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The extracellular matrix (ECM) plays an important role in use-dependent synaptic plasticity.
Hyaluronic acid (HA) is the backbone of the neural ECM, which has been shown to modulate
a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate (AMPA) receptor mobility, paired-pulse
depression, L-type voltage-dependent CaZ* channel (l-VDCC) activity, long-term potentia-
tion and contextual fear conditioning. To investigate the role of HA in the development of
spontaneous neuronal network activity, we used microelectrode array recording and Ca2+
imaging in hippocampal cultures enzymatically treated with hyaluronidase. Our findings
revealed an appearance of epileptiform activity 9 days after hyaluronidase treatment. The
treatment transformed the normal network firing bursts and CaZ* oscillations into long-
lasting “superbursts” and “superoscillations” with durations of 11-100 s. The changes in
CaZ™ transients in hyaluronidase-treated neurons were more prominent then in astrocytes
and preceded changes in electrical activity. The Ca2* superoscillations could be suppressed
by applying the [-VDCC blocker diltiazem, whereas the neuronal firing superbursts could
be additionally suppressed by 6-cyano-7-nitroquinoxaline-2,3-dione as an antagonist of
AMPA/kainate receptors. These results suggest that changes in the expression of HA can
be epileptogenic and that hyaluronidase treatment in vitro provides a robust model for the
dissection of the underlying mechanisms.
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INTRODUCTION

The extracellular matrix (ECM) plays an important role in reg-
ulating use-dependent synaptic plasticity. Distinct aggregates of
ECM molecules surround cell bodies and proximal dendrites of
some central neurons, forming so-called perineuronal nets (PNNs;
Dityatev etal., 2010). These nets are heterogeneous in their struc-
ture and composition and are composed of molecules produced
by both neurons and astrocytes (Dityatev etal., 2010), such as
hyaluronic acid (HA), chondroitin sulfate proteoglycans of the
aggrecan family, tenascin-R and link proteins (Bruckner etal,
2000; Galtrey and Fawcett, 2007; Frischknecht and Seidenbecher,
2008). HA is a large, negatively charged, non-branched polymer
composed of repeated disaccharides of glucuronic acid and N-
acetylglucosamine. Recently, HA has been shown to affect both a-
amino-3-hydroxyl-5-methyl-4-isoxazolepropionate (AMPA) glu-
tamate receptor mobility and paired-pulse modulation in hip-
pocampal cultures (Frischknecht etal.,, 2009). Another study
established a mechanistic link between HA and long-term poten-
tiation (LTP) by showing that removing HA by hyaluronidase
(Hyase) suppresses L-type voltage-dependent Ca’>* channel (L-
VDCC)-mediated currents in hippocampal slices, reduces Ca’™*
transients in postsynaptic dendrites and spines, and specifically
abolishes an L-VDCC-dependent component of LTP (Kochla-
mazashvilietal.,2010). Furthermore, the injection of Hyase before

contextual fear conditioning impairs the formation/retention of
fear memories. A mathematical modeling study highlighted that
the ECM may function as a memory substrate by showing that
remodeling of ECM may lead to a bistability in which two dif-
ferent stable levels of average firing rates can coexist in a spiking
network (Kazantsev etal., 2012).The multiple roles played by the
ECM in healthy brain neuroplasticity suggest that it could be an
important factor for pathogenic plasticity associated with epilep-
togenesis (Dityatev, 2010), which results in the transformation
of normal neuronal network activity into spontaneous recurrent
epileptiform discharges (seizures; Robert etal., 1998). Although
accepted to be important, the exact contribution of the multi-
ple structural and functional pathological forms of plasticity in
hippocampal circuit alteration during epileptogenesis remains to
be elucidated. For most forms of epilepsy, it is unknown how
the hippocampus becomes hyperexcitable and how hyperexcitable
cells integrate into a pathologically functioning circuit, resulting
in the generation of spontaneous recurrent seizures. In recent
years, microelectrode array (MEA) and optical imaging technolo-
gies have developed rapidly, providing new options to perform
long-term, detailed analysis of neural circuitry dynamics.

In this study, we used these technologies to describe the devel-
opment of epileptiform activity following Hyase treatment in
vitro. Our findings revealed that Hyase destructed the ECM of
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PNNs, surrounding cell bodies and the proximal dendrites of
parvalbumin (PV)-expressing interneurons, and induced a slow
development of seizure-like activity. The treatment transformed
normal network spiking bursts into long-lasting “superbursts”
and caused the appearance of neuronal and astrocytic Ca’*
“superoscillations.” Seizure-like activity in Hyase-treated cultures
persisted for at least 9 days and could be suppressed by an L-
VDCC blocker but not by an NMDA receptor antagonist. These
results suggest that changes in the expression of HA can be epilep-
togenic and the underlying mechanisms may involve changes in
Ca?* oscillations.

