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Astrocytes are glial cells with complex, ramified morpholo-
gies that enable their extensive physical interactions with 
synapses, blood vessels and other cells. Nanometer-scale 

astrocyte processes extend toward synaptic structures and are 
enriched in many functional astrocyte proteins. Excitatory amino 
acid transporters (EAATs; GLT1 and GLAST)1, which remove 
extracellular glutamate and provide spatiotemporal control of excit-
atory neurotransmission, are concentrated in perisynaptic astrocyte 
processes. Likewise, the inward rectifying potassium (K+) chan-
nel Kir4.1 is present at the fine processes where astrocytes con-
tact synapses2, helping to restore extracellular [K+] after neuronal 
activity. EAAT function is strongly inhibited at depolarized mem-
brane potentials1, but whole-cell recordings from astrocyte soma 
show that Vm changes very little during neuronal activity (but see  
refs. 3,4 for larger changes reported in vivo during synchronous 
activity and seizures). This has led to the assumption that astrocytes 
are electrically passive and undergo only very small changes in Vm. 
However, because astrocytes have very low membrane resistance 
(Rm), there is minimal spatial propagation of depolarization5 and 
astrocyte morphology renders most of the astrocyte arbor inacces-
sible to electrophysiological recording. Therefore, we have no direct 
understanding of how Vm changes outside of the astrocyte soma 
during neuronal activity. We suspected that astrocyte Vm in the pro-
cesses might be more dynamic than previously appreciated because 
EAAT function, which is reduced by membrane depolarization, is 
rapidly and reversibly inhibited by short bursts of neuronal activ-
ity6,7. Here we use genetically encoded voltage indicators (GEVIs) 
to demonstrate that neuronal activity induces large, rapid, focal 
and pathway-specific depolarizations in PAPs. Electron microscopy 

shows that astrocyte processes that directly interact with neuronal 
synaptic structures are ≈100 nm, below our resolution limits, so we 
use the term PAP to broadly reference the fine astrocyte processes 
outside of astrocytic soma and primary processes. With that caveat 
in mind, we find that neuronal activity induces PAP depolarization 
primarily via elevated extracellular K+, with glutamate transport 
playing a smaller, secondary role. Activity-induced PAP depolar-
izations inhibit glutamate transporter function, thereby increasing 
excitatory N-methyl-d-aspartate (NMDA) receptor-mediated neu-
rotransmission onto cortical pyramidal neurons. Activity-induced 
PAP depolarizations represent a novel form of astrocyte–neuron 
communication and have important implications in understand-
ing the role of astrocytes in shaping extracellular glutamate and 
K+ dynamics. We anticipate that this finding will motivate further 
study of how Vm modulates other astrocyte processes and how 
injury, inflammation and disease alter this fundamental aspect of 
astrocyte function.

Results
GEVIs show fast activity-dependent astrocyte depolariza-
tion. We expressed the GEVIs Archon1-EGFP8 and Arclight9 in 
layer II/III mouse cortical astrocytes using adeno-associated virus 
(AAV)-mediated transduction under the control of a modified glial 
fibrillary acidic protein (GFAP) promoter10. Immunohistochemical 
studies show that robust GEVI expression colocalized with the astro-
cyte marker glutamine synthase (GS), but not with the neuronal 
marker NeuN (Fig. 1a,b). Transduced astrocytes were morphologi-
cally reconstructed (AAV5-GFAP-tdTomato or EAAT2-tdTomato 
mice11) and GEVI expression was seen throughout the astrocyte 
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arbor (Fig. 1c and Extended Data Figs. 1 and 2). Transduced astro-
cytes showed low GFAP expression and were morphologically simi-
lar to untransduced astrocytes, consistent with minimal reactive 
astrogliosis (Extended Data Figs. 1 and 2). This confirms that our 
approach enables the imaging of Vm throughout the astrocyte arbor.

Acute coronal brain slices were then prepared, and somatic 
whole-cell recordings were made from layer II/III astrocytes while 
ascending cortical axons were activated via electrical stimula-
tion (one, five or ten stimuli at 100 Hz). Consistent with previous 
reports, small somatic depolarizations were seen with stimula-
tion (Fig. 1d). The amplitude of somatic depolarization increased 
with the number of stimuli delivered. Next, GEVI imaging of 
layer II/II astrocytes was performed using spinning-disk confocal 
microscopy. Stimulus-evoked changes in astrocyte GEVI fluores-
cence intensity ratio (ΔF/F0) were quantified, with both Archon1 

and Arclight showing stimulus-evoked changes in ΔF/F0, consis-
tent with astrocytic depolarization (Archon1: ↑ ΔF/F0, Arclight:  
↓ ΔF/F0, depolarization). GEVI ΔF/F0 amplitude increased with stim-
ulus number (Fig. 1e,f,h,i) similarly to somatic electrophysiological  
recordings of Vm.

