Neuron

SST interneurons facilitate dendritic calcium
signaling via tonic activation of «5-GABA receptors

Highlights
® SST interneurons induce tonic activation of a5 GABA
receptors in cortical dendrites

® Tonic GABA enhances the opening of voltage-gated calcium
channels during dendritic activity

@ Tonic GABAergic enhancement of dendritic calcium
facilitates synaptic plasticity

Chiu et al., 2026, Neuron 7174, 1-11

September 16, 2026 © 2026 The Authors. Published by Elsevier Inc.

https://doi.org/10.1016/j.neuron.2026.04.017

Authors

Chiayu Q. Chiu, Thomas M. Morse,
Karima AitOuares, ...,
Maria-Clemencia Hernandez,
Monika Jadi, Michael J. Higley

Correspondence
m.higley@yale.edu

In brief

Chiu et al. found that activation of SST-
expressing interneurons induces tonic
currents through dendritic a5-containing
GABA receptors in pyramidal neurons of
the neocortex. Tonic GABAergic
hyperpolarization deinactivates dendritic
voltage-gated calcium channels,
enhancing calcium influx during action
potentials. Increased dendritic calcium
signaling facilitates calcium- and
endocannabinoid-dependent inhibitory
synaptic plasticity.

¢? CellPress


mailto:m.higley@yale.edu
https://doi.org/10.1016/j.neuron.2026.04.017

(2026), https://doi.org/10.1016/j.neuron.2026.04.017

Please cite this article in press as: Chiu et al., SST interneurons facilitate dendritic calcium signaling via tonic activation of a5-GABA receptors, Neuron

Neuron

¢? CellPress

OPEN ACCESS

SST interneurons facilitate dendritic calcium
signaling via tonic activation

of «5-GABA receptors

Chiayu Q. Chiu,"-* Thomas M. Morse,"-> Karima AitOuares,’ Lauren C. Panzera,' Paras A. Patel,’ Francesca Nani,?
Frederic Knoflach,? Maria-Clemencia Hernandez,?> Monika Jadi,® and Michael J. Higley'-3-4.6:*

Department of Neuroscience, Yale University, New Haven, CT, USA

2Roche Pharmaceutical Research and Early Development, Neuroscience and Rare Diseases (NRD), Roche Innovation Center, Basel,

Switzerland
3Department of Psychiatry, Yale University, New Haven, CT, USA

4Department of Biomedical Engineering, Yale University, New Haven, CT, USA

5These authors contributed equally

SLead contact

*Correspondence: m.higley@yale.edu
https://doi.org/10.1016/j.neuron.2026.04.017

SUMMARY

Brain activity is highly regulated by GABAergic activity, which can suppress neuronal excitability and synap-
tic integration. Tonic GABAergic conductances mediated by distinct receptor subtypes can also inhibit neu-
ral activity, although the consequences for dendritic calcium signaling are unclear. Here, we use 2-photon
calcium imaging both ex vivo and in awake mice to show that a5-GABA,Rs mediate tonic currents in cortical
pyramidal neurons that paradoxically enhance action potential-evoked dendritic calcium influx. Experimental
and computational data indicate that the increased calcium influx arises via deinactivation of low-threshold
voltage-gated channels. Tonic a5-mediated GABAergic currents and dendritic calcium signals are both
enhanced by optogenetic activation of somatostatin-expressing interneurons (SST-INs). In addition, a5-
mediated GABAergic facilitation of postsynaptic calcium signaling modulates the short-term plasticity of
GABAergic transmission at SST-IN synapses. Our results demonstrate unexpected diversity in the function
of both SST-INs and GABAergic signaling to influence dendritic activity and synaptic transmission in the

cortex.

INTRODUCTION

Neuronal activity in the mammalian brain is strongly shaped by
GABAergic signaling, which is mediated by the release of
GABA from local interneurons and the subsequent binding to
both ionotropic type-A receptors (GABAsRs) and metabotropic
type-B receptors.’? Broadly, the function of GABAergic trans-
mission, and thus GABAergic interneurons, is thought to be
inhibitory, providing a brake on neuronal activity."** For
example, somatic GABAergic inhibition via fast-spiking, parval-
bumin-expressing interneurons can regulate the timing and
magnitude of action potential (AP) generation,®” while inhibition
from somatostatin-expressing interneurons (SST-INs) can shape
synaptic integration and calcium signaling in target den-
drites.®'° Indeed, these suppressive influences on dendritic cal-
cium are suggested to be critical modulators of synaptic
plasticity.'"'?

