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Abstract

Long-term modifications of astrocyte function and morphology are well known to

occur in epilepsy. They are implicated in the development and manifestation of the

disease, but the relevant mechanisms and their pathophysiological role are not firmly

established. For instance, it is unclear how quickly the onset of epileptic activity trig-

gers astrocyte morphology changes and what the relevant molecular signals are. We

therefore used two-photon excitation fluorescence microscopy to monitor astrocyte

morphology in parallel to the induction of epileptiform activity. We uncovered astro-

cyte morphology changes within 10–20 min under various experimental conditions

in acute hippocampal slices. In vivo, induction of status epilepticus resulted in simi-

larly altered astrocyte morphology within 30 min. Further analysis in vitro revealed a

persistent volume reduction of peripheral astrocyte processes triggered by induction

of epileptiform activity. In addition, an impaired diffusion within astrocytes and

within the astrocyte network was observed, which most likely is a direct conse-

quence of the astrocyte remodeling. These astrocyte morphology changes were pre-

vented by inhibition of the Rho GTPase RhoA and of the Rho-associated kinase

(ROCK). Selective deletion of ROCK1 but not ROCK2 from astrocytes also prevented

the morphology change after induction of epileptiform activity and reduced epilepti-

form activity. Together these observations reveal that epileptic activity triggers a

rapid ROCK1-dependent astrocyte morphology change, which is mechanistically

linked to the strength of epileptiform activity. This suggests that astrocytic ROCK1

signaling is a maladaptive response of astrocytes to the onset of epileptic activity.
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1 | INTRODUCTION

Reactive astrogliosis is a cellular phenomenon that is found in

many brain diseases including epilepsy. It describes the compre-

hensive morphological, biochemical, and functional transformation

of astrocytes in parallel to the onset and progression of epilepsy

(Escartin et al., 2021; Pekny & Pekna, 2014). The pathophysiologi-

cal significance of such complex changes remains under debate.

Studies show that reproducing features of astrocyte reactivity can

lead to hyperexcitability of hippocampal networks (Ortinski

et al., 2010) and spontaneous seizures (Robel et al., 2015). This

indicates that reactive astrogliosis is a potential cause of epileptic

activity and epilepsy and/or that it can sustain both. Therefore,

understanding how reactive astrogliosis develops and identifying

the involved molecular signals could be important for modifying

the disease.

The interdependence of reactive gliosis and epilepsy and epi-

leptogenesis has been intensely investigated in the hippocampus in

the context of temporal lobe epilepsy, which is associated with a

pronounced reactive astrogliosis. Like other brain regions, astro-

cyte morphology changes and the relationship to the onset or

development of epilepsy are well documented in the hippocampus.

These morphology changes are characterized by an increased

expression of the glial fibrillary acidic protein (GFAP), which is an

intermediate filament protein found in the larger main branches of

astrocytes, cellular hypertrophy and an increase of larger GFAP-

positive branches (Bordey & Sontheimer, 1998; Escartin

et al., 2021; Niquet et al., 1994; Pekny & Pekna, 2014). In addition,

several studies indicate that also smaller, perisynaptic astrocyte

processes are remodeled in epilepsy or epilepsy models (Clarkson

et al., 2020; Hawrylak et al., 1993; Witcher et al., 2010). Experi-

mental models of temporal lobe epilepsy helped to establish the

timeline of morphology changes. They revealed that astrocyte mor-

phology changes can be detected at many time points like 2–

4 weeks after induction of status epilepticus (Plata et al., 2018),

1 week after induction of focal epileptiform activity (Oberheim

et al., 2008) and kainate-induced status epilepticus (Takahashi

et al., 2010), and as early as 24–48 h after kindling using electrical

stimulation (Hawrylak et al., 1993).

Interestingly, physiological changes of astrocyte morphology

can also occur much faster on a time scale of minutes. Such fast

dynamic repositioning of perisynaptic astrocyte processes around

synapses over several minutes to up to half an hour has been

observed in the hippocampus and elsewhere (Haber et al., 2006;

Hirrlinger et al., 2004). In the hippocampus, induction of synaptic

long-term potentiation can directly initiate this reconfiguration of

perisynaptic astrocytic processes around synapses (Bernardinelli

et al., 2014; Henneberger et al., 2020; Lushnikova et al., 2009).

Because induction of synaptic plasticity usually leads to brief

periods of increased network activity, we wondered if the onset of

epileptic or epileptiform activity can trigger a similar process. This

would change astrocyte morphology much faster than previously

suggested.

We therefore performed two-photon excitation fluorescence

microscopy for monitoring astrocyte morphology and its changes

in the CA1 stratum radiatum of the hippocampus in acute slices.

This was combined with electrophysiological experiments and

induction of epileptiform activity. We indeed detected a robust

change of smaller astrocyte processes in two in vitro epilepsy

models, and in vivo after induction of status epilepticus. Preventing

astrocyte remodeling in vitro revealed a role of astrocytic ROCK1

in both the astrocyte remodeling and the development of epilepti-

form activity.

2 | MATERIALS AND METHODS

2.1 | Experiments involving animals

All experiments involving animals were performed in full compliance

with regulations of the European Union, the University of Bonn and

the Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV)

North Rhine-Westphalia, Germany. Licenses for animal experiments

were granted by the LANUV where needed (tamoxifen and kainate

injections, see below). We used Wistar rats and mice of the follow-

ing strains: mice expressing EGFP under a GFAP promoter (GFAP-

EGFP, Nolte et al., 2001), GLASTcreERT2 (Mori et al., 2006), flox-

stop-tdTomato (Madisen et al., 2010), ROCK1loxP/loxP (Huang

et al., 2012), ROCK2loxP/loxP (Kümper et al., 2016), and TNF receptor

1 (TNFR1) knockout mice (Jackson Laboratory, #003242) (Peschon

et al., 1998). GFAP-EGFP mice had an FVB background. GLAST-

creERT2, flox-stop-tdTomato, ROCK1loxpP/loxP and ROCK2loxP/loxP

had an C57Bl/6N background. TNFR1 knockout mice had a

C57Bl/6J background. To induce cre-dependent recombination,

three-week-old mice were intraperitoneally injected with tamoxi-

fen (100 mg/kg body weight) for 5 consecutive days (1 injection

per day). In this case, recordings were performed 3–6 weeks after

the first injection. Rats were used for experiments shown in

Figures 1a–e, 3a, b, and 4. Mice were used in experiments

shown in Figures 1f, g, 2, 3, 4c, d, 5, and 6. Their genotypes and

further details are indicated in corresponding figures, text, and/or

legends.

2.2 | Hippocampal slice preparation

Electrophysiology and two-photon excitation fluorescence micros-

copy in acute hippocampal slices were combined as previously

described (Anders et al., 2014; Henneberger & Rusakov, 2012).

Briefly, horizontal slices were obtained from 3- to 5-week-old Wis-

tar rats (350 μm thick) and GFAP-EGFP mice (300 μm thick). Slices

were prepared in an ice-cold slicing solution containing (in mM):

NaCl 60, sucrose 105, KCl 2.5, MgCl2 7, NaH2PO4 1.25, ascorbic

acid 1.3, sodium pyruvate 3, NaHCO3 26, CaCl2 0.5, and glucose

10 (osmolarity 300–310 mOsm/L), and kept in the slicing solution at

34�C for 15 min before being stored at room temperature (21–23�C) in
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F IGURE 1 Induction of epileptiform activity rapidly alters astrocyte morphology in CA1 stratum radiatum. (a) Schematic recording
configuration. Dye-filled (ip, intracellular pipette) or EGFP-expressing astrocytes in the CA1 stratum radiatum were visualized by two-photon
excitation fluorescence imaging in parallel to monitoring of epileptiform activity (ep, extracellular pipette) in acute hippocampal slices resting on a grid
to allow perfusion from both sides. (b) Sample focal section through the soma of an astrocyte filled with Texas Red Dextran 3 kDa (300 μM, TR
3 kDa) via the whole-cell patch pipette (left panel, dotted lines). A fluorescence intensity line profile (right panel) taken through the soma (position of
line profile indicated by bar in left panel) shows the characteristic fluorescence distribution throughout the periphery of the cell and the soma (100%
of the tissue is occupied by the astrocyte at its soma). The fraction of tissue volume occupied by the astrocyte (astrocyte volume fraction) was
calculated by normalizing the average fluorescence intensity of the periphery (left panel, dotted polygonal region) to the somatic fluorescence

