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Abstract

Epileptic spike is an indicator of hyper-excitability and hyper-synchrony of neural networks.
While cognitive deficit in epilepsy is a common observation, how spikes transiently influence
brain oscillations, especially those essential for cognitive functions, remains obscure. Here we
aimed to quantify the transient impacts of sporadic spikes on theta oscillations and investigate how
such impacts may evolve during epileptogenesis. Longitudinal depth EEG data were recorded in
the CA1 area of pilocarpine temporal lobe epilepsy (TLE) rat models. Phase stability, a measure of
synchrony, and theta power were estimated around spikes as well as in the protracted spike-free
periods (FP) at least one hour after spike bursts. We found that the change in theta power did not
correlate with the change in phase stability. More importantly, the impact of spikes on theta
rhythm was highly time-dependent. While theta power decreased abruptly after spikes both in the
latent and chronic stages, changes of theta phase stability demonstrated opposite trends in the
latent and chronic stages, potentially due to the substantial reorganization of neural circuits along
epileptogenesis. During FP, theta phase stability was significantly higher than the baseline level
before injections, indicating that hyper-synchrony remained even hours after the spike bursts. We
concluded that spikes have transient negative effects on theta rhythm, however, impacts are
different during latent and chronic stages, implying that its influence on cognitive processes may
also change over time during epileptogenesis.
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Introduction

Interictal-like activity (ILA) during epileptogenesis is an electrophysiological signature of
the reverberating neural circuits (Alarcon et al., 1997; Buzsaki et al., 1989; Buzsaki et al .,
1991; Cossart et al., 2001; Demont-Guignard et al., 2009; El-Hassar et al., 2007), with the
spike discharges being its most common form. While the significance of ILA has been well
recognized, its potentially negative impact on brain functions remains under debate. In
experimental models of temporal lobe epilepsy (TLE), ILA could appear at early stages of
epileptogenesis (Cobos et al., 2005; El-Hassar et al., 2007; Hellier et al., 1999; Mazarati et
al., 2002; Shah et al., 2004). It has been suggested that ILA may not only be directly
involved in the construction of epileptogenic networks (Bartolomei et al., 2008; King et al.,
1997; Staley et al., 2005), but also be predictive of the development of epilepsy (Williams et
al., 2009). However, an anti-epileptogenic role of ILA has also been proposed (Avoli et al.,
2002; Gotman, 1991). At the microscopic level, ILA may involve synchronous discharges of
glutamatergic neurons and activation of GABAergic circuits (de Curtis et al., 1998; de
Curtis and Avanzini, 2001; Demont-Guignard et al., 2009). At the functional level, ILA was
suggested to negatively impact cognitive processes, which is often related to the changes of
power, frequency, and phase of brain oscillations (Chauviere et al., 2009; Chauviere et al.,
2012; Kasteleijn-Nolst Trenite et al., 1988; Kasteleijn-Nolst Trenite et al., 1990a;
Kasteleijn-Nolst Trenite et al., 1990b; Kraskov et al., 2007; Lenck-Santini and Holmes,
2008; Liu et al., 2003; Uhlhaas and Singer, 2006; Winson, 1978). However, the transient
impacts of ILA on brain activity and how such impacts may develop during epileptogenesis
remain unclear.

A brain activity central to numerous cognitive processes is the theta rhythm (4—-8Hz in
humans, 4-12Hz in rodents), which has been suggested to depend on the recruitment of
GABAergic circuits (Buzsaki, 2006; Gloveli et al., 2005). Since ILA and theta rhythm could
both involve GABAergic circuits, we hypothesize that theta oscillations may be directly
influenced by ILA during epileptogenesis and thus provide a means to investigate the
negative impact of ILA on brain oscillations. A delicate balance between synchronization
and desynchronization in brain activity is functionally and behaviorally important
(Schnitzler and Gross, 2005), therefore the synchronization in the epileptic brain may have a
substantial impact on cognitive functions. To understand the functional role of ILA, it is
critical to quantify the changes of theta phase synchrony around ILA.