In addition to synaptic transmission, GABA can evoke a tonic
membrane conductance, which is mediated through GABAARs
with a subunit composition potentially distinct from that of

their synaptic counterparts.”'®'® In the hippocampus and
neocortex, o4, -5, -6, and & subunits located extrasynaptically
have been most closely linked to tonic GABAergic conduc-
tances, contrasting with a1, -2, and y subunits at conventional
synaptic locations.’'®"” The source of GABA-activating tonic
currents is only partially understood. Prior evidence from hippo-
campal recordings suggested that GABA released from the
same interneurons that mediate synaptic transmission could
also support tonic currents,® although the specific interneuron
subpopulations contributing to tonic signaling remain unknown.
Tonic current through GABAsRs may also be inhibitory, sup-
pressing neuronal output by hyperpolarizing the membrane po-
tential, reducing dendritic propagation of APs, and shunting
the integration of synaptic inputs.”'®'"'°29 However, there
are suggestions that tonic GABA may paradoxically increase
neuronal excitability via complex interactions with voltage-gated
channels,”®?" providing competing narratives for the role of
GABAergic transmission in shaping neuronal activity. Overall,
the relationships between interneuron subpopulations, GABA re-
ceptor subtypes, and dendritic calcium signaling are not well

Neuron 774, 1-11, September 16, 2026 © 2026 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:m.higley@yale.edu
https://doi.org/10.1016/j.neuron.2026.04.017

(2026), https://doi.org/10.1016/j.neuron.2026.04.017

Please cite this article in press as: Chiu et al., SST interneurons facilitate dendritic calcium signaling via tonic activation of a5-GABA receptors, Neuron

¢? CellPress

OPEN ACCESS

3007 ** ¥
* * @
e O .
i 8200 .
fve 3 [ 1
e 210018 —‘—!-
L] I3 L]
‘» s °
e % o AR
S T
et vc?(a" X
& s
Baseline Baseline
Gbz ACSF
[1% AGIR
50 ms
G H ) .
Baseline Baseline 150 mSpine = Shaft
RoNAM RoPAM 7&7 .' kk kk kk Kk kk 3
= 2.
[ .
L
@ IR A b
= T IR
~ 50 2 ] .
+ . .
> :
|2% AGIR S I
50 ms
O%<< i 3%0\0@\\ & QV“@ Q‘?Q
NG €

Figure 1. Tonic GABAergic signaling enhances action potential-
evoked dendritic calcium transients

(A) Representative voltage-clamp recordings before (black) and after (red)
flow-in of 10 uM gabazine (Gbz).

(B) Example histogram of current values during a 3-s recording under control
(black) and post-Gbz (red) conditions. Thin lines show the corresponding one-
sided Gaussian curve-fits for identifying phasic and tonic currents. The difference
in Gaussian peak locations indicates change in tonic current after Gbz application.
(C) Population data (mean and values for individual cells) showing change
in currents induced by control ACSF, Gbz, TB21007 (TB), RO4938581
(RoNAM), and RO7015738 (RoPAM). (Left) Change in tonic holding current.
(Right) Change in phasic current measured as area under the curve (AUC). *
indicates p < 0.05 relative to baseline, by Wilcoxon matched-pairs test.
(D) Representative image showing the recording configuration. Layer 2/3 PNs
from the mouse prefrontal cortex were filled through the patch pipette with Alexa
Fluor 594 and Fluo 5F and imaged using 2-photon laser-scanning microscopy
(left). Somatic APs were evoked via somatic current injection, producing brief
dendritic calcium transients in spines and neighboring shafts (dashed line in-
dicates line-scan), which are visible as a rise in green fluorescent signal (right).
(E) Average AP waveform under baseline conditions (black) and after flow-in of
Gbz (red).

(F) Average AP-evoked spine ACa®" under baseline conditions (black) and
after flow-in of Gbz (red, left traces) or ACSF (gray, right traces). Lines and
shaded regions indicate mean + SEM.

(G) Average AP-evoked spine ACa2* under baseline conditions (black) and
after flow-in of RoONAM (left, green) or RoPAM (right, purple). Lines and shaded
regions indicate mean + SEM.

(H) Population data (mean and values for individual spines and dendrites)
showing change in ACa®* induced by flow-in of ACSF, Gbz, Gbz at 32°C,
20 nM Gbz, picrotoxin (Ptx), RoNAM, or RoPAM. * indicates p < 0.05 relative to
baseline, by linear mixed-effects model.

See also Figure S1.

understood and may reflect diverse functions of GABAergic cir-
cuits in the cortex.

To further investigate how tonic GABAergic currents influence
dendritic function, we used 2-photon laser-scanning microscopy
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to monitor calcium signaling in apical dendrites of layer 2/3 pyra-
midal neurons (PNs) from the mouse cortex, both ex vivo and in
awake animals. We found the surprising result that GABA
released from SST-INs can evoke tonic current via activation of
extrasynaptic a5 subunit-containing receptors that facilitates
dendritic calcium influx due to deinactivation of low-threshold
voltage-gated calcium channels. Activation of a5-containing re-
ceptors also boosts dendritic calcium signals in vivo and en-
hances calcium- and cannabinoid-dependent short-term synap-
tic plasticity. These results contrast with earlier studies indicating
that synaptic transmission from SST-INs can strongly inhibit
dendritic calcium signaling,®'® suggesting that the functional
consequences of GABAergic inputs to PN dendrites may vary
depending on the dynamics of the signal (phasic versus tonic)
and the receptor subtypes engaged. Overall, our work highlights
a novel role for SST-INs and a5 subunit-containing receptors
in the neocortex and suggests new avenues for the exploration
of GABAergic control of neuronal activity in both health and
disease.

