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SUMMARY

Intracellular chloride and pH play fundamental roles in determining a neuron’s syn-
aptic inhibition and excitability. Yet it has been difficult to measure changes in
these ions during periods of heightened network activity, such as occur in
epilepsy. Here we develop a version of the fluorescent reporter, ClopHensorN,
to enable simultaneous quantification of chloride and pH in genetically defined
neurons during epileptiform activity. We compare pyramidal neurons to the major
GABAergic interneuron subtypes in the mouse hippocampus, which express par-
valbumin (PV), somatostatin (SST), or vasoactive intestinal polypeptide (VIP). Inter-
neuron populations exhibit higher baseline chloride, with PV interneurons exhibit-
ing the highest levels. During an epileptiform discharge, however, all subtypes
converge upon a common elevated chloride level. Concurrent with these dy-
namics, epileptiform activity leads to different degrees of intracellular acidifica-
tion, which reflect baseline pH. Thus, a new optical tool for dissociating chloride
and pH reveals neuron-specific ion dynamics during heightened network activity.

INTRODUCTION

Intracellular chloride levels are fundamental to normal brain function. Chloride levels establish the reversal

potential for GABAA receptors (EGABAA
), which determines the post-synaptic effects of GABA-mediated

synaptic transmission. As intracellular chloride levels are significantly lower than extracellular levels, the

opening of GABAA receptors (GABAARs) is typically associated with chloride influx and hyperpolarizing ef-

fects upon the membrane. During intense activation of GABAARs however, chloride influxes can exceed

regulatory mechanisms, which leads to an increase in intracellular chloride levels and a reduction in the

transmembrane chloride gradient.1–6 For example, intense GABAAR activation during an epileptiform

discharge (ED) causes depolarizing shifts in the EGABAA
of hippocampal pyramidal neurons,6–10 which

can switch the action of GABAARs, such that they begin to promote rather than oppose epileptiform activ-

ity.10–14

Although previous studies have tended to focus on chloride regulation in excitatory neurons, a number of

electrophysiological studies have suggested that chloride regulation may differ in GABAergic interneu-

rons. For example, GABA-mediated inputs to CA3 hippocampal stratum lucidum interneurons tend to

be shunting, consistent with a relatively high intracellular chloride level.15 Similar observations, also consis-

tent with relatively high chloride levels, have been reported in interneurons from other brain regions,

including the dorsal cochlear nucleus,16 cerebellum,17 basolateral amygdala, parietal cortex, perirhinal cor-

tex,18 interneurons of the CA1 region of the hippocampus,19,20 dentate gyrus,21,22 and stratum radiatum.23

These studies used current fluxes through transmembrane receptors to infer chloride levels under resting

conditions, but such electrophysiological measurements are compromised during epileptiform activity due

to the dramatic changes in a neuron’s biophysical properties and effects upon the chloride-permeable

receptors.

Developments in chloride imaging now offer the opportunity to make direct measurements of intracellular

chloride levels. For example, genetically encoded chloride reporters such as Clomeleon24 and Cl-sensor25

afforded the first ratiometric chloride measurements from neurons. More recently, the development of

ClopHensor26 has enabled simultaneous ratiometric measurements of both chloride and pH. Importantly,

this feature of ClopHensor avoids the confound of earlier reporters, which are sensitive to both chloride
iScience 26, 106363, April 21, 2023 ª 2023 The Author(s).
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Figure 1. Cre-dependent ClopHensorN for targeting expression to genetically defined neuronal subtypes

(A) The Cre-dependent ClopHensorN construct contained the inverted genetic sequence for the E2GFP-tdTomato fusion protein, flanked by loxP and

lox2272 sites. The construct utilizes an elongation factor 1a promoter (EF-1a) and a WPRE to enhance expression. Cre recombinase catalyses the

recombination of the floxed sequence, which allows for transcription of ClopHensorN.

(B) High-titer AAV carrying the Cre-dependent ClopHensorN was delivered to organotypic hippocampal brain slices from Cre-expressing mice and, after

three weeks in culture, ClopHensorN-expressing neurons were imaged using confocal microscopy. Simultaneous electrophysiological data were acquired

via patch-clamp recordings from a nearby pyramidal neuron in current-clamp mode (IC0).

(C) Hippocampal slice from a CamK2a-Cre mouse containing ClopHensorN-expressing pyramidal neurons. Continuous white lines indicate the slice edge

and dashed white lines delineate the pyramidal cell layer.

(D) ClopHensorN signal from a representative pyramidal neuron, in which the tdTomato protein was excited at 561 nm (left), and the E2GFP protein was

excited at 458 nm (middle), and 488 nm (right).

(E and F) Equivalent images for a slice from a PV-Cre mouse (E) and the ClopHensorN signal from a representative PV interneuron (F).

(G and H) Equivalent images for a slice from an SST-Cre mouse (G) and the ClopHensorN signal from a representative SST interneuron (H).

(I and J) Equivalent images for a slice from a VIP-Cre mouse (I) and the ClopHensorN signal from a representative VIP interneuron (J).
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ions and protons, but unable to distinguish these ions. This is particularly relevant in the context of

epileptiform activity, where the levels of multiple ion species are known to change.27,28 For instance,

previous imaging studies have shown that excitatory hippocampal neurons rapidly accumulate intracellular

chloride around the onset of an ED,9,27,28 consistent with depolarizing shifts in the EGABAA
. However,

these chloride dynamics associated with epileptiform activity coincide with other changes in ion concen-

trations, including increases in extracellular potassium29–31 and increases in intracellular protons (i.e.

acidification).27,32

Here we use ClopHensorN—a version of ClopHensor that has been optimized for the nervous system27—in

order to dissociate chloride and proton dynamics in different neuronal subtypes of the hippocampus. To

this end, we develop and characterize a floxed version of ClopHensorN, which we target in a Cre-depen-

dent manner to pyramidal neurons, and also parvalbumin (PV), somatostatin (SST), and vasoactive intestinal

polypeptide (VIP) expressing interneurons of the mouse hippocampus. This reveals neuronal subtype dif-

ferences in the baseline and dynamic intracellular chloride and pH levels associated with epileptiform

activity.

RESULTS

A Cre-dependent ClopHensorN for measuring intracellular chloride and pH in genetically

defined cell types

To image chloride and pH in genetically defined neuronal subtypes we generated a double-floxed version

of ClopHensorN, which would enable us to take advantage of the Cre-lox system (Figure 1A). The floxed

sequence in the construct is permanently inverted in the presence of Cre recombinase, and

ClopHensorN expression is under the control of the EF-1a promoter and enhanced via a WPRE and polyA

sequence (Figure 1A). High titer AAVs were used to deliver floxed ClopHensorN to organotypic hippocam-

pal brain slices generated from different transgenic mouse lines expressing Cre recombinase under

neuronal subtype-specific promoters (Figure 1B). The hippocampal organotypic slice represents an exper-

imentally accessible model of epileptogenesis,33–35 which retains many features of the hippocampal circuit,

including appropriate distributions of interneurons and distinct subcellular targeting of pyramidal neu-

rons.34,36–38 Approximately three weeks after transduction, ClopHensorN-expressing neurons were

imaged using confocal microscopy and could be combined with simultaneous electrophysiological record-

ings of network activity, by performing whole-cell patch-clamp recordings from a nearby pyramidal neuron

(Figure 1B).