Here we performed a longitudinal study on rat models of TLE. Depth EEG was recorded in
the CA1 area while the rats were exploring for food in an open field. We applied a
synchrony measure, termed phase stability, to characterize the changes of theta oscillations
(see Methods). Theta power and phase stability were estimated around sporadic spikes
during latent and chronic stages of epileptogenesis, respectively. Theta activity was then
quantified in the protracted FP to investigate the recovery process following spike bursts.

Materials and Methods

Rats and Depth EEG Recordings

Four adult male Wistar rats (200-250g, Charles River, France) received intra-peritoneal
injections of pilocarpine-1 hydrochloride 30 min after a preliminary scopolamine injection.
The initial status epilepticus (SE) was recorded as soon as the first overt behavioral
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manifestation was observed and then stopped by diazepam after 40 minutes. The first
spontaneous seizure occurred between 12 and 16 days after SE.

Depth electrodes were implanted in the CA1 region. The rats were navigating in a circular
open field (80 cm in diameter, 80 cm high) searching for food. A video system (Video
Track, View Point, France) was used to quantify the rats’ behavior of exploration. This
dataset has been previously reported (Chauviere et al., 2009).

Depth EEG was recorded on the 7t and 25t day after SE. In the current study, Day 7 was
regarded as the latent stage, during which the observed spikes (ILA) were similar to the
interictal spikes (see Supplementary Fig. S1 for examples). All animals had become
epileptic by D25. Therefore D25 was regarded as the chronic stage. The epileptic discharges
in this chronic period were mainly interictal spikes. On D7 and D25, data exhibiting spikes
(amplitude at least 5 times larger than that of the background activity) while the rats were
awake and seizure-free were extracted. The running speeds of the animals were monitored
and recorded. In the experimental period, no obvious anxiety was observed (Chauviere et
al., 2009).

Following spike bursts, there were long periods during which EEG was free of spikes and
the rats were still awake and exploring. In this study we have termed these spike-free
periods as FP. Our recordings in FP were taken at least one hour after the occurrence of
spike bursts and each recording period was at least one hour long. Data in the FP was
employed for the investigation of recovery processes after spike bursts. Finally, one hour
long data blocks before injections (BI) had been recorded as the control. The sampling rate
was 256 Hz and the power line noise was notch-filtered.

Histological Experiments

The positions of the electrodes were verified by histological experiments. The details of the
procedure have been described in Chauviere et al. (2009). In short, rats were perfused
intracardially with a fixative solution. The postfixed brains were rinsed and immersed in a
cryoprotective solution overnight before being frozen in dry ice. Brains were then sectioned
coronally at 40 pm and stained. In all subjects, the electrode placement was confirmed to be
within the CAL1 region of the hippocampus.

Data Processing

The onset and offset of the spikes were determined by visual inspection by an experienced
neurologist based on the baseline activity. After the onset and offset of a spike were
identified (see Supplementary Fig. S2), two 350 ms epochs were extracted around each
spike: one before the spike onset and the other following the spike offset. After rejecting the
data with artifacts, 293 spikes (at least 58 spikes extracted from each subject) were obtained
on D7 and 324 spikes (at least 61 spikes from each subject) were obtained on D25, resulting
in a total of 617 spikes for further analysis. Before injections and during FP, EEG epochs
were extracted by continuously parsing through the data using a 350ms time window
without overlap. 1500 epochs were obtained from BI, FP on D7, and FP on D25,
respectively.

In order to properly estimate the instantaneous theta power and phase for these short epochs
and avoid edge effects, computation was carried out in a 10s long data segment centered at
each epoch. Instantaneous power was derived from the 5-cycles complex Gabor wavelet
transform. Instantaneous phase was estimated by the Hilbert transform. Theta power and
phase in each epoch were then extracted from the center of the transformed data.
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Theta Phase Synchrony

To quantify phase synchrony, we computed phase stability of theta frequency over each
epoch. Local field potentials represent the summed extra-cellular activity of local
populations of neurons if they are parallel in orientation and quasi-synchronous (a typical
organization of pyramidal cells such as those in the CA1 region), and these neurons may be
considered as multiple oscillators. Synchronization of a group of oscillators can be reflected
by the phase noise in the summed signal, which are the rapid, random fluctuations in the
phase of a waveform. When the oscillators are asynchronous, phase noise is added to the
LFP because each oscillator represents a stochastic process, causing the instability of the
phase over time.