We next examined the decay time of activity-induced astrocyte 
depolarizations monitored using GEVIs, versus those recorded 
electrophysiologically at the soma. Because Arclight is based on 
pHluorin it undergoes pH-dependent quenching of fluorescence12, 
interfering with quantification of ΔVm kinetics. To correct this pH 
effect, pHluorin quenching was imaged in separate experiments 
using a cytosolic-facing, membrane-targeted pHluorin construct 
(AAV5-GFAP-Lyn-mCherry-pHluorin)13, mimicking pHluorin’s 
position in the Arclight construct. pHluorin imaging revealed 
pH-dependent changes in ΔF/F0 that were used to correct Arclight 
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Fig. 1 | Astrocyte GEVi imaging enables measurement of astrocyte PAP Vm changes. a,b, Immunohistochemistry images of astrocyte expression of GEVIs 
Archon (AAV5-GFAP-Archon, a) and Arclight (AAV5-GFAP-Arclight, b), showing astrocyte-specific expression with colocalization with GS but absence 
of colocalization with NeuN. Scale bars, 50 μm; repeated for three mice under each condition. c, Astrocyte reconstruction based on the astrocyte reporter 
line EAAT2-tdTomato, showing that Arclight GEVI labels the full astrocytic arbor. Scale bars, 5 μm (inset, 5 μm) (see Extended Data Fig. 2 for additional 
reconstructions). d–f, Whole-cell current-clamp recordings (d) of astrocyte ΔVm in response to one, five or ten stimuli (stims) at 100 Hz. Gray box marks 
time scale for astrocyte GEVI responses to the same stimuli for Archon (e) and Arclight (f). g–i, Whole-cell recording (g) of Archon (h) and Arclight (i) 
showing progressive depolarizations for increased stimulus number at 100 Hz. One-way repeated-measures ANOVA and Tukey’s post test: g, one versus 
five stimuli, P = 2.1 × 10–4; one versus ten stimuli, P = 3.1 × 10–7; five versus ten stimuli, P = 0.010; h, one versus five stimuli, P = 0.051; one versus ten 
stimuli, P = 5.3 × 10–4; five versus ten stimuli, P = 0.093; i, one versus five stimuli, P = 7.7 × 10–4; one versus ten stimuli, P = 1.3 × 10–6; five versus ten stimuli, 
P = 0.0083). j,k, Normalized overlay of ten-stimulus, 100-Hz responses (j) of patch-clamp, Archon and Arclight pH-corrected decays showing significantly 
faster decay for GEVI assays compared to patch-clamp (k). n = 5 cells per three mice (patch-clamp), n = 33 slices per eight mice (Archon), n = 11 slices per 
three mice (Arclight). One-way ANOVA and Tukey’s post test: soma Vm versus Archon, P < 1 × 10–11; soma Vm versus Arclight, P < 1 × 10–11; Archon versus 
Arclight, P = 0.98. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars denote s.e.m.
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signals for changes in pH (Extended Data Fig. 3). Both Archon1 
and pH-corrected Arclight showed ΔVm T1/2 decay times of approxi-
mately 200 ms (Archon, T1/2 = 211.2 ± 24.3 ms, n = 33 slices per eight 
mice; Arclight, T1/2 = 197.3 ± 30.9 ms, n = 11 slices per three mice), 
while T1/2 decay times for depolarization measured with somatic 
whole-cell recording were ≈fivefold slower (1,206.8 ± 234.7 ms, 
n = 5 cells per three mice, Fig. 1j,k). This suggests that voltage 
changes measured using GEVIs have kinetic properties distinct from 
those measured electrophysiologically at the soma. Because most of 
the astrocyte membrane is found in processes, membrane-targeted 
probes predominantly report activity in astrocyte processes14. In 
fact, confocal imaging shows that only ≈1% of Arclight fluores-
cence originates from the astrocyte soma (Extended Data Fig. 4). 
Therefore, we suspected that GEVI signal may be heavily biased 
toward astrocyte process Vm.

Astrocyte depolarizations are focal and spatially stable. We next 
used principal component analysis/independent component analy-
sis (PCA/ICA)15 to identify regions of depolarization in astrocytes 
using both Archon1 and Arclight. This identified small ‘hotspots’ 
that were used as regions of interest (ROIs) for GEVI analysis  
(Fig. 2a,b, Supplementary Figs. 1 and 2 and Supplementary 
Methods). Stimulus-evoked ΔF/F0 in these hotspots was sig-
nificantly enhanced compared with all other regions within 
the imaged area (Fig. 2c–f), and was stable over repeated trials  
(Fig. 2g). Detected ROIs were extremely focal (Archon: 
0.36 ± 0.02 µm2, n = 10 slices per five mice; Arclight: 0.49 ± 0.15 µm2, 
n = 17 slices per six mice), with similar size distribution for both 
GEVIs (Fig. 2h–j), suggesting they may have originated from PAPs. 
Kymographs also confirmed spatially restricted depolarizations 
(Arclight: full width at half maximum (FWHM) = 446 ± 7 nm, n = 8 
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slices per five mice; Archon: FWHM = 572 ± 17 nm, n = 9 slices per 
four mice; Fig. 2h–i). These spatial measurements reflect a combi-
nation of depolarization size, the spatial size of astrocyte processes 
and the optical limitations of our microscopy approaches. As a 
result, our estimates of GEVI hotspot FWHM are probably an over-
estimate of the physical size of the underlying depolarization but are 
consistent with depolarization originating from PAPs.

To identify the location of activity-induced GEVI hotspots 
within the astrocyte arbor, we coinfected GEVIs with AAV5-GFAP- 
tdTomato to fluorescently identify astrocyte soma and primary 
processes. Additionally, we switched imaging modalities to a confo-
cal line-scanning microscope with improved confocality by avoid-
ing the pinhole crosstalk that occurs in spinning-disk microscopy. 
Using this approach, we discovered that GEVI hotspots are found 
primarily outside of the astrocyte soma and primary processes  

(Fig. 3a,b). A small number of hotspots were located on soma/pri-
mary processes, but we suspect these represent closely coincident 
fine processes14 that cannot be resolved at our axial/spatial resolu-
tion. Consistent with astrocyte PAP depolarizations, GEVI signal 
was significantly enhanced in hotspot ROIs compared with ROIs 
containing the astrocyte soma and primary processes (Fig. 3c,e). 
When we examined the spatial distribution of GEVI hotspots, we 
found that they were broadly distributed across the astrocyte arbor 
(Fig. 3d,f), again consistent with PAP depolarizations.

To further understand hotspot morphology, we quantified their 
individual spatial properties. Interestingly, hotspots were asym-
metrical with a long and a short axis (Fig. 3 and Extended Data  
Fig. 5). We created an average GEVI hotspot profile by aligning indi-
vidual hotspots along their long axis. We found that GEVI hotspots 
were small and asymmetrical (FWHM: Arclight, 637 ± 20 nm short 

GFAP-tdTomato
Arclight –ΔF/F0

Arclight –ΔF/F

GFAP-tdTomato
Archon ∆F/F0

Archon ∆F/F

SOMA
ROI

SOMA
ROI

C
ou

nt
s 

lim
ite

d 
by

fie
ld

 o
f v

ie
w

C
ou

nt
s 

lim
ite

d 
by

fie
ld

 o
f v

ie
w

Av
er

ag
e 

so
m

at
ic

 a
re

a

Av
er

ag
e

so
m

at
ic

 a
re

a

24

–2

–30

1

SOMA peak

ROI peak

SOMA peak

ROI peak

0

–10

–20

–30

–40

–50

0

10

20

30

40

50

ROI distance from soma (µm) ROI distance from soma (µm)

 P
er

ce
nt

ag
e 

Δ
F/
F 0

Percentage
ΔF/F0

Percentage
ΔF/F0

 P
er

ce
nt

ag
e 

Δ
F/
F 0

a b

c d e f

g h

Ten stim. Ten stim.

*** ***

******

0 5 10 15 20 25 30 35
0

5

10
Pe

rc
en

ta
ge

 R
O

I

0 5 10 15 20 25 30 35
0

5

Pe
rc

en
ta

ge
 R

O
I

FW
H

M
 (µ

m
)

FW
H

M
 (µ

m
)

Sho
rt a

xis

Lo
ng

 ax
is

Sho
rt a

xis

Lo
ng

 ax
is

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
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dimension and 1,518 ± 34 nm long dimension; Archon, 545 ± 15 nm 
short dimension and 1,380 ± 29 nm long dimension; Fig. 3g,h). The 
small dimensions of the hotspot FWHM were similar to what was 
observed with spinning-disk imaging, where rotational alignment 
was not possible due to signal to noise. The large dimension prob-
ably occurs due to a spatial spread of depolarization along PAPs 
and is consistent with an astrocyte membrane space constant of 
~3 μm5,16. We fit individual ROI hotspots to calculate their spa-
tial properties along both axes, and found that hotspots were sig-
nificantly more skewed along the long axis (y axis) (Extended Data  
Fig. 5). This is in line with depolarization initiating at the tip of 
astrocyte processes and spreading unidirectionally along the long 
axis. Given the limitations of our spatial resolution and the size of 
astrocyte fine processes, however, new approaches will need to be 
developed to conclusively determine the precise subcellular and 
subprocess localization of astrocyte depolarizations within PAPs.

