1
month, maintaining and aggravating the effect of astrogliosis.”
STATS3 could thus promote spontaneous seizures by contributing
to reactive gliosis triggered by the initial event. STAT3 can be
pharmacologically blocked by different drugs such as Pyridone or
WP1066. It was shown that STAT3 blocked by WP1066 lowered
the number of spontaneous seizures in a rat pilocarpine model of
epilepsy reducing the severity of subsequent seizures.'®

We herein extend some of these results, and show that inhib-
ition of STAT3 with WP1066 not only reduced the effect of epilepsy
on neuronal circuit functionality, but this strategy also precisely
preserved the topology of the circuit. We show that the alteration
of the neuronal circuits was accompanied by topological changes
such as the loss of GABAergic cells. We observed that the number
of GABAergic cells decreased in comparison to control conditions
at all time points. Interestingly, this loss of GABAergic cells has
been shown in in vivo TLE induced models by pilocarpine.?® The
role of GABAergic neurons in the development and prevalence of
epilepsy has been extensively studied in animal models, demon-
strating that GABAergic interneuron loss can change the excita-
tion/inhibition balance. In this work, we have shown for the very
first time that STAT3 blockage reduces GABAergic cell loss in an
in vitro model of epilepsy.

Neuroinflammation is another hallmark of epilepsy; therefore,
we resorted to analyse the inflammatory profile of the organotypic
slices. Gliosis includes both reactive astrocytes and reactive micro-
glia, as astrocytes and microglia are interconnected such that the ac-
tivity of one cell type affects the activity of the other.?®**! Here,
gliosis was measured by the area occupied by astrocytes and micro-
glia. Our results confirm previous results in which STAT3 inhibition
reduced GFAP and Ibal overexpression after epilepsy.” Thus, we
have shown that STAT3 inhibition could affect the activation of as-
trocytes and microglia in the epileptogenic process.

Our data suggest that the JAK/STAT inhibition at the onset of the
epileptic event could modify the progress of epilepsy. Inhibition of
this pathway may open up novel therapeutic possibilities as a com-
plement to other commonly used anticonvulsant drugs.
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