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Abstract: Epilepsy is a chronic condition characterized by recurrent spontaneous seizures. The
interaction between astrocytes and neurons has been suggested to play a role in the abnormal neu-
ronal activity observed in epilepsy. However, the exact way astrocytes influence neuronal activity
in the epileptogenic brain remains unclear. Here, using the PTZ-induced kindling mouse model,
we evaluated the interaction between astrocyte and synaptic function by measuring astrocytic Ca2+

activity, neuronal excitability, and the excitatory/inhibitory balance in the hippocampus. Compared
to control mice, hippocampal slices from PTZ-kindled mice displayed an increase in glial fibrillary
acidic protein (GFAP) levels and an abnormal pattern of intracellular Ca2+-oscillations, characterized
by an increased frequency of prolonged spontaneous transients. PTZ-kindled hippocampal slices also
showed an increase in the E/I ratio towards excitation, likely resulting from an augmented release
probability of excitatory inputs without affecting inhibitory synapses. Notably, the alterations in the
release probability seen in PTZ-kindled slices can be recovered by reducing astrocyte hyperactivity
with the reversible toxin fluorocitrate. This suggests that astroglial hyper-reactivity enhances excita-
tory synaptic transmission, thereby impacting the E/I balance in the hippocampus. Altogether, our
findings support the notion that abnormal astrocyte–neuron interactions are pivotal mechanisms
in epileptogenesis.

Keywords: astrogliosis; gliotransmission; excitation–inhibition imbalance; release probability; PTZ-
induced kindling; epilepsy

1. Introduction

Epileptogenesis is a process by which normal brain tissue is transformed into a cellular
region prone to generating a crisis state or seizure due to a progressive increase in electrical
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activity, which can reach a continuous convulsive state or status epilepticus [1,2]. While the
main cellular and molecular changes that lead to those alterations have been associated
with changes in neuronal activity and synaptic functions, increasing evidence suggests
an essential contribution of astrocyte-to-neuron signaling in the mechanisms that under-
lay seizure activity initiation, propagation, and recurrence [3–6]. Indeed, in both mesial
temporal lobule epilepsy patients and chronic epilepsy animal models, astrocytes have
been shown to undergo morphological, molecular, and functional transformation giving
rise to astrogliosis, malfunction of the glutamate transporter, over-expressing hemichan-
nels, as well as alteration of glutamatergic and purinergic receptors among other proteins
implicated in astrocyte-to-neuron signaling [6–10].

Kindling is a chronic model of epilepsy where repetitive and intermittent administra-
tion of sub-convulsant chemical or electrical stimuli can lead to progressive amplification
of seizures, culminating in generalized seizure activity [4,6,9,10]. Experimental evidence
suggests that reactive astrocytes from electrical-kindled rats display Ca2+-mediated hyper-
excitability, increasing glutamate-mediated gliotransmission [6,11–13]. Consequently, gluta-
mate released from astrocytes activates metabotropic glutamate receptors (mGluR1/5 sub-
types) to increase glutamate release from presynaptic terminals [10]. This mechanism has
been proposed as an excitatory astrocyte-to-neuron loop that raises the excitatory trans-
mission required to reach the epileptic seizure threshold, contributing to the generation of
recurrent episodes during epileptogenesis [6,10,14]. For instance, in electrical-kindling rats,
alterations have been reported associated with rising gliotransmission and glutamatergic
tone, suggesting that the alteration of astroglial signaling might be an important mechanism
underlying the epileptogenesis process [15–17]. However, whether chronic treatment with
pentylenetetrazole (PTZ), a non-competitive GABAA receptor antagonist widely used to
induce epilepsy model [16,17], induced abnormal astrocytic signaling that affects neuronal
excitability and release probability at CA3-CA1 glutamatergic synapses in the hippocampus
remains unknown. Here, we sought to address these issues by recording astrocytic Ca2+

patterns and synaptic function from CA1 pyramidal neurons in acute hippocampal slices
from the PTZ-kindling mouse model.

2. Results
2.1. In Vivo Epileptogenic Progression the in PTZ-Kindling Model of Epilepsy

To evaluate whether PTZ-kindled mice display abnormal astrocyte reactivity that could
affect neuronal synaptic function in the hippocampus, first, we corroborate that chronic treat-
ment with PTZ induces epileptic state through behavioral evolution towards tonic–clonic
seizures according to the Racine scale [9,18,19]. As previously demonstrated [15,19,20], after
repeated administration of PTZ, a progression of the epileptic condition was observed
(Figure 1A, left panel) and protracted duration of Racine’s stage 5 (Figure 1A, right panel).
In this context, two successive stage 5 seizure after PTZ injection (Figure 1A, above) was
considered a complete kindled state [21]. These mice were euthanized to obtain the slices
for ex vivo and in vitro experiments. In addition, we corroborate the epileptogenic effect
generated by chronic administration of PTZ through in vivo brain electrical activity (see
Methods; Figure 1B). An increase in local field potential (LFP) displayed as after-discharges
(ADs) was observed after the last PTZ injection (Figure 1C). Intrinsic features of the ictal cri-
sis showed a higher power at the low-frequency band (1–3 Hz) at day 13 (D13) compared to
D1 (Figure 1D, see Supplementary Table S1). Moreover, the number of ADs (e.g., incidence
min−1) and ADs duration were also higher at D13 than at D1, whereas the latency time for
seizures was lower at D13 than at D1 (Figure 1D, see Supplementary Table S1). Altogether
these in vivo results confirm that, in our hands, chronic administration of PTZ for 13 days
generates a PTZ-kindling model of epilepsy.
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Figure 1. In vivo characterization of the pharmacological kindling model of epilepsy induced by 
pentylenetetrazole (PTZ). (A) Representative images of a mouse in stage 1 (e.g., repetitive movement 
of the head and neck) and stage 5 (e.g., tonic–clonic seizure) of the Racine scale [19]. The temporal 
progression of the duration of Racine stage 5 during PTZ (35 mg/kg i.p.) administration is shown (n 
= 5). (B) Diagram of the temporal course for experimental protocols (top). After the post-implanta-
tion recovery of electrodes, PTZ was administered for 13 days every 48 h (days 1, 3, 5, 7, 9, 11, and 
13). Bottom: Coronal section of a mouse brain stained with cresyl violet showing the recording elec-
trode track. (C) Representative recording traces of local field potential (LFP) and their respective 
power spectral density of mice exposed to 1 (D1) and 7 (D13) doses of PTZ. (D) Summary graph 

Figure 1. In vivo characterization of the pharmacological kindling model of epilepsy induced by
pentylenetetrazole (PTZ). (A) Representative images of a mouse in stage 1 (e.g., repetitive movement
of the head and neck) and stage 5 (e.g., tonic–clonic seizure) of the Racine scale [19]. The temporal pro-
gression of the duration of Racine stage 5 during PTZ (35 mg/kg i.p.) administration is shown (n = 5).
(B) Diagram of the temporal course for experimental protocols (top). After the post-implantation
recovery of electrodes, PTZ was administered for 13 days every 48 h (days 1, 3, 5, 7, 9, 11, and 13).
Bottom: Coronal section of a mouse brain stained with cresyl violet showing the recording electrode
track. (C) Representative recording traces of local field potential (LFP) and their respective power
spectral density of mice exposed to 1 (D1) and 7 (D13) doses of PTZ. (D) Summary graph showing
the spectral power frequency, incidence, latency, and duration of after discharges (ADs) recorded at
D1 and D13 of pharmacologically kindled mice (n = 5) (* p < 0.05; ** p < 0.01).
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2.2. Astrogliosis and Astrocyte Calcium Wave in the Hippocampus of the PTZ-Kindling Model