intensity. (c) Sample electrophysiological control recording (control, blue, top trace) and recording with induction of epileptiform activity by bath
application of penicillin (penicillin, red, middle trace) after a 10-min baseline period (start indicator by arrow). Zoomed-in section with epileptiform
discharge in lower panel. (d) Penicillin reliably induced stable epileptiform discharges, which were not observed in control recordings. (e) Left panel:
Time course of the astrocyte volume fraction in control recordings (blue, n = 6) and during induction of epileptiform activity (red, n = 6). Right panel:
The volume fractions at the end of the experiment were significantly lower when epileptiform activity had been induced (p = .031, unpaired
Student's t-test vs. control, one population Student's t-test vs. 100%, p = .54 for control and p = .038 for penicillin). (f) Equivalent experiments were
performed on mouse hippocampal slices with astrocytes expressing EGFP (Nolte et al., 2001). Analysis of volume fraction changes at the end of the
experiments (10 min baseline and 30 min of further recording). No change under control conditions (Ctrl., 100.2 ± 2.04%, n = 21, p = .91, one
population Student's t-test). Induction of epileptiform activity decreased the astrocyte volume fraction to 86.0 ± 2.13% (penicillin, Pen., n = 18,
p < .001, one population Student's t-test). This effect was absent in the presence of the channel/receptor inhibitors TTX (1 μM), NBQX (10 μM) and
D-APV (50 μM) (Pen. in inhib., 100.7 ± 1.39%, n = 3, p = .66, one population Student's t-test). Similar reduction of the volume fraction after
induction of epileptiform activity by bath application of bicuculline (50 μM, 90.6 ± 2.99%, n = 8, p = .016, one population Student's t-test) in the
absence of extracellular Mg2+ (0 Mg2+ bicuculline). Comparisons by unpaired Student's tests: penicillin versus control p < .001, 0 Mg2+ and
bicuculline versus control p = .016). (g) Left panel: Time course of experiments with washout of penicillin after 40 min (filled red circles, Pen. wash.),
wash-in of TTX after 40 min (hollow red circles, Pen. TTX), and control experiments (filled blue circles, Ctrl.). EGFP-expressing astrocytes. Right panel:
Statistics of volume fraction changes at the end of the experiment (one populations Student's t-test vs. 100%: Ctrl. p = .38, n = 11; Pen. wash
p = .0017, n = 6; Pen. TTX p < .001, n = 7). Astrocyte volume fraction reductions persisted after wash-out of penicillin and wash-in of TTX (two
populations Student's t-tests: Ctrl. vs. Pen. wash p < .001, Ctrl. vs. Pen. TTX p = .00149).
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an artificial cerebral spinal fluid (ACSF) containing (in mM): NaCl

131, KCl 2.5, MgSO4 1.3, CaCl2 2, NaH2PO4 1.25, NaHCO3

21, and glucose 10 (osmolarity adjusted to 295–305 mOsm/L).

Slices were allowed to rest for at least 60 min. For recordings,

slices were transferred to a double-perfusion submersion-type

recording chamber and perfused with extracellular solution (ACSF).

All recordings were performed at 33–35�C. All solutions were con-

tinuously bubbled with 95% O2/5% CO2.

2.3 | Electrophysiology

Extracellular recordings were performed using patch pipettes filled

with extracellular solution. Whole-cell recordings from neurons

and astrocytes were obtained using standard patch pipettes (3–

4 MΩ) filled with an intracellular solution containing (in mM):

KCH3O3S 135, HEPES 10, di-tris-phosphocreatine 10, MgCl2

4, Na2-ATP 4, Na-GTP 0.4 (pH adjusted to 7.2, osmolarity 290–

295 mOsm/L). Membrane-impermeable dyes were added to the

intracellular solution as indicated: Texas Red dextran 3 kDa

(300 μM) to capture astrocyte morphology changes, Alexa Fluor

594 hydrazide (40 μM, Invitrogen) for astrocyte coupling experi-

ments. Astrocytes were identified using infrared differential inter-

ference contrast or Dodt contrast optics by their small soma size

(�10 μm), low resting potential (<�80 mV without correction for

the liquid-junction potential), low input resistance (<10 MΩ, cur-

rent clamp), passive (ohmic) whole-cell current patterns, character-

istic morphology, and dye coupling (visualized in the Alexa

emission channel). Astrocytes were either held in voltage clamp

mode at their resting membrane potential or in current clamp.

Evoked GABAergic inhibitory postsynaptic currents (eIPSCs) were

recorded in presence of APV and NBQX from visually identified

CA1 pyramidal cells held at �70 mV in voltage clamp. In these

experiments extracellular KCl concentration was elevated to 4 mM

F IGURE 2 Rapid astrocyte morphology changes in CA3 stratum radiatum in vitro and in CA1 stratum radiatum in vivo. (a) The volume
fraction of EGFP-expressing astrocytes in CA3 stratum radatium and field potentials was monitored. (b) Acute bath application of penicillin
reliably induced epileptiform discharges (n = 8, red dots), which were absent in control recordings (n = 10, blue dots). (c) Emergence of
epileptiform activity was accompanied by a reduction of the astrocyte volume fraction (red), which was not observed in control recordings (blue).
Number of experiments and animals as in (b). (d) Comparison of astrocyte volume fractions relative to baseline at the end of the experiment
(Student's unpaired t-test, p = .0050). Number of experiments and animals as in (b). (e) Schematic illustration of the in vivo experiment. Kainate
(70 nL, 20 mM) was injected immediately above the right dorsal hippocampus to induce status epilepticus in three mice expressing EGFP in
astrocytes. Saline sham injections were performed in another three mice. Perfusion fixation of animals 30 min after injection. (f) Single focal
section of an astrocyte in the CA1 stratum radiatum (focal plane through soma). The astrocyte volume fraction was analyzed by normalizing the
average territory fluorescence (yellow dotted region) to the somatic fluorescence (red dotted circle). (g) Blinded analysis of volume fractions of
astrocytes from the ipsilateral and contralateral hippocampus after sham/kainate injection (n = 48, 49, 49, and 49 astrocytes from left to right
from three independent experiments in each group). Two-way ANOVA indicated a significant effect of the site (p = .0046) and treatment
(p < .001, indicated by asterisks) but no significant interaction of the two factors (treatment and site, p = .20).

646 ANDERS ET AL.

 10981136, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24495 by D

eutsches Z
entrum

 Für N
eurodeg, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and QX314 (5 mM) was added to an intracellular solution contain-

ing (in mM): KCl 135, HEPES 10, di-Tris-Phosphocreatine 10, MgCl2

2, Na2-ATP 4, Na-GTP 0.4 (pH adjusted to 7.2, osmolarity 290–

295 mOsm/L). Data were recorded using MultiClamp 700B

(Molecular Devices) and EXT-02B (npi Germany) amplifiers, digi-

tized (10–40 kHz) and stored for offline analysis. Whole-cell patch

clamp recordings were rejected if at any time the access resistance

exceeded 20 MΩ or changed by more than 20%. Bridge balance

and series resistance compensation was used as appropriate. For

stimulation experiments, a bipolar concentric stimulation electrode

was placed in the stratum radiatum at the border between CA2/3

and CA1. Stimulation intensities (DS3, Digitimer Ltd., UK) were set

to obtain �50% of the maximum fiber volley amplitude.

Epileptiform activity was induced by bath application of 4 mM

penicillin G sodium salt for 30 min. Spontaneous epileptiform dis-

charges were recorded in CA1 stratum pyramidale in rat and mouse

hippocampal slices. After 10–20 min of baseline recording, slices were

recorded under either control or penicillin conditions. The

extracellular K+ concentration throughout the experiment was 5 mM

when acute slices from rats were used and 4 mM for acute slices from

mice. To examine the persistence of epileptiform activity penicillin

was washed out after 30 min of application for another 40–50 min.

Spontaneous epileptiform discharges were recorded throughout the

experiment.

In some experiments, the inhibitors D-AP5 (APV in text and fig-

ures, 50 μM, Abcam), NBQX disodium salt (10 μM, Abcam),

CGP52432 (5 μM, Abcam) and tetrodotoxin (TTX, 1 μM, Tocris), rho-

sin, (30 μM, Tocris), NSC 23766 (100 μM, Tocris), and Y-27632

(5 μM, Tocris) were added to the extracellular solution as indicated.