Pyramidal neurons, the principal excitatory neurons of the hippocampus, were successfully targeted in

brain slices from CamK2a-cre mice, resulting in a pattern of ClopHensorN expression typical for excit-

atory neurons along the pyramidal layer of the hippocampal brain slice (Figure 1C), with neurons showing

robust expression of both tdTomato and E2GFP (Figure 1D). In addition to pyramidal neurons, we

successfully targeted three of the major interneuron subtypes in the hippocampus: PV-, SST-, and VIP-

expressing interneurons. Transducing brain slices from PV-Cre mice, resulted in ClopHensorN expression

within the soma and processes of PV interneurons that are restricted to the pyramidal cell layer

(Figures 1E and 1F), consistent with previous work.39,40 Transducing brain slices from SST-Cre mice re-

sulted in ClopHensorN expression in the soma and processes of SST interneurons that are located within

stratum oriens and lacunosum-moleculare (Figures 1G and 1H), consistent with previous work.34 Finally,
iScience 26, 106363, April 21, 2023 3



Figure 2. ClopHensorN calibration

(A) Calibration curves relating the pH sensitive ratio (F488/F458) of ClopHensorN to intracellular pH. Intracellular pH was systematically varied by controlling

the extracellular pH in the presence of an ionophore cocktail. Data was fit using established equations27,44 and pKa was estimated to be 7.14 (CI [7.1–7.17]).

N = 40–60 cells at each pH value. Horizontal lines indicate mean, error bars indicate SEM, and dots indicate individual cells.

(B) Calibration curves relating the chloride sensitive fluorescence ratio (F458/F561) to intracellular chloride concentration. Intracellular chloride was

manipulated by changing the extracellular chloride in the presence of an ionophore cocktail. Data collected at pH 6 and 7 were fit using established

equations as in ‘‘A’’, and used to infer the relationship at pH 8. Kd was estimated to be 3.51 mM at pH 6, 5.66 mM at pH 7, and 27.12 mM at pH 8 (inset). N = 66

and 232 cells at each chloride value for pH 6 and 7, respectively. Horizontal lines indicate mean, error bars indicate SEM, and dots indicate individual cells.
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transducing brain slices from VIP-Cre mice, resulted in ClopHensorN expression in VIP interneuron soma

and processes located within stratum radiatum, lacunosum-moleculare, pyramidale, and oriens41,42

(Figures 1I and 1J).

To perform ratiometric measurements of pH and chloride concentration, ClopHensorN and the imaging

systemwere calibrated using establishedmethods.26,27,43 This involved collapsing the transmembrane gra-

dients for the two ion species and systematically changing pH and chloride in the extracellular and intra-

cellular environment (see STAR Methods). The pH ratio of ClopHensorN-expressing cells—the ratio of

emitted fluorescence from the E2GFP protein when excited sequentially at 458 nm and 488 nm (F488/

F458)—was found to depend on intracellular pH with a pKa of 7.14 (95% confidence interval (CI) [7.1–

7.17]; Figure 2A); which is comparable to previous work.27 RA was 0.37 and RB was 2.1. Meanwhile, the chlo-

ride ratio—the ratio of emitted fluorescence from the tdTomato and E2GFP proteins when excited sequen-

tially at 561 nm and 458 nm, respectively (F458/F561)—was shown to depend on the intracellular chloride

concentration with an average Kd of 8.73 mM around the physiological 7.2–7.5 intracellular pH range,
1KCl�

d of 3.28, and Rfree of 3.38 (Figure 2B).

Using these calibration curves, ClopHensorN signals were converted into estimates of intracellular chloride

and pH for the different neuronal subtypes imaged in organotypic hippocampal brain slices. Initially, we

compared the chloride and pH levels under baseline conditions, by restricting the ClopHensorN measure-

ments to periods when the network activity was quiescent, as determined from whole-cell patch-clamp re-

cordings from a nearby pyramidal neuron (Figure 1B; see STAR Methods). Baseline intracellular chloride

concentrations were found to vary significantly across neuronal subtypes (p = 0.0002, c2
(3) = 19.43,

Kruskal-Wallis test; Figure 3A). Consistent with previous work that either inferred intracellular chloride

from electrophysiological recordings10,20,45 or made direct estimates from imaging methods,9,27,28,46

CamK2a pyramidal neurons were found to exhibit a low median baseline chloride concentration of

2.0 mM (interquartile range (IQR) [�0.8 to 9.6 mM]). In contrast, interneuron populations tended to exhibit

higher baseline chloride values, with PV interneurons exhibiting the highest median baseline somatic chlo-

ride concentration at 22.1 mM (IQR [11.8 to 49.5 mM]), which was significantly higher than pyramidal neu-

rons (p < 0.0001; Dunn’s post-hoc test). This observation is consistent with previous electrophysiological
4 iScience 26, 106363, April 21, 2023



Figure 3. Neuronal subtypes exhibit different baseline intracellular chloride and pH values

(A) Intracellular chloride varies across neuronal subtypes, with PV interneurons and VIP interneurons exhibiting higher

baseline chloride than CamK2a pyramidal neurons (c2
(3) = 19.43, p = 0.0002, Kruskal-Wallis test, followed by post-hoc

Dunn’s multiple comparisons tests; CamK2a vs PV, p = 0.0001; CamK2a vs SST, p = 0.1493; CamK2a vs VIP, p = 0.0052; PV

vs SST, p = 0.1521; PV vs VIP, p = 0.8035; SST vs VIP, p > 0.999). N = 24, 28, 32 and 49 neurons from 15, 26, 12 and 26 slices

for CamK2a, PV, SST and VIP, respectively. Y axis is limited to 100 mM for plotting purposes. Bars and lines indicate

median and IQR, dots indicate individual neurons.

(B) Baseline intracellular pH varies across neuronal subtypes. No interneuron subtype was different from CamK2a

pyramidal neurons, but within the interneuron subtypes, VIP interneurons exhibited a more acidic baseline pH than PV or

SST interneurons (c2
(3) = 13.5, p = 0.0037, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple comparisons tests;

CamK2a vs PV, p = 0.8375; CamK2a vs SST, p = 0.3606; CamK2a vs VIP, p > 0.9999; PV vs SST, p > 0.9999; PV vs VIP, p =

0.0353; SST vs VIP, p = 0.0078). N = 28, 36, 35 and 57 neurons from 15, 26, 12 and 26 slices for CamK2a, PV, SST and VIP,

respectively. Bars and lines indicate median and IQR, dots indicate individual neurons. * indicates p < 0.05, ** indicates

p < 0.01, *** indicates p < 0.001.
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measurements of resting EGABAA
in fast-spiking PV interneurons and pyramidal neurons.18,20,21 VIP interneu-

rons exhibited a median baseline somatic chloride concentration of 14.8 mM (IQR [3.9 to 34.6 mM]), which

was also higher than pyramidal neurons (p = 0.0052; Dunn’s post-hoc test). Finally, SST interneurons ex-

hibited a median baseline somatic chloride concentration of 11.6 mM (IQR [4.5 to 16.9 mM]), which was

not statistically different from pyramidal neurons (p = 0.149; Dunn’s post-hoc test). Using the standard de-

viation of the pyramidal neuron’s membrane potential as a readout of overall slice activity, no cell type ex-

hibited a significant correlation between baseline slice activity and intracellular chloride concentration

(CamK2a, r2 = 0.01, F(1,86) = 1.11, p = 0.2956; PV, r2 = 0.001, F(1,48) = 0.07, p = 0.7993; SST, r2 = 0.002,

F(1,94) = 0.16, p = 0.6907; VIP, r2 = 0.02, F(1,122) = 2.29, p = 0.1326; F tests).
iScience 26, 106363, April 21, 2023 5



Figure 4. The activity of GABAergic interneuron subtypes and pyramidal neurons is highly correlated during epileptiform activity

(A) Cartoon illustrating simultaneous current clamp recordings from a PV interneuron (Pipette 1, P1) and a nearby pyramidal neuron (P2; left). Representative

traces (right) from a PV interneuron (top) and a pyramidal neuron (bottom) pair during an ED.