Compared to control or vehicle-injected mice, we found that the hippocampus of
the PTZ-kindling model displays an abnormal astrocyte reactivity as evidenced by the
increase in glial fibrillary acidic protein (GFAP) levels (Figure 2A, see Supplementary
Table S1), a hallmark of astroglial activation [22]. Likewise, a significant increase in the
protein expression of GFAP was also observed in the ventral hippocampus (Figure 2B,
see Supplementary Table S1), strongly supporting the idea that astroglial dysfunction is
considered a cellular phenotype in the epileptic brain [23,24].
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cyte marker) in red and Hoechst staining (DNA marker) in the blue (scale bar = 200 µm). (B) Sum-
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= 6) mice and original blots for GFAP and GAPDH for both experimental groups (* p < 0.05; ** p < 
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of the PTZ-kindling model, as previously demonstrated in electrical kindling [6,10,25], by 
measuring spontaneous intracellular Ca2+ elevations from control and kindled hippocam-
pal slices pre-incubated with the astrocyte-specific marker SR101 and the Ca2+ probe Fluo-
4-AM [6] (see Methods; Figure 3A). A significant difference in the duration of Ca2+ transi-
ents above the 75th percentile of the cumulative distribution with 23.1 s as a cut-off crite-
rion to sort Ca2+ waves into slow (ST) and fast (FT) transients was observed in PTZ-kin-
dling slices (Figure 3B). An increase in duration and oscillation of the Ca2+ signal was also 
observed in PTZ-kindling slices compared to control slices (Figure 3D, see Supplementary 
Table S1). Importantly, the FT/ST index values were lower in epileptic than control or ve-
hicle-injected mice (Figure 3D, see Supplementary Table S1), indicating an increase in as-
troglial Ca2+-dependent excitability with an elevated occurrence of slow Ca2+ transients. 
Such increases in astrocyte Ca2+-dependent excitability indicate that increased gliotrans-
mission of glutamate from hyperexcitable astrocytes may enhance excitatory neurotrans-
mission within the hippocampus of PTZ-kindling slices. This observation is consistent 

Figure 2. Hippocampal astrogliosis induced by pentylenetetrazole (PTZ) in mice. (A) Representative
immunofluorescence (top) and summary plot of GFAP staining (bottom) of hippocampal slices from
control (n = 7), vehicle (VEH, 1 mL/kg i.p. of saline solution; n = 8), and PTZ (35 mg/kg i.p. (n = 8))
mice showing the immunohistochemical staining of glial fibrillary acidic protein (GFAP, an astrocyte
marker) in red and Hoechst staining (DNA marker) in the blue (scale bar = 200 µm). (B) Summary
graph of GFAP protein levels in the ventral hippocampus for both control (n = 6) and PTZ (n = 6)
mice and original blots for GFAP and GAPDH for both experimental groups (* p < 0.05; ** p < 0.01).

Next, we determined whether astroglial Ca2+ waves are altered in the hippocampus of
the PTZ-kindling model, as previously demonstrated in electrical kindling [6,10,25], by mea-
suring spontaneous intracellular Ca2+ elevations from control and kindled hippocampal
slices pre-incubated with the astrocyte-specific marker SR101 and the Ca2+ probe Fluo-4-
AM [6] (see Methods; Figure 3A). A significant difference in the duration of Ca2+ transients
above the 75th percentile of the cumulative distribution with 23.1 s as a cut-off criterion to
sort Ca2+ waves into slow (ST) and fast (FT) transients was observed in PTZ-kindling slices
(Figure 3B). An increase in duration and oscillation of the Ca2+ signal was also observed in
PTZ-kindling slices compared to control slices (Figure 3D, see Supplementary Table S1).
Importantly, the FT/ST index values were lower in epileptic than control or vehicle-injected
mice (Figure 3D, see Supplementary Table S1), indicating an increase in astroglial Ca2+-
dependent excitability with an elevated occurrence of slow Ca2+ transients. Such increases
in astrocyte Ca2+-dependent excitability indicate that increased gliotransmission of gluta-
mate from hyperexcitable astrocytes may enhance excitatory neurotransmission within the
hippocampus of PTZ-kindling slices. This observation is consistent with prior findings in
other kindling epileptic models, suggesting a potential mechanism for the up-regulation of
excitatory neurotransmission in the epilepsy [6].
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trast, at synapses formed by interneurons onto CA1 pyramidal neurons, we detected no 
change in the spontaneous inhibitory postsynaptic currents (sIPSCs; Figure 4B, see Sup-
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Figure 3. Increases in astrocyte Ca2+-dependent excitability in PTZ-kindling mice model. (A) Repre-
sentative fluorescence microscopy images obtained from 5 min video of fluorescence transients for
Fluo-4 AM (green), SR101 (red), and co-application of Fluo-4 AM and + SR101 on astrocytes activity
in the CA1 stratum radiatum in control, vehicle (VEH, 1 mL/kg i.p. of saline solution), and PTZ-
induced (35 mg/kg i.p.) kindled hippocampal slices (calibration bar 20 µm). (B) Top: Representative
fluorescence traces of spontaneous Ca2+ elevations in five astrocytes in the same hippocampal slice
from control, vehicle, and PTZ-injected mice. Bottom: Spontaneous Ca2+ elevations obtained from
several astrocytes (>10 cells) aligned at the start of every transient. Gray boxes show the temporal
window within 23.1 s. Representative slow Ca2+ transients (STs) exceed the cut-off duration in the
gray box (red traces), while the fast transients do not (FTs, black traces). (C) Cumulative distribution
plot of spontaneous Ca2+ events duration obtained from all astrocytes analyzed for control (n = 179),
vehicle (n = 185), and PTZ (n = 155). The dashed line indicates the 23.1 s-duration cut-off criterion to
classify FT and ST populations. (D) Summary graphs of astroglial Ca2+ transients mean duration
(left), ST percent (middle), and FT/ST ratio (right) for control (n = 179, 163 and 163), vehicle (n = 185,
180 and 180), and PTZ groups (n = 155, 154 and 154) (* p < 0.05).