2.4 | Two-photon excitation fluorescence
microscopy

Astrocytes and their gap junction-coupled networks were visualized

by two-photon excitation fluorescence microscopy. We used a

F IGURE 3 Peripheral volume reduction of mostly glial fibrillary acidic protein (GFAP)-negative astrocyte processes after induction of
epileptiform activity. (a) Volume fraction changes were mapped onto astrocyte territories (color encodes change according to scale, brightness
encodes initial volume fraction). Note the volume fraction reduction (reddish colors) in the periphery of this example from an experiment with
induction of epileptiform activity. (b) Relationship between initial volume fraction and volume fraction reduction from control recordings and
recordings with induction of epileptiform activity). Significant volume fraction changes in the territory of astrocytes occur where the initial
volume fraction was low (two-way repeated measure ANOVA p < .001, post hoc Fisher pairwise comparisons p < .01 as indicated, n = 10 and
12 for control and penicillin respectively), that is, in the parts of the focal plane dominated by small astrocyte processes. (c) For obtaining further
information about the observed rapid morphology change, we investigated the relationship between the volume fraction (VF) of local astrocyte
processes (EGFP-expressing) and their GFAP expression using immunohistochemistry (see Methods). Note the strong GFAP signal in bigger main
processes. (d) Relationship between local astrocyte VF and GFAP intensity (n = 10 astrocytes from two independent experiments). For
comparison, the dependence of the VF change after epileptiform activity on the initial VF from (b) is replotted (hollow circles). The local VF
change is strongly correlated with the local GFAP-intensity (Spearman R = 0.818, p = .0038): The lower the GFAP-intensity the more negative

the VF change, that is, the stronger the local VF reduction.
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Scientifica two-photon system (Scientifica, UK) and a FV10MP imag-

ing system (Olympus) optically linked to a femtosecond pulse laser

Vision S (Coherent, excitation λ = 800 nm) both integrated with

patch-clamp electrophysiology. For imaging of tdTomato fluores-

cence, the excitation wavelength was set to 915 nm. Setups were

equipped with 25� (NA 1.05) and 40� (NA 0.8) objectives (Olympus).

The laser power was adjusted for recording depth to obtain fluores-

cence intensities equivalent to those recorded from the slice surface

with 2–3 mW under the objective.

EGFP-expressing and Texas Red Dextran 3 kDa filled astrocytes

were used for monitoring astrocyte morphology in parallel to induc-

tion of epileptiform activity as indicated. In experiments with astro-

cytes dye-loaded via the whole-cell patch clamp pipette, Texas Red

Dextran 3 kDa typically equilibrated across the astrocyte arbor within

10–15 min. Shallow image stacks containing the astrocyte soma

(512 � 512 pixels, 0.1 � 0.1 μm2 per pixel, 3 slices [each an average

of three frames], 1 μm z-spacing) were obtained every 5–10 min. For

analysis of the astrocyte volume fraction (VF) (Henneberger

et al., 2020; Medvedev et al., 2014; Minge et al., 2021) an initial focal

plane passing through the soma was chosen. In subsequent stacks,

the focal plane closest to the initial one was chosen for analysis. For a

VF time series, an initial region of interest covering the entire astro-

cyte territory except the soma (see Figure 1b for illustration) and a

somatic region of interest were defined and the background-corrected

fluorescence intensities F and FSOMA were determined for each time

point. The VF time series was calculated for each time point by

VF = F/FSOMA.

The strength of astrocyte coupling was determined as previously

described (Anders et al., 2014). Briefly, two additional image stacks

were acquired after 20 min of dye loading (512 � 512 pixels,

<0.7 μm/pixel, stack size >200 � 200 � 80 μm3) and at the end of a

penicillin application or control recording. Gap junction-coupled cells

were manually identified in x-y-z image stacks and their somatic

(region of interest 5 � 5 μm2) background-corrected fluorescence

intensities were determined and corrected for depth in the tissue. The

three-dimensional distances of dye-coupled cells were calculated rela-

tive to the patched cell. The relationship between distance and

relative fluorescence intensity was fitted by a monoexponentially

decaying function to obtain the coupling length constant (Figure 5).

To map VF changes of EGFP-expressing astrocytes onto the ini-

tial VF distribution (Figure 3a, b), background-corrected images of the

same astrocyte at the beginning and at the end of a recording were

F IGURE 4 Induction of epileptiform activity decreases intracellular diffusion in astrocytes. (a) Intracellular diffusion within astrocytes was
quantified by fluorescence recovery after photobleaching (FRAP) of EGFP expressed by astrocytes and was used to gauge intracellular diffusivity.
Bleaching was induced by high power scanning (right panel) along a line crossing the astrocyte territory (dashed line in left panel). Fluorescence
recovery occurred when unbleached EGFP diffused into the imaged region while the laser shutter was closed for 1 s (right panel).
(b) Quantification of (a) (orange bars indicate laser exposure). The bleached fraction of fluorescence ΔFB and the recovered fraction ΔFR were
measured and used to quantify FRAP = ΔFR/ΔFB. (e, f) FRAP was recorded at the beginning (Baseline) and the end of individual experiments
(Control/Penicillin for 30 min). In control recordings, a slight but statistically insignificant increase was observed (e, p = .074, n = 10, paired t-
test). In contrast, induction of epileptiform activity reduced FRAP significantly (f, p = .016, n = 10, paired t-test). (g) FRAP relative to baseline was
significantly lower when epileptiform activity had been induced (p = .0027, n = 10 both groups, unpaired t-test).
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F IGURE 5 Reduced astrocyte gap junction coupling after induction of epileptiform activity. (a) Astrocytes were loaded with Alexa
594 hydrazide (40 μM) via the whole-cell patch pipette. x-y-z stacks were obtained after 20 min of loading (Baseline) and at the end of the
experiment (30 min after wash-in of penicillin, Penicillin, or 30 min of control conditions, Control). A sample z-projection of a loaded astrocyte

network and the patch pipette is shown. Note the bright fluorescence of the patched cell and the decaying intensity of coupled cells with
increasing distance. (b) The coupling length constant as a measure of coupling strength was obtained by a monoexponential fit of the
fluorescence intensity relative to the patched cell and the distance to the patched cell (Anders et al., 2014). (c) No significant change in control
recordings from 20 (Baseline) to 50 min (Control, left panel, p = .229, n = 6, paired Student's t-test). In contrast, induction of epileptiform activity
reduced the coupling length constant (right panel, p = .040, n = 8, paired Student's t-test). (d) While the baseline coupling length constants were
not different between experimental groups (p = .120, n = 6 and 8, unpaired Student's t-test, not illustrated), the coupling constant after 50 min,
relative to baseline values, was significantly lower after induction of epileptiform activity (p = .020, n = 6 and 8, unpaired Student's t-test). The
whole-cell access resistances did not differ between groups (p > .4, unpaired Student's t-tests). (e) Connexin 43 (Cx43) and 30 (Cx30) expression
and Cx43 phosphorylation was analyzed in acute slices after control experiments and after induction of epileptiform activity. Representative
immunoblots showing Cx43, GAPDH (control) and Cx30. Cx43 shows a characteristic 3 band pattern (P2, P1, and P0) representing different
phospho-isoforms while Cx30 shows a single band. (f) Band intensities normalized to corresponding GAPDH intensities and expressed as a
percentage of the mean of the control group. No significant difference between control and penicillin groups for total Cx43 and Cx30 protein
levels. The levels of phospho-isoforms were also comparable between the groups (p > .4 throughout, unpaired Student's t-test, n = 4
independent experiments in each group, 5–6 acute slices per independent experiment).
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F IGURE 6 Astrocytic ROCK signaling drives astrocyte morphology changes and supports epileptiform activity. (a) Examples of
pharmacological experiments on astrocyte volume fraction changes. The volume fraction of EGFP-expressing astrocytes was monitored during
the induction of epileptiform activity using penicillin. A drug was either present (here Y-27632, 5 μM, red, n = 5) in the bath solution throughout