Astrocyte depolarizations are pathway specific. We next per-
formed Arclight GEVI imaging using our standard high-speed, 
spinning-disk confocal approach while delivering electrical stim-
ulation to either ascending cortical axons or L II/III intracorti-
cal axons (Fig. 4a)6. Hotspots were identified for each stimulation 
pathway using PCA/ICA. Interestingly, there was minimal spatial 
overlap of astrocyte depolarization hotspots evoked by ascending 
and intracortical axons (Fig. 4b). ROIs identified from stimulation 
of ascending axons showed minimal responses when intracortical 
axons were stimulated, and vice versa (Fig. 4c,d). Archon1 imag-
ing replicated the pathway-specific enrichment of ΔF/F0 results  
(Fig. 4e). Together, this demonstrates that stimulus-induced astro-
cyte depolarization is pathway specific and could provide a mecha-
nism to drive synapse-specific modulation of glutamate uptake and 
other astrocyte functions6.

Calibration of GEVI signal in PAPs. We next estimated ΔVm asso-
ciated with ΔF/F0 using a straightforward calibration approach. 
This and subsequent experiments were performed using exclusively 
Arclight, due to its better signal-to-noise characteristics in our 

assay. In separate experiments we measured astrocyte somatic Vm 
using electrophysiology and PAP GEVI fluorescence while increas-
ing [K+] in the extracellular solution. This should induce a spatially 
uniform depolarization of both astrocyte processes (Extended Data 
Fig. 6) and soma. As predicted, increasing extracellular [K+] depo-
larized somatic Vm (Fig. 5a) and altered GEVI fluorescence (Fig. 5b). 
We performed a linear fit of Arclight ΔF/F0 and somatic ΔVm in 
response to increasing extracellular [K+], by 5 and 10 mM, respec-
tively (linear fit with fixed intercept, R2 = 0.988). Using this calibra-
tion, we estimate that ΔF/F0 seen in PCA/ICA-identified hotspots 
reflects depolarizations of 19.2 ± 2.1 mV in response to ten stimuli at 
100 Hz, approximately tenfold more than seen at the soma (Fig. 1d).  
The same calibration approach suggests that non-hotspot regions 
depolarize by 5.1 ± 0.8 mV (n = 17 slices per six mice).

Presynaptic activity drives astrocyte depolarization via K+
e and 

EAATs. To determine the mechanisms that drive PAP depolar-
ization, we probed the effects of neuronal activity, postsynaptic 
glutamate receptor activity, EAAT activity and modulation of K+ 
homeostasis on GEVI ΔF/F0. Tetrodotoxin (TTX), which blocks 
voltage-gated sodium channels, eliminated stimulus-evoked GEVI 
ΔF/F0, confirming that neuronal activity is required (Fig. 6a). This 
also eliminated the possibility that electrical stimulation acts directly 
on PAPs to drive their depolarization. We next assayed the role of 
glutamate receptor activation in PAP depolarization by blocking 
both AMPA and NMDA receptors (DNQX 20 µM and AP-5 50 µM, 
respectively). This had no effect on GEVI ΔF/F0, showing that acti-
vation of both AMPA and NMDA receptors does not contribute to 
PAP depolarization in this setting (Fig. 5b). Next, we tested whether 
EAAT-mediated glutamate uptake, which carries an inward, depo-
larizing current, contributes to activity-induced PAP depolariza-
tion. Blockage of EAATs with TFB-TBOA (1 µM) partially reduced 
GEVI ΔF/F0 (Fig. 6c). Interestingly, the effect of EAAT blockade 
was similar for both five and ten stimuli (Fig. 6g), consistent with 
suppression of glutamate release during prolonged trains of neuro-
nal activity6,7. This also suggests that other mechanisms drive the 
increase in GEVI ΔF/F0 seen with increasing number of stimuli.
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Because astrocyte Vm is highly dependent on [K+]e and neuronal 
activity increases [K+]e (ref. 17), we tested whether manipulation of 
astrocyte K+ handling would alter activity-dependent PAP depo-
larization. Kir4.1, the astrocytic inwardly rectifying K+ channel, is 
the primary mediator of activity-dependent astrocyte K+ buffer-
ing18 and can be blocked with 200 µM Ba2+ (ref. 19). Viral overex-
pression of Kir4.1 (Kir4.1-OE)20–22 (AAV5-GFAP-Kir4.1-mCherry 
or AAV5-GFAP-Kir4.1-EGFP; Extended Data Fig. 7) significantly 
reduced GEVI ΔF/F0 for both five and ten stimuli (Fig. 6d). Unlike 
the effects of EAAT inhibition, the effect size of Kir4.1 overex-
pression on GEVI ΔF/F0 was significantly larger for ten as com-
pared to five stimuli (Fig. 6g). Conversely, inhibition of Kir4.1 
with Ba2+ caused a small but significant increase in GEVI ΔF/F0  
(Fig. 6e), suggesting that Kir4.1-mediated K+ influx helps minimize 
activity-dependent PAP depolarization. Conversely, Ba2+ block-
ade of Kir4.1 reduces stimulus-evoked depolarization of the soma 
as measured via whole-cell electrophysiology18,23 (Extended Data  
Fig. 8). We next tested whether the effects of Kir4.1-OE and TFB-TBOA 
were additive. TFB-TBOA reduced activity-dependent GEVI ΔF/F0 
even when Kir4.1 was overexpressed, confirming that EAAT activ-
ity and changes in [K+]e represent distinct mechanisms contribut-
ing to PAP depolarization. This suggests that activity-dependent 
accumulation of extracellular K+ is the primary driver of stimulus- 
dependent PAP depolarization, while EAAT activity plays a  
secondary role.