2.3. Excitatory Synaptic and Neuronal Excitability Function Is Enhanced in PTZ-Kindling Model

To determine whether astrocyte hyperexcitability alters neurotransmitter release in
the hippocampus of the PTZ-kindling model, we monitored basal excitatory synaptic trans-
mission at Schaffer collateral to CA1 synapses in the hippocampal region and detected a
significant increase in the frequency but not in the amplitude of spontaneous excitatory
postsynaptic currents (sEPSCs; Figure 4A, see Supplementary Table S1). In contrast, at
synapses formed by interneurons onto CA1 pyramidal neurons, we detected no change in
the spontaneous inhibitory postsynaptic currents (sIPSCs; Figure 4B, see Supplementary
Table S1). The strong increase in the frequency of sEPSC in the PTZ-kindling model could
result from an increase in presynaptic excitability and/or release probability at excitatory
synapses [10,25]. To test changes in excitability, we measured isolated field excitatory
postsynaptic potentials (fEPSPs; see Methods) input/output curves and found a 2-fold
enhancement in the EPSP amplitudes at all stimulus intensities in PTZ-kindling model com-
pared to control or vehicle-injected mice (Figure 5A, see Supplementary Table S1). Moreover,
we found that stimulation intensity required to induce population spike threshold, reliably
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used to indicate postsynaptic excitability [26], was lower in the PTZ-kindling model than
in control and vehicle-injected mice (Figure 5B, see Supplementary Table S1), suggesting
that neuronal excitability is altered in the hippocampus of PTZ-kindling model. Next, we
tested changes in release probability by examining paired-pulse facilitation at excitatory
CA3-CA1 synapse and found a significant reduction in the paired-pulse ratio in the PTZ-
kindling model compared to control or vehicle-injected mice (Figure 5C, see Supplementary
Table S1), whereas at inhibitory synapses, paired-pulse depression remains unchanged
(Figure 5C, see Supplementary Table S1). These findings indicate that in the PTZ-kindling
model, astrocyte hyperexcitability alters neuronal excitability and excitatory release prob-
ability without affecting inhibitory synaptic function. Moreover, these findings suggest
that a change in the excitatory/inhibitory (E/I) synaptic balance might occur in the PTZ-
kindling model. To test this possibility, we recorded CA1 pyramidal cells at −40 mV and
stimulated monosynaptic excitatory afferents and disynaptic inhibitory pathways to obtain
both EPSCs and IPSCs at the same time. Under these experimental conditions, we found
that the excitatory-to-inhibitory ratio was higher in the PTZ-kindling model compared to
control or vehicle-injected mice (Figure 5C, see Supplementary Table S1), indicating that
abnormal astrocyte function impacts synaptic function towards enhancement of excitatory
transmission and neuronal excitability in the epileptic brain of PTZ-kindling model.
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(black, n = 10), vehicle (gray, VEH, 1 mL/kg i.p. of saline solution, n = 10), and PTZ (green, 35 mg/kg 
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Figure 4. An increase in the frequency of excitatory synaptic events is induced by PTZ in mice.
(A) Representative traces (top) and summary plots (bottom) of the frequency and amplitude of
spontaneous excitatory postsynaptic currents (sEPSCs) recorded from CA1 pyramidal neuron from
control (black, n = 10), vehicle (gray, VEH, 1 mL/kg i.p. of saline solution, n = 10), and PTZ (green,
35 mg/kg i.p., n = 14). Note that the frequency of sEPSCs in hippocampal slices from PTZ was
significantly higher compared to control or vehicle-injected mice. (B) Representative traces (top)
and summary plot (bottom) show that basal spontaneous inhibitory postsynaptic currents (sIPSCs)
are similar between control (n = 18), vehicle (n = 12), and PTZ (n = 16) groups (* p < 0.05; NS,
no significant).
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Figure 5. Excitatory/inhibitory ratio is altered in pentylenetetrazole (PTZ)-kindling hippocampal
slices. (A) (Top) Representative family response of isolated fEPSP traces (in the continuous presence of
10 µM PTX to block inhibitory inputs) from control (black), vehicle (gray, VEH, 1 mL/kg i.p. of saline
solution), and PTZ (green, 35 mg/kg i.p.) injected mice. (Bottom) Summary plot showing the fEPSP
amplitude vs. the fiber volley (left), the slope of fEPSP (middle), and population spike (Ps; right)
threshold in hippocampal slices from control (n = 9, 9, 9), vehicle (n = 5, 5, 6), and PTZ (n = 5, 5, 5).
Note that PTZ slices show higher fEPSP amplitude and Ps compared to the control or vehicle group.
(B) Representative traces of paired-pulse ratio (PPR; 100 ms inter-stimulus intervals) and summary
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plot showing that PPR of excitatory postsynaptic currents (EPSCs) is decreased in PTZ-kindling
(n = 14) hippocampal slices compared to control (n = 10) or vehicle-injected mice (n = 13), whereas
PPR of inhibitory postsynaptic currents (IPSCs) is similar between control (n = 10), vehicle (n = 13),
and PTZ (n = 14) groups. (C) Representative traces of composed postsynaptic currents (cPSCs)
were recorded at −40 mV from the same CA1 pyramidal neuron from control, vehicle, and PTZ
hippocampal slices. Note that both the amplitude and the area of the excitatory component are higher
in PTZ (n = 9) vs. control (n = 9) or vehicle (n = 10) groups, suggesting a change in the E/I ratio
(* p < 0.05; NS, no significant).

2.4. Metabolic Arrest of Abnormal Astrocyte Restores the Release Probability at Excitatory Synapse
in the PTZ-Kindling Model

Previous evidence indicates that the reversible toxin fluorocitrate (FC) decreases
the astrocytic metabolism [27], producing a reduction in the Ca2+-mediated glutamate
release from astrocytes, increasing paired-pulse ratio, and decreasing release probability
at CA3-CA1 synapses in normal conditions [4,28,29]. To test whether FC can revert the
increase in release probability observed in PTZ-kindled mice, we test the effects of acute
perfusion of FC (200 µM) on fEPSP paired-pulse ratio (PPR). As previously reported [4],
FC induces an increase in the PPR in slices from vehicle-injected mice (Figure 6). Notably,
in PTZ-kindled slices, where the PPR is known to be reduced (Figures 5B and 6, see
Supplementary Table S1), acute application of FC significantly increased PPR (Figure 6,
see Supplementary Table S1) to similar values of PPR from vehicle-injected slice (Figure 6).
These results show that by inhibiting astrocytic metabolism FC effectively counteracts
neuronal hyper-excitability induced by PTZ, recovering the normal release probability at
excitatory synapses and strongly supporting the notion that abnormal astrocyte–neuron
communication plays an essential role in epileptogenesis.
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Figure 6. The selective metabolic arrest of astrocytes rescues glutamatergic neurotransmission in
PTZ-kindled mice. fEPSP paired-pulse (100 ms inter-stimulus interval) representative traces recorded
in the stratum radiatum in the CA1 area of the hippocampus from vehicle (VEH, 1 mL/kg i.p. of
saline solution) and PTZ-kindling slices (PTZ, 35 mg/kg i.p.) in the absence and presence of 200 µM
fluorocitrate (FC; top). Superimposed traces and summary graph (bottom) showing the effect of FC
on PPR in the vehicle (n = 12) and PTZ (n = 9) groups (* p < 0.05; NS, no significant).



Int. J. Mol. Sci. 2023, 24, 14506 9 of 15

3. Discussion

Here, we show that PTZ-kindled mice exhibit reactive astrogliosis and an abnormal
pattern of Ca2+ waves in the hippocampus. The astroglial hyper-excitability likely up-
regulates excitatory transmission by increasing the probability of glutamate release at
Schaffer collaterals-CA1 synapses. We also found that these changes are synapse-specific,
affecting only excitatory but not inhibitory synapses onto CA1 pyramidal neurons, thus,
altering the excitatory/inhibitory balance required for proper hippocampal function. The
increase in release probability induced by astroglial hyper-excitability can be rescued by
arresting astrocyte metabolism, strongly suggesting that a dysregulation of the astrocyte–
neuron signaling is implicated in the epileptogenesis induced by chronic treatment with
PTZ. Importantly, in other chronic epilepsy models—including electrical kindling in rats—a
similar impairment of astrocyte–neuron signaling has been demonstrated [6,9,10], support-
ing the idea that astrocyte–neuron interaction is an important factor in the pathogenesis
of epilepsy.