MATERIALS AND METHODS

CELL CULTURES

Hippocampal cells were dissociated from embryonic mice (on
embryonic day 18) and plated with a high initial density of approx-
imately 9000 cells/mm?on MEAs (Alpha MED Science, Japan) pre-
treated with the adhesion promoting molecule polyethyleneimine
(Sigma P3143). We used so high-density to mimic tissue con-
ditions and have long-lasting recordings of network activity.
The cultures develop a complex pattern of activity as previously
described (Pasquale et al., 2008). C57BL6] mice were killed by cer-
vical vertebra dislocation, according to the protocols approved by
the National Ministry of Public Health for the care and use of
laboratory animals and by the Bioethics Committee of the Nizhny
Novgorod State Medical Academy. Embryos were removed and
decapitated. The entire hippocampi were dissected under ster-
ile conditions. Hippocampi were cut in Ca?*- and Mg?*-free
phosphate-buffered saline (PBS-minus). After enzymatic diges-
tion for 25 min by 0.25% trypsin (Invitrogen 25200-056) at 37°C,
cells were separated by trituration (10 passes) using a 1 ml pipette
tip. After being passed, the solution was centrifuged at 1500 x g for
2 min, and the cell pellet was immediately re-suspended in Neu-
robasal medium (Invitrogen 21103-049) with 2% B27 (Invitrogen
17504-044), 0.5 mM L-glutamine (Invitrogen 25030-024), and 5%
fetal calf serum (PanEco K055) (NBM1). The dissociated cells were
seeded in a 40 pl droplet covering the center of the culture dish on
a1 mm? electrode region of the MEA, forming a dense monolayer
(Potter and DeMarse, 2001). After the cells had adhered (usually
within 2 h), the dishes were filled with 0.8 ml of NBM1. After
24 h, the plating medium was replaced by a medium containing
Neurobasal medium with 2% B27, 1 mM L-glutamine, and 0.4%
fetal calf serum (NBM2) without any antibiotics or antimycotics.
Glial growth was not suppressed because glial cells are essential
for long-term culture maintenance. One half of the medium was
changed every 2 days. The cells were cultured under constant con-
ditions of 37°C, 5% CO,, and 95% air at saturating humidity in a
cell culture incubator (MCO-18AIC, Sanyo).

Phase-contrast images of the cultures were taken weekly to
record the culture status using a DMIL HC (Leica, Germany)
inverted microscope with a 10x/0.2Ph1 objective. Experiments
were performed when the cultures reached the 17th day in vitro
(DIV).

ELECTROPHYSIOLOGICAL METHODS
Extracellular potentials were recorded simultaneously through 64
planar indium tin-oxide (ITO) platinum black electrodes with the

integrated MED64 system (Alpha MED Science, Japan). MEAs
were 8 x 8 (64) with a 50 wm x 50 pwm electrode size and a
150 pm spacing, and the sampling rate was 20 kHz/channel.

All of the signal analyses and statistics were performed using
custom-made software (Matlab®).

SPIKE DETECTION
The detection of recorded extracellular spikes was based on
threshold calculation using the signal median:

T = Nso, 6 = median Al , (1)
0.6745

where x is the band-pass-filtered (0.3-8 kHz) data signal, o is
an estimate of the standard deviation of the signal without spikes
(Quirogaetal.,2004), and Ny is a spike detection coefficient deter-
mining the detection threshold (Pimashkin etal., 2011). In signal
processing the threshold estimation based on the median of the
signal in a form of Eq. 1 is less dependent on the frequency of the
spikes than the estimation based on standard deviation. Coeffi-
cient 0.6745 in Eq. 1 is used for normalization of the median of
the absolute signal to standard deviation. Ng = 4 was used for
all data, resulting in a reliable detection of spikes with amplitudes
greater than 20 wV. The minimal interspike interval was set to
1 ms. Detected spikes were plotted in raster diagrams.

SPONTANEOQUS ACTIVITY ANALYSIS

Small burst detection

To analyze the effect of Hyase on neural network activity, we
recorded spontaneous bursting activity for 10 min. To detect small
bursts, we calculated the total spiking rate (TSR) accounting for the
total number of spikes from all electrodes within 50 ms time bins.
A fast appearance of a large number of spikes over multiple elec-
trodes in a small (50 ms) time bin was used as a criterion for small
burst appearance (for more details, see Pimashkin etal., 2011).
Spontaneous activity in the culture consists of a basal stochastic
activity observed in a fraction of cells and short bursting episodes.
The basal activity was consisted of a spike trains (~1 spike per 10—
100 ms). To detect bursts we used threshold detection based on
the statistical characteristics of the spontaneous activity TSR(t).
Burst threshold was set to be Tgyrst = 0.1 X oTsr, where osr
is standard deviation of TSR(t). To exclude the basal activity, the
burst detection threshold coefficient was empirically set to 0.1,
giving the best estimate for the burst initiation and ending points
recognized in the raster diagram. Simulation of bursts with the
frequency of occurrence up to 5 Hz revealed that the estimated
duration of bursts was biased less than 10% of real values. Statisti-
cal analysis of the bursting activity characteristics was performed
by analysis of variance (ANOVA) tests (p < 0.05).