RESULTS

To investigate the role of GABAergic signaling, we first per-
formed whole-cell recordings from layer 2/3 PNs in acute slices
of mouse frontal cortex. Adapting a method developed by Glykys
and Mody,'® we first measured holding currents using a high-
chloride internal solution and in the presence of glutamate recep-
tor blockers, followed by application of the GABAAR antagonist
gabazine (Figure 1A). Under baseline conditions, the distribution
of current values was approximately Gaussian with a long left
tail, which is consistent with phasic synaptic currents superim-
posed on a steady tonic current. Gabazine eliminated the phasic
events and caused a shift in the mean holding current from
—211.0 pA to —178.0 pA (Figures 1B and 1C), with the shift
providing a metric of the cell’s baseline tonic GABA current.
We repeated similar experiments using the application of
either gabazine or agents targeting specific subpopulations of
GABAARs. Gabazine caused a significant change in the tonic
current (Wilcoxon test, n = 10 cells, p = 0.002; Figure 1C).
Consistent with prior work suggesting a role for a5 subunit-con-
taining GABAARs in mediating tonic currents in cortical neu-
rons,'®?? the negative allosteric modulators of a5-GABARs
TB21007 and R04938581 (RoONAM)?* also significantly reduced
the tonic membrane current (Wilcoxon matched-pairs test;
TB21007, n = 6 cells, p = 0.0312; RoNAM, n = 10 cells, p =
0.0059; Figure 1C). Moreover, application of a novel positive allo-
steric modulator RO7015738 (RoPAM) of a5-GABAARS
(Figure S1) significantly increased the tonic membrane current
(Wilcoxon matched-pairs test, n = 11 cells, p = 0.0049,
Figure 1C). Gabazine also completely abolished phasic events,
measured as the area under the curve (Wilcoxon matched-pairs
test; n = 10, p = 0.002). In addition, application of RoONAM and
RoPAM produced opposite significant changes in the magnitude
of the phasic events (Wilcoxon matched-pairs test; RoNAM, n =
10 cells, p = 0.002; RoPAM, n = 11 cells, p = 0.0186). Control ex-
periments applying artificial cerebrospinal fluid (ACSF) did not
cause a significant change in either tonic or phasic currents (Wil-
coxon matched-pairs test; n = 6 cells, p = 0.8438 and 0.6875,
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respectively). These results indicate that cortical layer 2/3 PNs
exhibit spontaneous tonic and phasic GABAergic currents,
which are mediated at least partly by a5-containing receptors.

To determine the impact of these currents on dendritic calcium
signaling, we filled cells through the patch pipette with internal
solution containing a physiological concentration of chloride,®
the structural indicator Alexa Fluor 594, and the calcium indicator
Fluo 5F and imaged apical dendrites using 2-photon microscopy
(Figure 1D). Somatic APs that propagated into the dendritic arbor
were evoked using brief current injection (1-2 ms, 1-2 nA), and
the resulting calcium transients were visualized in single den-
dritic spines and neighboring dendritic shafts (Figures 1D-1F).
Following application of gabazine, we observed a substantial
reduction in the magnitude of the AP-evoked calcium transient
for both dendritic spines (ACa®*, Figures 1F and S1) and neigh-
boring dendritic shafts (Figure 1H). This reduction in ACa%* was
not caused by rundown, as control experiments applying ACSF
did not produce a change in transient amplitude (Figures 1F and
1H). Relative to the pre-drug baseline, 10 uM gabazine (linear
mixed-effects model [LME], n = 17 spine/dendrite pairs, p =
0.0002/p = 9.8172e—07), but not ACSF (LME, n = 12 spine/
dendrite pairs, p = 0.3605/p = 0.5345) produced a significant
reduction in ACa®* (Figure 1H). We observed similar results
when experiments were carried out at near-physiological tem-
perature (LME, n = 8 spine/dendrite pairs, p = 0.0002/p =
0.0008) and with the distinct GABAAR blocker picrotoxin (LME,
n = 13 spine/dendrite pairs, p = 0.000002/p = 0.0001;
Figure 1H). In addition, nanomolar concentrations of gabazine
also reduced ACa®* (LME, n = 8 spine/dendrite pairs, p =
0.0052/p = 0.0005; Figure 1H). Overall, the magnitudes of
calcium signals in spines and dendritic shafts were highly
correlated, both before and after drug application (Spearman’s
R = 0.7267, p < 0.0001; Figure S1), suggesting that similar
mechanisms shape activity in both compartments. Application
of ACSF, gabazine, or picrotoxin did not produce significant
changes in either the input resistance or membrane potential
measured at the cell body (Figure S1), suggesting a tonic
GABAergic conductance electrotonically distant from the
soma. In addition, these experiments revealed no change in
the somatic action potential width, amplitude, or peak mem-
brane potential (Figures 1E and S1).