the experiment or not (Ctrl., blue, n = 10). (b) Summary of pharmacological experiments on volume fraction changes. Drugs and penicillin
application are indicated below the x-axis (RhoA inhibitor rhosin, 30 μM, Rac1 inhibitor NSC 23766, 100 μM, ROCK inhibitor Y-27632, 5 μM).
One population Student's t-test versus 100% from left to right: p = .34, n = 10; p < .001, n = 9; p = .23, n = 11, p = .0020, n = 11; p = .51,
n = 5). Two populations Student's t-tests versus no drug and no penicillin: penicillin no drug present p < .001, penicillin NSC 23766 present
p < .001, all other p > .10. (c) Comparison of slice experiments from ROCK1/2 wildtype (WT), astrocytic knockout (aKO) of ROCK1 and aKO of
ROCK2 mice (see text for details). Astrocytes expressed tdTomato in these experiments to monitor their volume fraction changes (n = 11 WT,
n = 13 aKO of ROCK1, n = 15 aKO of ROCK2). (d) Comparison of volume fractions after 40 min. Mann–Whitney U-tests: WT versus aKO of
ROCK1 p = .0054, WT versus aKO of ROCK2 p = .69). (e) Example of epileptiform activity induced by penicillin in all three conditions (vertical
scale bars 0.4 mV, 20 superimposed traces for each condition). (f) Development of epileptiform activity during penicillin application (indicated by
gray bar). (g) Comparison of epileptiform discharge frequency after 40 min. Mann–Whitney U-tests: WT versus aKO of ROCK1 p = .019, WT
versus aKO of ROCK2 p = .12.
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compared. Both images were shrunk by a factor of 10 by averaging

regions of 10 � 10 pixels (i.e., 1 � 1 μm2) and their fluorescence

intensities were normalized to somatic values to obtain a VF map of both

images. For each pixel within the territory of the cell, the initial VF and its

change were calculated, and color coded as displayed (Figure 3a). VF

changes were correlated with the initial VF by calculating mean changes

over initial VF ranges (0%–10%, 10%–20%, … 90%–100%).

Throughout the analyses described above, the astrocyte terri-

tories and regions of interests were determined manually by visual

inspection. For recordings in which astrocytes were repeatedly

imaged, the astrocyte territories and regions of interest were set

based on the first baseline recording and kept constant for subse-

quently recorded images from the same experiment. Changes relative

to baseline, for instance of the VF, were used throughout to minimize

potential biases introduced by manual setting of territories and

regions of interest. In experiments in which absolute VFs were com-

pared (experiments with status epilepticus, see below), analysis was

performed fully blinded and individual data points and experimental

groups were only revealed after complete analysis. In analyses in

which changes of the astrocyte cross-section area were quantified,

we measured the area of the cross section of the astrocytes from the

first and last recorded image by drawing polygonal regions of interest

around the astrocytes and calculating their areas. No blinding was per-

formed for the latter analysis.

Fluorescence recovery after photobleaching (FRAP) of EGFP was

used to gauge intracellular diffusivity as previously described (Anders

et al., 2014; Henneberger et al., 2020). Briefly, FRAP was measured

by line scanning across astrocyte cross-sections (Figure 4a, b) at

1–3 ms/line and using the following protocol during the scan:

(1) Bleaching was induced by scanning with the laser power at the

objective set to 15–30 mW for the initial 500 ms. The laser shutter

was then closed for 1 s, which allows unbleached EGFP to diffuse into

the scanned tissue, that is, for the EGFP fluorescence to recover.

Scanning is then continued for 100 ms at the increased laser power

(typical fluorescence profile in Figure 4a). The background-corrected

fluorescence over time is then normalized to the initial value

(Figure 4b). After that, FRAP is quantified by first calculating the frac-

tion of bleached EGFP (ΔFB) and the fraction of recovered EGFP fluo-

rescence (ΔFR), which is a measure of the amount of unbleached

EGFP that diffused into the scanned tissue when the laser shutter

was closed. The ratio (ΔFR/ΔFR) was used as a measure of FRAP. See

(Anders et al., 2014) and supplementary material therein for further

information. Two FRAP experiments were performed during record-

ings. One during the baseline period and one at the end of the experi-

ment (30 min of penicillin application or 30 min of control recording).

2.5 | In vivo kainate injection

In vivo kainate injections were used to induce status epilepticus in

mice expressing EGFP in astrocytes as previously described (Bedner

et al., 2015). Briefly, three-months-old mice were anesthetized with a

mixture of medetomidine (Cepetor, 0.3 mg/kg, i.p., CP-Pharma) and

ketamine (Ketamidor, 40 mg/kg, i.p., WDT) and placed in a stereotaxic

frame equipped with a manual microinjection unit (TSE Systems

GmbH). 70 nL of a 20 mM solution of kainate (Tocris) in 0.9% sterile

NaCl were stereotaxically injected into the cortex just above the right

dorsal hippocampus using a 0.5 μL microsyringe (Hamilton). The ste-

reotactic coordinates were 1.9 mm posterior to bregma, 1.5 mm from

midline and 1.7 mm from the skull surface. Control mice were given

injections of 70 nL saline under the same conditions. 30 min after

injection, deep anesthesia was ensured by injecting a mixture of

225 mg/kg ketamine and 15 mg/kg xylazine (Sigma-Aldrich). Then

mice were immediately transcardially perfused with ice-cold 4% para-

formaldehyde in phosphate buffered saline (PBS, pH 7.4). The brains

were gently removed from the skull and postfixed in 4% parafor-

maldehyde (in PBS) at 4�C for 12 h. 40 μm-thick coronal sections

of the dorsal hippocampus were cut on a vibratome (Leica) and

washed for 3� 10 min in PBS before being mounted and cover-

slipped using ProLong Antifade Diamond (Invitrogen). Image stacks

of EGFP fluorescence of CA1 stratum radiatum astrocytes

(n = 15–18 per hemisphere per animal, from slices within or imme-

diately adjacent to the kainate injection site) were obtained on a

Leica SP8 confocal microscope using a 63�/1.2NA water immer-

sion objective. Image planes through the center of the soma were

extracted from the image stacks and analyzed independently by

experimenters blinded to the experimental condition to obtain the

astrocyte VF (see above).

2.6 | Immunohistochemistry

For correlating the local astrocyte VF and the local (subcellular) GFAP

expression, we performed GFAP-immunohistochemistry on sections

of CA1 stratum radiatum with EGFP-expressing astrocytes (GFAP-

EGFP, Nolte et al., 2001). Briefly, six-week-old GFAP-EGFP mice were

deeply anesthetized by intraperitoneal injection of a ketamine/xylazin

solution and transcardially perfused with ice-cold 4% PFA in PBS.

Their brains were then removed and postfixed in PFA at 4�C over-

night. Coronal brain sections of (70 μm thickness) were cut on a vibra-

tome (Leica, VT1200S; Leica Microsystem) and washed 3� for 10 min

in PBS. Slices selected for immunostaining were then incubated in a

permeabilization and unspecific binding block solution (0.5% Triton

X-100, 5% normal goat serum in PBS) for 1–1.5 h at room temper-

ature (RT). Afterwards, brain slices were incubated with the pri-

mary antibodies chicken anti-GFP (1:500, Abcam, ab13970) and

mouse anti-GFAP (1:500, Millipore, MAB360) diluted in PBS at

4�C overnight. After 3� 10 min washing in PBS at RT, slices were

incubated with the secondary antibodies goat anti-chicken Alexa

Fluor 488 (1:500, Invitrogen, A11039) and biotin-SP-AffiniPure

Fab fragment goat anti-mouse (1:500, Jackson Immunoresearch,

115-067-003) diluted in PBS for 2–2.5 h at RT. GFAP was visual-

ized using the biotin-labeled secondary antibody and a third incu-

bation step with Alexa Fluor 647 conjugated streptavidin (1:200,

Johnson Immunoresearch, 016-600-084). Finally, slices were

washed 3� for 10 min in PBS and mounted with Invitrogen
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Prolong Diamond Antifade mountant (P36965) and left for curing

for at least 24 h at 4�C.

