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KCC2 reverse mode helps to clear postsynaptically
released potassium at glutamatergic synapses
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e KCC2 is recruited upon perisynaptic K* increase due to
glutamatergic synaptic activity

e Inreverse mode, KCC2 transiently transports perisynaptic K*
back intothe spine

e KCC2 reversal diminishes perisynaptic K*, especially when
astrocytic K* uptake is impaired

e KCC2 reverse mode temporarily restricts presynaptic
glutamate release and attenuates LTP
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In brief

Byvaltcev et al. demonstrate a
physiological role of KCC2 at dendritic
spines by showing KCC2 operation in
reverse mode that restricts the
perisynaptic potassium increase upon
glutamatergic stimulation. They describe
KCC2 interactions with other perisynaptic
potassium transport mechanisms and the
consequences of KCC2 modifications for
synaptic signaling.
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SUMMARY

Extracellular potassium [K*], elevation during synaptic activity retrogradely modifies presynaptic release and
astrocytic uptake of glutamate. Hence, local K* clearance and replenishment mechanisms are crucial regu-
lators of glutamatergic transmission and plasticity. Based on recordings of astrocytic inward rectifier potas-
sium current /;; and K*-sensitive electrodes as sensors of [K*], as well as on in silico modeling, we demon-
strate that the neuronal K*-CI” co-transporter KCC2 clears local perisynaptic [K*], during synaptic excitation
by operating in an activity-dependent reversed mode. In reverse mode, KCC2 replenishes K* in dendritic
spines and complements clearance of [K*],, therewith attenuating presynaptic glutamate release and short-
ening LTP. We thus demonstrate a physiological role of KCC2 in neuron-glial interactions and regulation of
synaptic signaling and plasticity through the uptake of postsynaptically released K*.

INTRODUCTION

Although large and spatially extended [K*], elevations are long
known to cause general neuronal hyperexcitability,’ local rises
in [K*], fulfill a signaling role: e.g., release of K* through postsyn-
aptic AMPA and NMDA receptors increases presynaptic
release” and reduces glutamate uptake by perisynaptic astro-
cytic leaflets.® Narrow space, high tortuosity, local proteome
complexity,” and low diffusion coefficient restrict the capacity
of the perisynaptic extracellular space to buffer [K*], fluctuations
during neuronal activity,>® causing increases in [K*],, tempo-
rarily way beyond physiological levels.”® Outward co-transport
of K* and CI~ by neuronal KCC2 may contribute to [K*], when
intracellular CI~ [CI7]; is elevated. So far, research on KCC2
has been mainly focused on this “canonical” outward transport
that is linked to synaptic inhibition, keeping [CI7]; at low levels
and therewith GABA, receptor activity hyperpolarizing.'®"®
Why KCC2 is clustering at dendritic spine heads, i.e., in close vi-
cinity of glutamatergic synapses,'"'*'® is poorly understood.
Even if spine expression is not as high,"” the presence of KCC2
in places with no particular need for CI™ gradient control is puzzling
and potentially dangerous by leading to neuropathological
swelling and blebbing under excitotoxic conditions.'® Given that
functions of KCC2 extend beyond ion translocation in spinogene-
is,'929 regulation of dendritic spine morphology,'®?! and actin

sis
cytoskeleton,?>?° a lack of transport activity in this KCC2 “spine
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pool” has been suggested.”* We here hypothesize that, even if
the ion translocation rate of KCC2 is low in baseline conditions,
the rise of [K*], associated with excitatory transmission tempo-
rarily facilitates the reverse mode of KCC2 in synapse-rich regions
such as s. radiatum of CA1. The ability of KCC2 to pump K* (and
CI7) into neurons during sudden [K*], rises (e.g., during seizures)
has been hypothesized based on considerations that first, ionic
co-transport by KCC2 is driven by the K* gradient and, second,
that KCC2 operates near its reversal under physiological condi-
tions.”>?® Although such inward transport was implemented in in
silico models®” and generally proven possible in cultured midbrain
neurons under extreme conditions,?®*° experimental evidence
that inward ionic transport via KCC2 actually occurs in the brain
is very recent and sparse.'® Reasons for this might be the electro-
neutrality of KCC2 flux that renders direct electrophysiological
assessment impossible as well as the relative slowness of Cl™ in-
dicators. Here, we use the astrocytic uptake of [K*], via inward
rectifying potassium (K;) channels to estimate the contribution of
KCC2 to [K*], clearance (for details see STAR Methods). Changes
in astrocytic /k; upon KCC2 modulation indicate an inward direc-
tion of KCC2 transport at elevated [K*],. We complemented this
finding with a mathematical model analysis to directly capture bio-
physical KCC2 and [K*], dynamics and link them to the resulting
Ikir- Taken together, both experimental data and modeling provide
evidence for a reversal of KCC2 transport direction that, in turn, af-
fects information transmission by excitatory synapses.
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Figure 1. KCC2 inhibition increases transient [K*], elevation elicited
by synaptic CA1 excitation

(A) Left: location of biocytin-labeled astrocyte syncytium in hippocampal CA1
s. radiatum. Note the cut between CA3/CA1 (dotted yellow lines) to prevent
hyperexcitability upon GABAAR block (scale bar: 200 um). Middle: close up on
astrocyte syncytium (scale bar: 50 um; inset: voltage response of the recorded
astrocyte [arrowhead] to 250 pA current steps, scale bar: horizontal 200 ms,
vertical 10 mV). Right: experiment scheme.

(B) The specific KCC2 blocker VU0463271 (10 uM) increased astrocytic K*
uptake (Ikir-ctrt = 405 + 56 pA to Iir.yu = 512 £ 77 pA; n = 17, Wilcoxon signed-
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RESULTS

KCC2 modulation reciprocally influenced perisynaptic
[K*Io

Schaffer collateral stimulation triggers substantial release of K*
from postsynaptic AMPA and NMDA receptors to the synaptic
cleft.” We raised perisynaptic [K*], by stimulating with 20 pulses
at 100 Hz to minimize consequences of stronger excitation such
as retraction of astrocytic processes,®® neuronal CI-  "é/Na* '
overload, or axonal depolarization block.® This stimulation resulted
in Ik;r in hippocampal CA1 s. radiatum astrocytes (Figure 1A/B).
Peak Ik was neither substantially contaminated by glutamate
transporters nor by Na*-K*-Cl” co-transporter (NKCC1) currents®?
(almost completely blocked by Ba?**%; Figure S1A). The detected
perisynaptic [K*], originated mainly from AMPA/NMDA recep-
tors®>“3* because blocking of these receptors greatly reduced
Ixir,» While GABAg receptor block did not (Figures S1B and S1C).
Relative restriction of [K*], in time and perisynaptic space might
be reflected in the delayed and putatively attenuated detection
by K*-sensitive electrodes (Figure 1B). Preconditioning the slices
minimized contribution of synaptic potentiation or activity-depen-
dent changes in astrocyte function as controlled by field excitatory
postsynaptic potential (fEPSP) and astrocytic responses in long-
term recordings (Figures S1D and S1E).