(B) Equivalent cartoon (left) and example traces (right) from an SST interneuron (top) and a pyramidal neuron (bottom) pair during an ED.

(C) Equivalent cartoon (left) and example traces (right) from a VIP interneuron (top) and a pyramidal neuron (bottom) pair during an ED.

(D) During EDs, the activity of PV (N = 24 EDs from 8 neuronal pairs in 8 slices), SST (N = 15 EDs from 8 neuronal pairs in 3 slices) and VIP (N = 28 EDs from

9 neuronal pairs in 6 slices) interneurons was highly correlated with the activity of nearby pyramidal neurons (interaction between neuron pair type and time

window: F(2,64) = 3.771, p = 0.0283, repeated measures two-way ANOVA followed by Sidak’s post-hoc multiple comparisons of baseline vs ED: PV-CamK2a,

p < 0.0001; SST-CamK2a, p < 0.0001; VIP-CamK2a, p < 0.0001). Lines indicate median and IQR, dots indicate individual EDs. The degree of correlation with

the pyramidal neuron’s activity was not different across the interneuron subtypes during EDs (Sidak’s post-hoc multiple comparisons, p > 0.05). *** indicates

p < 0.001.
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Baseline pH values showed subtle but statistically significant differences across the neuronal subtypes (p =

0.0037, c2
(3) = 13.5, Kruskal-Wallis test; Figure 3B), with the largest difference between subtypes equating

to a difference of 0.15 pH units. Median baseline pH in CamK2a pyramidal neurons was 7.3 (IQR [7.12 to

7.45]), which was consistent with previous reported values for pyramidal neurons.27,46,47,48 Unlike chloride,

the baseline pH of pyramidal neurons was not statistically different from the pH in any of the interneuron

subtypes. Among the interneuron subtypes however, VIP interneurons exhibited a median baseline pH of

7.25 (IQR [7.17 to 7.34]), which was more acidic than the PV interneuron median baseline pH of 7.34 (IQR

[7.25 to 7.6]) (p = 0.0353; Dunn’s post-hoc test) or the SST interneuron median baseline pH of 7.4 (IQR

[7.31 to 7.48]) (p = 0.0078; Dunn’s post-hoc test).
Monitoring chloride and pH dynamics in neuronal subtypes during epileptiform activity

To investigate chloride and pH dynamics during epileptiform activity, we made use of the fact that organo-

typic hippocampal brain slices readily exhibit EDs33,49 (see the STAR Methods section). Previous studies

have shown that these EDs are characterized by regular, large ictal-like discharges, which comprise hyper-

synchronous activity across the pyramidal neuron network, and are interspersed by relatively quiescent pe-

riods.10,27,50 To establish that the different interneuron populations also exhibit synchronous activity during

EDs, we performed dual whole cell current-clamp recordings from pairs of neurons comprising a specific

interneuron and a nearby pyramidal neuron (Figures 4A–4C). During EDs, the membrane potential of PV

interneurons (Pearson’s coefficient of 0.93 G 0.01; Figure 4A), SST interneurons (Pearson’s coefficient of
6 iScience 26, 106363, April 21, 2023



Figure 5. Monitoring chloride and pH dynamics in different neuronal subtypes during epileptiform activity

(A) Cartoon of the experimental setup (top panel) and representative data for a CamK2a pyramidal neuron (bottom three panels). Network activity was

always monitored via a current-clamp recording from a nearby pyramidal cell (black trace, second panel), while intracellular chloride dynamics (third panel)

and pH dynamics (bottom panel) were determined for a ClopHensorN-expressing CamK2a pyramidal neuron. Data are shown for a representative 10 min

period of the recording. Vertical dashed lines mark the start of EDs.

(B) Equivalent cartoon and example data for a PV interneuron.

(C) Equivalent cartoon and example data for an SST interneuron.

(D) Equivalent cartoon and example data for a VIP interneuron.
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0.96G 0.01; Figure 4B), and VIP interneurons (Pearson’s coefficient of 0.93G 0.01; Figure 4C) were all high-

ly correlated with the membrane potential of nearby pyramidal neurons. Furthermore, the degree of syn-

chrony during EDs was not different across the three neuron pair types (Figure 4D). These data confirmed

that all of the neuronal subtypes of interest exhibit highly correlated activity during the EDs and that record-

ings from pyramidal neurons are therefore a good way to monitor network activity during epileptiform

activity.

To quantify chloride and pH dynamics during EDs, we combined whole-cell patch-clamp recording from

a pyramidal neuron, with floxed ClopHensorN imaging from a nearby neuron of a defined subtype (Fig-

ure 5). This allowed us to acquire chloride concentration and pH measurements, while monitoring

network activity in a manner that did not perturb the physiology of the imaged neuron. The electrophys-

iological recordings also enabled us to detect the onset and duration of the EDs with an automated al-

gorithm (see STAR Methods). We found that EDs were associated with marked transients in intracellular

pH and chloride concentration across the different neuronal subtypes, as shown in the example record-

ings in Figure 5. Pyramidal neurons (Figure 5A) and the different interneuron subtypes (Figures 5B–5D)

exhibited different degrees of change in both their intracellular chloride concentrations and pH levels

during EDs.
iScience 26, 106363, April 21, 2023 7



Figure 6. Neuronal subtypes exhibit distinct chloride and pH dynamics during an ED

(A) Cartoon (left) of the experimental setup for a CamK2a pyramidal neuron. Heat maps (right, upper row) show the membrane potential dynamics (D Vm),

chloride dynamics (DCl�), and pH dynamics (D pH) during all EDs for CamK2a neurons, relative to normalized ED length on the x axis. ED start is at 0% and ED

end is at 100%. Plots (right, lower row) show the mean absolute membrane potential, and the median absolute chloride and pH across all CamK2a EDs, using

the same x axis timescale. Shading depicts SEM for membrane potential and IQR for chloride and pH. N = 93 EDs from 23 CamK2a neurons in 15 slices.

(B) Equivalent cartoon and data for all EDs in PV interneurons (N = 60 EDs from 28 PV interneurons in 26 slices).

(C) Equivalent cartoon and data for all EDs in SST interneurons (N = 88 EDs from 32 SST interneurons in 12 slices).

(D) Equivalent cartoon and data for all EDs in VIP interneurons (N = 123 EDs from 44 VIP interneurons in 26 slices).
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Neuronal subtypes exhibit distinct chloride and pH dynamics during epileptiform activity

We used the above experimental setup to conduct recordings from a population of CamK2a pyramidal

neurons, and PV, SST, and VIP interneurons. The resulting data are plotted in different forms in Figure 6

and Figure 7. First, we compared the chloride and pH dynamics during individual EDs for each of the
8 iScience 26, 106363, April 21, 2023



Figure 7. Neuronal subtypes exhibit converging intracellular chloride concentrations and acidify during an ED

(A) Subtypes differed in their chloride changes during an ED. EDs were divided into short EDs (less than 60s) and long EDs (greater than 60s), and compared

to baseline levels before the ED and recovery levels after the ED. PV interneurons were the only subtype that did not exhibit a change in chloride (PV

c2
(3) = 1.28, p = 0.7335, Kruskal-Wallis test). CamK2a neurons, SST interneurons, and VIP interneurons each exhibited a significant change in chloride during

an ED (CamK2a c2
(3) = 19.89, p < 0.0002; SST c2

(3) = 31.75, p < 0.0001; VIP c2
(3) = 13.33, p < 0.004). Y axis is limited to 100 mM for plotting purposes. Bars and

lines indicate median and IQR, dots indicate individual EDs. Asterisks indicate p values from post-hoc Dunn’s multiple comparisons tests comparing to

baseline within each subtype. N = 93 EDs from 23 CamK2a neurons in 15 slices, 60 EDs from 28 PV interneurons in 26 slices, 88 EDs from 32 SST interneurons

in 12 slices, 123 EDs from 44 VIP interneurons in 26 slices.