Finally, we asked whether reduction of extracellular Ca2+ (which 
can affect presynaptic function, membrane charge screening and 
Ca2+ signaling) would alter activity-dependent changes in GEVI 
ΔF/F0. Reduction of extracellular [Ca2+] from 2 to 1 mM had a strong 
effect on GEVI ΔF/F0 rise time, due to delayed onset of depolariza-
tion (sigmoidal T1/2 rise time for ten stimuli at 100 Hz, 61.3 ± 3.6 ms; 
control, 85.1 ± 5.9 ms; low Ca2+; paired t-test, P = 0.0013) and 
caused a small but significant decrease in PAP ΔVm peak (Fig. 6h). 
While lowering of Ca2+ decreases glutamate release, glutamate 
receptor activation does not drive PAP depolarization (Fig. 6b) and 
low-Ca2+ effects on presynaptic release are not correlated with the 
effects on PAP depolarization (Extended Data Fig. 9). This suggests 
that activity-dependent changes in PAPs can be altered by lower-
ing extracellular Ca2+, but the precise mechanisms are unclear. We 
suspect that membrane charge screening24 mediates the effects of 
lowered extracellular Ca2+ on PAP depolarization, but other poten-
tial mechanisms (Ca2+ signaling, Ca2+-activated K+ channels)  
also exist.

PAP Vm modulates glutamate clearance and NMDA receptor 
activation. The results we report suggests that voltage-dependent 
modulation of astrocyte function may occur in PAPs. Astrocyte 
glutamate clearance by EAATs is rapid (<10 ms)25, steeply inhibited 
by depolarization in expression systems1 and slowed by neuronal 
activity in cortical brain slices6,7. We therefore hypothesized that 
EAAT function may be modulated in astrocytes by activity-induced 
PAP depolarization. To test this hypothesis, we used approaches 
that alter activity-induced PAP GEVI ΔF/F0 (Fig. 6) and asked 
whether these manipulations affect the stimulus-dependent slowing 
of EAAT function and glutamate clearance. Using intensity-based, 
glutamate-sensing fluorescent reporter (iGluSnFr) glutamate imag-
ing6,26 and NR2A-specific NMDA currents6, we tested the effects of 
low Ca2+ (Fig. 7a,b), Ba2+ (Fig. 7c,d) and Kir4.1-OE (Fig. 7e,f) on 
activity-dependent inhibition of glutamate clearance. Kir4.1-OE 
and low Ca2+, which reduce PAP GEVI ΔF/F0 (Fig. 6d,h), both 
reduced the slowing of glutamate clearance associated with trains 
of neuronal activity. The slowing of glutamate clearance is indepen-
dent of the amount of glutamate released6 (Extended Data Fig. 9), 
suggesting that the effects of low Ca2+ are not mediated by reduced 
presynaptic glutamate release. Recording of astrocyte glutamate 
transporter currents (GTCs) confirmed that lowering of Ca2+ 
reduced activity-dependent inhibition of EAAT function (as assayed 
by GTC decay times; Extended Data Fig. 10). Conversely, blockage 
of Kir4.1 with Ba2+, which augments PAP GEVI ΔF/F0 (Fig. 6e), 
enhanced the activity-dependent slowing of glutamate clearance 
(Fig. 7c,d). These experiments show that activity-dependent astro-
cyte depolarization inhibits EAAT function.

Discussion
Using GEVI imaging, we show that astrocytes undergo highly focal 
depolarizations (ΔVm ≈ 20 mV) during brief bouts of neuronal 
activity. These depolarizations occur with pathway specificity, are 
driven by a combination of presynaptic K+ release and EAAT activ-
ity and impact activity-induced slowing of glutamate uptake. These 
results challenge the view that astrocytes have largely invariant 
membrane potential, and show that local astrocyte depolarizations 
have functional effects on EAAT activity and glutamate neuro-
transmission. Our data support the premise that GEVI-detected 
changes in Vm occur largely in astrocyte PAPs, outside the astro-
cyte soma and primary processes. Although optical limitations 
prevent us from conclusively saying that GEVI hotspots represent 
astrocyte processes directly adjacent to synapses, multiple pieces of 
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evidence suggest they do. Depolarizations are driven by both pre-
synaptic neuronal activity and glutamate transport and shape syn-
aptic glutamate dynamics. The spatial properties of activity-induced 

GEVI hotspots show that they are asymmetrical and are skewed 
along their long axis, consistent with depolarizations that initiate 
at the tips of astrocyte processes. Although these data suggest that  
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astrocyte depolarizations occur at processes adjacent to synapses, 
caveats of live imaging in nanometer-scale processes make this diffi-
cult to confirm using our current approaches. Additionally, multiple 
mechanisms contribute to the morphological properties of the PAP 
depolarizations we report, including the astrocyte membrane space 
constant (~3 μm5,16), the spatial relationship between astrocyte and 
neuronal processes, the location of K+ release and K+ diffusion in 
the extracellular space. Our results, therefore, may overestimate the 
spatial extent of PAP depolarization (FWHM ≈ 500 nm; Figs. 2h,i and 
3g,h and Extended Data Fig. 5), and underestimate their peak ampli-
tude. These caveats aside, our findings show that astrocytes undergo 
large, rapid and focal voltage changes during neuronal activity.

Elevation of [K+]e appears to be a significant driver of activity- 
induced PAP depolarization. Astrocyte Vm is largely set by [K+]e, 
but the spatial nature of [K+]e dynamics is not well understood.  
Our findings predict that neuronal activity induces highly focal 
increases in [K+]e in the magnitude of ≈10 mM in response to neu-
ronal electrical stimulation. This is significantly larger than gener-
ally reported during brief bursts of neuronal activity, but the small 
spatial scale of the predicted elevations in [K+]e would be difficult to 
resolve using previous approaches such as K+-selective electrodes. 
During prolonged activity (>30 s) or pathological states, like sei-
zures, [K+]e can increase to ≈10 mM, making our reported mea-
surement physiologically possible17,27. The small spatial nature of 
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the depolarizations we report may have important implications for 
astrocytic K+ buffering. Locally elevated [K+]e depolarizes astrocytes, 
as modeled by the Nernst potential/Goldman–Hodgkin–Katz equa-
tion. Because Kir4.1-mediated K+ influx helps [K+]e levels return 
to baseline, astrocyte Vm locally recovers and, therefore, blockage 
of Kir4.1 enhances PAP depolarizations (Fig. 6), presumably by 
increasing and prolonging activity-induced changes in [K+]e. At the 
soma, because [K+]e changes very little (Fig. 3 and Extended Data 
Fig. 8), small, slow somatic astrocyte depolarization is probably 
driven by Kir4.1-mediated inward K+ currents occurring through-
out the cell, rather than by local Nernstian-driven depolarization. 
In this situation, inhibition of Kir4.1 blocks the depolarizing inward 
current and reduces activity-induced astrocyte depolarization mea-
sured at the soma18,23 (Extended Data Fig. 8). Future development 
of K+

e imaging approaches and computational modeling of astro-
cytes16 will continue to improve our understanding of the focal and 
dynamic nature of activity-induced astrocyte depolarization and 
astrocytic K+ buffering.