Based on this thorough procedure, we found that neuronal KCC2
substantially contributes to [K*], removal in brain tissue: Firstly,
blocking KCC2 by VU0463271 increased lx; by a good 30% (Fig-
ure 1B). KCC2 blocking was efficient irrespective of the type of
GABAA receptor blocker (bicuculline or picrotoxin) that we routinely
used to prevent neuronal GABA, receptormediated [Cl™]; increase
(Figure S1F). We even detected the effect of KCC2 blockade by
K*-sensitive electrodes that are putatively remote from perisynaptic
sites and record in a space averaged manner, obstacles that in sum
might contribute to an attenuated [K*], increase upon VU0463271
that amounted to 11% (Figure 1B). Notably, VU0463271 application
itself did not change dendritic [CI™] (Figure 1C). Secondly, if KCC2
contributes to [K*], clearance, potentiating it should decrease astro-
cytic I Closantel, which removes SPS/Ste20-related proline-
alanine-rich kinase (SPAK)/oxidative stress response kinase 1
(OSR1) phosphorylation of KCC2 at T907/T1007,'>" disinhibits

rank [WSRY]; Qgntr = 1,443 £ 212 pC, Qyu = 1,893 £ 270 pC, n = 17, pTT) as well
as K*-sensitive electrode peak voltage (Voo = 5.8 + 1.3 mV to Vyy = 6.4 +
1.3 mV, n =13, WSR) and respective A [K*], (A[K*]ocntr = 0.72 + 0.19 mM to A
[K*lovu = 0.8 + 0.21 mM, WSR). Top: experiment scheme. Middle: example
traces of astrocytic whole-cell current and electrode sensed [K*], deflection
without (black) and with VU (red) as well as the difference between the two
(blue); scale bars are to the right of the respective trace groups. Bottom:
population data.

(C) Blocking KCC2 did not change neuronal [Cl];. Left: color-coded fluores-
cence lifetime images of CA1 loaded with the Cl™-sensitive dye MQAE without
(left) and with VU (middle) and corresponding fluorescence intensity image
with marked dendritic region of interest (ROI) (right); scale bar: 10 um. Lifetime
color code scale bar: from 3,500 ps (warm red, high [CI"]) to 5,500 ps (cold
blue, low [CI™])). Right: population data of ROI fluorescent lifetime without and
with VU (TRol dendrite entr = 4.932 + 0.040 NS VS. Tro) dendrite vu = 4.913 + 0.028 ns,
n = 22, pTT). Line series of population data in this and the following figures
connects individual paired recordings before and after treatment. Horizontal
bars represent means.
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Figure 2. KCC2 modulation affects [K*],

(A) Left: biocytin-labeled single s. radiatum astro-
cyte isolated by the gap junction blocker carbe-
noxolone (CBX); scale bar: 25 pm. Middle: mode of
action for VUO0463271 and closantel. Right:
experiment scheme.

(B) Closantel (10 uM) decreased /x;, in the presence
of CBX (100 uM) for >20 min prior to recordings
(IKir-ctrI =411 £ 148 pA, Ikir-Glosantel = 355 + 144 pA;
N = 6; Qgntr = 1,491 + 779 pC, Qgiosantel = 1,270 +
727 pC, n = 6, WSR respectively). Top: experiment
timeline. Middle: examples of astrocytic /k;- without
(black) and with closantel (gold) traces and the
difference between the two (blue); time and current
amplitude scale down right. Bottom: population
data.

(C) CBX (100 uM) unmasks the VU-mediated
(10 uM) increase of Ix; during low-intensity stimu-
lation (kir-ctrt = 58 = 9 PA, Ikir-vuoassar1 78 + 14 pA,
n=16, pTT; Qentr: 219 + 43 pC, Quuossse7t =297 +
56 pC, n = 15; WSR) regardless of intra- or extra-
cellular CBX application (Figure S3). Top: experi-
ment timeline. Middle: examples of astrocytic Ik

L DA
Q, nC

0.51 2

KCC2. Indeed, closantel decreased I;. by about 20% (Figure 2A/B)
but only when we blocked gap junctions to prevent spatial buffering
of K* (Figure S2A). In our case, the controversial KCC2 enhancer
CLP257°° did not decrease Ik, (Figure S2B).

We finally checked for factors that might confound our record-
ings. KCC2 blocking or enhancement did not alter astrocytic /x;
when we directly puffed K* (30 mM) to the astrocyte soma or
when we blocked glutamatergic transmission (Figure S2C/D).
This suggests that neither VU0463271 nor closantel affected ex-
tra-synaptic [K*], clearing and that KCC2-mediated [K*], clear-
ance was restricted to local perisynaptic [K*], elevations caused
by K* efflux upon excitatory transmission. In line, VU0463271
application did not increase the excitability of presynaptic axons
(Figures S2E and S2F) under conditions that did not engage
KCC2 in [K*], clearance (next paragraph).

Together, these data demonstrate that KCC2 operatesinreverse
mode helping to clear perisynaptic [K*], during synaptic activity.

Detection of KCC2 reverse mode is activity dependent

So far, we rather strongly excited numerous synapses simulta-
neously providing substantial perisynaptic [K*], elevation. We
next asked whether KCC2 can clear [K*], that results from less
intense excitation (5 pulses at 20 Hz) that neither potentiated fEPSP

without (black) and with VU (red) and the difference
between the two (blue); time and current amplitude
scale down right. Right bottom: population data.

nor changed astrocytic Ik (Figures S3A
and S3B). KCC2 blocking upon such exci-
tation merely tended to increase Ik (Fig-
ure S3C), suggesting that the perisynaptic
[K*], rise was insufficient to foster KCC2
reverse mode. To prevent astrocytic spatial
K* buffering, i.e., to exclude interference of
gap junctional dynamics in perisynaptic
processes>® and eliminate leak current,®’
we again perfused slices with carbenoxolone (CBX). With this
compromised astrocytic syncytium, the effect of KCC2 blocking
became more pronounced (Figure 2C). To minimize side and
network effects, we applied CBX through the patch pipette only
in the recorded astrocyte (Figure S3D). Under this condition,
VU0463271 increased I;- as under extracellular CBX pre-applica-
tion. This suggests that under low synaptic activity, K* clearance by
astrocytes is sufficient when coupled to the syncytium, and KCC2
reversal is not required, i.e., astrocyte coupling regulates recruit-
ment of postsynaptic KCC2. Despite the use of CBX, KCC2 block-
ing did not change astrocytic /k; upon a single Schaffer collateral
stimulation, suggesting that the expected change was below
detection threshold, or KCC2 did not engage in [K*], clearance
regardless of its intensity (Figure S3E).