(B) Subtype chloride levels converged during an ED. Chloride levels differed across the neuronal subtypes under baseline conditions (Baseline c2
(3) = 76.92,

p < 0.0001, Kruskal-Wallis test) and during short EDs (Short ED c2
(3) = 51.21, p < 0.0001), but became indistinguishable during long EDs (Long ED c2

(3) = 1.46,

p = 0.6918). Subtype differences were re-established after the EDs (Recovery c2
(3) = 74.65, p < 0.0001). Data replotted from ‘‘A’’ using same conventions.

Asterisks indicate p values from Kruskal-Wallis tests comparing across subtypes.

(C) All subtypes acidified during and ED, typically showing acidic shifts during even short EDs (CamK2a c2
(3) = 60.74, p < 0.0001, Kruskal-Wallis test; PV

c2
(3) = 57.58, p < 0.0001; SST c2

(3) = 93.53, p < 0.0001; VIP c2
(3) = 76.57, p < 0.0001). Bars and lines indicate median and IQR, dots indicate individual EDs.

Asterisks indicate p values from post-hoc Dunn’s multiple comparisons tests comparing to baseline within each subtype.

(D) While all subtypes acidified during an ED, they exhibited differences in absolute pH (Baseline c2
(3) = 62.55, p < 0.0001, Kruskal-Wallis test; Short ED

c2
(3) = 65.45, p < 0.0001; Long ED c2

(3) = 8.286, p = 0.041; Recovery c2
(3) = 49.97, p < 0.0001). Data replotted from ‘‘C’’ using same conventions. Asterisks

indicate p values from Kruskal-Wallis tests comparing across subtypes. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.
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neuronal subtypes (Figure 6). In this analysis, we normalized for ED duration so that 0% indicated the start of

the ED and 100% indicated the end of the ED, as defined by the membrane potential (Vm) dynamics re-

corded from a nearby pyramidal neuron. This revealed that while the time course of the ED’s network ac-

tivity was comparable across the four subtypes (Vm; Figures 6A–6D), there were consistent differences in

chloride and pH dynamics.
iScience 26, 106363, April 21, 2023 9
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In terms of chloride dynamics, CamK2a pyramidal neurons exhibited significant increases in their intracel-

lular chloride during EDs, which peaked toward the end of the ED (Figure 6A), consistent with previous

electrophysiological and imaging data.6,9,10,27,28,45 To capture this, we extracted each neuron’s peak ED-

associated chloride level, relative to the baseline before ED onset. Across the population, an ED was asso-

ciated with a significant transient increase in chloride in CamK2a neurons (median 1.9 mM, IQR [1.2 to

7.2 mM]; p < 0.0001, compared to zero, Wilcoxon signed-rank test). Similar to pyramidal neurons, an ED

caused a transient increase in the chloride levels of SST interneurons (7.9 mM, IQR [1.3 to 12.5 mM];

p < 0.0001) and VIP interneurons (2.3 mM, IQR [0.7 to 10.4 mM]; p < 0.0001), which peaked toward the

end of the ED (Figures 6C and 6D). However, in contrast to the other subtypes, chloride fluxes in PV inter-

neurons were muchmore modest, such that there was no net change in chloride (Figure 6B;�2.60 mM, IQR

[�16.7 to 4.1 mM]; p = 0.09, Wilcoxon signed-rank test). Statistical comparisons between the subtypes sup-

ported these observations. CamK2a neurons, SST interneurons, and VIP interneurons all exhibited a

greater change in intracellular chloride than PV interneurons (c2
(3) = 28.75, p < 0.0001, Kruskal-Wallis

test, followed by post-hoc Dunn’s multiple comparisons tests; CamK2a vs PV, p = 0.0014; CamK2a vs

SST, p = 0.3479; CamK2a vs VIP, p > 0.9999; PV vs SST, p < 0.0001; PV vs VIP, p = 0.001; SST vs VIP, p =

0.1905).

All subtypes exhibited acidic transients during an ED, which started with the onset of the ED and typically

lasted beyond the end of the ED (Figures 6A–6D). This observation was confirmed when we extracted each

neuron’s peak ED-associated pH change, relative to the value before ED onset (CamK2a median �0.14,

IQR [�0.27 to �0.08]; PV median �0.25 [�0.39 to �0.13]; SST median �0.14 [�0.21 to �0.03]; VIP median

�0.10 [�0.11 to �0.01]; p < 0.0001 compared to zero in each case, Wilcoxon signed-rank test). Compari-

sons between the subtypes revealed that EDs generated acidic pH shifts of similar amplitude in pyramidal

neurons and SST interneurons, while PV interneurons showed the largest acidic shift and VIP interneurons

the smallest acidic shift (c2
(3) = 86.74, p < 0.0001, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple

comparisons tests; CamK2a vs PV, p = 0.0351; CamK2a vs SST, p > 0.9999; CamK2a vs VIP, p < 0.0001; PV vs

SST, p = 0.0002; PV vs VIP, p < 0.0001; SST vs VIP, p < 0.0001).

In the final analysis we examined the impact of the duration of the ED (Figure 7). EDs with a duration shorter

than 60 s were classified as ‘‘short EDs’’ (mean duration of 24.7 G 0.7 s) and EDs lasting longer than 60 s

were classified as ‘‘long EDs’’ (mean duration of 199.6 G 12.6 s). Interestingly, while chloride increases

were evident in SST interneurons for both short and long EDs, the increases in CamK2a pyramidal neurons

and VIP interneurons became evident following long EDs (Figure 7A). PV interneurons were unique, in the

sense that their chloride remained stable throughout epileptiform activity and exhibited no detectable

change during either short or long EDs (Figure 7A). Furthermore, this analysis revealed that during periods

of intense epileptiform activity, the different neuronal subtypes tended to converge on a common intracel-

lular chloride concentration of approximately 20 mM. In other words, the differences in subtype chloride at

baseline (p < 0.0001, c2
(3) = 76.92, Kruskal-Wallis test), were no longer present during long EDs (p = 0.6918,

c2
(3) = 1.46, Kruskal-Wallis test; Figure 7B).

Finally, in terms of pH changes as a function of the duration of the epileptiform activity, acidification was

already evident for short EDs in CamK2a pyramidal neurons, PV interneurons, and SST interneurons (Fig-

ure 7C). Long EDs resulted in acidification in all subtypes (p < 0.0001 for each subtype, Kruskal-Wallis

test), small differences between the subtypes in their absolute pH levels were evident across the epilepti-

form activity, and all neurons recovered to baseline values once the ED had ended, consistent with the acid-

ification being a transient effect (Figure 7D).
DISCUSSION

Here we present a Cre-dependent version of ClopHensorN—a genetically encoded ratiometric reporter of

chloride and pH, which is optimized for the nervous system. This new tool allowed us to determine the ac-

tivity-related dynamics of intracellular chloride and pH in genetically defined neuronal subtypes of the

mouse hippocampus during in vitro epileptiform activity. Simultaneous chloride and pH imaging was per-

formed in CamK2a pyramidal neurons, as well as in PV, SST, and VIP interneurons. Imaging of the floxed

ClopHensorN revealed that neuronal subtypes exhibit different baseline intracellular chloride levels with

PV interneurons exhibiting the highest somatic chloride. During an ED, however, these neuronal subtypes

converge upon a common, high intracellular chloride level. Floxed ClopHensorN imaging revealed that the

neuronal subtypes also acidified to different degrees during an ED, underscoring the importance of the
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reporter’s ability to dissociate chloride and proton fluxes, compared to alternative reporters that confound

these ion species. The ability to dissociate these two ions in a way that relates to the intensity of epilepti-

form activity may have diagnostic implications. Changes in somatic pH could be considered a more sensi-

tive readout of shorter-duration ED activity, while changes in somatic chloride could be considered a

readout of more sustained epileptiform activity.