For analysis, confocal fluorescence microscopy of EGFP-expres-

sing astrocytes and the corresponding GFAP label was performed

(1024 � 1024 pixels, 96 μm � 96 μm) using a Leica SP8 confocal

microscope with a 40�/1.1 NA objective. For each astrocyte, both

images (i.e., EGFP and GFAP) were background-corrected and shrunk

by a factor of �10 by averaging regions of 1 � 1 μm2, as above. For

EGFP images, their fluorescence intensities were normalized to

somatic values to obtain a map of the astrocyte VF. For each pixel

within the territory astrocyte, the VF and the corresponding GFAP

label intensity were calculated. GFAP intensities were correlated with

the local astrocyte VF by calculating their average over VF ranges

(0%–10%, 10%–20%, … 90%–100%). For each analyzed cell, these

mean GFAP intensities were normalized to somatic values to account

for variable staining efficacies between experiments. Then, we calcu-

lated the average dependence of the GFAP intensity on the local

astrocyte VF (Figure 3d).

2.7 | Western blots

Western blot analysis of connexin (Cx) expression and phosphoryla-

tion was performed on acute hippocampal slices after control record-

ings or after induction of epileptiform activity using penicillin.

Hippocampi were cut out from acute slices and quickly frozen in liquid

nitrogen for 5 min followed by storage in �80�C until further use.

5–6 slices were pooled for individual experiments to obtain enough

protein for western blotting. Samples were homogenized in ice-cold

50 mM Tris buffer (pH 7.4) containing 150 mM NaCl, 1% Triton-X

100, 0.5% NP-40, and 0.5% sodium deoxycholate. Lysates were soni-

cated, passed through 30-gauge syringes to shear DNA and

centrifuged at 1000 g for 5 min. The protein concentrations

of supernatants were measured (BCA assay, ThermoFisher) and 30 μg

of protein were subjected to SDS PAGE (12.5%) followed by western

blotting on polyvinylidene difluoride membranes (Millipore). The

membranes were blocked with 5% non-fat dry milk in tris-buffered

saline with Tween-20 (TBST) for 1 h followed by overnight incuba-

tions in primary antibody solutions prepared in 2.5% non-fat dry milk

in TBST. All incubations were followed by 3 times washes in TBST.

The following primary antibodies were used: custom-made rabbit

anti-Cx43 directed against amino acid residues 360–382 at 1:2500

(Deshpande et al., 2017), mouse anti-GAPDH (Abcam, 1:5000) and

rabbit anti-Cx30 (ThermoFisher, 1:250). Membranes were probed

with goat anti-mouse horseradish peroxidase conjugate and goat anti-

rabbit horseradish peroxidase conjugate antibodies (both 1:10,000,

GE Healthcare). Peroxidase activity was visualized using Wester-

nBright Sirius™ substrate (Advansta) and detected using Gene Gnome

(Synoptics). Images were taken using a gel photography system with

16bit resolution. Care was taken to avoid image saturation (highest

intensity throughout of 15,698). Expression levels were quantified

using Gene Tools quantification software (Synoptics) with GAPDH

intensity as a reference.

2.8 | K+-sensitive microelectrode recordings

K+-sensitive microelectrodes were prepared as previously described

(Breithausen et al., 2020). Briefly, theta borosilicate glass capil-

laries (Hilgenberg GmbH, Germany) were pulled to a tip diameter

of 1–2 μm. The reference barrel was filled with 154 mM NaCl

solution, the K+-sensitive barrel was filled with 100 mM KCl, after

the tip of the K+-sensitive barrel had been silanized by a mixture

(20:1) of dichloromethane (Sigma-Aldrich) and trimethylchlorosi-

lane (Sigma-Aldrich). The tip of the K+-sensitive barrel was then

filled with a valinomycin-based K+-exchanger solution (potassium

ionophore I cocktail A, Sigma). Chloride coated silver-wires

(Science Products, Germany; diameter: 200 μm) were inserted into

both barrels and fixed with hard wax. Recordings were performed

using a differential amplifier (ION-01 M, npi, Germany). Electrodes

were calibrated with solutions containing 3 mM and 30 mM KCl in

154 mM NaCl and displayed voltage responses of s = 57.8

± 0.45 mV (n = 7) per 10-fold increase of [K+]O. The recorded volt-

age signal recorded was converted to a K+ concentration using

[K+]O = (10(E/s)) � [K+]B, where E is the measured potential and

[K+]B is the nominal resting potassium concentration, that is, the

potassium concentration of the extracellular solution. K+-

transients were recorded from the CA1 stratum radiatum and

evoked by a high-frequency stimulus (50 pulses at 100 Hz,

repeated 10 times at an interval of 60 s) in the presence of the glu-

tamate receptor blockers (D-AP5, 50 μM, and NBQX, 10 μM). A

second field recording pipette in the CA1 stratum pyramidale was

used to monitor epileptic discharges, field responses and fiber vol-

leys. Responses were normalized to the corresponding mean fiber-

volley amplitude to account for differences in stimulation effi-

ciency between slices and preparations. Fiber volley amplitudes

for normalization were recorded with the reference barrel of the

K+-sensitive microelectrodes.

2.9 | Analysis and statistics

Analyses were performed using ImageJ (NIH), Origin (OriginLab) and

Matlab (MathWorks). Numerical data are reported as mean ± SEM

with n being the number of samples. In all electrophysiological and

imaging experiments in acute hippocampal slices, n refers to the

number of recordings. One recording was performed per acute hippo-

campal slice. Because the success rate of experiments combining elec-

trophysiology, two-photon excitation imaging and pharmacology is

low, a single successful experiment was typically performed per day

and animal. For all other experimental designs (Figures 2e–g, 3c, d,

and 5e, f) detailed information can be found in the figure legends. The

Shapiro–Wilk test was used to establish if data were normally distrib-

uted. Comparisons were then performed using the appropriate

parametric and non-parametric tests (e.g., Student's t-test or

Mann–Whitney U-test). The statistical tests used are indicated through-

out. In figures, asterisks indicate significance levels where ***p < .001,

**p < .01, and *p < .05, and error bars represent SEM in figures and dots
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represent individual data points. Asterisks immediately above bars in bar

plots refer to single population tests against a reference (details in the fig-

ure legend). Asterisks above lines connecting bars in bar plots refer to

tests between experimental groups (details in the figure legend).

3 | RESULTS

3.1 | Rapid changes of astrocyte morphology after
induction of epileptic activity

We first tested the hypothesis that induction of epileptiform

activity induces rapid morphology changes of astrocytes. To this end,

we visualized dye-filled astrocytes in the CA1 stratum radiatum of

acute hippocampal slices by two-photon excitation fluorescence

microscopy in parallel to electrophysiological recordings (Figure 1a).

Astrocyte morphology changes were captured by measuring the frac-

tion of tissue volume occupied by astrocyte processes within the ter-

ritory of a single astrocyte (i.e., the astrocyte VF). This astrocyte VF is

readily obtained by normalizing the average fluorescence intensity in

a region of interest to that at the soma, because at the soma 100% of

the tissue is occupied by the cell (Figure 1b). We have previously

established that the astrocyte VF is a reliable and sensitive measure of

astrocyte morphology, its fine details and its changes (Henneberger

et al., 2020; Medvedev et al., 2014; Minge et al., 2021). Induction of

epileptiform activity was achieved by bath application of penicillin,

which disinhibits hippocampal networks by partial blockade of

GABAA receptors (Tsuda et al., 1994) (Suppl. Figure 1) and thereby

reliably induces epileptiform activity in vitro and in vivo

(Schwartzkroin & Prince, 1977). The extracellular K+ concentration

(ACSF) was set to 5 mM (rats) or 4 mM (mice) throughout the entire

experiments to obtain stable epileptiform discharges in hippocampal

slices (Figure 1c, d). Tracking the VF of astrocytes filled with Texas

red dextran (3 kDa) via the whole-cell patch pipette revealed a signifi-

cant decrease of the astrocyte VF following the development of epi-

leptiform activity (Figure 1e).