Astrocytic glutamate uptake by EAATs is voltage dependent and 
inhibited by neuronal activity. Our data support the premise that 
PAP Vm shapes EAAT function during neuronal activity. Modulation 
of PAP Vm, by alteration of [K+]e handing, can bidirectionally shape 
extracellular glutamate dynamics and NMDA receptor decay times. 
Alterion of PAP Vm has a significant, but relatively small, effect 
on EAAT function, suggesting that either our manipulations do 
not sufficiently control PAP Vm or that other changes (EAAT traf-
ficking28, cell swelling, diffusion or pH changes) play a key role in 
activity-dependent inhibition of EAAT function. We are unable to 
depolarize PAPs to directly test the correlation of glutamate clear-
ance slowing and depolarization, due to technical limitations (small 
astrocyte space clamp and confounding ionic changes due to EAAT 
dependence on Na+, K+ and H+). As a result, modulations of Vm and 
glutamate clearance are limited to correlative changes. Interestingly, 
neither activity-dependent EAAT inhibition nor PAP depolar-
ization relies on glutamate receptor activation. This is surprising, 
because postsynaptic NMDA receptor activation has been shown to 
mediate K+ efflux, which should depolarize astrocytes29. This could 
represent ultrastructural differences in K+ handling at PAPs and 
soma or brain-region-specific astrocyte–neuron interactions. Our 
findings could also have important implications for both astrocyte–
neuron interactions and the potential role of astrocyte depolariza-
tion in activity-dependent synaptic plasticity30.

How PAP depolarization affects other astrocytic functions 
remains to be seen, but astrocytes have complex intracellular Ca2+ 
signaling and express voltage-dependent ion channels31–34, recep-
tors35 and transporters36 that may be functionally modulated by Vm. 
Additionally, experimental manipulations such as channelrhodop-
sin can increase [K+]e (ref. 37) that may affect astrocyte Vm. Finally, 
astrocytes are highly dynamic, responding to injury, inflammation 
and more. If PAP properties are altered during reactive astrocytosis, 
the coupling between neuronal activity and astrocyte function may 
be altered, especially during behaviorally relevant bursts of neuro-
nal activity in vivo. Together, this study shows that astrocytes expe-
rience rapid, focal and functionally relevant depolarizations during 
neuronal activity.
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Methods
Animals. All animal protocols were approved by the Tufts Institutional Animal 
Care and Use Committee. Experiments used C57/Bl6 and EAAT2-tdTomato11 
mice. Approximately equal numbers of male and female mice were used for all 
experiments. Mice were housed under 12/12-h light/dark cycles at approximately 
21 °C and 30–70% humidity.

AAV injection. C57BL/6 or EAAT2-tdTomato11 male and female mice (P30-45) 
were stereotaxtically injected with appropriate AAVs for experiments in a single 
hemisphere, using three injection sites (coordinates): (1.25, 1.25, 0.5), (1.25, 
2.25, 0.5) and (1.25, 3.25, 0.5) (λ + x, +y, −z) mm. Mice were anesthetized with 
isoflurane for surgery and virus was injected (1 μl per site (1:1 dilution with saline 
for single infection or 1:1 mix of viruses for coinfection, 0.15 μl min–1) with ~5 × 109 
gene copies per virus. Mice were housed under a 12/12-h light/dark cycle following 
surgery and were used for acute slice preparations 21–42 days following injection.

We thank L. Looger, V. Pieribone, B. Khakh and S. Grinstein for making 
available the plasmids and constructs used in this study (Supplementary Table 1 
provides a full listing of viruses used).

Preparation of acute brain slices. Cortical brain slices were prepared from 
AAV-infected mice6. Mice were anesthetized with isoflurane, decapitated and 
brains rapidly removed and placed in ice-cold slicing solution containing (in mM):  
2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 11 glucose, 234 sucrose and 
26 NaHCO3, and equilibrated with 95% O2/5% CO2. Brains were glued to a 
Vibratome VT1200S (Leica Microsystems), and slices (400 μm thickness) were cut 
in coronal orientation. Slices were then placed in a recovery chamber containing 
artificial cerebrospinal fluid (aCSF) comprising (in mM): 126 NaCl, 2.5 KCl, 
1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 10 glucose and 26 NaHCO3 (equilibrated with 
95% O2/5% CO2). Slices were allowed to equilibrate in aCSF at 32 °C for 1 h. For 
astrocyte whole-cell experiments, slices were loaded with sulforhodamine 101 
(SR-101, 0.5 μm) in aCSF for 5 min at 32 °C before equilibration38 and then allowed 
to return to room temperature before electrophysiology/imaging. Low-Ca2+ aCSF 
reduced [Ca2+] to 1 mM and balanced divalents with increased [Mg2+]. Mg2+ has 
a lesser charge screening effect than Ca2+, so even equimolar replacement should 
have charge screening effects39–41. High-[K+] (7.5 and 12.5 mM) aCSF solutions 
were osmotically balanced by substituting [Na+].

Live imaging. Arclight, Archon1, pHluorin or iGluSnFr slices were placed in a 
submersion chamber (Siskiyou or Warner), held in place with small gold wires and 
perfused with aCSF containing 20 μM DNQX (antagonist of AMPA receptors) and 
50 μM APV (antagonist of NMDA receptors), equilibrated with 95% O2/5% CO2 
and circulated at 2 ml min–1 at 34 °C. A tungsten concentric bipolar stimulating 
electrode (FHC, Bowdoin) was placed in the deep cortical layers while the 
upper cortical layers were imaged with a ×60 or ×20 water-immersion objective 
(for iGluSnFr) (LUMPLANFL, Olympus) on a custom Prior Open-Scope with 
X-light V2 spinning-disk confocal microscope (Crest-optics, 89North LDI). 
Stimulus intensities were not significantly different between Arclight imaging 
and whole-cell astrocyte recordings, but Archon imaging used slightly increased 
stimulus intensities on average (0.19 ± 0.01, 0.26 ± 0.02 and 0.16 ± 0.01 mA for 
Arclight, Archon and whole-cell patch-clamp, respectively). One-way analysis 
of variance (ANOVA), P = 6.4 × 10–5 for Archon versus Arclight or P = 1.1 × 10–5 
whole-cell patch-clamp, and P = 0.26 for Arclight versus whole-cell patch-clamp; 
n = 62, 39 and 22, respectively). For two-stimulator experiments, a second identical 
tungsten-stimulating electrode was placed in the upper cortical layers ∼450 μm 
from the site of imaging. The 100-μs stimulus pulses were generated through 
a stimulus isolator ISO-Flex (A.M.P.I.). Stimulus intensity was set at twice the 
resolvable threshold stimulation, and imaging was performed using either a 
Prime95B (Photometrics) or Zyla5.5 (Andor) camera, with 12-bit digitization, 
10-ms rolling shutter mode for 100-Hz temporal resolution and illuminated by 
a 470- or 640-nm laser (89North) or LED (iGluSnFr, CoolLED) controlled by 
MicroManager42. Arclight and Archon1 were imaged in confocal mode, using 
restricted illumination for enhanced laser illumination intensity, while iGluSnFr 
was imaged in bypass (epifluorescence) mode using a GFP filter cube (Chroma). 
Stimulus responses were imaged in sequences of five repetitions of one stimulation, 
followed by five and ten stimulations at 100 Hz and a no-stimulus control trace. 
This sequence was repeated at least five times for each slice. For each stimulus a 1-s 
burst was acquired (100 frames). For iGluSnFr imaging, the same sequencing was 
used except that each stimulus condition was repeated once only in each sequence. 
Drugs were washed on for 5 min before recommencing imaging.