Superburst detection

Superbursts in the electrical activity recorded from the multielec-
trode arrays were detected as follows. First, we defined a Gaussian
function with an effective width equal to 50 s. Next, we iteratively
moved that function from the beginning of the recording to the
end in 10 ms time steps and calculated a cross-correlation of the
function with the TSR. The resulting cross-correlation indicated
how much of the synchronized activity (bursts) was recorded in
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FIGURE 1 | Superburst detection. TSR (blue), total spiking rate over all
electrodes in every consecutive 50 ms bin. The superburst indicator (red)
reflects the cross-correlation of the TSR with a 50-s long Gaussian window.
The estimated threshold for superburst detection is shown in green (for
details, see Spontaneous Activity Analysis).

the 10 s window (Figure 1). To detect superbursts in the spiking
activity, we applied threshold detection, in which the thresh-
old was estimated as the spiking superburst detection accuracy
coefficient multiplied by the standard deviation of the calculated
cross-correlation. The superburst detection accuracy coefficient
was found empirically and was equal to 0.4. All time points that
crossed the threshold were defined as the beginnings and endings
of the superbursts.

Ca’+ IMAGING

Dye loading

Oregon Green 488 BAPTA-1 AM (OGB-1) (0.4 wM; Invitrogen)
was dissolved in dimethylsulfoxide (DMSO) with 4% pluronic
acid and NBM2 (pH 7.4) and gassed with 95% O, and 5% CO,
at 35.5°C. After 40-min incubation for near-full absorption of
the OGB-1 molecules by the cultured cells, the exposed culture
was washed for 15 min with NBM2 in the absence of dye. Addi-
tionally, the exposed dissociated cultures were also loaded with
the astrocyte-specific indicator sulphorodamine SR101 (10 wM;
Invitrogen S359; Nimmerjahn et al., 2004).

Optical techniques

A confocal laser scanning microscope, Zeiss LSM 510 (Germany),
with a W Plan-Apochromat 20x/1.0 objective was used to inves-
tigate the spontaneous activity of the neuronal and astrocytic
network. Cytosolic Ca®>* was visualized via OGB-1 excitation with
the 488 nm line of Argon laser radiation and emission detection
with a 500-530 nm filter, while astrocytes were visualized with
SR101, which was excited by 543 nm radiation from a He—Ne laser
and detected with the use of a 650-710 nm filter for emission.
Time series of 256 x 256-pixel images with a 420 pm X 420 pm
field of view were recorded at a rate of 4 Hz. A confocal pinhole of
1 Airy unit ensured an axial optical slice resolution of 1.6 pm.

Image analysis

Quantitative evaluation of Ca’>* transients was performed off-
line using custom-made software in C++ Builder. Cell regions
from fluorescent images were manually selected. The Ca?* fluo-
rescence for each cell in each frame was calculated as the average
fluorescence intensity (F, relative units from 0 to 255) of the pixels

within the defined cell region. Single Ca?* signals were found
using the following algorithm. First, each trace from all of the cells
was filtered by averaging two neighboring points in the sample
set. Next, we calcuated a simple derivative of the signal by cal-
culating a difference between each pair of consequent points. The
pulses were found from the derivative of the trace using a threshold
detection algorithm. The threshold was estimated as the detection
accuracy coefficient multiplied by the standard deviation of the
derivative of the trace. Suprathreshold points on the derivative of
the trace were taken as the beginnings and endings of the pulses.
The detection accuracy coefficient was empirically set to 0.45.

To detect superoscillations, we filtered the signal with a low-
pass elliptic filter (0.2 Hz) that removed any regular short calcium
pulses. Then, we calculated the derivative of the filtered signal.
Each point of the derivative was estimated as an average of the
differences of the 20 subsequent pairs of points. This definition
allowed us to clearly visualize the superoscillation beginnings and
endings. Next, we applied a threshold detection algorithm to
detect these superoscillations. The threshold was estimated as the
superoscillation detection accuracy coefficient multiplied by the
standard deviation of the derivative of the trace. All of the time
points that crossed the threshold were defined as the beginnings
and endings of the superoscillation. The superoscillation detection
accuracy coefficient was empirically set to 0.8.