To test if this astrocyte morphology change also occurs in astro-

cytes that were not dialyzed by whole-cell patch clamp, we performed

equivalent experiments in acute slices from mice expressing EGFP

under a GFAP promoter in a subset of hippocampal astrocytes (Nolte

et al., 2001). A similar and highly significant reduction of the astrocyte

VF was observed (Figure 1f), which was not the result of a change of

somatic EGFP fluorescence (somatic fluorescence relative to baseline,

control 94.7 ± 4.7%, penicillin 94.2 ± 4.2%, n = 14 and 15, p > .15

one-population t-tests, p = .94 two-population t-test). In a separate

analysis of the same data, we quantified the area of the cross

section of the astrocyte under investigation by drawing a polygonal

region of interest around the astrocytes and measuring its area for the

first and last recorded image. At the end of the control recording this

area was 99.0 ± 2.3% relative to baseline (n = 7, p = .69, one popula-

tion t-test) and 97.9 ± 2.9% in penicillin-treated slices (n = 8, p = .47,

one population t-test) and no changes of the cross-section shape were

observed. Thus, the boundary of astrocyte territories remained stable

while astrocytes occupied a reduced fraction of tissue volume within their

territories. Importantly, this VF reduction was not observed when experi-

ments were performed in the presence of channel and receptor blockers

to inhibit action potential firing and glutamatergic synaptic transmission

to suppress neuronal activity (Figure 1f, “Pen. in. inhib.”). This excludes

the possibility that the VF reduction was caused by a direct and activity-

independent effect of penicillin on astrocyte morphology. This conclusion

is further supported by the observation of similar VF reductions in

another in vitro model of epilepsy (wash-in of bicuculline and wash-out of

Mg2+, Figure 1f). Therefore, induction of epileptiform activity in different

experimental approaches and models leads to a robust and rapid reduc-

tion of the astrocyte VF.

We further tested if the astrocyte morphology change persisted

beyond the induction of epileptiform activity. First, we monitored the

astrocyte VF after washing out penicillin for another 40 min and detected

no recovery of the VF (Figure 1g). Second, terminating epileptiform activ-

ity after 40 min by bath application of the sodium channel blocker TTX

and recording the VF for further 40 min did not reveal a recovery either

(Figure 1g). Taken together, induction of epileptiform activity induces a

rapid astrocyte morphology change that persists at least 40 min beyond

its induction. We further tested if astrocytes in the CA3 stratum radiatum

show a similar morphological response to the induction of epileptiform

activity. This was indeed the case (Figure 2a–d).

We next explored if such a rapid astrocyte morphology change is

also triggered by epileptic activity in vivo. To this end, intracortical

unilateral kainate/sham injections were performed in GFAP-EGFP

mice (n = 3 for both groups), in which the success rate of inducing

status epilepticus by kainate is �97% (Bedner et al., 2015). Animals

were sacrificed by perfusion fixation 30 min after kainate/sham injec-

tion, and hippocampal astrocyte morphology was analyzed. This

revealed that astrocytes from kainate-injected animals had a signifi-

cantly smaller VF than sham-injected animals (Figure 2e–g). Although

transcardial perfusion with chemical fixatives has been shown to alter

astrocyte morphology (Korogod et al., 2015), it is unlikely to have

caused the observed differences: Both experimental groups were

treated identically and VFs of astrocytes in the dentate gyrus mea-

sured in acute slices and by electron microscopy of chemically fixed

tissue using the same technique as used here are an excellent match

when tissue shrinkage is accounted for (Medvedev et al., 2014). Inter-

estingly, an astrocyte VF reduction was also observed in the hippo-

campus contralateral to the kainate injection, indicating that spread of

status-associated neuronal activity was sufficient to alter astrocyte

morphology within 30 min. Together, these experiments reveal a yet

unreported rapid morphological response of astrocytes to the induc-

tion of epileptiform and epileptic activity.

3.2 | Reduction of astrocyte intracellular diffusion
and gap junction coupling

To further characterize the observed morphology change, we investi-

gated if different parts of the astrocyte are selectively affected by the

astrocyte VF reduction. Mapping the VF change onto the territory of

ANDERS ET AL. 653

 10981136, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24495 by D

eutsches Z
entrum

 Für N
eurodeg, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the astrocyte suggested that the morphology change occurred primar-

ily in the periphery of the cells (Figure 3a). Correlating the initial VF

with its change (Figure 3b) we found that the reduction was restricted

to parts of the astrocytes where the initial VF was lower, that is,

where medium-sized and small astrocytic processes populate the neu-

ropil. We further characterized our findings by correlating local astro-

cyte VFs with the abundance of local GFAP. This was accomplished

by correlating the local astrocyte VF in EGFP-expressing astrocytes

and the corresponding local abundance of GFAP, which was labeled

using immunohistochemistry (Figure 3c). As expected, we found that

high local VF, that is, parts of the cells corresponding to large pro-

cesses and the soma displayed high GFAP fluorescence intensities

whereas areas with low local VFs were devoid of GFAP immunofluo-

rescence (Figure 3d). Interestingly, the dependence of the GFAP

intensity on the local VF overlapped with how the change of the

astrocyte VF after induction of epileptiform depended on the initial

VF (Figure 3b, d). In other words, the less GFAP is present in local

astrocyte processes the more the local VF is reduced after induction

of epileptiform activity.

Such a reduction of astrocytic cytosolic volume, which could

reflect a withdrawal or shrinkage of small astrocytic processes, can be

expected to affect diffusion inside the astrocyte. For instance, astro-

cyte process shrinkage could increase the tortuosity of the cytosolic

space and thereby slow down diffusion processes, which can be quan-

tified using FRAP of a cytosolic dye (Anders et al., 2014; Henneberger

et al., 2020). We therefore measured FRAP of cytosolic EGFP before

and after induction of epileptiform activity (Figure 4a, b). Indeed,

FRAP was reduced after appearance of epileptiform activity but not in

control recordings and FRAP relative to baseline was significantly

lower in experiments where epileptiform activity had been induced

compared to controls (Figure 4c–e). The emerging picture is thus that

induction of epileptiform activity leads to a remodeling of peripheral

astrocyte processes, which impairs diffusion in the cytosol of the

astrocyte.

This decrease of intracellular diffusion could also reduce the diffu-

sional coupling between astrocytes via gap junctions and thus signal

exchange in the entire gap junction coupled astrocyte network. We

have previously established the coupling length constant as a sensitive

measure of astrocyte gap junction coupling (Anders et al., 2014)

(Figure 5a, b). Measuring the coupling length constant after 20 min of

dye loading into a single astrocyte and a second time after 30 more

minutes of control recording or of induction of epileptiform activity

revealed a significant reduction of dye coupling between astrocytes

after induction of epileptiform activity (Figure 5c, d). This reduction of

coupling was not the consequence of altered expression of connexin

(Cx) 43 or 30 (Figure 5e, f). Also, analysis of the phosphorylation-

dependent western blot bands (Deshpande et al., 2017; Solan &

Lampe, 2009) did not reveal a detectable change of Cx43 phosphory-

lation patterns (Figure 5e, f). Because in the brain Cx43 is almost

exclusively and Cx30 mostly expressed by astrocytes (He et al., 2018;

Zhang et al., 2014) our results indicate that astrocyte Cx43/30

expression and Cx43 phosphorylation are not affected by induction of

epileptiform activity. Therefore, the most parsimonious explanation

for the reduced astrocyte coupling is the reduction of intracellular dif-

fusion. Taken together, the induction of epileptiform activity and the

ensuing remodeling of peripheral astrocyte processes profoundly

impairs diffusion within single astrocytes and, as a consequence,

throughout astrocyte networks.

3.3 | Increase of epileptiform activity by
ROCK-mediated astrocyte morphology changes

We next asked which astrocytic signaling molecules trigger the

observed morphology changes. It is well established that GTPases of

the Rho family and related pathways, for instance involving

Rho-associated protein kinases (ROCK), control astrocyte morphology

(for review see Zeug et al., 2018). Therefore, we tested if astrocyte

morphology changes could be prevented by pharmacological inhibi-

tion of RhoA, Rac1, and ROCK. This was done by inducing epilepti-

form activity using penicillin in control recordings or in the presence

of an inhibitor (Figure 6a). We found that inhibiting ROCK activity

using Y-27632 prevented the astrocyte morphology change after

induction of epileptiform activity (Figure 6a, b), which was not a result

of Y-27632 affecting the action of penicillin on GABAergic synaptic

transmission (Suppl. Figure 1). Similarly, in the presence of the RhoA

inhibitor rhosin induction of epileptiform activity no longer affected

astrocyte morphology, whereas the effect was preserved in experi-

ments without an added drug and in the presence of the Rac1 inhibi-

tor NSC 23766 (Figure 6b, time courses for rhosin and NSC not

illustrated). In addition, we investigated a potential role of TNF-alpha

signaling but found that acute bath application of TNF-alpha (10 ng/

mL for 30 min) did not reduce the astrocytic VF compared to control

recordings (TNF-alpha vs. control: p = .44 Student's t-test, n = 10

control and 9 for TNF-alpha). Furthermore, the effect of inducing epi-

leptiform activity with penicillin on the astrocyte VF was preserved in

TNF receptor 1 knockout mice (Peschon et al., 1998) (crossed with

GFAP-EGFP mice; VF % of baseline: 78.9 ± 3.70%, n = 6, p = .0023,

Student's paired t-test vs. baseline). These results indicate that TNF-

alpha signaling is unlikely to be involved in the rapid astrocyte mor-

phology changes reported here, which, however, does not exclude

other astrocyte-dependent roles of TNF-alpha signaling in epilepsy.