In summary, repetitive synaptic activity prompts KCC2 to act
as a substantial sink for perisynaptic [K*],. The requirement of re-
petitive stimulation for a sufficient buildup of local [K*], is in line
with the prominent NMDA mediation of spine K* efflux.”

Kinetics and consequences of KCC2 fluxes revealed by
mathematical modeling

Because direct experimental observation of KCC2 ion flux is not
currently feasible, we employed a mathematical model of

Cell Reports 42, 112934, August 29, 2023 3
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Figure 3. Inferring KCC2 ionic kinetics and fluxes from modeling
(A) KCC2 flux required to mimic astrocytic /x;, changes in our electrophysiological experiments. Top: scheme of the model. Bottom: [K*], increase representing
moderate (10 mM/s for 1 s) or weak (1 mM/s for 1 s) synaptic stimulation (gray vertical bar) and consequential changes varying with different strength of KCC2
activity (control: gkccz = 9kccz-entrs Plack; blocked: gyeco = 0, red; and enhanced: gkcce = 9kccz-cntr X 2, gold).
(B) Alterations in uptake patterns after stimulation under varying stimulation strengths. Upper and middle row: relative contribution (in percent) of KCC2 (blue), Na/
K-ATPase (pink), and K, channel-mediated (orange) fluxes to the clearance of induced perisynaptic [K*], increase (stimulation) under control conditions and with
blocked KCC2, respectively. Baseline activity of each contributor is subtracted to isolate specific changes attributed to the stimulus. Contributions are presented
relative to the maximum total clearance flux changes. Lower row: changes in K* fluxes via Na/K-ATPase (pink line) and K;, channels (orange line), respectively
(depicted is the difference between control and KCC2 block).
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dynamic K* and Cl~ exchange between the effective spine, peri-
synaptic extracellular space (pECS), and astrocyte compart-
ments (see STAR Methods). This approach elucidates the role
of KCC2 in [K*], ionostasis. We kept the model simple to fathom
minimal biophysical assumptions for the changing direction of
KCC2 transport and its temporal dynamics. In this model, [K*],
has three determinants: astrocytic /x;,, ion fluxes through neural
KCC2 as well as those mediated by the Na/K-ATPase. After a
rapid [K*], increase, the equilibrium potential shifts, favoring
temporary KCC2 reverse mode and resulting in a considerable
uptake of K* (co-transported with CI7) in the effective spine
compartment (corresponding to =40% of the modeled [K*], in-
crease upon stimulation). The inflow of CI~ and drop of [K*],
electrochemically leads to a subsequent KCC2 direct mode,
which causes a gradual release of potassium from the spine
compartment to the pECS compartment through KCC2. The
K* released is then absorbed by Na/K-ATPase and /y;.. We simu-
lated synaptic activity by adding K* from the spine to the pECS.
The effect of KCC2 reverse mode is apparent for both weak and
moderate stimulation (Figure 3A); however, the small effect for
weak stimulation could be masked by other dynamics, such as
contribution of the different clearance mechanisms. Indeed, up-
take patterns vary with stimulation strength and time after the
stimulus (Figure 3B): whereas upon weak stimulation the contri-
bution of Ik, and Na/K-ATPase is comparable with and without
KCC2, Ik, contribution is pronounced upon moderate stimula-
tion, in particular without KCC2. This means that /x;, contribution
differentially reflects the absence of KCC2, although KCC2
almost equally contributes to the initial uptake of increased peri-
synaptic [K*], after moderate vs. weak stimulation. The main
reason for this is the arrival at maximum Na/K-ATPase capacity
with larger stimulus intensity.

The phase plane dynamics of KCC2 against [K*], shows the
rapid and high-amplitude inward KCC2 flux when [K'], is
elevated and the low-amplitude but persistent outward KCC2
flux when [K*], approximates normal values and spine [CI7]; is
elevated (Figures 3C and S4B). Direction of KCC2 mode and ef-
ficiency depend on spine and pECS ionic concentrations as well
as KCC2 flux capacity (see STAR Methods, Equation 6). Hence,
the effect of KCC2 enhancement depends not only on pharma-
cological agents like closantel (Figure 3D, x axis), but also on
the volume ratio (rsc) between spine and pECS (Figure 3D). The
impact of the ionic flux between spine and the pECS compart-
ment on their ionic concentrations is dictated by rg (see STAR
Methods, Equations 1, 9, and 10). When rg is smaller, the
enhancement of KCC2 also has a smaller effect. For a portion
of spines, rse may be small, explaining the comparably limited ef-
fect of pharmacological KCC2 enhancement (Figure 2B).

¢ CellP’ress

CA3 to CA1 synapses are only 0.5 um apart on average,*® but
synaptic spillover due to differential activity between neighboring
compartments cannot be addressed experimentally due to a
lack of target specificity. While our first simulations employed
one large equivalent compartment, we next set out to study spatial
K* spread. As a simple approximation, we discretized spine and
pECS compartments into active and silent sections. The active
compartment was stimulated by a flux of K* from the spine to
pECS compartment. Connection of pECS compartments allowed
for K* diffusion. KCC2 activity determined the increase of [K*], in
both pECS compartments (Figures 3E, 3F,and S4D). The increase
of [K*], in neighboring compartments was also controlled by the
diffusion time constant (Figure S4C), but the qualitative effect of
KCC2 remained in various diffusion timescales.

The mathematical model suggests that (1) KCC2 in reverse
mode temporarily dampens [K*], when [K*], rises abruptly, (2)
KCC2 reversal can decrease the workload of other homeostatic
mechanisms (Na/K-ATPase current and /x;) during the peak raise
of [K*], and distribute the workload over a longer period of time,
and (3) KCC2 deficiency increases synaptic K* spillover. Incomple-
menting the indirect nature of our experimental approach, mathe-
matical modeling shows that inward KCC2 transport suffices to
explain our observations under physiologically plausible condi-
tions, strengthening the explanatory power of our hypothesis.