Phase stability of a given frequency was estimated based on the mean relative phase value ®
over a specific time window, as defined in Eq. (1):
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Where t is the time and N is the total number of time points in the time window. ¢ is the

phase of raw EEG and q){ef is the reference phase at t. Here the reference phase was defined
as sine phase corresponding to the frequency of interest. For a given time window starting at

t =0, we defined ¢g@f =¢¢. Theta phase ¢°was estimated by the Hilbert transform of the
band-pass filtered EEG (bandwidth is £0.01Hz around the reference frequency). A two-way,
least-square FIR band-pass filter was employed to avoid phase distortion (Delorme and
Makeig, 2004). Mean relative phase values are in the range of 0~1, where 1 indicates perfect
phase synchronization relative to the reference phase, and 0 indicates completely random
phases.

Hippocampal theta in awake rats ranges from 4 to 12Hz. For each epoch, we computed 9
mean relative phase values at 9 reference frequencies (from 4 Hz to 12 Hz with the
increment of 1 Hz). For a specific group of epochs, the percentage of mean relative phase
values larger than 0.95 was termed the Phase Preservation Index (PPI), which could serve as
a measure of phase synchrony in this group. The phase stability we quantified here is a
specific measure of synchrony, which is different from the phase coupling between separate
brain structures that is commonly used to characterize large-scale networks. In the
hippocampus, synchronization is related to the number of neurons with connections in local
networks (Buzsaki, 2006), which might be altered through cholinergic modulation,
GABAergic modulation, and glutamatergic modulation (Buzsaki, 2002; Colom et al., 2006;
Schnitzler and Gross, 2005; Whittington et al., 2000). In the normal resting brain, these
neural oscillators demonstrate a certain level of phase variability. When neural oscillators
become synchronized, e.g. during a cognitive task, phase may demonstrate strong regularity
over time (Kraskov et al., 2007). In the epileptic brain, the neural network is hyper-
synchronized and strong phase stability is expected.

Temporal courses of relative theta phase around spikes can be displayed using the phase
sorting toolbox (EEGLAB, Delorme and Makeig, 2004). Oblique stripe or no stripe
suggested random phase or low theta phase stability. Obvious stripes indicated strong theta
phase stability (see Fig. 2C for examples).

Exp Neurol. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geetal.

Page 5

Statistical testing

Results

For each group of trials, PPl measures the percentage of mean relative phase values that are
larger than 0.95. When comparing the PPI between two conditions, the robustness of
difference was tested using a bootstrapping approach. In short, for two contrasting groups (e.
g., pre-spike on D7 and post-spike on D7), we randomly selected 20% of the trials from each
group, and computed the percentage of mean relative phase values larger than 0.95. Then we
compared this PPI value (which is based on only 20% of the data) between two groups. This
procedure was repeated for 1,000 times to derive a p-value.

Theta Power Is Immediately Altered Across Spikes

Depth EEG was recorded in rat models before injections (BI), in latent (D7), and chronic
stages (D25) of epileptogenesis (see Methods). Theta power was estimated for all groups. As
the control condition, theta power in the Bl period was first computed (Fig. 1A). The spikes
from the D7 and D25 groups were then processed using the epochs sorting technology
(EEGLAB, Delorme and Makeig, 2004), so the peaks of the spikes were aligned and the
onset/offset of each spike were determined (examples shown in Fig. 1B&1C). The power
spectra were computed for the pre-spike and post-spike data segments and averaged across
epochs. During the development of epilepsy, the pre-spike theta power showed a strong
decrease from Bl to D7 and further decreased on D25. The pre-spike theta power in the
latent stage dropped about 34% from the before-injection stage, and it showed additional
37% drop from the latent stage to chronic stage (Fig. 1D) (see also Fig. 4A for results of
individual subjects). More importantly, theta power was instantly reduced after spikes. A
significant decrease in theta power after the spike was observed both in D7 and D25 groups
(paired t-test, p<0.05). These data indicated that the spikes had a strong negative transient
impact on theta power and the change of theta power was in the same direction on D7 and
D25.