Our whole-cell data suggested a contribution of a5-containing
receptors to tonic GABA currents, so we next asked whether
dendritic calcium signals were specifically altered by modulation
of these receptors. Indeed, the application of RoONAM produced
a significant reduction in ACa?* (LME, n = 7 spine/dendrite pairs,
p = 0.0091/p = 0.0127), while the application of RoPAM pro-
duced a significant increase in ACa®* for dendritic spines
(LME, n =7, p = 0.0029) though not dendritic shafts (LME, n =
7,p = 0.0987, Figures 1G and 1H). Neither RoONAM nor RoPAM
produced changes in somatic input resistance, membrane po-
tential, or AP waveform (Figure S1). Furthermore, RoNAM and
RoPAM did not produce significant changes in ACa®* when
applied after gabazine, suggesting that they do not exert
non-GABAergic effects on dendritic signaling (Figure S1). Over-
all, these combined results indicate that tonic GABAergic cur-
rents mediated by a5-containing receptors serve to enhance
AP-evoked dendritic calcium influx.
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To explore the biophysical mechanisms mediating this
paradoxical GABAergic enhancement of dendritic calcium
signaling and generate experimentally testable hypotheses, we
simulated a biophysically realistic layer 2/3 PN (Figures 2A and
S2). Reflecting the expression of diverse voltage-gated calcium
channels in cortical neurons, we included both high-threshold
(“HVA,” N/P/Q/R-like) and low-threshold (“LVA,” T-like) conduc-
tances. These channel types differ in the dependence of their
activation and inactivation dynamics on membrane voltage
(Figure S2). We also simulated a tonic GABAergic conductance
uniformly distributed in the cell membrane with a reversal poten-
tial of —75 mV, which is similar to published data from somatic
perforated patch recordings in these cells.®

Under control conditions (tonic GABA conductance intact), a
somatic AP evoked by current injection propagated through
the apical dendrites, producing calcium influx through both
HVA and LVA channels (Figure 2A). We then modeled our gaba-
zine experiments by repeating the simulation after removing the
tonic GABA conductance. As with the experimental data, this
manipulation led to a reduction in calcium influx throughout the
dendritic arbor that was primarily driven by decreased LVA-
type channel opening following substantial channel inactivation
at rest (Figure 2A). Model data revealed a depolarization of the
dendritic membrane potential following removal of the tonic
GABAergic input (Figure S2). The left-shifted voltage-dependent
inactivation curve of the LVA-type channels explained the
greater fold-change in their opening versus HVA-type channels
(Figure S2) and vyielded substantially more reduction in ACa?*
for models that included only LVA- versus HVA-type channels
(Figures 2C and S2).

Exploration of model parameters revealed that the reduction in
ACa?* following removal of the tonic GABA conductance was
enhanced for more distal dendritic compartments and also for
somatic depolarization induced by somatic current injection
(Figure 2B). In addition, we found that shifting the voltage depen-
dence of LVA channel inactivation (but not activation) to more
depolarized potentials dramatically lessened the amount of
ACa®* reduction (Figures 2C and S2). Finally, we found that the
change in dendritic ACa®* was not altered by varying the magni-
tude of current injection used to evoke the AP (Figure S2). Thus,
our model results generate multiple clear hypotheses that mem-
brane depolarization, dendritic distance, and involvement of
LVA-type calcium channels are critical factors influencing the
tonic GABAergic control of dendritic calcium signals.

We next sought to test these hypotheses with additional exper-
imental recordings. First, we measured ACa?* in dendritic spines
while adjusting the somatic membrane potential via current injec-
tion, finding that depolarization induced a significant reduction in
AP-evoked calcium influx (Spearman’s R = —0.6461, n = 6 spines,
p = 0.0006, Figure 2D). We then measured the effect of gabazine
on spine ACa?* as a function of distance from the cell body,
finding significantly greater reduction for more distal locations
(Spearman’s R = —0.4979, n = 24 spines, p = 0.0133,
Figure 2D). We then examined the sensitivity of distinct voltage-
gated calcium channel populations to GABAergic influence.
Consistent with earlier work in hippocampal PNs, striatal medium
spiny neurons, and layer 5 PNs,?*~2® we found that both HVA- and
LVA-type channels contribute similarly to AP-evoked calcium
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Figure 2. Tonic GABAergic signaling deinactivates dendritic low-
threshold voltage-gated calcium channels

(A) Computational modeling data illustrating dendritic voltage (Vy),
calcium current (lca24), high- and low-threshold calcium channel
conductance (gnva, diva), and low-threshold channel activation and inac-
tivation fraction (mya, hLva) in response to a somatic AP under control
conditions (black) and following elimination of tonic GABA conduc-
tance (red).

(B) Heatmap of model data showing change in ACa?* relative to baseline as a
function of dendritic location (distance from soma) and somatic membrane
potential caused by removal of the tonic GABA conductance.

(C) Model data showing change in ACa®" relative to baseline (200 um location)
after removal of tonic GABA, for varying shifts in the LVA voltage-dependent
inactivation curve. Data are for models including only HVA (light blue) or LVA
(dark blue) channels.

(D) (Upper graph) Experimental population data (mean values for individual
spines) showing the magnitude of ACa®* for different values of somatic
membrane voltage adjusted via intracellular current injection (top). Numbers
indicate fractional change in ACa®* for each 10-mV step. (Lower graph)
Experimental population data (values for individual spines) showing change
in ACa®* induced by flow-in of Gbz as a function of dendritic distance from
the soma. Dashed line is the linear fit of the values of individual spines.

(E) Average AP-evoked spine calcium transients before (blue) and after
(red) application of Gbz. Data are shown for pre-incubation with HVA (left)
or LVA (right) channel blockers. Lines and shaded regions indicate
mean + SEM.

(F) Population data (mean and values for individual spines) showing change in
ACa?* induced by flow-in of Gbz in the presence of ACSF, HVA-type calcium
blockade, or LVA-type channel blockade. * indicates p < 0.05 relative to
baseline, by linear mixed-effects model.