KCC2 smoothens transient peaks in excitatory
transmission
Rising [K*], in the synaptic cleft depolarizes the pre-synapse®
and increases glutamate release probability.” Therefore, we hy-
pothesize that KCC2 reciprocally modulates spontaneous (s)
EPSCs shortly after Schaffer collateral stimulation in CA1 pyra-
midal neurons. Blocking KCC2 with VU0463271 increased the
frequency of sEPSCs (Figure 4A) with a time course matching
the expected KCC2 influence on perisynaptic [K*], (Figure 3A).
In contrast, enhancing KCC2 with closantel reduced the sEPSC
frequency when we blocked gap junctions to debunk the effect
of KCC2 enhancement (Figure 4B). In both cases, sEPSC ampli-
tudes remained comparable. These data support a contributing
role for postsynaptic KCC2 in regulating presynaptic excitability.
Notably, pharmacological KCC2 blocking did not induce
changes in GIuR1 clusters as shown previously.'®

Next, we checked if our stimulation (20 pulses at 100 Hz) re-
vealed differences in LTP upon KCC2 alteration as elegantly re-
ported previously in aged mice and attributed to Cl~ overload
and successive depolarizing GABA, receptor responses.’® In
our slice experiments in young mice, we ruled out GABA4 recep-
tor-mediated CI~ load or any GABA, receptor-mediated re-
sponses by use of bicuculline and skipped the preconditioning.

(C) Dynamic of KCC2 flux against the difference of [K*], during simulation of control (black) and enhanced (gold) state (based on A, moderate stimulation). KCC2
flux direction at different [K*], depends on spine [CI"];. Note the transient large positive KCC2 influx during and after the stimulus. However, the small negative

amplitude persists much longer after reversing the direction (Figure S4A).

(D) Impact of KCC2 modulation depends on the volume ratio of the spine compartment to perisynaptic (pECS) compartment. Diminishing the assumed spine to
PECS volume ratio of 4.67 (magenta) to 2 (black) attenuated, while raising it to 10 (cyan) increased the efficiency of KCC2 reverse mode, especially when KCC2 is

enhanced.

(E) K* spillover from the “active” (dotted) synapse compartment to the “silent” (solid) synapse compartment depends on KCC2 efficiency. Right: time course of
parameters in relation to KCC2 activity depicted as in (A). Left: scheme of the extended model. Gray vertical bars indicate [K*], increase (10 mM/s for 1 s).
(F) KCC2 activity influenced the maximum increase of [K*], in both active (dotted) and silent (solid) extracellular compartments.
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Figure 4. KCC2 alteration uncovers the
physiological relevance of inward co-trans-
port

(A) KCC2 inhibition results in increased frequency
but not amplitude of early (0—4 s) post-stimulation
sEPSC in CA1 pyramidal neurons (s = 5.0 + 2.2
events/s, fyy = 12 + 3.5 events/s, n = 6; lepscetni =

11.9 £ 1.8 pA, lepscvu = 9.9 £ 1.3 pA, n = 6). Top:
experiment scheme. Middle: neuronal example
current traces under control condition (black) and
with added VU (red); scale bars on the right be-
tween them and binned number of events (bin
size = 250 ms, Lorentz curve fitting). Bottom:
population data, WSR.

(B) When gap junctions were closed by CBX
(100 uM), closantel reduced the frequency of post-
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Under these conditions, blocking of KCC2 elevated and closantel
mitigated LTP (Figure 4C). This suggests that KCC2-mediated
clearance of transient elevations of [K*], within the perisynaptic
compartment interacts with key mechanisms of information stor-
age, even if GABAergic mechanisms are not involved.

DISCUSSION
Interactions among cell types in the brain active milieu underlie

proper brain function.® Although synaptic and extra-synaptic
transmission mediated by neurotransmitters and neuromodula-
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stimulation sEPSC in CA1 pyramidal neurons
leaving their amplitude unchanged (fot; = 7.6 + 1.9
events/s, foiosantel = 4.1 = 0.8 events/s, n = 7;
lepscetn = 9.2 £ 1.1 pA, Igpscciosantel = 8.9 + 1.5 pA,
n = 7). Top: experiment scheme. Middle: neuronal
example current traces under control conditions
(black) and with added closantel (gold); scale bars
on the right between them and binned number of
events (bin size = 250 ms, Lorentz curve fitting).
Note: most sEPSC frequency changes in A/B
occurred within 2-3 s after stimulation, mimicking
the simulated time course of KCC2 inward trans-
N port (Figure 3A). Bottom: population data, pTT.
(C) Synaptic potentiation modulated by KCC2 ef-
ficiency. Left: KCC2 blocking augmented LTP
(upper panel, VU0463271, red, LTPcny = 1.27 =
0.03, n = 6; LTPyy = 1.51 + 0.06, n = 8, MWT),
whereas enhancing KCC2 attenuated LTP (lower
panel, closantel, gold, LTPcn-cex = 1.16 + 0.03,
N = 6; LTPciosante-cex = 0.98 + 0.04, n = 11, MWT)
compared to the respective control (black and
gray). Insets: averaged fEPSP traces before
(dotted) and after (solid) LTP induction. Scale bars:
5 ms, 0.25 mV. Right: population data of fEPSC
slopes normalized and averaged (20-30 min after
LTP induction).

N
o

-
o

sEPSC amplitude, pA

0-

tors has been studied for decades, less is
known about local ionic signaling. Here,
we have addressed the role of the neuronal
K*/Cl~ co-transporter KCC2 in shaping
perisynaptic K* transients. KCC2 is well
appreciated for regulating neuronal trans-
membrane CI~ gradients and therewith
GABAergic inhibition by extruding [CI”];. Areversal of the transport
direction (CI~/K* influx) has recently been identified as mechanism
in excitotoxicity due to long-lasting local [CI]; overload.'® We
report by electrophysiological means and supported by mathe-
matical modeling that such KCC2 reverse mode occurs under
physiological conditions and transiently yet substantially helps to
clear K* from perisynaptic space to replenish it in the spine. The
KCC2 reverse mode required sufficient perisynaptic [K*], eleva-
tions that locally sum up in repetitive excitatory signaling,” such el-
evations occurring both in physiological (e.g., brain rhythms) and in
pathological conditions (e.g., seizures). Notably, blocking of



Cell Reports

astrocytic gap junctions lowered the threshold of KCC2 contribu-
tionto K* clearance. Thus, we link astrocytic gap junction coupling,
KCC2, and K* ionostasis in perisynaptic space. A change in astro-
cytic coupling occurs in dieting,”° aging,”' and pathological
conditions.*?