Consistent with previous electrophysiological evidence that EGABAA
is relatively depolarized in interneu-

rons,15–17,20–22 we found that GABAergic interneurons tend to exhibit higher baseline somatic chloride

levels than pyramidal neurons. This is best exemplified by PV interneurons, which exhibited the highest

baseline somatic chloride levels of approximately 20 mM. Based on the Nernst equation, this would predict

a chloride reversal potential of approximately �50 mV, which is comparable to estimates of EGABAA
from

gramicidin perforated patch recordings in fast-spiking interneurons and PV interneurons,18,21 although

there are also likely to be effects of age.20,22 Such neuronal subtype differences in intracellular chloride

presumably reflect the differential contribution of chloride regulatory mechanisms such as cation-chloride

co-transporters,18,20,51 other transporters such as Na+/Cl� co-transporters and Cl�/HCO3
� exchangers,52

impermeant anions,53,54 and chloride-permeable ion channels such as ligand-gated GABAARs.
55 Future

work could investigate the molecular mechanisms and functional significance of chloride regulation in

the different neuronal subtypes. In the case of interneurons, their relatively high baseline somatic chloride

may be integral to their function within the network. For example, PV interneurons have been reported to

use shunting inhibition rather than hyperpolarizing inhibition to promote coherent oscillatory activity in

interneuron networks.21 Chloride levels can also influence a neuron’s excitability via Ca2+-dependent chlo-

ride channels, which couple excitatory post-synaptic potentials and action potential generation.56,57

We confirmed previous observations that pyramidal neurons exhibit a pronounced but transient accumu-

lation in intracellular chloride during an ED.6,9,27,28,58 Taking advantage of our floxed ClopHensorN re-

porter, we were also able to compare the three main populations of GABAergic interneurons under the

same conditions. Like pyramidal neurons, SST and VIP interneurons tended to accumulate chloride during

EDs. This was in contrast to the PV interneuron population, whose intracellular chloride levels remained un-

changed during epileptifom activity. These differences are unlikely to reflect ED-associated damage, as the

neuronal populations recovered their ion concentrations following each ED. Rather, the degree of loading

across the subtypes appeared to be inversely related to the baseline chloride levels, suggesting that the

initial driving force of the GABAAR influences the degree of ED-associated chloride shift. This is consistent

with the observation that with intense periods of epileptiform activity, all neuronal subtypes converged to-

ward a common, high intracellular chloride level of approximately 20 mM. Such a concentration would pre-

dict that the chloride reversal potential in all subtypes would also converge toward a value of approximately

�50 mV, which is consistent with electrophysiological estimates of how EGABAA
changes in pyramidal neu-

rons during an ED.10,58 Our chloride imaging data, therefore, suggest that GABAergic synaptic inputs to

the different neuronal subtypes will exhibit different chloride-dependent changes during an ED. For

example, while pyramidal neurons experience a chloride load that switches their GABAergic inputs from

being hyperpolarizing to depolarizing and even excitatory during an ED,6,10,58 the chloride levels suggest

that the effect of GABAergic synaptic transmission onto PV interneurons remains more stable throughout

an ED. Interestingly, shorter EDs led to detectable chloride increases in SST interneurons, but not in pyra-

midal neurons or VIP interneurons. This supports the general idea that the intensity of the epileptiform ac-

tivity determines the degree of chloride change, and suggests that more prolonged EDs are required to

elicit detectable changes in somatic chloride. Our data does not exclude the possibility that shorter EDs

impose intracellular chloride changes within other cellular compartments, such as the neurons’ processes.

Given that ClopHensorN is expressed throughout the cytoplasm, an interesting direction for future work

would be to investigate chloride dynamics within the dendrites and axons of the different neuronal

subtypes.

In terms of intracellular pH levels, our baseline measurements revealed modest but statistically significant

differences between the neuronal subtypes, and that all subtypes exhibited acidic shifts during an ED,

although the size of the acidic shift differed. While our estimates of baseline and dynamic pH in pyramidal

neurons were consistent with previous studies,46–48 we are not aware of any previous reports regarding

intracellular pH in subtypes of GABAergic interneurons. Among the interneuron populations, VIP interneu-

rons exhibited the lowest baseline intracellular pH and the smallest acidic shift during an ED. It is inter-

esting to contrast this population with the PV interneurons, which exhibited the most alkaline baseline
iScience 26, 106363, April 21, 2023 11
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pH and the largest acidic shifts during an ED. Population differences could reflect the relative contribution

of transporter proteins or neuron-specific differences in buffering capacity, which may be affected by gap

junction coupling within the populations.59,60 It will therefore be interesting to examine candidate mech-

anisms in the future, ideally by using manipulations that can also be targeted to the specific neuronal pop-

ulation of interest. In terms of the ED-related changes in pH, multiple mechanisms link periods of elevated

neural activity to intracellular acidification, including the metabolic production of acid equivalents such as

CO2 and lactic acid,61,62 the release of protons from intracellular stores triggered by increased cytoplasmic

Ca2+,63 the influx of protons via plasmalemmal Ca2+-ATPases,64,65 or the entry of acid equivalents through

voltage-gated or ligand-gated channels, including HCO3
� efflux through GABAA receptors.1,66 The more

pronounced acidification of PV interneurons during epileptiform activity may therefore reflect the particu-

larly high firing rates of this interneuron subtype, which may cause faster production of acid equivalents, for

example.

Meanwhile, the differences in baseline pH may reflect trade-offs between excitability and neuroprotective

mechanisms. Lower intracellular pH is associated with lower levels of cytosolic Ca2+ and the suppression of

membrane conductances associated with neuronal excitability.67–70 The lower baseline cytosolic pH of VIP

interneurons could, therefore, reflect a neuroprotective state in this interneuron type, which limits excit-

ability and potential excitotoxic effects associated with Ca2+mobilization.70,71 Whereas the higher baseline

pH of PV interneurons could reflect the highly excitable state of this neuronal population, which is primed to

respond rapidly to network activity and may have evolved alternative strategies to mitigate the associated

risks and energetic demands.72

In summary, we develop and utilize a Cre-dependent, ratiometric, and simultaneous reporter of chloride

and pH, in order to compare genetically defined neuronal subtypes. Our data from mouse hippocampus

reveal that the major excitatory and inhibitory neuronal populations differ substantially in their baseline

concentrations and the dynamics that they exhibit during epileptiform activity. We make our Cre-depen-

dent ClopHensorN available to the scientific community and imagine that this tool will be useful in inves-

tigating genetically defined cell types across a variety of brain regions and conditions. Future work could

also combine this tool with cell-targeted manipulations to investigate the mechanisms that underlie cell-

specific differences in ion regulation.
Limitations of the study

While our genetic targeting of ClopHensorN provides the first comparison of neuron-specific pH and chlo-

ride dynamics during epileptiform activity, it is worth highlighting some limitations. Firstly, there are a num-

ber of technical considerations with using this ratiometric fluorescent reporter. This includes the fact that

each imaging system requires calibration so that the optical signals can be translated into absolute ion con-

centrations. This process uses averagedmeasurements from cell populations whose ion concentrations are

experimentally clamped, meaning that calibration is sensitive to the efficacy of the ionic clamping. In the

case of ClopHensor, the use of multiple wavelengths can pose a further challenge due to the differential

absorption and scattering effects of brain tissue.28 This effect is modest when imaging neurons close to

the surface of a brain slice, but is more pronounced at greater tissue depths, such as when using multi-

photon imaging in vivo. It has been shown that this effect can be quantified and then corrected through

control experiments.28 Alternatively, the use of fiber photometry to image directly in the brain could

simplify the optics and afford opportunities tomonitor ion dynamics in freely behaving animals. Meanwhile,

one feature of the genetic targeting strategy is that the data for each neuronal population are derived

across different brain slices and mice, rather than simultaneously from the different neuronal populations

as they experience the same network activity. And finally, it is worth considering the fact that our study has

used mouse organotypic hippocampal brain slices to reveal the distinct basal and activity-dependent ion

dynamics in genetically defined neuronal subtypes. This experimental system represents a reliable model

of epileptiform activity and provides good optical access and the opportunity to combine imaging and

simultaneous electrophysiological recordings. It is nevertheless an in vitro model system, which is not

equivalent to the awake, intact brain, and therefore only affords the chance to study seizure-like activity.