3.1. Ca2+-Dependent Astroglial Hyper-Excitability in the Epileptic Hippocampus

Although PTZ-induced chemical kindling is a well-characterized model of the chronic
epilepsy [19,21] with considerable evidence for changes at the molecular, cellular, and
behavioral stages, our data provide for the first time, evidence that astroglial modulation
of synaptic efficacy could be an important step in the epileptic progression induced by PTZ.
As previously reported in different animal models [30–32], the hippocampal formation of
the PTZ-kindling model showed strong and widespread reactive astrogliosis and a higher
incidence of slow spontaneous elevations of Ca2+ transient. Such abnormal pattern of Ca2+

transient has been previously described in electrical kindling epileptic model in rats [10]
and in resected tissue from TLE patients [24], suggesting a common mechanism underlying
epileptogenesis. Moreover, the increase in the slow astroglial Ca2+ transients appears to
be associated with an increase in glutamate released from astrocytes (gliotransmission),
upregulating glutamate release from presynaptic terminals. Whether the increase in slow
astroglia Ca2+ transients is responsible for the higher basal glutamate levels reported in
patients with TLE epileptogenic foci [33] remains unknown.

Interestingly, purinergic P2Y1 receptors located on astrocytes are overexpressed in the
epilepsy [12,34,35], and recently, we have shown that its blocked diminished slow Ca2+

transient in astrocyte [6] opens the possibility that the increase in astroglia Ca2+ transients
in PTZ-kindling model could be due in part to an increase in P2Y1 receptors function.
For instance, in electric-kindled rats [6], ATP release through Pannexin-1 from reactive
astrocytes is required for P2Y1-induced up-regulation of excitatory synaptic function.
Further investigations will be necessary to determine whether this purinergic pathway is
implicated in the astroglial hyperactivity of the PTZ-kindled model.

3.2. Increase in Excitatory Synaptic Activity Yields E/I Unbalances in the Hippocampal Network of
PTZ-Kindled Mice

Normal brain function requires the subtle adjustment between synaptic excitation and
inhibition [36]. Here, we described that chronically epileptic PTZ-kindled mice showed a
two-fold increase in the E/I ratio of hippocampal CA1 pyramidal cells towards excitation.
This was corroborated by increases in the frequencies of excitatory spontaneous activity. A
similar E/I increase has been described in the pilocarpine-induced status epilepticus [37];
however, the increase in the E/I ratio is associated with a reduction in the release probabil-
ity of GABAergic inputs (i.e., minor miniature IPSC frequencies). While these differences
could be attributed to the different models used, we propose that in chronic epilepsy,
PTZ-induced dysregulation of E/I synaptic balance contributed to the upregulation of
input/output function and hyper-excitability of CA1 pyramidal neurons. The origin of this
synaptic imbalance that predisposes the healthy brain to transform into an epileptic one
has been associated with altering the mechanisms that modulate synaptic transmission and
neuronal excitability. One of the well-known modulatory mechanisms is the astroglial sig-
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naling mediated by the gliotransmitters [38,39]. Certainly, evidence showed that disrupted
gliotransmitter-mediated astrocyte–neuron signaling by reactive astrocytes contributes to
synaptic imbalance and hyper-excitability in epileptic circuits [8,24]. In several structures,
including the hippocampus, the synaptic activity or autocrine astrocytic signals can activate
astroglial Ca2+ waves that, in turn, release gliotransmitters, activating receptors that depo-
larize the membrane potential, reducing the membrane resistance or changing conductance
of voltage-dependent channels [24,40,41]. Likewise, gliotransmitters modify glutamatergic
and GABAergic synaptic transmission at pre- and postsynaptic levels [4,38,41]. Here, we
demonstrated that as in the electrical kindling model [10] chronic treatment with PTZ
also induces hyper-excitable reactive astrocytes affecting the modulation of glutamate
neurotransmission. The signaling pathways and circuital mechanisms produced by this
synaptic imbalance remain an open question.

4. Materials and Methods
4.1. Animals

Male C57BL/6 strain mice between 30 and 60 days of postnatal age (P30-P60) were ob-
tained from the Animal House Facility at the Faculty of Science, Universidad de Valparaíso.
A total of 58 mice were divided into three experimental groups: (i) the control or wild-type
group (n = 19), (ii) the vehicle group injected with a saline solution (1 mL/kg, intraperi-
toneally (i.p.), n = 14), and (iii) the PTZ group (35 mg/kg, i.p., n = 25). All animals were
maintained in temperature, humidity, and light-controlled rooms, with food and water ad
libitum. Animal handling and use were in strict accordance with the National Institute of
Health (USA) guidelines for the use of experimental animals, and the Institutional Animal
Ethics Committee approved all the protocols at the Universidad de Valparaíso (Act. N◦

CBC 34/2022).

4.2. Tracing Epileptogenesis in the PTZ-Kindling Mouse Model

PTZ-kindling-induced epilepsy model was generated as previously described [16,21].
Briefly, PTZ was freshly dissolved in saline (0.01 g/mL) solution and sub-convulsive doses
(35 mg/kg, i.p.) were injected every other day for 13 days (7 injections, Figure 1A). This
protocol led to most animals reaching consecutive Racine stage 5 seizures, while a smaller
percentage of animals (<30%) required two additional injections under the same admin-
istration schedule. To assess the development of epileptiform activity induced by the
PTZ-kindling protocol in vivo, local field potential (LFP) was recorded in freely moving
mice undergoing stereotaxic surgery under anesthesia (4% isoflurane; 100% O2). Three
tungsten microwire electrodes (50 mm diameter, polyamide insulated, California Fine
Wires Co, Grover Beach, CA, USA) were implanted intracranially in the right hemisphere at
stereotaxic coordinates targeting the motor cortex (2.10 mm AP, 2.0 mm ML from Bregma).
Electrodes were then connected to an amplifier (model RHD2132 connected to RHD2000
evaluation system; Intan Tech, Los Angeles, CA, USA). Following surgery, animals were
housed individually in a temperature and humidity-controlled room (22 ± 1 ◦C, 60%,
respectively) with access to food and water ad libitum. After the final PTZ injection, behav-
ioral and electrical brain activities were monitored. Electrical brain signals were amplified,
digitalized, and filtered (×1000 times; sampling rate: 20 kHz; 0.5–5000 Hz, respectively).
Offline LFP analysis was performed using MATLAB software, Version 9.9 (The Mathworks
Inc., Natick, MA, USA). LFP was sampled at 1000 Hz and band-pass filtered at 0.1–100 Hz.
Interictal spikes and epileptic seizures were manually identified. Interictal spikes were
defined as transient high amplitude deflections or poly-spike complexes lasting 20–70 ms,
whereas ictal activity (i.e., epileptic seizures) was identified as after discharge (AD), charac-
terized by a spike-wave pattern that appeared with variable latency after each injection. At
the most severe stages, seizures were manifested as tonic–clonic episodes, which coincided
temporarily with single or multiple ADs of longer duration and amplitude, following ictal
depression that ended the seizure. Power spectral density (PSD) was computed using
multitaper analysis from the Chronux toolbox (http://www.chronux.org, accessed on 1
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March 2023). For PSD analysis, field potentials were divided into 4000 ms segments with
500 ms overlap and a time-bandwidth product of 5 and 9 tapers.