Neuronal KCC2 joins the Na/K-ATPase and astrocytic K
channels in regulating [K*], and might therewith reduce the
peak energy consumption of Na/K-ATPase. Replenishing [K*];
in spines eventually enables continued K* efflux through
AMPA/NMDA receptors.” The use of astrocytes as K* sensor
indicated a reciprocal connection of [K*], and KCC2. Although
close by, prompt, and sensitive, in acute brain slice preparations,
this method might underestimate the absolute amount of
KCC2’s contribution to perisynaptic [K*], clearance in vivo due
to raised neuronal [Cl ]; at the slice surface,”® rendering KCC2
reversal thermodynamically difficult. In addition, astrocytes
might not be ideal quantitative sensors due to low membrane
input resistance and current loss (up to 30%) through connex-
ins.®” Regardless of the actual effect size, KCC2 ion flux alter-
ations regulate perisynaptic [K*], and hence directly fine-tune
excitatory neurotransmission under non-pathologic conditions.
This implies that any mechanism of KCC2 alteration, such as ac-
tivity-driven KCC2 dispersal,** will not only impact [CI7]; and,
therefore, GABA, efficiency. K* flux alterations may also partially
counteract ion-flux-independent effects of KCC2 changes on
the efficiency of excitatory synapses.'®?

The lack of KCC2 recruitment upon extra-synaptic [K*], puff
application and the faster, apparently more sensitive astrocytic
detection of [K*], (even with low stimulation) compared to ion-sen-
sitive electrodes following synaptic stimulation suggest that the
perisynaptic space is a rather separated ECS compartment
(similar perisynaptic compartmentalization was reported for gluta-
mate).*® This view is supported by earlier findings on source-
dependent (superfusion vs. synaptic stimulation) discrepancies
in effects of [K*], elevations.® However, such separation might
be overridden as indicated by the nonlinear rise in [K*], recorded
by K*- sensitive electrodes upon synaptic stimulation® or the long-
known effects of activity-dependent, large-scale [K*], changes."

Regulation of perisynaptic [K*], modulates astrocytic gluta-
mate uptake.® Augmented presynaptic glutamate release upon
diminished KCC2 activity is intriguing as it supports the pro-
posed mechanism of feedforward K* accumulation,*® i.e., syn-
aptic K* release facilitates synaptic activation and, thus, eleva-
tion of [K'],. Similar augmentation of local excitability of
dendrites”’ spreads up to 300 um after LTP induction. Our study
suggests an analogous impact of KCC2 blocking—expanding
propensity to excitation to neighboring silent synapses promot-
ing “clustered” plasticity.*® In other words, KCC2 limits K* diffu-
sion to neighboring synapses (that may diffuse easier than the
bigger glutamate®), thus reducing synchronization but
increasing specificity of synaptic inputs—since 88% of nearest
neighbors are connected to different presynaptic boutons. In
addition, the K* again taken by KCC2 into spines could not be
re-distributed by astrocytes or contribute to global [K*], changes
that influence the cortical state.”°

Perisynaptic [K*], and therewith synaptic transmission will be
influenced by the functional pool of KCC2 that itself is dynami-
cally regulated, most rapidly via multiple posttranslational
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mechanisms.'>>" Notably, neuronal activity increases®” or de-
creases™*°® KCC2 expression or activity, depending on different
intracellular Ca®* signaling. In addition, KCC2 interacts with a
variety of proteins. Whereas some of these regulate KCC2
expression,®* ¢ others are regulated by KCC2.2%*® The latter
interaction may lead to (postsynaptic) excitability changes by
influencing membrane channels such as TASK-3.%” Although
this interaction did depend on KCC2 expression levels but not
on ion flux,®” and can therefore not directly account for our re-
sults, it might boost hyperexcitability resulting from reduced
reverse mode if KCC2 expression is chronically reduced.

How can neuronal KCC2-mediated ionic transport in both di-
rections, namely influx and efflux (e.g., in epilepsies), dampen
neuronal excitability? While this question currently remains unan-
swered, a segregation of KCC2 effects in time, state of activity,
and space is likely to contribute. The influx we describe here is
short, depends on and concerns synaptic excitation, occurs in
the vicinity of excitatory synapses (at spines, in which affection
of inhibition by [CI™]; changes is less likely), and prevents local
[K*]o accumulation. The efflux studied by many others is persis-
tent, takes place at dendritic shafts, is triggered by [CI]; eleva-
tions due to (synaptic) inhibition, and keeps [CI7]; low in the
long term to ensure inhibition efficiency. Therewith, both effects,
[K*], clearance and maintenance of GABAsRs-mediated hyper-
polarization, complement each other to counteract excess exci-
tation and degrade simultaneously when KCC2 is compromised.
This should be taken into account when interpreting experimental
modulation of KCC2, in situations in which (synaptic) activity al-
ters KCC2 function by changing its membrane presence, '>4:°8
and when considering the contribution of KCC2 to diseases.
For example, our findings readily explain the restoration of
NMDAR activity upon KCC2 elevation in neuropathic pain.>®
They add another level of complexity to the role of KCC2 (at
spines) in epileptic seizures: a temporal KCC2 reversal supports
the controversial seizure-protecting role of KCC2,>*in particular,
when other K* clearance mechanisms are compromised (e.g.,
disrupted astrocytic syncytium®®). Thus, a temporal clearing of
elevated perisynaptic [K*], levels adds to the therapeutic poten-
tial of KCC2 modulation for various diseases,®"°? including sei-
zures,®*%% neuropathic pain,®®®® and spreading depression.®®

Limitations of the study
None of our approaches directly recorded perisynaptic [K*]o; i.e.,
electrophysiological means cannot provide precise absolute
values of [K*], or its changes in the vicinity of a synapse, yet.
For technical and anatomical reasons, the currents and voltages
we recorded were delayed and attenuated, particularly when we
used K*-selective electrodes. The latter only enable averaged
measurements in a restricted space of less than 10 um and
can’t be positioned directly at a synapse due to lack of visual
control and the putative “shield” by astrocytic endfeet. This mat-
ters because we argued previously that [K*], rapidly drops with
the distance from synapses.? The small and delayed increase
in [K*], as detected by K*-selective electrodes may therefore
be read as propagated from a perisynaptic peak.