Time-dependent Alterations of Theta Phase Stability After Spikes

Mean relative phase values were computed for all data epochs around 9 reference
frequencies between 4-12 Hz (see Methods and Eqg. 1). Phase stability was then estimated
by the Phase Preservation Index (PPI), which is the percentage of mean relative phase values
larger than 0.95 in a particular data group (see Methods). PPI can be inferred from the
cumulative distribution functions (CDF) of the mean relative phase values, as shown in Fig.
2A. The distribution functions indicated that the probability of phase synchrony was highest
in the D7 pre-spike group (black curve in Fig. 2A, with 46% of the epochs showing mean
relative phase values =0.95, corresponding to a PPI of 0.46). On D7, the theta PPI
demonstrated a 33% decrease from 0.46 pre-spike to 0.31 post-spike. On D25, the theta PPI
demonstrated a very small increase (2.8%) after spikes. Therefore the theta phase stability
across the spikes exhibited markedly different patterns in latent and chronic stages, with a
significant decrease in latent stage (bootstrapping, p<0.01) but almost unchanged in chronic
stage after spikes. The temporal dynamics of theta phase stability around spikes on D7 and
D25 are shown in Fig. 2B&C (also see Fig. 4B&C for results of individual subjects). The
different impacts of spikes on theta phase in the latent stage and chronic stage may indicate
a substantial reorganization of neural circuits during epileptogenesis.

Hyper-synchronization In the Protracted Spike-free Periods

To explore the recovery process of theta oscillators, we evaluated the theta power and phase
stability in FP at least one hour after spike bursts. During this period, the rats were fully
awake with no obvious ILA and the exploring behavior was normal. This stage in rat
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corresponds to the rest period in epilepsy patients. Theta power during FP showed no
difference from the pre-spike power (paired t-test, p>0.99, see Fig. 3A), although both were
significantly reduced compared to the control condition (paired t-test, p< 0.01) (see also
Supplementary Fig. S3 for examples).

In epilepsy, spike is an indication of the hyper-synchronization in neural network. The
recovery process after spikes may be reflected by a transition from hyper-synchronization to
the state of quasi-synchronization. We found that the theta phase stability in FP (theta PPI =
0.20 on D7 and theta PP1 = 0.18 on D25) was much lower than that around spikes (pre-spike
theta PPI = 0.46 on D7 and pre-spike theta PPl =0.40 on D25; bootstrapping, p<0.01 for
both), indicating that the hyper-synchrony had subsided in FP (Fig. 3B). However,
compared to the control condition (BI, theta PP1 = 0.14), theta phase stability in FP still
significantly increased by 43% on D7 and 29% on D25 (bootstrapping, p<0.01 for both).
The fact that theta phase stability remained at a high level during FP indicated that the
network did not fully recover to the normal pre-injection state (see also Supplementary Fig.
S4 and Supplementary Fig. S5A) even though there were no spikes present.

These data suggested that while theta power in FP returns to the same level as before spikes,
theta phase stability in FP was very different than it was before spikes or the baseline
condition, implying theta phase may contain more information about the post-spike status of
neural network compare to theta power. Therefore phase and power alone may not be
sufficient to characterize the theta oscillations in the epileptic brain.

Discussion

The potential impact of ILA on cognitive processes may depend upon the type of ILA, the
context (brain states) and most importantly time (during epileptogenesis). In this study, we
investigated the changes of theta oscillations during epileptogenesis. Theta rhythm
demonstrated transient changes after spikes, and these changes are different in the latent and
chronic stages, potentially reflecting the network reorganization. We also found that theta
phase and theta power may contain independent information about the post-spike changes of
the network, suggesting phase and power should be both taken into account when
characterizing the theta oscillations in the epileptic brain.