For confocal line-scanning microscopy (CLSM) imaging, slices from mice 
infected with Arclight or Archon, in addition to GFAP-tdTomato to fill astrocytes, 
were placed on an Olympus BX51 microscope with a ThorLabs Laser Scanning 
Confocal attachment. Slices were imaged with an Olympus ×20/1.0 numerical 
aperture water-immersion objective (LUMPLANFL, Olympus) with 488- and 
561-nm laser lines. Regions of 64 × 128 pixels at 318 nm per pixel were imaged at 
43.5 Hz. Ten stimuli at 100 Hz and no-stimulation traces were interlaced.

Astrocyte whole-cell recordings. Astrocyte whole-cell recordings were performed 
similarly to previous studies25,43,44. Briefly, whole-cell patch-clamp recordings 

were made in an identical setup to live-cell imaging. Astrocytes were identified 
by morphology (small, round cell bodies), membrane properties and SR-101 
labeling38 as imaged with a Cy3 filter cube (excitation 560/40 nm, emission 
630/75 nm, Chroma). Astrocyte internal solution contained the following (in 
mM): 120 potassium gluconate, 20 HEPES, 10 EGTA, 2 MgATP and 0.2 NaGTP. 
Borosilicate pipettes (4–12 MΩ) were used to establish whole-cell patch-clamp 
recordings with a Multiclamp 700B patch-clamp amplifier (Molecular Devices), 
sampled at 10 kHz using pClamp software. Once a whole-cell recording was 
established, cells were confirmed as astrocytes based on their passive membrane 
properties, low membrane resistance and hyperpolarized resting membrane 
potential. Slices were perfused with aCSF containing 20 μM DNQX and 50 μM 
APV, which was oxygenated and circulated at 2 ml min–1 and 34 °C. Stimulus 
responses were activated as for live-cell imaging above. In voltage-clamp mode, 
whole-cell, patch-clamped astrocytes were maintained at −80 mV. Changes in Vm 
were recorded in current-clamp mode while glutamate transporter currents were 
recorded in voltage-clamp mode. iGluSnFr decays were fit as previously, with 
monoexponential decay functions6.

NR2A-NMDA receptor excitatory postsynaptic current current recording. 
NMDA receptor excitatory postsynaptic currents were recorded similarly to 
previous studies6,44. Briefly, whole-cell, patch-clamp recordings were made in 
an identical setup to live-cell imaging, with aCSF containing gabazine (10 μM), 
DNQX (20 μM), ifenprodil (5 μM) and d-serine (30 μM). Neurons identified 
by morphology in layer II/III of the cortex were whole-cell patch-clamped 
using 2–5-MΩ borosilicate glass electrodes containing the following (in mM): 
120 d-gluconic acid, 120 CsOH, 10 HEPES, 10 EGTA, 0.5 CaCl2, 20 TEA, 2 MgATP 
and 0.2 NaGTP. In voltage-clamp mode, neurons were held at +40 mV to relieve 
Mg2+ blocking of NMDA receptors and allowed to stabilize. NMDA currents 
were then evoked identically to the live-cell imaging above. Access resistance was 
monitored throughout the experiment, and cells with >25% change were excluded 
from analysis. NMDA current decays were fit as previously, with monoexponential 
decay functions6.

Controlled cortical impact model. We utilized a controlled cortical impact (CCI) 
model of traumatic brain injury as a positive control for reactive astrocytosis. CCI 
was performed as previously described45,46. Briefly, 10- to 14-week-old male mice 
were anesthetized with inhaled isoflurane in oxygen (4% for induction, 2% for 
maintenance). Following placement in a stereotaxic frame, a 5-mm craniectomy 
was performed over the left somatosensory cortex and the skull flap removed. 
Impact was performed with a Leica Benchmark Stereotaxic Impactor using a 
3-mm-diameter piston, 3.5 m s–1 velocity, 400-ms dwell time and 1-mm depth. 
After the CCI procedure, sutures were used to close the incision.

Immunofluorescence. Fixed mouse brains were prepared by transcardial 
perfusion with 4% paraformaldehyde. Fixed brains were sectioned at 30 μm using 
a ThermoFisher Microm HM 525 cryostat. Brain sections were blocked with 
blocking buffer (5% normal goat serum and 1% bovine serum albumin in PBS) 
for 1 h at room temperature. NEUN (1:500, no. MAB377B, Millipore), GFP (1:500, 
no. ab13970, Abcam), glutamine synthase (1:500, no. MAB302, Millipore), Kir4.1 
(1:200, no. APC-035, Alomone), GFAP (1:500, no. ab7260, Abcam) and Sox9 
(1:500, no. ab5535, Sigma) were diluted in PBS with 2% Triton X-100 and 5% 
blocking buffer. Cortical sections were incubated with diluted primary antibodies 
overnight at 4 °C. Secondary antibodies (goat anti-rabbit Cy3 and goat anti-chicken 
FITC, Jackson ImmunoResearch Laboratories) were diluted 1:500 in PBS with 5% 
blocking buffer and added to cortical sections for 2 h at room temperature. Slices 
were imaged with either a Nikon A1R or Leica SP8 confocal microscope. Slices 
from three mice were stained for all experiments, with between two and four slices 
per mouse visualized.