Astrocytic Ikr recordings appear better suited to capture
restricted perisynaptic [K*], fluctuations because astrocytic leaf-
lets are K, channel rich in regions directly facing the synaptic
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cleft and provide a certain separation of the perisynaptic space
from the remaining ECS. However, such recordings might still
underestimate the role of KCC2 in perisynaptic [K*], uptake,
because astrocytic /x;- represents just one of several K* uptake
mechanisms. Our model reveals that, depending on the strength
of stimulation and time after the stimulus, the NA/K-ATPase sub-
stantially contributes to the uptake (Figure 3B). Such and alike
mechanisms might be even more evident in the biological sys-
tem. The pronounced Na/K-ATPase contribution upon low stim-
uli might mask the effect of KCC2 modulation in our /x; record-
ings. This prevents us from eventually distinguishing the
sensitivity of the method from the assumed insufficiency of a sin-
gle stimulus to accumulate [K*], that is sufficient for KCC2
reverse mode and therewith from defining an exact threshold
stimulus for the KCC2 reverse mode.

Our data suggest that simultaneous [K*], increase in most
synapses within the respective astrocytic domain (as achieved
by electrical stimulation) and intact fine structure (colocation of
pre- and post-synapse, close interactions of astrocytic endfeet
with neuronal membranes, narrow and tortuous extracellular
matrix) are prerequisites for detecting the reverse mode of
KCC2 by astrocytic Ix;,. We assume that these prerequisites
might not entirely be met by local extracellular pressure injection
due to (1) inherent problems of puffing such as mechanical dam-
age, increasing ECS volume, breaking the fragile interactions of
tripartite synapse elements, and divergence of consecutive puffs
or (2) divergent contribution of other uptake mechanisms (see
above) at non-synaptic sites that may limit [K*], or /x;- share in
uptake, therewith disabling or masking KCC2 reverse mode.
However, such assumptions are speculative, and it remains puz-
zling why KCC2 inhibition does not affect astrocytic Ik, elicited
by K* pressure injection.

Having said that the precision of all quantities given is deter-
mined by the methods used, this study is rather a proof of
concept than comprehensive representation of perisynaptic
physiology. This might especially be true for our in silico model.
As we did not have access to the microscopic single spine pa-
rameters, we utilized a simplified lumped model that focuses
on capturing the most significant aspects (including the two
most prominent uptake mechanisms) of our experiment. There-
fore, our model may not encompass all intricacies of the system.

In addition, our experiments cannot unravel the precise origin of
[K*]o, i.€., whether it is NMDA/AMPA? or small conductance Ca?*-
activated K* (SK) channels,'® but this limitation does not directly
concern the conclusions of our study.

In summary, we found a reverse mode of spine KCC2 that pro-
vides temporal clearance of perisynaptically elevated [K*], at
excitatory synapses. This view reinforces the role of KCC2 as
game changer in the excitation-inhibition balance not only during
maturation but also in the adult brain, affecting fundamental pro-
cesses such as presynaptic release, LTP, and spillover. Our find-
ings emphasize the necessity of further studies that explore
KCC2-based treatment options.®”
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Materials availability
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Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

o All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOl is listed in the key

resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

C57BL/6J 4-5 weeks old male mice were used for experiments. All animals were kept at 12h day/night cycle at Charité central animal
facility FEM (Berlin, Germany) with free access to water and food. All procedures were performed in agreement with the European
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Communities Council Directive of September 22, 2010 (2010/63/EU) and carried out in accordance with state of Berlin rules (regis-
tration no. T0212/14).

METHOD DETAILS

Slice preparation

Mice were deeply anesthetized with isofluorane and brain blocks containing hippocampus removed. Coronal slices 300 pm thick
were cut on a Leica VT1000S vibratome in cold (2°C) solution containing (in mM): 85 NaCl, 2.5 KCI, 0.5 CaCl,, 26 NaHCOs, 1
NaH,PO,, 7 MgCl,, 50 sucrose and 10 glucose, pH 7.4. Slices recovered for 30 min in the same solution at 34°C and then maintained
in modified solution containing (in mM): 92 NaCl, 30 NaHCOg3, 2.5 KCI, 2 MgSQ,, 2 CaCl,, 1.2 NaH2PO4, 2 thiourea, 3 Na-pyruvate, 5
Na-ascorbate and 10 glucose, pH 7.4 at room temperature (21°C-23°C). For experiments, slices were transferred to a submerged
recording chamber mounted on an Olympus BX51WI microscope equipped for infra-red differential interference contrast microscopy
and perfused with artificial cerebrospinal fluid (ACSF) at 34 °C at a rate of 2 mL min~'. ACSF contained (in mM): 119 NaCl, 2.5 KCI, 2.5
CaCl,, 26 NaHCOg3, 1 NaH,PO4, 1.3 MgCl, and 10 glucose, pH 7.4. All solutions were bubbled with 95% 0,/5% CO..

Electrophysiology
Extracellular bipolar tungsten stimulating electrode was placed in CA1 str. radiatum field of hippocampal slice. Each stimulation pulse
had rectangular shape and the duration of 200 psec. Field excitatory postsynaptic potentials (fEPSPs) were recorded in CA1 s. radi-
atum using glass pipettes with resistance of 1-2 MQ filled with ACSF. Infrared differential interference contrast microscopy was used
for visual identification of astrocytes of CA1 s. radiatum and neurons in CA1 s. pyramidale. Cells 30-70 um from slice surface and at
least 250 um from the stimulating electrode were used for experiments. Pipettes for somatic whole-cell patch experiments on pyra-
midal neurons (3-6 MQ) contained (in mM): 128 potassium gluconate, 2 KCI, 11 EGTA, 10 HEPES, 10 Na-phosphocreatine, 2 Mg-
ATP, 0.3 GTP, 1 MgCl, and 1 CaCl, (pH 7.2, 300 mosmol |-"). Pipettes for somatic whole-cell patch experiments of astrocytes
had resistance of 3-6 MQ when filled with (in mM): 105 potassium gluconate, 30 KCI, 10 HEPES, 10 Na-phosphocreatine, 4
MgATP, 0.3 Na-GTP and 0.3 EGTA (pH 7.3, 280 mosmol | '). Astrocytes were identified by small soma (5-10 um), resting membrane
potentials around —80 mV, low membrane resistance (6-15 MQ) and passive membrane properties (linear |-V relation, Figure 1A,
inset). Recordings were started at least 5 min after obtaining whole cell configuration to allow intracellular solution to equilibrate. As-
trocytes provide a physiological measure of [K*], gradients and dynamics. Whole-cell patch-clamp recordings at the astrocyte soma
do not alter perisynaptic tissue structure. Astrocytic spongiform domains infiltrate the entire neuropil and contact 90% of spines
closely and stably.®® Their inward rectifying K* channels (K;)” render them highly sensitive to [K*], changes during synaptic transmis-
sion.**® Notably, KCC2 is not expressed in astroglia which restricts pharmacological effects to neuron specific KCC2. Astrocytic Ki,
currents (/k;y) can, therefore, be assumed to correlate with neuronal KCC2 potassium flux. Astrocytes were clamped at —80 mV in
voltage clamp mode recordings and at 0 pA in current clamp mode and neurons were clamped at —70 mV.