See also Figure S2.
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influx. Application of either a combination of N/P/Q- and L-type
(HVA) blockers (w-conotoxin MVIIC and nimodipine) or the
T-type (LVA) channel blocker TTA-A2 significantly reduced
ACa®* (Figure S2), suggesting similar contributions of both chan-
nel groups to dendritic calcium influx. We then compared the con-
sequences of applying gabazine to slices pre-treated with either
the HVA or LVA blockers. As above, gabazine applied to ACSF-
treated slices reduced calcium influx (LME, n = 9 spines, p =
0.0001, Figure 2F). After pre-incubation in o-conotoxin MVIIC
and nimodipine, gabazine also produced a significant reduction
in ACa2* (LME, n = 8 spines, p = 0.0001) that was modestly though
not significantly greater than ACSF-treated slices (LME; p =
0.1894, Figures 2E and 2F). In contrast, after pre-incubation in
TTA-A2, gabazine produced a reduction in ACa®* (LME, n = 7
spines, p = 0.023) that was significantly less than that seen in
the other two groups (LME; versus ACSF, p = 0.0108; versus
w-conotoxin MVIIC and nimodipine, p = 0.0091; Figures 2E and
2F). Further confirming the interaction of LVA-type channels and
membrane potential, we found that blocking T-type channels
by pre-incubation in TTA-A2 eliminated the voltage dependence
of dendritic ACa®* (Figure S2). Moreover, modest somatic hyper-
polarization (—14.15 + 2.54 mV) was sufficient to restore control
levels of ACa®* after application of gabazine (Figure S2). Thus,
our experimental data strongly support the hypotheses made
by our computational studies, indicating that the control of
membrane potential by tonic GABAergic currents can robustly
modulate dendritic calcium signals via interaction with T-type
(LVA) calcium channels.

The results above indicate that tonic GABAergic currents
mediated by a5-containing receptors can act to enhance den-
dritic calcium signaling in acute brain slice preparations. We
next carried out experiments to determine whether similar mech-
anisms can act in the awake brain. We used viral vectors to co-
express the green fluorescent calcium sensor GCaMP6s®” and
the red fluorescent calcium sensor jRCaMP1b?® in cortical layer
2/3 PNs and carried out multi-planar 2-photon imaging in awake,
head-fixed mice.?**° To simultaneously image dendritic and so-
matic dynamics, two differently tuned lasers were coupled into
the microscope objective. A 1,064-nm beam was focused to
layer 2/3, including PN cell bodies, while a 920-nm beam was
independently focused via an electrically tunable lens to a plane
within layer 1, including layer 2/3 PN apical dendrites (Figures 3A
and S3). This approach enabled us to monitor dendritic (green)
and somatic (red) activity at the same time (Figures 3B and
3C). To determine the role of a5-containing GABAAR-mediated
signaling on dendritic calcium signaling, we also implanted a
guide cannula near the imaging field and followed the same den-
dritic branches and cell bodies before and after the local infusion
of the a5-specific negative modulator TB21007 (Figures 3B and
3C). Similar to our ex vivo results, TB21007 induced a significant
reduction in the magnitude of calcium events measured in the
apical dendrites but did not alter the event rate (Wilcoxon
matched-pairs test; amplitude, n = 8 animals, p = 0.0078; inter-
val, n = 8 animals, p = 0.0547; Figure 3D), producing a left shift in
the cumulative distribution of dendritic event amplitudes
(Figure 3E). In contrast, local administration of TB21007 did not
alter either the amplitude or rate of events measured in the cell
body (Wilcoxon matched-pairs test; amplitude, n = 5 animals;
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Figure 3. Tonic GABAergic signaling suppresses dendritic calcium
signaling in vivo

(A) Schematic showing experimental in vivo setup for simultaneous two-color
dendritic and somatic calcium imaging with local pharmacological infusion.
(B) Example traces of somatic (black, dark red) and dendritic (gray, light red)
activity before and after local infusion of TB.

(C) Example fields of view showing dendritic GCaMP6s and somatic
jRCaMP1b imaging under baseline conditions and following local infusion of
TB. Imaging depth from the pial surface is indicated for each image.

(D) Population data (values for individual animals) showing magnitude (left) and
inter-event interval (right) of dendritic calcium transients before (black) and
after (red) local TB infusion. * indicates p < 0.05 relative to baseline, by Wil-
coxon matched-pairs test.

(E) Probability distribution of the magnitude of calcium transients in the den-
drites (left) and soma (right) before (black) and after (red) local TB infusion.
See also Figure S3.

p = 0.4375; interval, n = 5 animals, p = 0.6250; Figures 3D and
3E). Local administration of vehicle also did not alter either den-
dritic or somatic event amplitudes or rates (Figure S3). Finally, we
observed similar results for a separate set of experiments in
which TB21007 was systemically injected (Figure S3), suggest-
ing broad generalization of these findings. Overall, our results
indicate that in the awake brain, a5-containing GABAsRs can
act to enhance dendritic calcium signals with minimal impact
on neuronal firing rate.