IMMUNOCYTOCHEMISTRY

Staining

The cultured cells were fixed for 15 min in 4% formaldehyde con-
taining phosphate-buffered saline (PBS; pH 7.4), washed in PBS
and permeabilized for 30 min with 0.1% Triton X-100 (Sigma
93443-100ML) and 2% bovine serum albumin (BSA). Subse-
quently, the cells were incubated for 2 h at room temperature
in PBS containing 1% BSA and the appropriate mixture of the
primary antibodies: rabbit polyclonal anti-aggrecan (AB1031,
Millipore) to stain PNNs and chicken anti-microtubule-associated
protein 2 (MAP2) (AB15452, Millipore) to stain neurons. After
washing in PBS, the cell cultures were incubated for 2 h at room
temperature with the following secondary antibodies: goat anti-
rabbit conjugated Alexa Fluor 555 (A21429, Invitrogen) and goat
anti-chicken conjugated Alexa Fluor 647 (A 21245, Invitrogen).
The immunostained cultures were examined under a confocal
laser scanning microscope (Zeiss LSM510, Germany), with a W
Plan-Apochromat 20x/1.0 objective. The laser intensity, gain and
offset were held constant for each analysis. Quantitative evaluation
was performed using Image J (Research Service Branch, NIH).

Quantification of PNNs

The number of MAP2-positive neurons bearing a PNN was deter-
mined on cultures that were double-labeled with anti-MAP2 and
anti-aggrecan antibodies. In five 420 pm x 420 pm fields of view,
we sampled all MAP2-immunopositive hippocampal neurons
and assessed the presence of PNNs surrounding each individual
neuron (N = 5 cultures/DIV).

PHARMACOLOGICAL AGENTS
Drugs were applied to cultures using a pipette. One group received
100 w1 of hyaluronidase (Hyase, from Streptomyces hyalurolyticus,
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Sigma H1136; 75 U/ml), and the second group received Hyase
that had been boiled for 30 min (control group). The Hyase was
dissolved in PBS, added on the 17th DIV to the cell cultures and
incubated at 35.5°C for 1 day, i.e., the culture medium was changed
on the 18th DIV.

Pharmacological analysis was performed on DIV 20. AMPA
and NMDA glutamate receptors were blocked by 10 pM 6-
Cyano-7-nitroquinoxaline-2.3-dione (CNQX; Sigma, C127) and
10 pM 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid
(CPP; Sigma, C104), respectively. L-VDCCs were blocked by
10 uM diltiazem.

STATISTICAL ANALYSIS

All data quantification is presented as the mean =+ standard error
of the mean (SEM). Statistical analysis was performed using a two-
way ANOVA implemented in the SigmaPlot 11.0 program (Systat

Software Inc.). Student—Newman—Keuls (SNK) was used as a post
hoc ANOVA test. The difference between groups was considered
significant if the p value was less than 0.05.

RESULTS

Hyaluronic acid is the backbone of neural ECM, which is enriched
in PNNs. To remove HA and study its role in neural network
activity, we treated hippocampal cultures with Hyase. Because
aggrecan has been shown to be a key component of the ECM
of PNNs (Giamanco etal., 2010), we used aggrecan immunos-
taining to characterize the efficacy of the treatment. Figure 2
shows hippocampal neurons labeled by anti-MAP2 antibodies
and PNNs labeled by anti-aggrecan antibody in the control treat-
ment (Figure 2A) and after Hyase treatment (Figures 2B,C).
The treatment was done on DIV 17 when the number of PNNs
in the control group reached a steady-state level (Figure 2D).

No primary

A\'g‘g\reca n

JE

No primary

FIGURE 2 | The effect of hyaluronidase on PNNs in the primary
hippocampal cultures (A-C). PNNs, stained by aggrecan antibodies (yellow),
envelop hippocampal cultured neurons, which were labeled by MAP2
antibodies (red). Hippocampal neurons in the control (A) and Hyase-treated
primary hippocampal cultures (B,C) 2 days after Hyase treatment, i.e., on DIV
19 (B), and 9 days after Hyase treatment, i.e., on DIV 26 (C). “No primary”
panels (black) represent immunostainings done without primary antibodies
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(A-C). Scale bar: 20 um. (D) The fraction of MAP2-positive neurons bearing
aggrecan-positive PNNs at different time intervals after Hyase treatment
(ANOVA; *p < 0.05; N = 5 cultures/DIV). The data are from five independent
culture preparations. The values shown were normalized by the mean
fractions of PNNs in the control and Hyase groups on the 17th DIV. n.u.,
normalized units; MAP2, microtubule-associated protein 2; Hyase,
hyaluronidase.
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Counting the PNNs in the control and Hyase-treated primary
hippocampal cultures revealed a strong reduction in the fraction
of aggrecan-immunopositive neurons 2 (ANOVA p = 0.001), 3
(ANOVA p < 0.001),and 9 (p = 0.019) days after Hyase treatment
(Figure 2D). Between days 3 and 9, however, there was an increase
in the fraction of PNNs (ANOVA p = 0.037), suggesting PNN
re-formation during this time interval.

Previous studies demonstrated that spontaneous spiking activ-
ity appears in high-density dissociated hippocampal cultures after
8-10 days of development on MEAs (Wagenaar etal., 2006). On
DIV 16, dissociated culture activity became stabilized. To establish
whether the Hyase treatment changes the spontaneous network
activity, we analyzed raster plots of electrical spiking activity and
spike rate diagrams (Figures 3A1-A4,B1-B4). We revealed signif-
icant changes in spontaneous spiking activity 9 days after Hyase
treatment. Short network bursts with duration of less than 10 s
(Figures 3D1,D2) were transformed into seizure-like superbursts
of activity with durations of 15-35s (Figures 3C2,E1,E2). These
changes in the spontaneous spiking activity of Hyase-treated cul-
tures appeared on days 5-7 following the treatment and were
observed during the next 4 days.