Data was recorded with an EPC-10 USB double amplifier (HEKA, Lambrecht, Germany), digitized with sampling rate minimum of 10
kHz, stored using the PatchMaster software (HEKA) and analyzed using FitMaster (HEKA) and Origin2019 (OriginLab) software. Series
or input resistance change of 20% or less was tolerated during experiment otherwise result was excluded from statistical analysis.

Morphology

In some experiments, astrocytes were filled with biocytin (0.1%, Invitrogen) and stained post hoc. In brief, slices were kept in 4%
paraformaldehyde in 0.1% phosphate buffer (PB) (pH = 7.4) at room temperature for 1 h and then transferred to 0.1% PB at 4°C.
Prior to visualization, slices were washed 5 times in PB and incubated with fluorescent-conjugated streptavidin (Alexa Fluor 647,
1:1000, Invitrogen), in a PBS solution containing 3% normal goat serum, 0.1% Triton X-100, and 0.05% NaNs for 48 h at 4°C. After
incubation slices were washed in PB 5 times and mounted onto glass coverslips for further visualization. Counterstained astrocytes
were imaged and identified using laser scanning confocal microscopy.

Fluorescence lifetime imaging microscopy (FLIM)

Experiments have been performed using confocal one-photon and two-photon laser scanning microscope LSM 880 (Carl Zeiss,
Jena, Germany) equipped with fs Ti:sapphire laser (Mai Tai HP (Spectra Physics, Milipitas, Ca, USA) operating at 80 MHz repetition
rate. Average power incident on a sample was 5 mW. Prior to visualization slices were incubated in ASCF with 5 mM MQAE for 30 min
at 34°C. Samples were excited at 750 nm and fluorescence signal was detected from 435 nm to 485 nm using band-pass filter (460/
50 BP, Chroma, Vt, US) and short pass filter (690 SP, Chroma, US) with HPM-100-40 GaAsP-hybrid detector (Becker & Hickl GmbH,
Berlin, Germany) at NDD-port working in single photon counting mode. Single photon counting card SPC-150 (Becker & Hickl GmbH,
Germany) was used to acquire photon statistics, which was further processed in SPCIMAGE 8.5 (Becker & Hickl GmbH, Germany).

Experiment design and reagents

Schaffer collaterals were stimulated with 20 pulses 10 ms apart. To minimize ongoing LTP, 2 preconditioning trains with 5 min interval
were applied before proceeding with recordings and control trace was acquired 5 min after 2" preconditioning train. For less syn-
aptic activity 5 pulses 50 ms apart were used without prior stimulation.
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In puffing experiments glass pipet containing (in mM): 91.5 NaCl, 30 KCl, 2.5 CaCl,, 26 NaHCO3, 1 NaH,PO,4, 1.3 MgCI2 and 10
glucose was positioned 50 um from soma of patched astrocyte. Puff duration was 200 ms to mimic the K* exposure time as with
electrical stimulation.

All experiments were performed in presence of a GABA, antagonist, either (—)-Bicuculline methiodide (Tocris, Bristol, UK) (10 uM)
or Picrotoxin (Tocris, Bristol, UK) (100 uM) and a cut was made between CA1 and CAS to prevent the development of epileptiform
activity. KCC2 was blocked with 10 pM VU0463271 (Tocris, Bristol, UK), based on its efficacy/reliability in brain slices”®"? (dose
dependence of VU0463271 approaches 100% at concentrations > ~ 5 pM”%). KCC2 was enhanced with 50 uM CLP257 (Tocris, Bris-
tol, UK) or 10 uM closantel (Sigma-Aldrich, Steinheim, Germany).

Glutamatergic excitatory transmission was blocked with 20 uM CNQX disodium salt (AMPA receptors blocker) (Tocris, Bristol, UK)
and 25 M DAP-5 (NMDA receptors blocker) (Tocris, Bristol, UK). GABAg receptors were blocked with 10 uM CGP54626 (Tocris,
Bristol, UK). K* inward rectifying channels were blocked with 200 uM BaCl, (Sigma-Aldrich, Steinheim, Germany). Gap-junctions
of astrocytes were disrupted by 100 puM carbenoxolone (CBX, Sigma-Aldrich, Steinheim, Germany). Perfusion time for
VU0463271, CLP257, closantel and CGP54626 was set to >12 min, for CNQX disodium salt, DAP-5 and BaCl, to >5 min, for
CBX to >20 min. In LTP experiments potentiation was induced by Schaffer collateral stimulation train (20 pulses at 100 Hz) without
preconditioning.

Mathematical model

The model consists of three compartments: effective spine, perisynaptic extracellular space (pECS), and astrocyte compartment
(Figure 3A). The effective spine compartment accounts for all spines related to one astrocytic compartment. The pECS compartment
combines all clefts and extracellular matrix that is under influence of both, spine (KCC2 co-transporter, Na/K-ATPase, etc.) and as-
trocytic K* regulation. The extracellular K" concentration [K*], changes dynamically according to the mass balance equation:

dK* .
[dt}o = Jkir — Jkccz — JNa/K—ATPase + Jstimulation — rseJleakage (Equatlon 1)

The K* flux, Jir, from the pECS compartment to the astrocyte compartment is mediated by the inward rectifying K* current (/;,)-
The K*/Cl~-co-transporter KCC2 is responsible for Jxcco. In addition, Jna/k-aTrase represents the Na/K-ATPase flux of the spine
compartment. Jgtimuiation is @ 1's “stimulus” K* flux of 10 mM/s or 1 mM/s that enters the pECS from the spine compartment. Jieakage
is a leakage flux affected by K* concentration inside the spine compartment. This flux is multiplied by the volume ratio of the spine to
pECS compartments (rse) to get the suitable flux for this equation. Before applying the stimulus, we made sure that in the resting
phase of the model, the variables are in the biological range. The main (experimentally accessible) readout for model fitting, is astro-
cytic Ix;, defined by Equation 3, where Volume,, is the pECS volume and F is Faraday’s constant.