Neurons in organotypic hippocampal slices maintain many of the morphological and signaling character-

istics of age-matched neurons in the intact hippocampus.37,45 However, the tissue suffers a loss of afferent

connections from other brain structures, which is believed to lead to axonal sprouting and the generation

of recurrent excitatory connections.73 This may recapitulate aspects of temporal lobe epilepsy,74–77 but it

would be interesting to quantify these neuron-specific ion dynamics in other models of epilepsy.
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41. Köhler, C. (1982). Distribution and
morphology of vasoactive intestinal
polypeptide-like immunoreactive neurons in
regio superior of the rat hippocampal
formation. Neurosci. Lett. 33, 265–270.
https://doi.org/10.1016/0304-3940(82)
90382-2.

42. Taniguchi, H., He, M., Wu, P., Kim, S., Paik, R.,
Sugino, K., Kvitsiani, D., Fu, Y., Lu, J., Lin, Y.,
et al. (2011). A resource of cre driver lines for
genetic targeting of GABAergic neurons in
cerebral cortex. Neuron 71, 995–1013.
https://doi.org/10.1016/j.neuron.2011.
07.026.

43. Boyarsky, G., Ganz, M.B., Sterzel, R.B., and
Boron, W.F. (1988). pH regulation in single
glomerular mesangial cells. I. Acid extrusion
in absence and presence of HCO3-. Am. J.
Physiol. 255, C844–C856. https://doi.org/10.
1152/ajpcell.1988.255.6.C844.

44. Grynkiewicz, G., Poenie, M., and Tsien, R.Y.
(1985). A new generation of Ca2+
indicators with greatly improved
fluorescence properties. J. Biol. Chem. 260,
3440–3450.

45. Ilie, A., Raimondo, J.V., and Akerman, C.J.
(2012). Adenosine release during seizures
attenuates GABAA receptor-mediated
depolarization. J. Neurosci. 32, 5321–5332.
https://doi.org/10.1523/JNEUROSCI.5412-
11.2012.

46. Raimondo, J.V., Irkle, A., Wefelmeyer, W.,
Newey, S.E., and Akerman, C.J. (2012).
Genetically encoded proton sensors reveal
activity-dependent pH changes in neurons.
Front. Mol. Neurosci. 5, 68. https://doi.org/
10.3389/fnmol.2012.00068.

47. Caspers, H., and Speckmann, E.-J. (1972).
Cerebral pO2, pCO2 and pH: changes during
convulsive activity and their significance for
spontaneous arrest of seizures. Epilepsia 13,
699–725. https://doi.org/10.1111/j.1528-
1157.1972.tb04403.x.

48. Raimondo, J.V., Burman, R.J., Katz, A.A., and
Akerman, C.J. (2015). Ion dynamics during
seizures. Front. Cell. Neurosci. 9, 419. https://
doi.org/10.3389/fncel.2015.00419.

49. Lillis, K.P., Wang, Z., Mail, M., Zhao, G.Q.,
Berdichevsky, Y., Bacskai, B., and Staley, K.J.
(2015). Evolution of network synchronization
during early epileptogenesis parallels
synaptic circuit alterations. J. Neurosci. 35,
9920–9934. https://doi.org/10.1523/
JNEUROSCI.4007-14.2015.

50. C�alin, A., Ilie, A.S., and Akerman, C.J. (2021).
Disrupting epileptiform activity by
preventing parvalbumin interneuron
depolarization block. J. Neurosci. 41, 9452–
9465. https://doi.org/10.1523/JNEUROSCI.
1002-20.2021.

51. Rivera, C., Voipio, J., Payne, J.A., Ruusuvuori,
E., Lahtinen, H., Lamsa, K., Pirvola, U.,
Saarma, M., and Kaila, K. (1999). The K+/Cl-
co-transporter KCC2 renders GABA
hyperpolarizing during neuronal maturation.
Nature 397, 251–255. https://doi.org/10.
1038/16697.

52. Doyon, N., Vinay, L., Prescott, S.A., and De
Koninck, Y. (2016). Chloride regulation: a
dynamic equilibrium crucial for synaptic
inhibition. Neuron 89, 1157–1172. https://doi.
org/10.1016/j.neuron.2016.02.030.

53. Glykys, J., Dzhala, V., Egawa, K., Balena, T.,
Saponjian, Y., Kuchibhotla, K.V., Bacskai, B.J.,
Kahle, K.T., Zeuthen, T., and Staley, K.J.
(2014). Local impermeant anions establish the
neuronal chloride concentration. Science
343, 670–675. https://doi.org/10.1126/
science.1245423.
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Experimental Models: Cell Lines

HEK293 cells Sigma-Aldrich (USA) Cat#85120602

Experimental Models: Organisms/Strains

Mouse: PV-Cre: B6; 129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory (USA) RRID:IMSR_JAX:008069

Mouse: SST-IRES-Cre: Ssttm2.1(cre)Zjh/J The Jackson Laboratory (USA) RRID:IMSR_JAX:013044

Mouse: VIP-IRES-Cre: Viptm1(cre)Zjh/J The Jackson Laboratory (USA) RRID:IMSR_JAX:010908

Mouse: CamK2a-Cre: Tg(Camk2a-cre)T29-1Stl/J The Jackson Laboratory (USA) RRID:IMSR_JAX:005359

Mouse: C57BL/6J: C57BL/6J The Jackson Laboratory (USA) RRID:IMSR_JAX:000664

Recombinant DNA

ClopHensorN plasmid Addgene Cat#50758

floxed ClopHensorN plasmid Addgene Cat#193728

Software and Algorithms

MATLAB Mathworks (USA) R2017b

GraphPad Prism GraphPad Software (USA) v6.01

CorelDraw Corel Corporation (USA) X6
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Colin J. Akerman (colin.akerman@pharm.ox.ac.uk).
Materials availability

The plasmid generated in this study has been deposited to Addgene (https://www.addgene.org) as

plasmid # 193728.

Data and code availability

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

- This paper does not report original code.
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- 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

Preparation of organotypic hippocampal brain slices

All animal work was carried out in accordance with the Animals (Scientific Procedures) Act, 1986 (UK).