Statistical analysis revealed that the superbursts (Figures 3C1—
C4) consist of a large number of network bursts, which are charac-
terized by a low number of spikes per burst and a short interburst
interval. Moreover, the general number of network bursts per
10 min increased significantly from day to day after Hyase treat-
ment (19 DIV: 513.3 & 36; 20 DIV: 712 =+ 54; 26 DIV: 827 &£ 62,
ANOVA; p < 0.05 compared to DIV 17; N = 5), and this parameter
was significantly different between the Hyase and control groups
on DIV 26 (Control: 257 + 21, ANOVA p < 0.05; N = 5).

In the control group on the 26th DIV, we recorded short
superbursts with a frequency of 1.5 £+ 0.3 per 10 min and
a mean duration of 10.5 + 0.5 s. After Hyase treatment, we
observed long superbursts with a frequency of 3.3 £ 0.5 per
10 min and a mean duration of 36.5 + 1.4 s (ANOVA; p < 0.05;
N =5).

Spontaneous Ca?t oscillations appear in dissociated hip-
pocampal cultures beginning on DIV 7 (unpublished observa-
tion). On the DIV 17, a large number of neurons have similar
patterns of Ca? oscillations, which are quite distinct from the
patterns of Ca?* oscillations in astrocytes (Figures 4A1,B1).
Both neuronal and astrocytic patterns of Ca?% activity were
fairly stable and did not change significantly up to the 26th DIV
(Figures 4A2-A4). The duration of the neuronal oscillations
was approximately 6 s (Figures 4C,D) and the duration of the
astrocytic Ca?* oscillations was approximately 10 s on DIV 17—
26. The Hyase treatment significantly changed the spontaneous
Ca’* activity (Figures 4B2-B4,4C-F), and already on the second
day after Hyase application, we observed the appearance of neu-
ronal Ca?t superoscillations with a duration of 94.78 & 12.33 s
(Figure 4C). The superoscillation duration then showed a signif-
icant decrease (20 DIV: 50.95 &+ 1.25 s; 26 DIV: 28.54 + 2.71 s;
ANOVA p < 0.001 for both days compared to the 19th DIV;
N = 5). Additionally, an increase in the duration of the astro-
cytic Ca®* oscillations was observed after Hyase application (19
DIV:16.78 £1.215;20 DIV: 18.03 £ 2.48 5; 26 DIV: 17.75 £ 2.53 s;
ANOVA; p < 0.05 for all days compared to DIV 17; N = 5). We

also observed that some astrocytes synchronized their Ca?* activ-
ity with that of neurons starting from the 2nd day after the Hyase
treatment (Figures 4B2-B4).

Next, we attempted to block the Hyase-induced superbursts
of spiking activity and Ca?" superoscillations in the neuronal
and glial networks (Figures 5 and 6). Seizure-like elevations in
the burst activity of Hyase-treated cultures could be suppressed
within 5 min after treatment by the L-VDCC blocker diltiazem
(Figures 5B1,C,D) but not by the NMDA receptor antagonist
CPP (Figures 5B2,C,D). An AMPA/kainate receptor antagonist,
CNQYX, also suppressed superbursts. Neuronal Ca?* superoscilla-
tions could also be blocked by diltiazem (Figure 6B1, upper curve;
Figure 6C) but not by CPP (Figure 6). Diltiazem also significantly
reduced the number of astrocytic Ca> T oscillations after the Hyase
treatment (Figure 6B1, lower curve; Figure 6D).

DISCUSSION

Here, we demonstrated that a Hyase treatment, which results in
the removal of HA as the backbone of the neural ECM, leads
to a slow development of epileptiform activity in cultured hip-
pocampal neurons. These data provide a new in vitro model
of epileptogenesis that can be easily induced and studied using
MEA technology and optical imaging to characterize the processes
underlying epileptogenesis.

Many animal models of epilepsy already exist. The major-
ity involve experimental induction of a brain injury through
the administration of a chemoconvulsant or electrical stimula-
tion, both of which induce an episode of seizures. Subsequent
injury-induced plasticity includes the appearance of mossy fiber
sprouting (Parent and Lowenstein, 1997), an increased rate of
neurogenesis in the dentate gyrus (Parent etal., 1997), increased
activity of microglia, and an induction of reactivity in astro-
cytes (Wetherington etal., 2008). In addition to cell death and
anatomical changes in neurons and glia, seizures induce significant
functional plasticity in surviving hippocampal neurons, including
alterations in the function of Ca?*- and hyperpolarization-
activated mixed cationic channels (Shah etal., 2004; Jung etal.,
2010) and K* channels (Bernard etal., 2004), changes in neuro-
transmitter receptors, including GABA4 receptors (Pathak etal.,
2007), glutamate receptors (Doherty and Dingledine, 2001), chlo-
ride transporters (Pathak etal., 2007) and excitatory amino acid
transporters (Crino etal., 2002; Eid etal., 2008).