These results are in line with a RhoA-ROCK mediated astrocyte

morphology change after induction of epileptiform activity. This is

also plausible because a persistent increase of astrocytic RhoA activity

leads to a astrocyte VF decrease (Domingos et al., 2023) that is similar

to the one observed here after induction of epileptiform activity.

However, pharmacological experiments cannot reveal if indeed astrocytic

RhoA or ROCK is involved because they are expressed in many cell types.

We therefore created conditional astrocytic knockout (aKO) lines of

ROCK1 and ROCK2 (GLASTcreERT2 � ROCK1loxP/loxP � flox-stop

tdTomato, GLASTcreERT2 � ROCK2loxP/loxP � flox-stop tdTomato) and

a control mouse line (GLASTcreERT2 � flox-stop tdTomato, see

Material and Methods). All lines were injected with tamoxifen as

described in Material and Methods to induce tdTomato expression,

which was used for monitoring the VF in these experiments, and to

654 ANDERS ET AL.

 10981136, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24495 by D

eutsches Z
entrum

 Für N
eurodeg, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



delete ROCK1 or 2 in the respective mouse lines. Before investigating

astrocyte VF changes after induction of epileptiform activity, we char-

acterized baseline astrocyte morphology and synaptic transmission in

the CA1 stratum radiatum in acute slices from these mouse lines. We

detected no differences in baseline astrocyte VF between control and

ROCK1/2 aKO mice (VFs in %; control: 7.68 ± 0.87, n = 11; ROCK1

aKO: 7.05 ± 0.57, n = 13; ROCK2 aKO, n = 15: 7.36 ± 0.52, one-way

ANOVA p = .81). We also tested if field EPSPs (fEPSP) recorded from

CA1 stratum radiatum in response to electrical stimulation of CA3-CA1

Schaffer collateral synapses were affected by aKO of ROCK1/2. We nei-

ther detected an effect on the fEPSP slope across a range of stimulation

intensities (20, 30, … 80 μA; two-way repeated-measures ANOVA

p = .63 for experimental group and p < .001 for stimulation intensity)

nor did we observe differences between the fEPSP paired-pulse ratios

as an indirect measure of the presynaptic release probability (intersti-

mulus interval 50 ms, one-way ANOVA p = .93). Having established

that aKO of ROCK1/2 does not alter the baseline astrocyte VF and

basal functional parameters of synaptic transmission, we next tested if

aKO of ROCK1/2 modifies the morphological response of astrocytes

to the induction of epileptiform activity. We found that aKO of

ROCK1 but not of ROCK2 prevented the astrocyte morphology

change (Figure 6c, d). Analyzing the frequency of epileptiform dis-

charge further revealed that aKO of ROCK1 but not of ROCK2

decreased the discharge rate (Figure 6e–g). Together these experi-

ments demonstrate that astrocytic ROCK1 is required for the astro-

cyte morphology change following induction of epileptiform activity

and that it increases the severity of epileptiform activity.

4 | DISCUSSION

Induction of epileptiform activity in vitro and status epilepticus in vivo

rapidly changed hippocampal astrocyte morphology such that the frac-

tion of tissue volume occupied by them was reduced within 30 min. This

change occurred mostly at the level of small peripheral GFAP-negative

branches. Whether this represents a first step of the more global morpho-

logical transformation seen later during epilepsy (see Introduction) or if

these are independent phenomena is an interesting question for future

studies. After induction in vitro, these morphology changes persisted even

in the absence of network activity. Further analysis revealed that this

astrocyte VF decrease occurred primarily at the level of small and medium

sized astrocyte processes. Such a reduction of the local astrocyte volume

could arise from a decrease of the size of astrocyte processes or their

number or both in a given tissue volume (Minge et al., 2021). Because

astrocyte processes can be as thin as 50–100 nm they cannot be fully

resolved using the diffraction limited multiphoton microscopy used here

(Heller & Rusakov, 2017). Therefore, for a full characterization of rapid

epilepsy-related astrocyte morphology further experiments using tech-

niques with higher spatial resolution will be required, for example expan-

sion microscopy (Brunskine et al., 2022; Chen et al., 2015; Herde

et al., 2020). However, our current experiments already provide some

clues of what to expect. FRAP experiments revealed that the diffusion in

the astrocyte cytosol is slowed down after induction of epileptiform

activity. For simplicity, we could consider the astrocyte cytosol to be a

porous medium like the extracellular space (ECS) with a VF and a tortuos-

ity. The effective diffusion coefficient of a molecule in the ECS decreases

when the ECS tortuosity increases (Nicholson, 2001). This indicates that

the tortuosity of the astrocyte cytosol has increased after induction of

epileptiform activity. Over certain ranges, tortuosity and VF are roughly

inversely related in the ECS (Krizaj et al., 1996; Kume-Kick et al., 2002)

suggesting that the observed astrocyte VF reduction is sufficient for

explaining the decreased intracellular diffusion. We further observed

reduced dye-coupling in the astrocyte network without detectable

changes of Cx43/Cx30 expression and Cx43 phosphorylation. This sug-

gests that the decreased dye coupling, that is, the decreased intercellular

diffusion in the astrocyte network, is a consequence of the astrocyte mor-

phology changes. This could represent a first step towards the uncoupling

of astrocyte networks in epilepsy models and human temporal lobe epi-

lepsy (Bedner et al., 2015).

To our knowledge, the astrocyte morphology changes detected

here occur much earlier than what was previously described in CA1

stratum radiatum. For instance, a shortening of GFAP-positive larger

processes has been reported to occur within 4 h after induction of sta-

tus epilepticus (Henning, Antony, et al., 2023) whereas kindling induced

by electrical stimulation led to an increase of the astrocyte VF within

24–48 h (Hawrylak et al., 1993). It was also shown that induction of

focal epileptiform activity and kainate injections alter the morphology

of GFAP-positive and perisynaptic processes within a week (Clarkson

et al., 2020; Oberheim et al., 2008; Takahashi et al., 2010). Another

example is the effect of status epilepticus in the lithium-pilocarpine

model on astrocyte morphology after 2–4 weeks (Plata et al., 2018).

Together, these studies and the present results indicate that astrocyte

morphology is continuously changing starting almost immediately after

the initial epileptogenic trigger. In contrast, the type of astrocyte mor-

phology changes that were observed on the level of small and medium-

sized astrocyte processes varies between studies. In human tissue

samples from patients with temporal lobe epilepsy, astrocytes occupied

a higher fraction of tissue volume in severe cases when compared to

mild cases and astrocytic processes approached excitatory synapses less

often in severe cases compared to mild cases (Witcher et al., 2010). An

increased astrocytic VF was also observed 24–48 h after kindling

(Hawrylak et al., 1993). In addition, astrocytic processes enwrapped

excitatory synapses more strongly 1 week after kainate-induced sta-

tus epilepticus (Clarkson et al., 2020). 2–4 weeks after induction of

status epilepticus, the number of distal astrocyte processes was

reduced but the VF of small processes (not resolvable by diffraction-

limited microscopy) was unaffected (Plata et al., 2018). Because of

the different epilepsy models, technical approaches and analyzed

morphological parameters it is currently difficult to reconstruct a

detailed timeline of progressive astrocyte morphology changes. This

is also a complex issue because neuronal changes such as neuronal

death and synapse loss are likely progressing too (Clarkson

et al., 2020; Hawrylak et al., 1993; Witcher et al., 2010), which com-

plicates the comparison of analyses focusing on synapses

(e.g., astrocyte synapse enwrapping) and those quantifying other

morphological features.
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4.1 | Molecular signals driving astrocyte
morphology changes

Our experiments reveal that astrocyte morphology changes after

induction of epileptiform activity in vitro can be prevented by inhibit-

ing RhoA and ROCK and by conditionally deleting the ROCK isoform

ROCK1 in astrocytes (but not ROCK2). Both RhoA and ROCK are well

known to control the astrocyte cytoskeleton and astrocyte morphol-

ogy (for review see Zeug et al., 2018). This is also consistent with our

recent work indicating that RhoA is a powerful regulator of hippocam-

pal astrocyte morphology, which decreases the astrocyte VF on the

level of small peripheral astrocyte processes when overexpressed

(Domingos et al., 2023). We have also previously shown that inhibit-

ing cofilin phosphorylation by LIMK, a target of ROCK, prevents an

astrocyte process withdrawal from excitatory synapse triggered by

the induction of long-term potentiation of synaptic transmission

(Henneberger et al., 2020), which was also reflected by a decrease of

the astrocyte VF. For these reasons, it is likely that the onset of epi-

leptiform activity increases astrocytic RhoA and ROCK1 activity and

thereby modifies the astrocyte cytoskeleton and morphology.