The sources of GABA in the cortex that contribute to tonic
signaling are unknown, although work in the hippocampus sug-
gested that it may arise from local interneurons that also mediate
phasic inhibition.'® We previously found that SST-INs can exert
potent, fast inhibitory control over dendritic calcium signals in
layer 2/3 PNs.® Therefore, we reasoned that these cells may
also be well positioned to contribute to tonic GABA signaling in
the dendrites. To test this hypothesis, we used a viral vector to
express conditional, light-activated excitatory channelrhodop-
sin2 (ChR2) in SST-INs®*'*? and recorded postsynaptic currents
in PNs following a brief burst of light pulses (5 pulses, 50 Hz)
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delivered through the microscope objective (Figure 4A), consis-
tent with in vivo recordings of SST-IN activity.*® We quantified
the tonic current evoked by SST-IN activation in a window either
300-400 ms or 650-750 ms following stimulus onset, a period
that falls outside the decay of individual light-evoked synaptic
currents (Figure 4A), suggesting a predominance of tonic versus
phasic signals. We found that activation of SST-INs reliably
induced a tonic current that was significant compared with base-
line and decayed with time (Wilcoxon matched-pairs t test; n =9
cells; p =0.0039 and p = 0.0195 for Postzgg and Postgsg windows
versus baseline, respectively; p = 0.0039 for Postzgy versus
Postgso; Figure 4B). We also obtained similar results using a
longer train of SST-IN stimulation in a distinct cohort of experi-
ments (20 pulses, 20 Hz; Figure S4).

We next characterized the pharmacological profile of the
SST-IN-evoked currents. Similar to whole-cell currents, applica-
tion of RONAM induced a significant reduction in the magnitude
of the evoked tonic current (Wilcoxon matched-pairs t test,n =7
cells, p = 0.0156, Figure 4C). Consistent with this finding, appli-
cation of RoNAM, RoPAM, TB21007, and low-concentration ga-
bazine also significantly altered currents evoked by stronger
SST-IN stimulation (Figure S4). In contrast, neither RoONAM nor
RoPAM significantly altered the amplitude of phasic induced
pluripotent stem cells (IPSCs) evoked by SST-IN stimulation,
suggesting different complements of receptor subtypes for tonic
and phasic currents. Importantly, we found that neither RoONAM
nor RoPAM application significantly altered the spontaneous
firing rate of SST-INs (Figure S4).

Prior studies suggest that a5-containing receptors mediating
tonic currents are located primarily extrasynaptically, where
they may be exposed to lower concentrations of GABA than syn-
aptic pools of receptors.>* To explore this possibility, we took
advantage of the low-affinity GABAAR antagonist (1,2,5,6-tetra-
hydropyridin-4-yl)methylphosphinic acid (TPMPA).*>>*¢ As ex-
pected, application of TPMPA significantly reduced the magni-
tude of tonic, but not phasic, currents evoked by SST-IN
stimulation (Figure S4). We then measured the change in current
caused by application of RONAM after pre-incubation in either
TPMPA or control ACSF. We found that RoNAM caused signifi-
cantly less tonic current reduction in the presence of TPMPA
(TPMPA versus ACSF, Mann-Whitney test, n = 7, p = 0.007,
Figure 4C). Thus, our results indicate that SST-IN activity is
capable of evoking tonic currents, which are mediated by extra-
synaptic a5-containing GABAARSs.

We investigated whether tonic currents evoked by SST-IN
stimulation also influence dendritic calcium signals. We imaged
ACa®* in dendritic spines in response to individual APs alone
and when preceded by SST-IN activation (5 pulses, 50 Hz). We
timed the PN AP to fall within the windows of evoked tonic
GABA currents as above, finding that activation of SST-INs
significantly enhanced the magnitude of dendritic calcium influx
(LME, n = 6 spines, p = 0.0001 and p = 0.0093 for Postzq and
Postgsg, respectively; Figures 4D and 4E). We also observed
similar results for stronger SST-IN stimulation (Figure S4). Con-
trol experiments showed that light pulses did not alter ACa®*
when GFP was expressed instead of ChR2, nor when stimulation
of SST-INs was carried out in the presence of gabazine
(Figures 4D and 4E), suggesting that the actions of SST-INs
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Figure 4. Tonic currents induced by optogenetic activation of SST-
INs enhances calcium signaling in PN dendrites

(A) Example single trial whole-cell recording of a layer 2/3 PN during brief
optical stimulation of SST-INs (5 pulses at 50 Hz). Shaded regions depict
baseline and post-stimulus analysis windows for calculating induced tonic
current. Boxed region and inset show superimposed single evoked IPSC
(blue), illustrating faster decay rate for synaptic versus tonic current with
minimal overlap during analysis window.

(B) Population data (averages and values for individual cells) showing tonic
current before and after SST-IN activation for the two indicated post-stimulus
windows (Postsgg and Postgsg). * indicates p < 0.05, by Wilcoxon matched-
pairs test.

(C) Population data (averages and values for individual cells) showing the effect
of RoNAM on SST-IN-induced tonic current in control conditions (ACSF) and in
the presence of the low-affinity GABAAR antagonist TPMPA. * indicates
p < 0.05, by Wilcoxon matched-pairs test.

(D) (Left) Average AP-evoked calcium transients in L2/3 PNs before (black) and
300-ms after (blue) optical stimulation of SST-INs as in (A) in control ACSF.
(Middle) Average calcium transients before (black) and after (maroon) optical
illumination of control GFP-expressing SST-INs. (Right) Average calcium
transients before (black) and after (light blue) optical stimulation of SST-INs in
the presence of Gbz. Lines and shaded regions indicate mean + SEM.