Thus, multiple mechanisms could underlie epileptogenesis.
Because Hyase treatment leads to a disruption of PNNs around
PV-expressing GABAergic interneurons, it is plausible to suggest
that one of the causes of Hyase-induced epileptiform activity is
an imbalance in excitation and inhibition due to impaired PV
interneuron function. These cells represent the most frequent
group of inhibitory cells, and they are widely distributed across
the brain (Karetko and Skangiel-Kramska, 2009). However, PNN
removal with another enzyme, chondroitinase ABC, has been
found to reduce the firing threshold of these cells in vitro (Dityatev
etal., 2007), which would promote rather than deter GABAergic
inhibition.

Other possible mechanisms may be related to alterations of the
perisynaptic ECM by Hyase. An elegant study by Frischknecht et al.
(2009) used Hyase or chondroitinase ABC to remove PNN’s from
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(C.D) Number of bursts and superbursts after blocker application.
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CNQX, 6-Cyano-7-nitroquinoxaline-2,3-dione, 10 ul; Hyase,
hyaluronidase; DZM, diltiazem, 10 uM. Mean + SEM are shown,
**p < 0.001 indicate significant differences by ANOVA,

N =5.
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neuronal Ca2™ oscillations in control neurons and decreases both

Ca2+ oscillations in astrocytes and Ca2+ superoscillations in Hyase-treated
neurons. (D) Number of astrocytic Ca?* oscillations. There is no
difference between the control and Hyase-treated groups. CPR
(+£)-3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid, 10 pl; CNQX,
6-cyano-7-nitrogquinoxaline-2,3-dione, 10 M; Hyase, hyaluronidase; DZM,
diltiazem, 10 oM. Mean + SEM values are shown, *p < 0.05; **p < 0.001
indicate significant differences by ANOVA, N = 5.

cultured rat hippocampal neurons and revealed that a perisynap-
tic net-like structure in the ECM influences the mobility of AMPA
receptors, creating a barrier for their movement into and out of
excitatory synapses. ECM removal impairs paired-pulse depres-
sion of excitatory postsynaptic currents (EPSCs) in cultures and
thus might promote hyperexcitation in cultured pyramidal cells
(Frischknecht et al., 2009).

Our MEA recordings revealed that the spontaneous electri-
cal activity of mature dissociated hippocampal neurons grown
on MEAs occurs in the form of synchronized burst discharges,
but the pattern of these burst discharges is different from the
long-lasting “superburst” discharges induced by Hyase treatment.
These “superbursts” became most prominent 9 days after the Hyase
treatment. Our Ca?" imaging data demonstrates that the Hyase
treatment also transformed the normal neuronal Ca** oscilla-
tions into long-lasting “superoscillations” with mean durations of
up to 100 s already on the 2nd day after the Hyase treatment.
Thus, dramatic changes in Ca>T oscillations precede changes in

spiking activity, suggesting that superoscillations may represent a
key event leading to changes in the expression of genes that deter-
mine neuronal excitability. In addition, changes in Ca®* signaling
in astrocytes were detected after the Hyase treatment, although at
a smaller scale than in neurons.

Elevations in burst activity and neuronal Ca?* transients in the
Hyase-treated neurons and astrocytes was suppressed by an appli-
cation of the L-VDCC blocker diltiazem, although not by a NMDA
receptor antagonist, whereas the superbursts of spiking activity
were additionally suppressed by CNQX, an antagonist of AMPA
receptors. The latter is not surprising because CNQX mostly
blocks excitatory transmission. The elimination of superbursts
and superoscillations by diltiazem is at first glance surprising
because HA was reported to support L-VDCC activity and the
Hyase treatment leads to an acute deficit in neuronal L-VDCC-
mediated currents (Kochlamazashvili etal., 2010). It is plausible
to assume that this acute deficit in L-VDCC activity might be later
overcompensated by overexpression of L-VDCCs after the Hyase
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treatment, which might lead to the generation of Ca?* superoscil-
lations and downstream effects on neuronal excitability/excitatory
transmission. This hypothesis remains to be verified in follow-up
studies. The presented experimental data support the view that the
remodeling of ECM may lead to generation of epileptiform activity
in vitro in the form of superbursts. Such epileptogenic degradation
of HA and ECM remodeling may be due to genetic factors or trig-
gered by insults such as stroke or a brain injury. Thus the described
experimental model could be potentially valuable for development

REFERENCES

Bernard, C., Anderson, A., Becker,
A., Poolos, N. P, Beck, H., and
Johnston, D. (2004). Acquired den-
dritic channelopathy in temporal
lobe epilepsy. Science 305, 532-535.
doi: 10.1126/science.1097065

Bruckner, G., Grosche, J., Schmidt,
S., Hartig, W., Margolis, R. U,
Delpech, B., etal. (2000). Postnatal
development of perineuronal nets in
wild-type mice and in a mutant defi-
cient in tenascin-R. J. Comp. Neurol.
428, 616-629. doi: 10.1002/1096-
9861(20001225)428:43.