Organotypic hippocampal brain slices, referred to as ‘brain slices’ or ‘slices’, were prepared from 5 to

7 day-old male and female transgenic mice,78 and matured in culture for 3 weeks before being used for

experiments. Slices from both sexes contributed to each experimental condition. Previous work has estab-

lished that hippocampal organotypic slices retain fundamental features of the hippocampal circuit,

including appropriate distributions of interneurons and distinct subcellular targeting of pyramidal neu-

rons.34,36–38 At the stages studied here, glutamatergic and GABAergic synaptic transmission, including

chloride homeostasis, have been shown to be mature.36,37,45 Mice were either heterozygous or homozy-

gous PV-Cre mice (B6; 129P2-Pvalbtm1(cre)Arbr/J), SST-IRES-Cre mice (Ssttm2.1(cre)Zjh/J), VIP-IRES-Cre mice

(Viptm1(cre)Zjh/J), or CamK2a-Cre mice (Tg(Camk2a-cre)T29-1Stl/J) purchased from The Jackson Laboratory

(USA). We did not observe differences in expression levels when delivering floxed ClopHensorN to slices

from heterozygous or homozygous mice. Heterozygous mice were produced by crossing homozygous an-

imals of the above Cre-expressing lines with C57BL/6J mice.

All reagents were purchased from Sigma-Aldrich (USA), unless stated otherwise. The whole brain was ex-

tracted and transferred into cold (4�C) dissection media containing Earle’s Balanced Salt Solution with

CaCl2 and MgSO4 (Thermo Fisher Scientific, UK), supplemented with 25.5 mM HEPES, 36.5 mM

D-glucose and 5 mM NaOH. The hemispheres were separated, and the individual hippocampi were

dissected and immediately sectioned into 400-mm-thick slices on a McIlwain tissue chopper (Mickle, UK).

Slices from the middle (anterior-posterior) region of the hippocampus with clearly intact architecture

were selected, and cold dissectionmedia was then used to rinse slices before placing the slices onto sterile,

porous Millicell-CM membranes. Slices were maintained in media containing 78.8% (v/v) Minimum Essen-

tial Media with GlutaMAX-I (Thermo Fisher Scientific), 20% (v/v) heat-inactivated horse serum (Thermo

Fisher Scientific), 1% (v/v) B27 (Thermo Fisher Scientific), 30 mM HEPES, 26 mM D-glucose, 5.8 mM

NaHCO3, 1 mM CaCl2, 2 mM MgSO4$7H2O. Brain slices were incubated at 35.5–36�C in a 5% CO2 humid-

ified incubator.

METHOD DETAILS

Generating the floxed ClopHensorN construct

Floxed ClopHensorN was generated by subcloning the inverted sequence of ClopHensorN into the

backbone of a double-floxed plasmid called ‘pAAV-EF1a-double floxed-hChR2(H134R)-mCherry-

WPRE-HGHpA’, which was a gift from Karl Deisseroth (Addgene plasmid # 20297; https://www.

addgene.org/20297; RRID:Addgene_20297). The resulting floxed ClopHensorN was under the control of

an elongation factor 1a (EF-1a) promoter, a Woodchuck hepatitis virus posttranscriptional regulatory

element (WPRE), and a polyadenylation termination sequence. The 22 amino acid linker from the original

ClopHensor construct was maintained.26 We called the resulting construct ‘pAAV-EF1a-double floxed-

ClopHensorN-WPRE-HGHpA’ and havemade this floxed version of ClopHensorN available to the scientific

community via Addgene (https://www.addgene.org) as plasmid # 193728. High titer adeno-associated vi-

rus (AAV;�1012 IU/mL) was then made by packaging the floxed ClopHensorN construct into AAV serotype

8 at the University of North Carolina Gene Therapy Center Vector Core (USA).

Viral transduction of brain slices

Organotypic hippocampal brain slices afford efficient delivery of genetic constructs via visually guided AAV

injections. Brain slices were transduced after 3–5 days in culture by injecting AAV particles (mixed with 1%

w/v fast green for visualization) into 5–10 locations along the pyramidal cell layer of the hippocampus, to

deliver�250 nL per slice. Fine injection pipettes were pulled from glass capillaries (1.2 mm outer diameter,

0.69 mm inner diameter; Warner Instruments) using a horizontal puller (Sutter P-97, USA). Pipettes were

mounted on a manual manipulator (Narishige, Japan) and monitored under a microscope (Leica S6E, Ger-

many) coupled with an external fiber optic light source (Photonic Leica CLS 100X, Germany). A Picospritzer

II system (General Valve, Germany) delivered controlled pressure pulses (5-to-10 psi for 1 s) to facilitate slow

diffusion of the viral solution into the tissue. Previous work established that this transduction protocol
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produces good specificity and efficiency in targeting different Cre-expressing interneuron populations.34

Feeding media was supplemented with 1% (v/v) antibiotic and antimycotic solution (with 10,000 units peni-

cillin, 10 mg streptomycin and 25 mg amphotericin B per mL) for up to two feeding sessions after injection.

Electrophysiological recordings and epileptiform activity

Brain slices were gently transferred to a submerged recording chamber by cutting and handling the porous

membrane to which the slice was attached. The slice was stabilized by attaching the membrane to the

recording chamber using glisseal. The chamber was continuously superfused with artificial cerebrospinal

fluid (aCSF) containing (in mM): NaCl (120), KCl (3), MgCl2 (0–1.5), CaCl2 (2-to-3), NaH2PO4 (1.2),

NaHCO3 (23), D-glucose (11) and ascorbic acid (0.2) and maintained at 28�C. Osmolarity was adjusted to

290 mOsm and pH was adjusted to 7.36 with NaOH. Oxygen and pH levels were stabilized by bubbling

the aCSF with 95% O2 and 5% CO2. At this stage, slices were approximately 200-250 mm thick and

confirmed as having clear architecture (dentate gyrus, defined pyramidal neuron layer extending from

CA1 to CA3), with neurons at the surface of the slice. Neurons were visualized under transmitted or epifluor-

escence light using 103 and 603 water-immersion microscope objectives and appropriate filter cubes

(Olympus BX51WI, Japan) and targeted for single or dual-patch whole-cell recordings. Patch pipettes of

4–9 MU tip resistance were pulled from filamental borosilicate glass capillaries with an outer diameter of

1.2 mm and an inner diameter of 0.69 mm (Warner Instruments, USA), using a horizontal puller (Sutter

P-97, USA), and filled with a K-gluconate internal solution (134 mM K-gluconate, 2 mM NaCl, 10 mM

HEPES, 2 mM Na2ATP, 0.3 mM NaGTP, 2 mM MgATP), which had been prepared to a pH of 7.36 using

KOH, and an osmolarity of 290 mOsm. Before use, internal solution was filtered with a 0.22 mm syringe filter

(Merck Millipore, USA). Pipettes were mounted to a headstage (CV-7b, Molecular Devices, USA) and

controlled via a Multiclamp 700B amplifier (Molecular Devices, USA). Recordings were low-pass filtered on-

line at 2 kHz (8-pole Bessel), acquired using Clampex software (pClamp 10, Molecular Devices, USA), and

exported into MATLAB (R2017a, Mathworks, USA) for offline analysis using custom scripts.

Organotypic hippocampal brain slices have been used as an experimentally accessible model of temporal

lobe epilepsy because whenmaintained in culture, the slices exhibit EDs, reminiscent of epileptogenesis in

post-traumatic epilepsy.33,49 EDs were detected via membrane potential recordings from pyramidal neu-

rons, and recordings typically lasted �30 min in order to acquire simultaneous imaging and electrophysi-

ological data across multiple EDs. The EDs were characterized as large ictal-like discharges, interspersed

by periods of relative network quiescence, with no evidence of interictal-like activity. The median duration

of EDs was 79.51 s (IQR [35.94 to 218.31]), and the median ED frequency was 5.44 events/hour (IQR [2.3 to

17.06]). Baseline measurements were made during quiescent periods where there were no EDs. An auto-

mated detection algorithm was used to identify the start and end of individual EDs. Traces were down-

sampled to 1 kHz and then band-pass filtered (typically 0.05-to-0.2 Hz) using a Bessel filter (second order).