4.3. Electrophysiology in Hippocampal Slices

Acute transverse hippocampal slices were obtained from mice of each experimental
group as previously described. Briefly, mice were anesthetized with isoflurane, decapi-
tated, and the brain was rapidly removed and placed in ice-cold (<4 ◦C) artificial cere-
brospinal fluid (ACSF) containing (in mM) 124.0 NaCl, 2.7 KCl, 1.25 KH2PO4, 2.0 Mg2SO4,
26.0 NaHCO3, 2.5 CaCl2, and 10.0 glucose equilibrated with 95% O2 and 5% CO2 (pH 7.4).
Hippocampal slices (300–350 µm thick) were obtained using a Vibroslice microtome (VSL,
WPI, Sarasota, FL, USA) and were incubated for at least 1 h in ACSF at room temperature
(21–24 ◦C). Then, slices were transferred to an immersion-recording chamber (2 mL) and
fixed to an upright microscope stage (FN100 IR; Nikon Inc., Tokyo, Japan), equipped with
infrared and differential interference contrast imaging devices and a 40× water immer-
sion objective. Two electrophysiological recording methods were employed: extracellular
field potentials and whole-cell patch-clamp recordings. For field excitatory postsynaptic
potentials (fEPSPs), a glass pipette (2–4 MΩ) filled with ACSF was placed in the middle
of the CA1 stratum radiatum. This pipette was connected to an AC amplifier (P-5 series;
Grass) with a gain of 310,000×, a 3.0-kHz low-pass filter, and a 0.30 Hz high-pass filter.
To evoke fEPSPs, a bipolar concentric electrode (concentric platinum/iridium electrode,
125 µm outer diameter, FHC Inc., Bowdoin, ME, USA) was placed in the stratum radiatum
within 100–200 µm from the recording site to activate the Schaeffer collateral fibers using
bipolar cathodic stimulation (50 µs, 0.3 Hz, 20–100 µA), generated by a stimulator (A.M.P.I.,
Jerusalem, Israel) connected to an isolation unit (Isoflex, Jerusalem, Israel, AMPI). fEPSP
recordings were made in the continuous presence of picrotoxin (PTX, 10 µM), a GABAA
antagonist. In a subset of experiments, the astrocyte inhibitor fluorocitrate (FC; 200 µM;
Figure 6) [4,42], a reversible toxin used to decrease astrocytic metabolism [27] as inhibited
aconitase that prevents the conversion of citrate to isocitrate, reducing glucose metabolism,
energy stores, and cellular respiration, was used. Moreover, this concentration reportedly
decreases Ca2+-dependent glutamate release from astrocytes in the hippocampus [4].

Whole-cell voltage-clamp recordings were made from CA1 pyramidal cells using an
EPC-7 amplifier (Heka Instruments, Lambrecht, Germany) through patch-type pipette
electrodes (~5 MΩ) containing (in mM) 130 KMeSO4, 10 HEPES, 4 ATP-Na2, and 20 KCl
(290 mOsm, pH 7.3). Excitatory and inhibitory evoked postsynaptic currents (eEPSCs and
eIPSCs, respectively) were elicited every 3 s by changing CA1 holding potential at the
reversal potential for glutamatergic (i.e., 0 mV) or GABAergic (i.e., −60 mV) synaptic input.
Signals were filtered at 3.0 kHz and acquired at 4.0 kHz using an A/D converter (ITC-16;
Instrutech, Reutlingen, Germany). The excitatory and inhibitory ratio (E/I ratio) was
calculated using the peak amplitude and the total area of evoked compound postsynaptic
currents recorded at −40 mV in the continuous presence of the NMDA receptor antagonist
APV (25 µM), which includes both excitatory and inhibitory components. All recordings
were stored with Pulse FIT software, Version 8.5 (Heka Instruments, Lambrecht, Germany),
and cells that exhibited a significant change in access resistance (>20%) were excluded
from the analysis. Paired-pulse ratio (PPR) was defined as the ratio of the amplitude of
the second response to the amplitude of the first response. PPR was calculated from the
control, vehicle, and PTZ-animal models as an indirect measurement of changes in release
probability. Offline recording analysis was performed using the pClamp software (Version
10.3) by Molecular Devices (San Jose, CA, USA).

4.4. Ca2+ Imaging in Astrocytes

Intracellular Ca2+ elevations from astrocytes were monitored by fluorescence mi-
croscopy using Fluo-4 AM, a cell-permeant Ca2+ indicator, as previously described [6]. To
confirm the specific recording of Ca2+ signals from astrocytes, slices were first incubated
with the astroglial morphological marker sulforhodamine-101 (SR101; 0.5–1 µM) [43,44]
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for approximately 30 min in low Ca2+ (0.5 mM)/high Mg2+ (4 mM) ACSF at 32–34 ◦C.
Subsequently, the slices were transferred to a chamber with regular ACSF for 30 min and
later incubated with Fluo-4 AM (1–2 µL of the dye dissolved in pluronic acid at 0.01%
was dropped over the hippocampus, resulting in a final concentration of 5–10 µM) for
approximately 75 min in regular ACSF at room temperature. Astrocytes were imaged using
a CCD camera (Andor DR328G; Andor Technologies PLC, Belfast, Ireland) attached to the
microscope (Nikon, Japan) and controlled by the Niss-Elements AR 3.2 software (Nikon,
Tokyo, Japan) that was also used for offline analyses. The fields of measure were randomly
selected in the anteroposterior axis of the CA1 stratum radiatum, with astrocytes exhibiting
minimum fluorescence values of 2000 units in a Look-Up Table (LUT) implemented by
the NISS-Elements software (Version 4.3). Cells were illuminated with a Xenon lamp at
490 nm (200–400 ms exposure; 36,700 mm2 area). Images were acquired at 1 Hz for 5 min,
regulated by a shutter (Lambda SC-Smart shutter, Sutter Instrument Company, Novato,
CA, USA). Analyses of astroglial Ca2+ levels were restricted to the cell body, and Ca2+

transients were estimated as changes in the fluorescence signal over the baseline (∆F/F0)
after background subtraction. For every individual astrocyte, the baseline was obtained by
extracting and averaging the fluorescence values of at least 30 consecutive frames, where
the astrocyte exhibited no spontaneous Ca2+-dependent activity. Changes in fluorescence
were considered events when the ∆F/F0 intensity exceeded the fluorescence of the baseline
by at least two standard deviations for no less than five consecutive frames. For multi-peak
astroglial Ca2+ activity, events, where the ∆F/F0 dropped to half of the maximum fluores-
cence intensity from baseline, were considered independent transients. Additionally, those
where the ∆F/F0 decreased below 50% from F0 were treated as distinct events. As previ-
ously described [6,25], the duration of astroglial Ca2+ transients was distributed among
two populations starting from the 75th percentile of the cumulative distribution. That value
was employed as a cut-off criterion from which random events in the same astrocyte were
classified as fast or low transients (FTs < 23.1 s > STs, respectively). In addition, the FT/ST
frequency ratio was included as an index of astroglial excitability, where a lower index
would be associated with a greater Ca2+-dependent excitability [6].

4.5. Western Blot

For protein determinations, ventral hippocampal tissues from 6 animals (both control
and PTZ-kindling) were isolated and homogenized using RIPA buffer (pH = 8.0, 150 mM,
NaCl, 50 mM Tris-HCl, 1% v/v Nonidet P40, 0.1% w/v SDS, 2 mM EDTA, 1.5 mM PMSF)
whit protease inhibitor cocktail (Cat# G6521, Promega™). Total protein concentration was
determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., Richmond, CA,
USA) with bovine serum albumin as standard, and the readout was performed at 595 nm
in a microplate spectrophotometer (Epoch™, BioTek Instruments Inc., Winooski, VT, USA).
Thirty micrograms of total protein from each sample were separated by 10% SDS-PAGE and
transferred to nitrocellulose membranes (Cat# 88018, 0.45 µm pore, Thermo Scientific™,
Rockford, IL, USA) at 350 mA for 1.5 h. Unspecific membrane binding sites were blocked
using 5% skim milk in TTBS (0.1% Tween-20, 20 mM TBS, 137 mM NaCl) for 1 h at room
temperature. Later, nitrocellulose membranes were incubated overnight at 4 ◦C with rabbit
anti-GFAP diluted 1:20,000 (Cat# Z033401-2, Aligent Technologies, Santa Clara, CA, USA),
and rabbit anti-GAPDH diluted 1:10,000 (Cat# ab9485, Abcam, Cambridge, MA, USA)
as the constitutive protein. Membranes were washed with T-TBS and then incubated for
1 h at room temperature in Peroxidase-conjugated AffiniPure F(ab’)2 Fragment Donkey
anti-rabbit (Cat# 711-036-152, Jackson Inmuno Research, Laboratories, Inc., West Grove,
PA, USA) secondary antibody diluted in blocking solution 1:20,000 for GFAP and GAPDH.
For chemiluminescent detection, SuperSignalTM West Dura Extended Duration Substrates
(Cat# 34075, Thermo Fisher Scientific, Waltham, MA, USA) were used, and the resulting
images of the membranes were obtained using a benchtop transilluminator (Omega Lum
G, Aplegen, San Francisco, CA, USA). The images were analyzed using Image-J™ software
(http://rsbweb.nih.gov/ij/, accessed on 2 February 2023).