Crino, P. B., Jin, H., Shumate,
M. D., Robinson, M. B., Coul-
ter, D. A, and Brooks-Kayal, A.
R. (2002). Increased expression of
the neuronal glutamate transporter
(EAAT3/EAACI) in hippocampal
and neocortical epilepsy. Epilepsia 43,
211-218. doi: 10.1046/j.1528-1157.
2002.35001.x

Dityatev, A. (2010). Remodeling of
extracellular matrix and epileptoge-
nesis. Epilepsia 51(Suppl. 3), 61—
65. doi: 10.1111/j.1528-1167.2010.
02612.x

Dityatev, A., Briickner, G., Dityat-
eva, G., Grosche, J., Kleene, R,
and Schachner, M. (2007). Activity-
dependent formation and functions
of chondroitin sulfate-rich extracel-
lular matrix of perineuronal nets.
Dev. Neurobiol. 67, 570-588. doi:
10.1002/dneu.20361

Dityatev, A., Schachner, M., and Son-
deregger, P. (2010). The dual role
of the extracellular matrix in synap-
tic plasticity and homeostasis. Nat.
Rev. Neurosci. 11, 735-746. doi:
10.1038/nrn2898

Doherty, J., and Dingledine, R.
(2001). Reduced excitatory drive
onto interneurons in the dentate
gyrus after status epilepticus. J. Neu-
rosci. 21,2048-2057.

Eid, T., Ghosh, A., Wang, Y., Beckstrom,
H., Zaveri, H., and Lee, T. (2008).
Recurrent seizures and brain pathol-
ogy after inhibition of glutamine syn-
thetase in the hippocampus in rats.
Brain 131(Pt 8), 2061-2070. doi:
10.1093/brain/awn133

Frischknecht, R., Heine, M., Perrais,
D., Seidenbecher, C. I., Choquet,

D., and Gundelfinger, E. D. (2009).
Brain extracellular matrix affects
AMPA receptor lateral mobility
and short-term synaptic plasticity.
Nat. Neurosci. 12, 897-904. doi:
10.1038/nn.2338

Frischknecht, R,
C. L (2008).
hyaluronan-based
matrix and synapses. Neuron Glia
Biol. 4, 249-257. doi: 10.1017/
$1740925X09990226

Galtrey, C. M., and Fawcett, J. W.
(2007). The role of chondroitin sul-
fate proteoglycans in regeneration
and plasticity in the central ner-
vous system. Brain Res. Rev. 54, 1—
18. doi: 10.1016/j.brainresrev.2006.
09.006

Giamanco, K. A., Morawski, M.,
and Matthews, R. T. (2010). Per-
ineuronal net formation and struc-
ture in aggrecan knockout mice.
Neuroscience 170, 1314-1327. doi:
10.1016/j.neuroscience.2010.08.032

Jung, S., Bullis, J. B, Lau, L. H,,
Jones, T. D., Warner, L. N., and
Poolos, N. P. (2010). Downreg-
ulation of dendritic HCN chan-
nel gating in epilepsy is mediated
by altered phosphorylation signal-
ing. J. Neurosci. 30, 6678—6688. doi:
10.1523/JNEUROSCI.1290-10.2010

Karetko, M., and Skangiel-Kramska,
J. (2009). Diverse functions of per-
ineuronal nets. Acta Neurobiol. Exp.
(Wars) 69, 564-577.

Kazantsev, V., Gordleeva, S., Stasenko,
S., and Dityatev, A. (2012). A
homeostatic model of neuronal fir-
ing governed by feedback signals
from the extracellular matrix. PLoS
ONE 7:e41646. doi: 10.1371/jour-
nal.pone.0041646

Kochlamazashvili, G., Henneberger, C.,
Bukalo, O., Dvoretskova, E., Senkov,
O., Lievens, P. M., etal. (2010).
The extracellular matrix molecule
hyaluronic acid regulates hippocam-
pal synaptic plasticity by modulat-
ing postsynaptic L-type Ca?™ chan-
nels. Neuron 67, 116-128. doi:
10.1016/j.neuron.2010.05.030

Nimmerjahn, A., Kirchhoff, E, Kerr,
J. N. D., and Helmchen, E (2004).
Sulforhodamine 101 as a specific
marker of astroglia in the neocortex

and Seidenbecher,
The crosstalk of
extracellular

of new class of broadly applicable anti-epileptogenic drugs, which
would target the HA-based neural ECM and/or ECM-mediated

signaling.