Immunoblot. C57 mice infected with either Kir4.1 or control virus were rapidly 
decapitated. Brains were removed and cortex was dissected. Microdissected regions 
were placed in ice-cold sodium phosphate-based lysis buffer (20 mM sodium 
phosphate, 1% SDS and protease inhibitors (Pierce Protease Inhibitor Tablets, no. 
A32963)) and sonicated for 14 s. Tissue homogenates were centrifuged for 7 min 
at 14,000g at 4 °C. Following BCA protein assay (ThermoFisher), equal amounts 
of protein (15 µg) were heated to 60 °C for 15 min in DTT-based reducing reagent 
(NuPAGE Sample Reducing Agent and LDS Sample buffer, ThermoFisher, nos. 
NP0009 and NP0007). Prepped samples were electrophoresed on gels, 10% 
MP TGX, 12 W and 20 μl of precast gels (BioRad) for 1.5 h at 150 V at room 
temperature. Protein was transferred onto nitrocellulose membranes (Li-Cor) at 
30 V overnight at 4°C using two layers of sponges and cold packs. Membranes  
were blocked in 5% milk (nonfat dried milk, Sigma, no. M7409-1BTL) in 
Tris-buffered saline with Tween (T-BST) with shaking for 1 h at room temperature. 
Membranes were incubated, with shaking, in TBS-T, with the following primary 
antibodies: Kir4.1 (1:400) (anti-Kir4.1 (KCNJ10) Antibody Alomone, no.  
APC-035). Membranes were then washed for 3 × 10 min in TBS-T and incubated, 
with shaking, with secondary antibodies, prepared in the same solution as primary 
antibodies: horseradish peroxidase-linked secondary antibody and goat anti-rabbit 
(1:10,000; anti-Rabbit IgG (whole-molecule)-peroxidase antibody, Sigma, no. 
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A6154) for 2 h at room temperature. Membranes were then washed for 3 × 10 min 
in TBS-T and for 5 min in TBS before imaging with an Odyssey scanner. Bands 
were quantified using the NIH-approved protocol in ImageJ and normalized to 
beta-actin.

Astrocyte territory segmentation. Segmentation of astrocytes labeled with 
tdTomato was performed in Imaris (Bitplane, Oxford Instruments) using the 
surface plug-in in a semiautomated manner. Individual astrocytes, their overall 
territory volume and volume occupied by the soma were carefully segmented and 
quantified using a watershed algorithm incorporated into the plug-in, which was 
applied to the tdTomato channel. The resulting segmented volume was also used as 
a three-dimensional mask to visualize and quantify the intensity of the Arclight or 
Archon channel within astrocytic territory.

Imaging analysis. Spinning-disk confocal analysis was performed using MATLAB 
(The MathWorks) and Origin (Originlab). Following imaging, all acquired images 
from individual slices were aligned using the NoRMCorre algorithm47. Following 
alignment, average ΔF/F0 images were generated and corrected for background 
fluorescence using the no-stimulus and individual stimulus conditions. ROIs were 
generated using Cell Sort PCA/ICA algorithms15 based on a spatial and temporal 
Gaussian (one pixel per frame kernel)-filtered ten stimulation at 100-Hz ΔF/F0 
images. The analysis was given the full-sweep duration and was blind to stimulus 
timing. ROIs were spatially constricted in size to at least two pixels. PCA/ICA 
identified the stimulus response from the full sweep and generated ROIs found 
throughout the image, had a nonrandom distribution and had a kinetic profile 
similar to the ΔF/F0 signal seen across the entire image. To validate the approach, 
we compared ROIs identified using PCA/ICA to an alternative approach in which 
pixels with the highest ΔF/F0 at the end of the stimulus were selected. The number 
of pixels selected was comparable to that selected by PCA/ICA. This approach 
identified the noisiest pixels at the time of stimulation, had no kinetic similarity 
to the signal detected across the entire image and was randomly distributed in 
space (Supplementary Fig. 1). Based on this comparison, PCA/ICA analysis was 
far superior. ΔF/F0 measures are susceptible to distortion if basal fluorescence (F0) 
is very low. This concern is most relevant in regard to Archon GEVI, which has a 
very dim baseline, while Arclight GEVI is bright at baseline. To test whether the 
ROIs selected using PCA/ICA were biased toward low F0 values, distorting ΔF/F0 
measurements, we compared ROI ΔF/F0 to F0, on a hotspot-by-hotspot basis. 
This showed no correlation for either GEVI (Supplementary Fig. 2). Lastly, the 
PCA/ICA algorithm detected similar responses for either Arclight or Archon1 
(but in opposite directions), because Arclight is bright at baseline and reduces 
fluorescence while Archon is dim at baseline and increases in brightness. Together 
this supports the premise that the PCA/ICA-based approach to ROI detection is 
valid. Kymographs were generated by upsampling ROIs tenfold to enable subpixel 
alignment based on the center of mass of the detected ROI. Only ROIs of area less 
than ten pixels were included, to avoid merged ROIs. For FWHM measurements, 
individual slice kymographs were fit with a two-dimensional (2D) Gaussian 
function (MATLAB) to calculate FWHM. GEVI decays were quantified by 
calculation of T1/2 based on the end of the stimulus.

Following CLSM imaging, all acquired images were aligned using the 
NoRMCorre algorithm and ΔF/F0 images were created. ROIs of three pixels 
in diameter were placed on all discernable hotspots, in addition to somas and 
primary processes (based on tdTomato fluorescence) and a full-field ROI using 
FIJI/ImageJ48. Traces from each ROI were manually inspected and averaged for 
each slice. Additionally, centroids of each ROI were calculated and used to analyze 
distance from the soma centroid for individual astrocytes. Individual hotspots 
were fit with a 2D Gaussian peak function to establish the primary axis, calculate 
FWHM and rotate-align all hotspots, followed by NoRMCorre alignment. Based 
on peak location, half distributions were fit with 2D Gaussians (MATLAB) to 
calculate individual half-axes σ, and skewing of distributions calculated.

Pharmacology. Unless otherwise noted, all salts and glucose were obtained from 
Sigma-Aldrich. Drugs used in the study and their concentration were: APV 
(NMDA antagonist, 50 μM, Tocris Bioscience)49; DNQX (AMPA antagonist, 
20 μM, Sigma)50; d-Serine (NMDA coagonist, 30 μM, Sigma)51; gabazine 
(6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide, 
GABAA antagonist, 10 μM, Tocris Bioscience)52; Ifenprodil ((1 S*,2 S*)-threo-
2-(4-benzylpiperidino)-1-(4-hydroxyphenyl)-1-propanol hemitartrate; NR2B 
antagonist, 5 μM, Tocris Bioscience)53; TFB-TBOA (EAAT antagonist, 1 μM, Tocris 
Bioscience)54; and TTX (NaV channel antagonist, 1 μM, Sigma). Drugs were kept as 
1,000× stock in either H2O (APV, d-serine, gabazine, ifenprodil, TTX) or DMSO 
(DNQX, DPCPX, TFB-TBOA).