Impacts of Spikes on Theta Oscillations

One significant impact of spike on theta rhythm was the reduction of theta power
immediately after spikes, observed in both the latent and chronic stages. A more interesting
finding is that theta phase stability changes after spikes exhibited different directionality in
latent and chronic stages. While theta phase stability decreased after spikes in the latent
stage, the trend was different in the chronic stage with a very slight increase of phase
stability after spikes. This phenomenon may reflect the neural reorganization during
different stages of epileptogenesis.

Since these LFPs originate from the inhibitory and excitatory postsynaptical potentials
(IPSPs/EPSPs) in the hippocampus (Schnitzler and Gross, 2005), our observations on the
changes of theta power and phase stability maybe related to the imbalance between
GABAergic and glutamatergic plasticity drives. We speculated that the significant changes
of theta power (in Fig. 1) and theta phase stability (in Fig. 2) after spikes in latent stage may
relate to the depletion of local GABAergic resources in early stage of epileptogenesis (EI-
Hassar et al., 2007). However, in the chronic stage, the glutamatergic synaptic modulation
could be built up, enhancing the GABAergic inhibition globally in the CA1 area (El-Hassar
et al., 2007). This may correspond to the milder change of theta power (in Fig. 1) and theta
phase stability (in Fig. 2) on D25. However, the input from the medial septum may also play
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a role in the changes we observed. The medial septum acts as a pacemaker to generate the
hippocampal theta rhythm. The loss of neurons in medial septum networks could also lead to
the reduction of hippocampal theta frequency in epilepsy (Colom et al., 2006).

Most interestingly, our data indicated that the change of theta power and theta phase did not
correlate to each other, i.e., a decrease of theta power does not necessarily predict increase
(or decrease) of theta phase stability. This discrepancy suggested that theta power and phase
might reflect the impairment of different mechanisms of theta genesis.

Compared to the control condition (BI), theta phase stability during FP was significantly
elevated, though the EEG was completely free of spikes and no interruption of the
exploration behavior was observed. Higher synchrony during FP is a strong indication of the
abnormality of the neural circuits. It has been suggested that the decoupling of neural
circuits can be driven by synchrony (Lubenov and Siapas, 2008). As the slow GABAergic
inhibition was impaired after the spikes, the drive to decoupling may have been weakened
during FP. Therefore, theta phase synchrony was not able to subside to the same baseline
level as before injections. Nevertheless, these speculations are subject to future tests based
on experimental and computational evidences.

Potential Dampening Effects on Cognitive Performance

Caveats

Theta rhythm can be altered by spikes in both humans and rats of TLE (Bettus et al., 2008;
Chauviere et al., 2009; Winson, 1978). The modification of theta rhythm could lead to
negative changes in behavior as observed in rat models (Chauviere et al., 2009). In this
study, we found that the transient impact of spikes on theta oscillation was significantly
different in the latent and chronic stages, implying that the impact on cognitive processes
may also differ between these stages.

It has been found that disruption of spatial memory was more severe in early
epileptogenesis, even though theta power was stronger than in the chronic stage (Chauivere
et al., 2009). This may relate to our observations of the marked change of theta phase
synchrony around spikes (Fig. 2) and relatively high theta phase synchrony in FP during the
latent stage (Fig. 3B), but future experiments directly testing these potential relations are
warranted.

The onset and offset of the spikes were determined by visual inspection by an experienced
neurologist based on the baseline activity. To investigate whether our results are dependent
on the precise determination of onset and offset, we repeated the analyses by shifting the
onset to 350ms earlier and the offset to 350ms later. The dynamics on theta power and theta
PPI reported in the study did not change. Therefore, the difference between before-spike and
after-spike is not sensitive to the small variance in the determination of onset/offset, but is
due to the occurrence of spikes.

To ensure that the dynamics reported here can be robustly found in theta band, we also
repeated the analyses based on single reference frequency (from 4 to 12Hz with the
increment of 1Hz). The results indicated that the phase dynamics around spikes and during
the FP could be largely replicated at each central frequency (see Supplementary Fig.
S5B&C).