ACKNOWLEDGMENTS

The research was supported by the Government of Russian Fed-
eration grant for Leading Scientists No11.G34.31.0012 and the
COST Action BM1001 “Brain Extracellular Matrix in Health and

Disease.”

in vivo. Nat. Methods 1, 31-37. doi:
10.1038/nmeth706

Parent, J. M., and Lowenstein, D. H.
(1997). Mossy fiber reorganization
in the epileptic hippocampus. Curr.
Opin. Neurol. 10, 103-109. doi:
10.1097/00019052-199704000-00006

Parent, J. M., Yu, T. W., Leibowitz, R. T.,
Geschwind, D. H., Sloviter, R. S., and
Lowenstein, D. H. (1997). Dentate
granule cell neurogenesis is increased
by seizures and contributes to aber-
rant network reorganization in the
adult rat hippocampus. J. Neurosci.
17,3727-3738.

Pasquale, V., Massobrio, P, Bologna,
L. L., Chiappalone, M., and Mar-
tinoia, S. (2008). Self-organization
and neuronal avalanches in net-
works of dissociated cortical neurons.
Neuroscience 153, 1354-1369. doi:
10.1016/j.neuroscience.2008.03.050

Pathak, H. R., Weissinger, F, Terunuma,
M., Carlson, G. C., Hsu, E C,
and Moss, S. J. (2007). Disrupted
dentate granule cell chloride regu-
lation enhances synaptic excitabil-
ity during development of tem-
poral lobe epilepsy. J. Neurosci.
27, 14012-14022. doi: 10.1523/
JNEUROSCI.4390-07.2007

Pimashkin, A., Kastalskiy, I., Simonov,
A., Koryagina, E., Mukhina, I,
and Kazantsev, V. (2011). Spik-
ing signatures of spontaneous activ-
ity bursts in hippocampal cultures.
Front. Comput. Neurosci. 5:46. doi:
10.3389/fncom.2011.00046

Potter, S., and DeMarse, T. (2001).
A new approach to neural cell cul-
ture for long-term studies. J. Neu-
rosci. Methods 110, 17-24. doi:
10.1016/50165-0270(01)00412-5

Quiroga, R., Nadasdy, Q., and
Ben-Shaul, Y. (2004). Unsuper-
vised spike detection and sorting
with wavelets and superparamagnetic
clustering. Neural Comput. 16, 1661—
1688. doi: 10.1162/0899766047742
01631

Robert, J., Delorenzo, O., Shubhro,
P, and Sompong, S. (1998).
Prolonged activation of the N-
methyl-p-aspartate  receptor-Ca21
transduction ~ pathway  causes
spontaneous recurrent epilepti-
form discharges in hippocampal

neurons in culture. Proc. Natl
Acad.  Sci. US.A. 95, 14482-
14487. doi:  10.1073/pnas.95.24.
14482

Shah, M. M., Anderson, A. E., Leung,
V., Lin, X, and Johnston, D.
(2004). Seizure-induced plasticity of
h channels in entorhinal cortical layer
III pyramidal neurons. Neuron 44,
495-508. doi: 10.1016/j.neuron.2004.
10.011

Wagenaar, D., Pine, J., and Potter, S.
(2006). An extremely rich repertoire
of bursting patterns during the devel-
opment of cortical cultures. BMC
Neurosci. 7:11. doi: 10.1186/1471-
2202-7-11

Wetherington, J., Serrano, G., and
Dingledine, R. (2008). Astrocytes
in the epileptic brain. Neuron 58,
168-178. doi: 10.1016/j.neuron.2008.
04.002

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 07 June 2013; accepted: 22
August 2013;  published online: 12
September 2013.

Citation: Vedunova M, Sakharnova T,
Mitroshina E, Perminova M, Pimashkin
A, Zakharov Y, Dityatev A and
Mukhina I (2013) Seizure-like activity
in hyaluronidase-treated dissociated hip-
pocampal cultures. Front. Cell. Neurosci.
7:149. doi: 10.3389/fncel.2013.00149
This article was submitted to the journal
Frontiers in Cellular Neuroscience.

Copyright ~ © 2013  Vedunova,
Sakharnova, Mitroshina, Perminova,
Pimashkin, Zakharov, Dityatev and

Mukhina. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or repro-
duction in other forums is permitted,
provided the original author(s) or licen-
sor are credited and that the original
publication in this journal is cited, in
accordance with accepted academic prac-
tice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Cellular Neuroscience

www.frontiersin.org

September 2013 | Volume 7 | Article 149 | 10


http://dx.doi.org/10.3389/fncel.2013.00149
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Seizure-like activity in hyaluronidase-treated dissociated hippocampal cultures
	Introduction
	Materials and methods
	Cell cultures
	Electrophysiological methods
	Spike detection
	Spontaneous activity analysis
	Small burst detection
	Superburst detection

	Ca2+ imaging
	Dye loading
	Optical techniques
	Image analysis

	Immunocytochemistry
	Staining
	Quantification of pnns

	Pharmacological agents
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