The signal was corrected for the rise time of the filter and then rectified, thresholded and binarized.

ClopHensorN imaging of intracellular chloride and pH

All ClopHensorN imaging and calibration was performed using a Zeiss LSM 880 confocal microscope, via a

203 water-immersion objective (W Plan-Apochromat, NA 1.0), and controlled via ZEN software (Zeiss).

ClopHensorN was used as a ratiometric probe and excited at 561 nm using a diode-pumped solid-state

laser, and at 458 nm and 488 nm using separate lines of the same argon laser. When exciting

ClopHensorN at 561 nm, emitted fluorescence was collected by a photomultiplier tube (PMT) in the

635–700 nm range.When exciting ClopHensorN at 458 nm and 488 nm, emitted fluorescence was collected

by a high sensitivity gallium arsenide phosphide PMT (GaAsP-PMT) in the 500–550 nm range. ClopHensorN

is a fusion protein comprising the pH and chloride sensitive E2GFP, which is linked to the pH and chloride

insensitive tdTomato.26,27 E2GFP has an isosbestic point for pH at 458 nm, meaning that emission is stable

regardless of pH.26 By applying the calibration curves in Figure 2, the ratio of emitted fluorescence under

458 nm and 561 nm excitation was used to estimate chloride concentration, and the ratio of emitted

fluorescence under 488 nm and 458 nm excitation was used to measure pH.26,27 Optical zoom was used

so typically only one ClopHensorN-expressing neuron was located within the field of view and the soma

was maintained at the same focal plane for the duration of the recording. Fluorescence was always

collected over the soma and background fluorescence was subtracted. Data was then exported and pro-

cessed using custom MATLAB scripts. Under- and over-exposure thresholds were used to exclude regions

that had low signal-to-noise ratio, or were overexposed. This ensured comparable levels of ClopHensorN

expression across the different neuronal populations. Bleaching correction was performed separately for
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each wavelength by fitting exponential decay or polynomial functions to approximate the bleaching rate.

Following bleaching correction, the pH (F488/F458) and chloride (F458/F561) ratios were calculated and used

to infer the pH and chloride concentration according to the calibration curves. pH ratios were considered if

they fell within the range of the pH calibration curve. Chloride ratios were included if they were above the

minimum ratio of the chloride calibration curve range for the corresponding inferred pH.

ClopHensorN calibration

ClopHensorN calibration was performed as previously described26,27,43 using HEK293 cells expressing

ClopHensorN (Addgene plasmid # 50758), which enabled us to make rapid extracellular solution changes.

Intracellular and extracellular pH and chloride concentration were equilibrated by using an ionophore

cocktail comprising the K+/H+ exchanger nigericin (20 mM), the Cl�/OH� exchanger tributyltin chloride

(40 mM), and the chloride ionophore I (1 mM), in high-K+ solutions of varying Cl� concentration and pH.

Cl� concentration was varied by mixing different proportions of two high-K+ solutions (in mM): (i) KCl

(143), CaCl2 (2), MgCl2 (4), HEPES free acid (20), D-glucose (10), NaH2PO4 (1.2), and (ii) K-gluconate

(143), Ca-gluconate (2), MgSO4 (4), HEPES free acid (20), D-glucose (10), NaH2PO4 (1.2). Separate calibra-

tion curves were obtained by monitoring the pH and chloride ratios while systematically changing the

extracellular pH or chloride concentration. As the calibration uses averaged measurements from cell

populations, individual estimates of intracellular chloride concentration can exhibit negative values. To

calibrate for pH, the intracellular pH was controlled by titrating KOH or HNO3 to the HEPES-based buffer

solution containing the ionophore cocktail described above. Following each pH adjustment, the intracel-

lular and extracellular compartments were left to equilibrate for at least 15 min before imaging

ClopHensorN. According to the Grynkiewicz equation,44 the formation of a 1:1 proton:ClopHensorN com-

plex would lead to the following relationship:

pHi = pKa + log

�
RpH � RA

RB � RpH

�
+ log

�
F458;A

F458;B

�

Where pHi is intracellular pH, pKa is the acid dissociation constant of ClopHensorN, RpH is the pH ratio, RA

and RB are the pH ratios for ClopHensorN in the most acidic and basic conditions, respectively, and F458;A
and F458;B represent the fluorescence of ClopHensorN when excited at 458 nm in its most acidic and basic

form, respectively. Given that the fluorescence of E2GFP does not change with pH when the fluorophore is

excited at 458 nm, the equation above can be simplified:

pHi = pKa + log

�
RpH � RA

RB � RpH

�

The calibration data were then fitted using this rearranged equation:

RpH =
RB 3 10pH�pKa +RA

1+ 10pH�pKa

For fitting this equation, the pH ratio data within one standard deviation of the mode for each pH value was

used. This allowed for pKa, RA and RB to be calculated. To calibrate for chloride, the intracellular chloride

concentration was controlled by systematically adjusting the extracellular pH and chloride concentration,

which was changed by using KCl to replace potassium gluconate from the HEPES-based buffer solution

containing the ionophore cocktail. According to the Grynkiewicz equation, the formation of a 1:1 chlo-

ride-ClopHensorN complex would result in the following relationship:

½Cl ��i = KCl�
d

�
pHi

�
3

 
RCl� � Rfree

Rbound

�
pHi

� � RCl�

!
3

�
F561;free

F561;bound

�

In this equation, ½Cl��i is the intracellular chloride concentration, KCl�
d ½pHi� is the chloride dissociation con-

stant that depends on pH, RCl � is the chloride ratio, Rfree is the chloride ratio of ClopHensorN in its chloride-

free form, Rbound½pHi� is the chloride ratio of ClopHensorN in its chloride-bound form and F561;free and

F561;bound represent the fluorescence of ClopHensorN when excited at 561 nm in its chloride-free and chlo-

ride-bound form, respectively. Given the fluorescence of tdTomato does not change with pH or chloride

when the fluorophore is excited at 561 nm, the equation above can be simplified as:

½Cl ��i = KCl�
d

�
pHi

�
3

 
RCl� � Rfree

Rbound

�
pHi

� � RCl�

!
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The calibration data were then fitted using the following rearranged equation:

RCl� =
½Cl ��i 3Rbound

�
pHi

�
+KCl�

d

�
pHi

�
3Rfree

KCl�
d

�
pHi

�
+ ½Cl ��i

Separate chloride calibrations were performed at different pH values, which allowed the calculation of

KCl�
d ½pHi�, Rfree and Rbound½pHi�. Rbound½pHi� was assumed to relate linearly with pH, and KCl�

d ½pHi� relates
with pH according to the relationship shown below:

KCl�
d

�
pHi

�
= 1KCl�

d 3

 
1+ 10pKa �pHi

10pKa �pHi

!

1KCl�
d represents the dissociation constant for chloride in the fully protonated form of ClopHensorN.
QUANTIFICATION AND STATISTICAL ANALYSIS

Digital signal processing and data presentation were performed using custom scripts in the MATLAB envi-

ronment (R2017b, Mathworks, USA). Figures were built using vector-based graphic design in CorelDraw

(X6, Corel Corporation, USA) and the statistical software GraphPad Prism (v6.01, GraphPad Software,

USA). Statistical tests are reported at the relevant points in the text, along with the number of observations

for each experiment, the test statistic, degrees of freedom, and the p value (GraphPad Prism; MATLAB).

Non-parametric tests were used when the data were not normally distributed. Appropriate post-hoc tests

were used when ANOVA tests confirmed a statistically significant effect. Pearson correlations were used to

determine the degree of correlation between the membrane potentials of pairs of neurons.
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