http://rsbweb.nih.gov/ij/
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4.6. Immunohistochemistry

Male mice were anesthetized with isoflurane using a mask (isoflurane 2% in 0.6 L/min
air flow) connected to an animal anesthesia system (model 510, RWD Life Science Co.
Ltd., Shenzhen, China). Mice were transcardially perfused with saline (0.9% w/v NaCl),
followed by ice-cold fixative solution (4% w/v paraformaldehyde in phosphate-buffered
saline solution (PBS) 0.1 M with pH 7.4). Brains were removed from the skull and post-
fixed for 30 min before the dehydration in 20% w/v sucrose solution for 48 h at 4 ◦C.
Coronal hippocampal slices were prepared on a cryostat (model KD-2950, Kedee, China)
for immunofluorescence. Slices were washed (6 × 5 min) in 0.05 M PBS + 0.5% Triton X-100
(PBS-TX; pH 7.4), followed by incubation overnight with anti-GFAP primary antibodies
(monoclonal mouse; 1/200; Merck Chemicon) at room temperature (22–24 ◦C). Samples
were washed (6 × 5 min) with 0.05 M PBS (pH 7.4), incubated with the secondary antibody
CY2 (anti-rabbit 1:200; Immunoreasearch Inc., West Grove, PA, USA) for 5 h, washed
(6 × 5 min) with 0.05 M PBS (pH 7.4), and mounted using DAKO fluorescent mounting
medium (DAKO North America Inc., Santa Clara, CA, USA). Samples were visualized
using a Zeiss 780 confocal microscope. Fluorescence (expressed in arbitrary units, AU) and
fluorescence area average (% concerning CA1 area) were analyzed using Image J software
(https://imagej.net/ij/index.html, accessed on 2 February 2023) (NIH, Bethesda, MD,
USA). The total number (n) of cells counted for each group was approximately 60 and
three fields were selected from every slice. Results are expressed as the relative area of
immunostaining (i.e., the size of individual staining units).

4.7. Statistical Analysis

After conducting a distribution analysis to determine if the data conformed to a normal
distribution (Shapiro–Wilk test, Kolmogorov–Smirnov test), either parametric (Student’s
two-tailed t-test) or a non-parametric test (Mann–Whitney test) was used. ANOVA or
Kruskal–Wallis tests were used as appropriate for multiple comparisons, with post hoc
Bonferroni correction. Comparisons regarding incidence, latency, and duration of the ictal
crisis were analyzed using Student’s t-test. All statistical analyses were conducted using the
GraphPad Prism software (Version 8.0.1), with significance set at p < 0.05. Unless otherwise
stated, all data presented in the figures are depicted as mean ± SEM.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms241914506/s1.

Author Contributions: F.D. and F.A. performed the investigations, validation, data curation, and
formal analysis. C.G.-A. and L.C.-V. contributed to specific experiments that form part of Figure 1.
R.S.-Z., F.N., I.N.-O., M.W., A.M., M.F. and A.E.C. contributed to data curation, formal research, and
original draft writing. C.B. designed all experiments, guided the research, interpreted the results, and
wrote a first draft of the paper. R.S.-Z. funded the investigation and wrote the final version of the
paper, with contributions from all authors, in honor of C.B.’s memory. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Centro de Neurobiología y Fisiología Integrativa (CENFI-
UV) through DIUV-CI Grant No. 01/2006 (to R.S.-Z., I.N.-O., M.F., and C.B.) and by the Chilean
government through FONDECYT regular No. 120-0474 (to R.S.-Z. and C.B.). Partial support was
also received from FONDECYT regular No. 122-1147 (to F.N.), 120-1848 (to A.E.C.), FONDEQUIP
(EQM160154 to A.E.C.), and PUENTE UVA 20993 (to M.F.). M.W. and F.A. were recipients of the
graduate fellowship No. 22120213 from ANID and the “Magíster en Ciencias Biológicas mención
Neurociencia” at Universidad de Valparaíso, respectively.

Institutional Review Board Statement: The Universidad de Valparaíso Bioethics Committee re-
viewed and approved the animal study (Protocol Nº BEA CBC 34/2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material; further inquiries can be directed to the corresponding authors.

https://imagej.net/ij/index.html
https://www.mdpi.com/article/10.3390/ijms241914506/s1
https://www.mdpi.com/article/10.3390/ijms241914506/s1


Int. J. Mol. Sci. 2023, 24, 14506 14 of 15

Acknowledgments: We thank Luis Constandil (Universidad de Santiago de Chile) for donating the
gliotoxin Fluorocitrate. Christian Bonansco passed away on 11 April 2023. He was a great scientist
who established, more than 20 years ago, a line of research in the neurobiological bases of epilepsy
and the role of the astrocyte in regulating synaptic function in the hippocampus. At the Universidad
de Valparaiso, Chile, Bonansco (R.I.P.) taught generations of undergraduate and graduate students
in both the Master’s and Doctorate Programs in Neurosciences, including his last students Franco
Díaz, Freddy Aguilar, Mario Wellmann, and Andrés Martorell. All authors appreciate Bonansco’s
friendship, advice, and fruitful scientific discussion over two decades of work.

Conflicts of Interest: The authors declare that the research was conducted without any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Pitkanen, A.; Lukasiuk, K. Molecular and cellular basis of epileptogenesis in symptomatic epilepsy. Epilepsy Behav. 2009, 14

(Suppl. S1), 16–25. [PubMed]
2. Rattka, M.; Brandt, C.; Loscher, W. Do proconvulsants modify or halt epileptogenesis? Pentylenetetrazole is ineffective in two rat

models of temporal lobe epilepsy. Eur. J. Neurosci. 2012, 36, 2505–2520. [PubMed]
3. Shigetomi, E.; Saito, K.; Sano, F.; Koizumi, S. Aberrant Calcium Signals in Reactive Astrocytes: A Key Process in Neurological

Disorders. Int. J. Mol. Sci. 2019, 20, 996. [CrossRef] [PubMed]
4. Bonansco, C.; Couve, A.; Perea, G.; Ferradas, C.A.; Roncagliolo, M.; Fuenzalida, M. Glutamate released spontaneously from

astrocytes sets the threshold for synaptic plasticity. Eur. J. Neurosci. 2011, 33, 1483–1492. [CrossRef]
5. Tang, F.R.; Lee, W.L.; Yeo, T.T. Expression of the group I metabotropic glutamate receptor in the hippocampus of patients with

mesial temporal lobe epilepsy. J. Neurocytol. 2001, 30, 403–411. [CrossRef]
6. Wellmann, M.; Alvarez-Ferradas, C.; Maturana, C.J.; Saez, J.C.; Bonansco, C. Astroglial Ca(2+)-Dependent Hyperexcitability