Previous studies indicate speed has a significant effect on theta rhythm. Both the power and
frequency of the theta rhythm can increase approximately linearly as running speed
increases (Wyble, 2004; Whishaw and Vanderwolf, 1973; Maurer et al., 2005; Morris and
Hagan, 1983; Rivas et al., 1996; Shen et al., 1997). Therefore it is important to differentiate
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the theta changes due to running speed from the theta changes caused by pathology. Our
data show some interesting patterns that are unlikely to be dominated by speed. For
example, on D7 theta power was significantly lower than that of BI although the speed was
higher than BI (Chauviere et al., 2009), indicating theta power in our data did not correlate
with running speed. Future studies on theta rhythm in epileptic rat models may include
running speed as a covariate to improve the specificity of pathological changes of theta.

Conclusions

Spikes have significant transient negative impacts on theta power and phase. These impacts
are different in the latent and chronic stages, implying that the influence of spikes on
cognitive processes may also change during epileptogenesis. We suggested that phase and
power are both necessary for characterizing the theta oscillations in the epileptic brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Theta power changes immediately after spikes. (A) An example segment of depth EEG

recorded before-injection (left panel) and its power spectrum (right panel) are illustrated. (B)
Spikes from the D7 group were aligned using the epochs sorting technology (left panel). The

power spectra around spikes were shown in the right panel. In this example, the power
spectra of epochs around 22 spikes from a single subject were averaged. Theta power
significantly decreased after spikes. Note that spikes have been cut out in the time-frequency

panel. (C) Artifact-free epochs around spikes in the D25 group (left panel) were subject to

the time-frequency analysis and the power spectra were averaged. Theta power also

decreased immediately after spikes. (D) Theta power of all epochs was compared. The pre-
spike theta power persistently decreased from Bl to D7 and then to D25. Theta power was
significantly reduced after the spikes (paired t-test, p<0.05), both on D7 and D25.
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Figure2.

Theta phase stability changes around spikes are time dependent and differ between latent
and chronic stages. Mean relative theta phase values were computed for all epochs and
around multiple reference frequencies. Cumulative distribution functions (CDF) of mean
relative theta phase value = 0.95 were plotted for D7 and D25 groups (A). The CDF curves
indicated that the highest probability of phase preservation appeared in the D7 pre-spike
group (black curve). The phase stability measure, termed PPI, was plotted for both D7 and
D25 groups. (B) On D7, the theta PPI demonstrated a 33% decrease from 0.46 pre-spike to
0.31 post-spike (bootstrapping, P<0.01). On D25, theta PPl demonstrated very little change
(2.8% increase) after spikes (bootstrapping, P>0.95). (C) Time courses of theta phase
stability around spikes (spikes were cut out). On D7 (51 epochs in total), theta phase
stability decreased after spikes (stripes were dispersed after spikes, indicating more random
phase). On D25 (83 epochs in total), no obvious theta phase stability change was seen after
spikes (stripes did not change obviously after spikes).
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Figure 3.

Theta phase stability and power during the spike-free period (FP). (A) While theta power in
epilepsy was greatly reduced compared to the control condition (BI), theta power during FP
showed no difference from the power before spikes, both in latent and chronic stage (paired
t-test, p>0.99). (B) Compared to the control condition (BI), theta phase stability was higher
in both D7 and D25 groups. Theta phase stability during FP reflects a higher synchrony
compared to BI, both on D7 (43% change from BI, bootstrapping, p<0.01) and D25 (29%
change from BI, bootstrapping, p<0.05).
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Theta power and PPIs of individual subjects. (A) Pre-spike theta power of each individual
subject. Theta power decreased from D7 to D25 in all rats (paired t-test, p<0.01). (B) Theta
PPIs around spikes on D7 were calculated for each individual subject. Theta PPIs decreased
after spikes in all subjects. (C) Theta PPIs after spikes on D25 were calculated for each
individual subject. In all subjects, the change of theta PPIs after spikes showed different

directionality between D25 and D7.
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