How RhoA activity is increased in our experiments remains to be

established. It has previously been shown that eliciting epileptiform activ-

ity in hippocampal slices induces Ca2+ signals in astrocytes (Fellin

et al., 2006; Tian et al., 2005). However, increasing astrocytic Ca2+ signal-

ing alone by various stimuli did not reproduce the astrocyte VF reduction

after synaptic long-term potentiation (Henneberger et al., 2020). Instead,

inhibition of NKCC1 prevented this reduction, which implies that NKCC1

could control the activity of astrocytic RhoA/ROCK1. There is indeed

accumulating evidence from other cell types that NKCC1 can control the

activity of RhoA and Rac1 (Ma et al., 2019; Schiapparelli et al., 2017).

Additionally, the transport rate of NKCC1 in astrocytes is increased when

extracellular K+ is elevated (Su et al., 2002), which is likely to be the case

during epileptiform activity. A likely scenario is therefore that the

increased neuronal activity after induction of epileptiform activity initiates

an astrocyte morphology change via NKCC1, and in turn activation of

RhoA and ROCK1. However, a direct link between NKCC1 activity and

RhoA in astrocytes remains to be demonstrated. In addition to such a role

in cytoskeletal remodeling, astrocytic NKCC1 regulates astrocytic chloride

homeostasis (Engels et al., 2021) and has been shown to inhibit seizure-

like events induced by tetanic stimulation in the hippocampus (Nguyen

et al., 2023). Astrocytic NKCC1 could therefore have multiple and poten-

tially opposing roles in epilepsy.

4.2 | Interdependence of morphology changes and
epileptic activity

One could speculate that the observed astrocyte morphology changes

support the development of epileptiform activity and potentially of

epilepsy because the morphology changes develop in parallel to epi-

leptiform activity. This hypothesis is also supported by the fact that

astrocytic ROCK1 deletion prevents not only the morphology but also

reduces epileptiform activity. This scenario is intriguing because the

morphology changes persist beyond their induction, also in the

absence of neuronal activity. This could lock the hippocampus in a

state of increased excitability if rapid astrocyte morphology changes

had indeed a supportive role for epileptic activity. However, ROCK

signaling can have many targets in addition to cytoskeleton-related

factors (Amano et al., 2010; Riento & Ridley, 2003). The alternative is

therefore that astrocytic ROCK1 signaling modifies astrocyte mor-

phology and also an additional astrocyte mechanism in parallel, which

is responsible for increasing epileptiform activity.

Assuming that the rapid astrocyte morphology change indeed

supports epileptiform activity, what would be candidate mechanisms?

Small and medium-sized astrocyte processes are ideally positioned in

the neuropil and near synapses to fulfill their many known functions

(e.g., neurotransmitter clearance, maintaining ion homeostasis, modu-

lation of synapse function by gliotransmission). A remodeling of these

astrocyte processes is going to affect their spatial relationship with

synapses and other neuronal compartments and could thereby alter

all mechanisms that depend on proximity (e.g., efficiency of neuro-

transmitter uptake or gliotransmission). Among the many candidate

mechanisms, glutamate and potassium uptake have been directly

linked to the astrocyte changes that we have observed here.

The question whether a change of astrocyte potassium buffering

affects epileptogenesis and epilepsy has been intensely investigated,

as recently reviewed by (Henning, Unichenko, et al., 2023). A direct

link between our experimental results and previous studies is the

acute reduction of gap junction coupling between astrocytes. It was

for instance found that a reduction of astrocyte coupling to half of

control values 4 h after kainate-induced status epilepticus prevented

the effect of pharmacological gap junction blockade on an indirect

measure of extracellular potassium transients (Bedner et al., 2015). In

contrast, a similar reduction of astrocyte coupling did not significantly

affect potassium transients recorded from astrocytes in acute slices

two to four weeks after induction of status epilepticus in the lithium-

pilocarpine model (Plata et al., 2018), which may be explained by long-

term adaptive changes of potassium clearance. In our experiments, we

detected a �20% reduction of the coupling strength over 30 min.

Considering that the near-complete acute block of gap junctions

increases locally induced potassium transients by �30% only if their

amplitude is higher than �10 mM (Breithausen et al., 2020), it seems

unlikely that the observed much smaller reduction of astrocyte cou-

pling has a significant impact on potassium clearance in acute slices.

Indeed, we could confirm that induction of epileptiform activity by

penicillin does not affect K+-transients induced by later synaptic stim-

ulation (Suppl. Figure 2). However, it is worth noting that this does

not rule out stronger uncoupling, as observed in vivo and/or later time

points (see for instance Bedner et al., 2015), perturbs potassium

homeostasis during an epileptic seizure.

Similar to potassium buffering, the role of altered astrocytic gluta-

mate uptake in epilepsy has been explored in detail, for review see

(Peterson & Binder, 2020). Regarding the link between astrocyte mor-

phology changes and glutamate uptake, it was found that glutamate

clearance was accelerated while astrocytic coverage was increased at

the synapses remaining 1–2 weeks after induction of status
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epilepticus using kainate (Clarkson et al., 2020; Takahashi

et al., 2010). Such a relationship between the glutamate clearance and

perisynaptic presence of astrocyte processes has also been found

under physiological conditions. For instance, the coverage of dendritic

spines by astrocytic glutamate transporters relative to the spine size

determines the efficiency of local glutamate uptake (Herde

et al., 2020). Also the induction of synaptic long-term potentiation

leads to a withdrawal of perisynaptic astrocytic processes and

increased diffusion of synaptically released glutamate into extrasynap-

tic space and increased synaptic crosstalk (Henneberger et al., 2020).

In addition, retraction of perisynaptic astrocyte processes by decreas-

ing the astrocytic expression of ezrin increases glutamate crosstalk

(Badia-Soteras et al., 2022). If the astrocyte morphology changes

observed here indeed represent a withdrawal of astrocyte processes

from excitatory synapses, a reduced glutamate uptake could explain

how astrocytic ROCK-signaling and morphology changes support epi-

leptiform activity. However, as pointed out above, it remains to be

established how precisely the induction of epileptiform activity

changes the spatial relationship between astrocyte processes and glu-

tamatergic synapses and also GABAergic contacts (Brunskine

et al., 2022; Herde et al., 2020).

5 | CONCLUSION

Together our results reveal that astrocytic ROCK1 signaling mediates

a rapid astrocyte morphology change after the onset of epileptiform

activity in vitro, which is also observed after status epilepticus in vivo.

The signaling pathways and the morphology change are similar to

those triggered in physiological experiments and inhibiting these path-

ways also reduces epileptiform activity in vitro. Together this suggests

that the described morphology change is a maladaptive morphological

response by astrocytes in the context of epilepsy.

This emphasizes that Rho/ROCK and related signaling pathways are

interesting targets for modulating epilepsy (_Inan & Büyükafşar, 2008;

Kourdougli et al., 2015; Zhang et al., 2015). Although pharmacological

inhibition of ROCK using i.p. injections, which are neither selective for the

brain nor for astrocytes, had inconsistent outcomes in epilepsy models

(_Inan & Büyükafşar, 2008; Kourdougli et al., 2015), testing the effect of

astrocyte specific manipulations of RhoA/ROCK signaling in vivo in suit-

able epilepsy models appears to be promising.
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