Requires P2Y(1) Purinergic Receptors and Pannexin-1 Channel Activation in a Chronic Model of Epilepsy. Front. Cell Neurosci.
2018, 12, 446. [CrossRef]

7. Aronica, E.; van Vliet, E.A.; Mayboroda, O.A.; Troost, D.; da Silva, F.H.; Gorter, J.A. Upregulation of metabotropic glutamate
receptor subtype mGluR3 and mGluR5 in reactive astrocytes in a rat model of mesial temporal lobe epilepsy. Eur. J. Neurosci.
2000, 12, 2333–2344. [CrossRef]

8. Steinhauser, C.; Grunnet, M.; Carmignoto, G. Crucial role of astrocytes in temporal lobe epilepsy. Neuroscience 2016, 323, 157–169.
9. Morales, J.C.; Alvarez-Ferradas, C.; Roncagliolo, M.; Fuenzalida, M.; Wellmann, M.; Nualart, F.J.; Bonansco, C. A new rapid

kindling variant for induction of cortical epileptogenesis in freely moving rats. Front. Cell Neurosci. 2014, 8, 200. [CrossRef]
10. Alvarez-Ferradas, C.; Morales, J.C.; Wellmann, M.; Nualart, F.; Roncagliolo, M.; Fuenzalida, M.; Bonansco, C. Enhanced astroglial

Ca2+ signaling increases excitatory synaptic strength in the epileptic brain. Glia 2015, 63, 1507–1521. [CrossRef]
11. Delekate, A.; Fuchtemeier, M.; Schumacher, T.; Ulbrich, C.; Foddis, M.; Petzold, G.C. Metabotropic P2Y1 receptor signalling

mediates astrocytic hyperactivity in vivo in an Alzheimer’s disease mouse model. Nat. Commun. 2014, 5, 5422. [CrossRef]
[PubMed]

12. Alves, M.; Gomez-Villafuertes, R.; Delanty, N.; Farrell, M.A.; O’Brien, D.F.; Miras-Portugal, M.T.; Hernandez, M.D.; Henshall, D.C.;
Engel, T. Expression and function of the metabotropic purinergic P2Y receptor family in experimental seizure models and patients
with drug-refractory epilepsy. Epilepsia 2017, 58, 1603–1614. [CrossRef] [PubMed]

13. Shigetomi, E.; Hirayama, Y.J.; Ikenaka, K.; Tanaka, K.F.; Koizumi, S. Role of Purinergic Receptor P2Y1 in Spatiotemporal Ca(2+)
Dynamics in Astrocytes. J. Neurosci. 2018, 38, 1383–1395. [CrossRef]

14. Gomez-Gonzalo, M.; Losi, G.; Chiavegato, A.; Zonta, M.; Cammarota, M.; Brondi, M.; Vetri, F.; Uva, L.; Pozzan, T.; de
Curtis, M.; et al. An excitatory loop with astrocytes contributes to drive neurons to seizure threshold. PLoS Biol. 2010, 8, e1000352.
[CrossRef]

15. Loscher, W. Preclinical assessment of proconvulsant drug activity and its relevance for predicting adverse events in humans. Eur.
J. Pharmacol. 2009, 610, 1–11. [PubMed]

16. Shimada, T.; Yamagata, K. Pentylenetetrazole-Induced Kindling Mouse Model. J. Vis. Exp. 2018, 12, e56573.
17. Singh, T.; Mishra, A.; Goel, R.K. PTZ kindling model for epileptogenesis, refractory epilepsy, and associated comorbidities:

Relevance and reliability. Metab. Brain Dis. 2021, 36, 1573–1590. [CrossRef] [PubMed]
18. Musto, A.E.; Samii, M.S.; Hayes, J.F. Different phases of afterdischarge during rapid kindling procedure in mice. Epilepsy Res.

2009, 85, 199–205. [CrossRef]
19. Racine, R.J. Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroencephalogr. Clin. Neurophysiol. 1972,

32, 281–294. [CrossRef]
20. Becker, A.; Grecksch, G.; Ruthrich, H.L.; Pohle, W.; Marx, B.; Matthies, H. Kindling and its consequences on learning in rats. Behav.

Neural Biol. 1992, 57, 37–43. [CrossRef]
21. Dhir, A. Pentylenetetrazol (PTZ) kindling model of epilepsy. Curr. Protoc. Neurosci. 2012, 58, 9–37. [CrossRef] [PubMed]
22. Pekny, M.; Pekna, M. Astrocyte reactivity and reactive astrogliosis: Costs and benefits. Physiol. Rev. 2014, 94, 1077–1098.

[CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/18835369
https://www.ncbi.nlm.nih.gov/pubmed/22672239
https://doi.org/10.3390/ijms20040996
https://www.ncbi.nlm.nih.gov/pubmed/30823575
https://doi.org/10.1111/j.1460-9568.2011.07631.x
https://doi.org/10.1023/A:1015065626262
https://doi.org/10.3389/fncel.2018.00446
https://doi.org/10.1046/j.1460-9568.2000.00131.x
https://doi.org/10.3389/fncel.2014.00200
https://doi.org/10.1002/glia.22817
https://doi.org/10.1038/ncomms6422
https://www.ncbi.nlm.nih.gov/pubmed/25406732
https://doi.org/10.1111/epi.13850
https://www.ncbi.nlm.nih.gov/pubmed/28733972
https://doi.org/10.1523/JNEUROSCI.2625-17.2017
https://doi.org/10.1371/journal.pbio.1000352
https://www.ncbi.nlm.nih.gov/pubmed/19292981
https://doi.org/10.1007/s11011-021-00823-3
https://www.ncbi.nlm.nih.gov/pubmed/34427842
https://doi.org/10.1016/j.eplepsyres.2009.02.020
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/0163-1047(92)90735-M
https://doi.org/10.1002/0471142301.ns0937s58
https://www.ncbi.nlm.nih.gov/pubmed/23042503
https://doi.org/10.1152/physrev.00041.2013
https://www.ncbi.nlm.nih.gov/pubmed/25287860


Int. J. Mol. Sci. 2023, 24, 14506 15 of 15

23. Purnell, B.S.; Alves, M.; Boison, D. Astrocyte-neuron circuits in epilepsy. Neurobiol. Dis. 2023, 179, 106058.
24. Riquelme, J.; Wellmann, M.; Sotomayor-Zarate, R.; Bonansco, C. Gliotransmission: A Novel Target for the Development of

Antiseizure Drugs. Neuroscientist 2020, 26, 293–309. [CrossRef] [PubMed]
25. Martorell, A.; Wellmann, M.; Guiffa, F.; Fuenzalida, M.; Bonansco, C. P2Y1 receptor inhibition rescues impaired synaptic plasticity

and astroglial Ca(2+)-dependent activity in the epileptic hippocampus. Neurobiol. Dis. 2020, 146, 105132. [CrossRef] [PubMed]
26. Andersen, P.; Silfvenius, H.; Sundberg, S.H.; Sveen, O. A comparison of distal and proximal dendritic synapses on CAi pyramids

in guinea-pig hippocampal slices in vitro. J. Physiol. 1980, 307, 273–299. [CrossRef]
27. Swanson, R.A.; Graham, S.H. Fluorocitrate and fluoroacetate effects on astrocyte metabolism in vitro. Brain Res. 1994, 664, 94–100.