(E) Population data (mean and values for individual spines) showing change in
ACa?* relative to baseline for experimental conditions shown in (D). * indicates
p < 0.05, by linear mixed-effects model.

See also Figure S4.

on dendritic calcium are mediated solely by activation of
GABAARs. Overall, these results indicate that SST-INs are
capable of evoking tonic GABAergic currents in layer 2/3 PNs
that facilitate dendritic calcium influx.

AP-evoked dendritic calcium influx is linked to various down-
stream biochemical signaling pathways, including forms of syn-
aptic plasticity such as depolarization-induced suppression of
inhibition (DSI). DSI occurs when postsynaptic spiking drives
calcium-dependent dendritic endocannabinoid synthesis and
subsequent retrograde suppression of GABA release from pre-
synaptic terminals.®” We hypothesized that tonic GABAergic
control of dendritic calcium might therefore modulate this pro-
cess. To test this possibility, we first established a DSI induction
protocol (50 APs at 50 Hz) using brief current pulses through
the somatic pipette paired with IPSCs evoked by optogenetic
stimulation of SST-INs (Figure 5A). Bursts of somatic spikes
produced robust dendritic calcium influx in dendritic spines
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that was reduced by application of nanomolar gabazine (LME,
n = 6 spines, p = 0.0114, Figures 5B and 5C), which is similar
to the suppression of calcium evoked by single spikes. More-
over, PN spike bursts reliably triggered DSI, evident as a sig-
nificant reduction in the IPSC evoked by SST-IN activation (Wil-
coxon matched-pairs test; n = 8 cells, p = 0.0156, Figures 5D-5F)
and an increase in the paired pulse ratio (interstimulus interval =
100 ms; Wilcoxon matched-pairs test; n = 8 cells; 0.50 + 0.02
versus 0.63 + 0.03 for PPRp,. versus PPRp.st, respectively, p =
0.0068), which is consistent with a reduced presynaptic release
probability. As above, application of nanomolar gabazine
caused a modest reduction in SST-IN-evoked IPSC magnitude
but also significantly reduced DSI following postsynaptic spike
bursts (Wilcoxon matched-pairs test; n = 8 cells, p = 0.0234,
Figures 5D-5F). We obtained similar results using local electrical
stimulation instead of optical activation of SST-INs. In addition,
we found that DSI was prevented by blocking T-type calcium
channels via pre-application of TTA-A (Figure 5G) and also
blocked by the cannabinoid receptor inverse agonist AM-251
(Figure S5), suggesting that this form of plasticity requires
calcium influx through LVA-type channels and subsequent
cannabinoid signaling.

We next explored whether selective modulation of a5-contain-
ing GABAARs could produce similar effects on DSI. Application
of RoNAM significantly reduced DSI at synapses formed by
SST-INs onto layer 2/3 PNs (Wilcoxon matched-pairs test; n =
7, p = 0.0156, Figures 5H-5J). In contrast, application of
RoPAM significantly increased the amount of DSI observed
(Wilcoxon matched-pairs test; n = 6, p = 0.0312, Figures 5K-
5M). Finally, we observed similar effects of RoNAM and
RoPAM application on IPSCs evoked by local electrical stimula-
tion (Figure S5), further reinforcing the conclusion that modula-
tion of a5-containing GABAARSs can regulate short-term plasticity
of inhibitory synapses.

DISCUSSION

In the present study, we show that tonic GABAergic currents in
cortical PNs can enhance dendritic calcium influx during the
back-propagation of APs, both in reduced ex vivo preparations
and in the awake animal. The membrane hyperpolarization
caused by tonic GABAergic input deinactivates LVA-type
calcium channels as a consequence of their distinct voltage
dependence, making more channels available for opening
upon depolarization. These tonic currents are mediated by a5-
containing GABAARs, and dendritic calcium influx can be
bidirectionally controlled by o5-selective pharmacological
modulators. We also find that dendrite-targeting SST-INs pro-
vide one possible source of GABA mediating tonic currents,
and activation of these interneurons ex vivo is sufficient to
enhance dendritic calcium signaling. Finally, we show that tonic
GABAergic regulation of dendritic calcium influx can modulate
the short-term synaptic plasticity of GABAergic inputs, including
those formed by SST-INs, providing a novel mechanism for
synaptic regulation.®’

Previous studies demonstrated a role for tonic GABAergic con-
ductances in the steady suppression of neuronal output, which is
mediated by both membrane hyperpolarization and the shunting of
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Figure 5. Tonic GABAergic signaling enhances depolarization-
induced suppression of inhibition

(A) Schematic showing experimental setup for induction of DSI. Whole-cell
recordings of layer 2/3 PNs were paired with optical stimulation of SST-INs.
DSl was induced by a brief train of somatic APs.

(B) Average AP burst-evoked calcium transients from dendritic spines before
(black) and after (red) application of 20 nM Gbz. Lines and shaded regions
indicate mean + SEM.

(C) Population data (mean and values for individual spines) showing burst-
evoked change in ACa2* following application of Gbz. * indicates p < 0.05, by
linear mixed-effects model.

(D) Example IPSCs evoked by optical stimulation of SST-INs recorded before
(pre) or after (post) DSI induction for either baseline conditions (black) or after
flow-in of 20 nM Gbz (red).