Statistics and reproducibility. Individual statistical tests are noted throughout 
the manuscript/figure legends but, briefly, most analyses were performed with 
two-way ANOVA or two-way repeated-measures ANOVA, both with Tukey’s post 
test, to examine the significance of the treatment group. For brevity, additional 
statistical tests of individual stimulus conditions were not performed. No statistical 
methods were used to predetermine sample sizes, but our sample sizes are similar 
to those reported in previous publications6,55,56. Data distribution was assumed to 
be normal, but this was not formally tested. Data collection and analysis were not 

performed blind to the conditions of the experiments, because most experiments 
had paired designs making blinding impractical. Most experiments were of paired 
design, making randomization impractical. All data that passed quality control 
(access resistance, stability and so on) are included in analyses.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
 Source data are provided with this paper. The datasets generated during and analyzed 
during the current study are available from the corresponding author on request.

Code availability
All computer code used to collect and analyze data are available from the 
corresponding author on request.
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Extended Data Fig. 1 | GEVi expression does not induce reactive astrocytosis. Representative confocal IHC images stained for GFAP in Arclight infected 
and Archon1-EGFP (EGFP fluorescence shown) infected cortices. Additionally, staining in matched uninfected contralateral cortex. Neither GEVI infected 
or uninfected contralateral cortex shows high GFAP levels, indicative of a lack of reactive astrocytosis. In order to verify the sensitivity of our GFAP 
antibody, we stained slices 3 days following controlled cortical impact, a robust model of traumatic brain injury. In this positive control, astrocytes are 
labeled with the astrocyte specific marker Sox9 and shows high levels of GFAP staining and astrocytosis. Scalebar = 50 µm.
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Extended Data Fig. 2 | GEVi expression does not change astrocyte morphology. Example confocal sections and reconstruction of the astrocyte cell-fill 
reporter tdTomato either uninfected controls (left column), Arclight infected (middle column), or Archon infected (right column). No significant changes 
were observed in total astrocyte volume or soma volume between control or GEVI infected astrocytes. N= 8 control, 5 Arclight, 6 Archon astrocytes. One 
way ANOVA Control v Arclight p = 0.23, Control v Archon p = 0.058, Arclight v Archon p = 0.81. All panels: Error bars = Standard error of the mean.

NAtuRE NEuRoSCiENCE | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles NATUrE NEUroSciENcE

0 200 400
  0.1
 0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6

Ar
cl

ig
ht

 %
 Δ

F/
F 0

Time (ms)

pH Corrected Arclight Traces
1 Stim
5 Stim 100Hz

10 Stim 100Hz

0 200 400

0.5

0.0

-0.5

%
ΔF

/F
0

Time (ms)

1 Stim
 Lyn-Phluorin
 Arclight

0 200 400
Time (ms)

5 Stim 100Hz
 Lyn-Phluorin
 Arclight

0 200 400
Time (ms)

10 Stim 100Hz
 Lyn-Phluorin
 Arclight

A. B. C. D.

0.5

0.0

-0.5

%
ΔF

/F
0

0.5

0.0

-0.5

%
ΔF

/F
0

Extended Data Fig. 3 | Correcting pH transients. Average pH transients (Lyn-pHluorin) and Arclight GEVI responses to A) 1 Stim, B) 5 Stimuli at 100Hz, 
C) 10 Stimuli at 100Hz. D) The GEVI decays are corrected for the pH changes using the difference in the Arclight and pHluorin traces. n = 9 Slices/ 3 mice 
(pHluorin). n = 17 slices/6 mice (Arclight). All panels: Error bars = Standard error of the mean.
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Extended Data Fig. 4 | Astrocyte membrane probes primarily localize to astrocyte process rather than soma. Example confocal images from a 3D 
Z-stack of astrocyte targeted Arclight (a membrane targeted GEVI) and an astrocyte cell fill (GFAP-tdTomato). We subsequently quantified the Arclight 
fluorescence originating from the soma membrane compared to the total astrocyte Arclight fluorescence in all Z-sections. Soma fluorescence represents 
1.0 ± 0.0005% of the total Arclight fluorescence N = 6 astrocytes. Scale bar = 10 μm.
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Extended Data Fig. 6 | K+ wash-on calibration induces uniform depolarization. Example image of Arclight (scale bar = 30 μm) and response image 
to +5mM K+ wash-on, shows largely uniform voltage response across the field. Outliers, such as those highlighted with white arrows, tend to be areas 
excluding the Arclight sensor such as somas, or blood vessels. Distribution of pixel responses to +5mM K+ shows a uniform distribution of depolarization 
responses.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Kir4.1 overexpression. A) Confocal example image of immunofluorescence staining of Kir4.1 in Kir4.1 overexpression (Kir4.1-OE), 
(AAV5-GFAP-Kir4.1-EGFP) or control (AAV5-GFAP-GFP) infected cortex. B) Quantification of widefield Kir4.1 IHC staining shows significantly enhanced 
Kir4.1 staining. Scale bar = 50 µm. Two-sample t-test, n=3, 4 mice, p = 0.038. C, D) Astrocyte whole-cell voltage clamp shows enhanced Ba2+ (Kir4.1 
inhibitor) sensitive currents in Kir4.1-OE compared to control-infected cortex. 9 cells/3 mice each. E) Ba2+- sensitive currents are significantly increase in 
Kir4.1-OE astrocytes, p = 0.028. F) Western blot quantification of Kir4.1-OE (AAV5-GFAP=Kir4.1-mCherry), shows significantly increased Kir4.1 protein 
compared to control virus (AAV5-GFAP-tdTomato). p = 0.049 * = p < 0.05 All panels: Error bars = Standard error of the mean.
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Extended Data Fig. 9 | the effects of low Ca2+ on presynaptic release do not correlate with the effects on glutamate clearance and astrocyte 
depolarization. Utilizing data from Figs. 6, 7, and Extended Data Fig. 10 we plotted the effects of Low Ca2+ aCSF on presynaptic release (x-axis) and 
glutamate clearance/astrocyte depolarization (y-axis) for 1, 5, and 10 stimuli at 100Hz. In each condition, Low Ca2+ is normalized to control. Dashed lines 
represent no change from control. Left of the dashed line on the x-axis represents a reduction in presynaptic release (as assayed by GTC, iGluSnFr, or NMDA 
peak amplitude). Beneath the dashed line represents an enhanced glutamate clearance/reduced depolarization (as assayed by GTC/iGluSnFr/NMDA 
decays and Arclight peaks). 1 Stim responses (grey) shows the largest change in presynaptic release, with the smallest effect on glutamate clearance/
depolarization. 10 Stimuli at 100Hz (blue) shows the smallest presynaptic release effect with the largest glutamate clearance/depolarization effect.
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Extended Data Fig. 10 | Low Ca2+ Glutamate transporter Currents. Glutamate transporter currents were recorded from astrocytes with Control or Low 
Ca2+ aCSF, showing enhanced glutamate clearance following trains of stimulation. Two way repeated measures ANOVA * = p<0.05. n = 10 cells/3 mice,  
p = 0.046. All panels: Error bars = Standard error of the mean.
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