lKir .
Jkir = m (Equation 2)

Ixir is defined as in”>.
Igir = gKir(Vastrocyte - VKir) (Equation 3)

where the Ohmic conductance depends on [K*], in a square-root law

Ikir = 9o/ [K*], (Equation 4)

The astrocyte is clamped to a potential of V,sirocyte = —80 MV, as in the experiments. The reversal potential for /x;. is given by the
Nernst equation

RT K*] .
Vir = —In| ————%— (Equtaion 5)
« Fz <[K+}astrocyte )

Here, R and T denote gas constant and temperature, respectively. KCC2 flux is driven by the difference between K* and CI~
reversal potentials, Vi-Vg2’, which yields

[KHC/]) (Equation 6)

Jkeez = agkecz—entrln ([K*}

spine [CF ]spine
KCC2 activity coefficient is given as a. For example, if a is 0 the simulation runs with completely blocked KCC2, and ifais > 1, KCC2
is enhanced.
The Na/K-ATPase equation is taken from,”* with some modification so the resting variables match electrophysiological recordings.

2 X Jmax

Equation 7
Trexp(55 — K, (Equation 7)

JNa/K —ATPase =
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The leakage equation is adapted such that in the resting state, concentrations are in the physiological range and no spurious drifts
occur.

Jestage = 0.05(125 — [K'] 5 ) (Equation 8)

The spine intracellular CI~ concentration [Cl ™ ]spine Varies as

d[Cl ] gpine  Jkceo
— Keez Equati

: re (Equation 9)

The equation for calculating the spine intracellular K* concentration [K*]spine is:

+
d[K ]spine _ JKCC2+JNa/K —ATPase — Jstimulaﬁon
at Ise

+ Jleakage (Equation 1 O)

The model parameters are summarized in the Table.

Model adjustments The parameter gy was adapted to meet the mean of the peak /; observed in experiments with blocked KCC2.
To achieve the 32% amplitude increase of /;, between control and block of KCC2 in wet experiments gycco-cntr Was adjusted. The
KCC2 activity coefficient, a, for simulations with enhanced KCC2 was estimated to be 2, in order to achieve the 18% decrease of
peak /4;, obtained experimentally and varied for testing the effect and consistency of KCC2 activity changes in the model.

Table of model parameters:

Parameter Symbol Amount Reference
astrocyte voltage Vastrocyte —-80 mV clamped voltage from experiments
astrocyte K* concentration [K*]astrocyte 135 mM from intracellular solution used in experiments
basal conductance gKiro 6.5 nS to match experimental results
of astrocyte K; channels
flux capacity of KCC2 9Kee2 —cntr 5.5 mM/s to match experimental results
temperature T 34°C from experiments
spine compartment volume Volumesgpine 12600 pm® estimated from™,

50% for spillover simulations
PECS compartment volume Volumegy 2700 pm® estimated from*
controlled by one astrocyte 50% for spillover simulations
volume ratio of spine lse 4.67 varied for comparison
to pECS compartment
KCC2 activity coefficient a 0 (block), 1 (control), varied for comparison

2 (enhanced)

pPECS CI™ concentration [CI 1o 129 mM as in ASCF
maximum NA/K-ATPase flux Imax 1.25 mM/s s
diffusion time constant Taiff 500 ms "®varied for comparison

*A single protoplasmic CA1 astrocyte exclusively covers a volume of 66,000 um® ”® that contains around 217800 excitatory synapses, given 330 syn-
apses per 100 pm? in non-fixed acute hippocampal slices.”” The perisynaptic volume for an ‘average synapse’ was assumed to be the sum of the
cylindrical volume taken by a single synapse (500 nm spine diameter, 20 nm synaptic cleft,”® and a tube-like surrounding space of 50 nm thickness
and 100 nm length (based on the distance between astrocyte endfeet and synapses.’®*° The entire pECS volume controlled by one astrocyte was
estimated by multiplying the perisynaptic volume of the ‘average synapse’ by the number of synapses covered by this astrocyte. Note that the
thus calculated perisynaptic space only is a part of the whole ECS volume fraction of 0.15-0.258, which additionally includes volumes lacking synaptic
elements. Although the model does not directly account for the ECS complexity, it indirectly does by regarding the (peri)synaptic space as a rather
distinct compartment.

“The average spine volume head in CA1 is 0.051 um®.%" The spine compartment volume is a multiplication of this volume with the number of the syn-
apses covered by one astrocyte that we calculated in *.

Local spillover modeling For modeling the spillover, pECS and spine compartments were divided each, to two equal volume com-
partments. Each pECS compartment was connected to one of the spine compartments, with all defined ion fluxes between these two
compartments. Both pECS compartments were connected to the same astrocyte compartment. As a result, there were two full
models with half the volume of the original model described in the previous sections. However, these two models share the astrocyte
compartment. These two models were connected with diffusion of [K*],, see Figure 3E (left). The diffusion equation is defined as in”*:

+)/ +1/
i = — P = K, = K, (Equation 11)

/]
Tdiff
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The superscript number indicates which compartment the term belongs to. 74 is the diffusion time constant. Adding the diffusion
term to Equation 1 yields

dK*l, , ; , _
dt e = J,Kir - J;(CCZ - J;\Ia/K—ATPase - rseJ;eakage +J’stimulation +J£:1'iff (Equatlon 12)

QUANTIFICATION AND STATISTICAL ANALYSIS

Astrocytic peak current was searched for at least 10 ms after last stimulation pulse. Overall charge transfer was calculated as area
under the curve with start at 10 ms after last stimulation pulse and end at cross point of recorded current and pre-stimulation mean
resting membrane holding current. In experiments with CNQX and DAP-5 these values were gauged with 50 ms latency after the last
stimulation pulse.

The Origin 2019 software was used for statistical analysis. A Shapiro-Wilk test was used to test for a normal distributionifn > 7. In
case of a normal distribution, paired Student’s t tests (pTT) were used and if a significant deviation from normal distribution occurred,
the non-parametric Wilcoxon signed-rank test (WSR) was used. If n < 6 WSR was used regardless of the normality test’s result for
paired samples. For more than 3 groups with independent samples a Kruskal-Wallis ANOVA following a Conover post-hoc test was
used (phCT). Results with p < 0.05 were regarded as statistically significant. Data are presented as mean + standard error of the
mean (SEM).
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