[CrossRef]
28. Berg-Johnsen, J.; Paulsen, R.E.; Fonnum, F.; Langmoen, I.A. Changes in evoked potentials and amino acid content during

fluorocitrate action studied in rat hippocampal cortex. Exp. Brain Res. 1993, 96, 241–246. [CrossRef]
29. Hassel, B.; Sonnewald, U.; Unsgard, G.; Fonnum, F. NMR spectroscopy of cultured astrocytes: Effects of glutamine and the

gliotoxin fluorocitrate. J. Neurochem. 1994, 62, 2187–2194. [CrossRef]
30. Ueno, H.; Suemitsu, S.; Murakami, S.; Kitamura, N.; Wani, K.; Takahashi, Y.; Matsumoto, Y.; Okamoto, M.; Ishihara, T.

Pentylenetetrazol kindling induces cortical astrocytosis and increased expression of extracellular matrix molecules in mice. Brain
Res. Bull. 2020, 163, 120–134. [CrossRef]

31. Kaur, H.; Patro, I.; Tikoo, K.; Sandhir, R. Curcumin attenuates inflammatory response and cognitive deficits in experimental
model of chronic epilepsy. Neurochem. Int. 2015, 89, 40–50. [CrossRef] [PubMed]

32. Anissian, D.; Ghasemi-Kasman, M.; Khalili-Fomeshi, M.; Akbari, A.; Hashemian, M.; Kazemi, S.; Moghadamnia, A.A. Piperine-
loaded chitosan-STPP nanoparticles reduce neuronal loss and astrocytes activation in the chemical kindling model of epilepsy.
Int. J. Biol. Macromol. 2018, 107 Pt A, 973–983. [CrossRef]

33. Seifert, G.; Schilling, K.; Steinhauser, C. Astrocyte dysfunction in neurological disorders: A molecular perspective. Nat. Rev.
Neurosci. 2006, 7, 194–206. [CrossRef] [PubMed]

34. Engel, T.; Smith, J.; Alves, M. Targeting Neuroinflammation via Purinergic P2 Receptors for Disease Modification in Drug-
Refractory Epilepsy. J. Inflamm. Res. 2021, 14, 3367–3392. [CrossRef] [PubMed]

35. Aquilino, M.S.; Whyte-Fagundes, P.; Lukewich, M.K.; Zhang, L.; Bardakjian, B.L.; Zoidl, G.R.; Carlen, P.L. Pannexin-1 Deficiency
Decreases Epileptic Activity in Mice. Int. J. Mol. Sci. 2020, 21, 7510. [CrossRef] [PubMed]

36. Bonansco, C.; Fuenzalida, M. Plasticity of Hippocampal Excitatory-Inhibitory Balance: Missing the Synaptic Control in the
Epileptic Brain. Neural Plast. 2016, 2016, 8607038. [CrossRef] [PubMed]

37. Stief, F.; Zuschratter, W.; Hartmann, K.; Schmitz, D.; Draguhn, A. Enhanced synaptic excitation-inhibition ratio in hippocampal
interneurons of rats with temporal lobe epilepsy. Eur. J. Neurosci. 2007, 25, 519–528. [CrossRef]

38. Perea, G.; Araque, A. Astrocytes potentiate transmitter release at single hippocampal synapses. Science 2007, 317, 1083–1086.
[CrossRef]

39. Covelo, A.; Araque, A. Neuronal activity determines distinct gliotransmitter release from a single astrocyte. eLife 2018, 7, e32237.
[CrossRef]

40. Carmignoto, G.; Fellin, T. Glutamate release from astrocytes as a non-synaptic mechanism for neuronal synchronization in the
hippocampus. J. Physiol. Paris. 2006, 99, 98–102. [CrossRef]

41. Caudal, L.C.; Gobbo, D.; Scheller, A.; Kirchhoff, F. The Paradox of Astroglial Ca(2+) Signals at the Interface of Excitation and
Inhibition. Front. Cell Neurosci. 2020, 14, 609947. [CrossRef] [PubMed]

42. Paulsen, R.E.; Contestabile, A.; Villani, L.; Fonnum, F. An in vivo model for studying function of brain tissue temporarily devoid
of glial cell metabolism: The use of fluorocitrate. J. Neurochem. 1987, 48, 1377–1385. [CrossRef] [PubMed]

43. Clarke, D.D. Fluoroacetate and fluorocitrate: Mechanism of action. Neurochem. Res. 1991, 16, 1055–1058. [CrossRef] [PubMed]
44. Office of Agricultural Economics. Available online: https://www.collinsdictionary.com/zh/dictionary/chinese-english/%E4

%BD%A0%E5%A5%BD (accessed on 10 June 2020).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1073858420901474
https://www.ncbi.nlm.nih.gov/pubmed/31976817
https://doi.org/10.1016/j.nbd.2020.105132
https://www.ncbi.nlm.nih.gov/pubmed/33049315
https://doi.org/10.1113/jphysiol.1980.sp013435
https://doi.org/10.1016/0006-8993(94)91958-5
https://doi.org/10.1007/BF00227104
https://doi.org/10.1046/j.1471-4159.1994.62062187.x
https://doi.org/10.1016/j.brainresbull.2020.07.019
https://doi.org/10.1016/j.neuint.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26190183
https://doi.org/10.1016/j.ijbiomac.2017.09.073
https://doi.org/10.1038/nrn1870
https://www.ncbi.nlm.nih.gov/pubmed/16495941
https://doi.org/10.2147/JIR.S287740
https://www.ncbi.nlm.nih.gov/pubmed/34305404
https://doi.org/10.3390/ijms21207510
https://www.ncbi.nlm.nih.gov/pubmed/33053775
https://doi.org/10.1155/2016/8607038
https://www.ncbi.nlm.nih.gov/pubmed/27006834
https://doi.org/10.1111/j.1460-9568.2006.05296.x
https://doi.org/10.1126/science.1144640
https://doi.org/10.7554/eLife.32237
https://doi.org/10.1016/j.jphysparis.2005.12.008
https://doi.org/10.3389/fncel.2020.609947
https://www.ncbi.nlm.nih.gov/pubmed/33324169
https://doi.org/10.1111/j.1471-4159.1987.tb05674.x
https://www.ncbi.nlm.nih.gov/pubmed/3559554
https://doi.org/10.1007/BF00965850
https://www.ncbi.nlm.nih.gov/pubmed/1784332
https://www.collinsdictionary.com/zh/dictionary/chinese-english/%E4%BD%A0%E5%A5%BD
https://www.collinsdictionary.com/zh/dictionary/chinese-english/%E4%BD%A0%E5%A5%BD

	Introduction 
	Results 
	In Vivo Epileptogenic Progression the in PTZ-Kindling Model of Epilepsy 
	Astrogliosis and Astrocyte Calcium Wave in the Hippocampus of the PTZ-Kindling Model 
	Excitatory Synaptic and Neuronal Excitability Function Is Enhanced in PTZ-Kindling Model 
	Metabolic Arrest of Abnormal Astrocyte Restores the Release Probability at Excitatory Synapse in the PTZ-Kindling Model 

	Discussion 
	Ca2+-Dependent Astroglial Hyper-Excitability in the Epileptic Hippocampus 
	Increase in Excitatory Synaptic Activity Yields E/I Unbalances in the Hippocampal Network of PTZ-Kindled Mice 

	Materials and Methods 
	Animals 
	Tracing Epileptogenesis in the PTZ-Kindling Mouse Model 
	Electrophysiology in Hippocampal Slices 
	Ca2+ Imaging in Astrocytes 
	Western Blot 
	Immunohistochemistry 
	Statistical Analysis 

	References