(E) Average (+ SEM) time course of normalized SST-IN-evoked IPSC amplitude
before and after DSI induction, recorded under baseline conditions (black) and
after flow-in of 20 nM Gbz (red). Gray boxes show time intervals for calculating
pre- and post-IPSC amplitudes.

(F) Population data (values for individual cells) showing amount of DSI
(percentage pre-induction IPSC amplitude) before (black) or after (red) Gbz
flow-in. * indicates p < 0.05 relative to baseline, by Wilcoxon matched-
pairs test.

(G) Population data (mean and values for individual cells) showing
amount of DSI in the presence of the T-type calcium channel blocker TTA-
A2 (TTA).

(H) Example IPSCs evoked by optical stimulation of SST-INs recorded before
(pre) or after (post) DSI induction for either baseline conditions (black) or after
flow-in of RONAM (green).
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synaptic inputs.”"” Indeed, o5 subunit-containing GABAARs were
shown to suppress both the backpropagation of APs in PN den-
drites and the opening of NMDA-type glutamate receptors.'®*®
Our present results are not inconsistent with this view, but they
suggest that the relationship between membrane potential and
voltage-dependent channel gating can add complexity to the con-
sequences of GABAergic signaling. For example, suppression of
spike generation or propagation may co-exist with a boosting of
calcium influx per spike mediated by a greater fraction of channels
in the deinactivated state. The outcome of this complex relation-
ship will certainly depend on a variety of factors, including the
instantaneous membrane potential, GABAAR reversal potential,
the specific voltage-dependent dynamics of dendritic calcium
channels, and the timing of GABAergic inputs. For example, we
and others previously found that triggering an AP immediately after
activation of SST-INs or uncaging of GABA, when the inhibitory
synaptic conductance is greatest, robustly suppresses both spike-
and synaptic-mediated calcium influx through voltage-gated
channels and glutamate receptors.®'? In contrast, here we find
that triggering an AP at a longer interval following SST-IN activa-
tion, when GABAergic signaling is dominated by tonic currents, en-
hances calcium influx. Negative modulation of «5-containing
GABARs in vivo produced a similar reduction in dendritic calcium
signaling without alteration of the neuronal spike rate, suggesting
that our findings are not an artifact of reduced brain slice prepara-
tions. These results indicate that the relative temporal profile of
SST-IN and PN activity may be critical for determining downstream
actions on dendritic function. For example, sustained increases in
SST-IN firing rates may enhance tonic currents and calcium influx
while still allowing individual presynaptic spikes to precisely inhibit
dendrites for brief windows of time. In addition, the reversal poten-
tial for GABAARSs in dendritic compartments, as well as their sensi-
tivity to input dynamics, has not been measured. We note that both
the present work and prior studies strongly suggest that this value
is likely to be hyperpolarized relative to rest.® Earlier computational
work suggested that activity-dependent increases in intracellular
chloride concentrations could diminish the impact of GABAergic
inhibition,®® but this hypothesis has not been confirmed
experimentally.

Our results highlight a previously undescribed function for
cortical SST-INs, which comprise a heterogeneous group of
GABAergic cells that generally contact the dendrites of PNs.*°

(I) Average (+SEM) time course of normalized SST-IN-evoked IPSC amplitude
before and after DSI induction, recorded under baseline conditions (black) and
after flow-in of RoONAM (green).

(J) Population data (values for individual cells) showing amount of DSI (per-
centage pre-induction IPSC amplitude) before (black) or after RoNAM flow-in. *
indicates p < 0.05 relative to baseline, by Wilcoxon matched-pairs test.

(K) Example IPSCs evoked by optical stimulation of SST-INs recorded before
(pre) or after (post) DSI induction for either baseline conditions (black) or after
flow-in of RoPAM (purple).

(L) Average (+SEM) time course of normalized SST-IN-evoked IPSC amplitude
before and after DSI induction, recorded under baseline conditions (black) and
after flow-in of RoPAM.

(M) Population data (values for individual cells) showing amount of DSI (per-
centage pre-induction IPSC amplitude) before (black) or after RoPAM flow-in. *
indicates p < 0.05 relative to baseline, by Wilcoxon matched-pairs test.

See also Figure S5.
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Via their inhibitory actions, SST-INs shape rhythmic network ac-
tivity, suppress dendritic electrogenesis, and influence dendritic
plasticity.”®'>%"*2 Several studies have linked SST-INs to
neuropsychiatric disorders.”*™® Indeed, the increased output
of SST-INs following genetic ablation of their inhibitory inputs re-
duces anxiety-like behavior,*® while reducing SST-IN activity
and its modulation of dendritic calcium signaling may contribute
to the therapeutic actions of ketamine.*” These earlier studies
have broadly envisioned the primary role of SST-INs as a sup-
pressor of postsynaptic activity. However, our findings suggest
that manipulations of SST-INs may also shape tonic
GABAergic signaling and produce counterintuitive enhancement
of dendritic calcium dynamics and calcium-dependent synaptic
plasticity. Importantly, our results do not suggest that SST-INs
are the only source of GABA-mediating tonic currents. Several
other GABAergic cell types make contacts in the dendritic arbors
of PNs, including those expressing vasoactive intestinal peptide
and neuron-derived neurotrophic factor.**° Moreover, SST-IN
subtypes vary in the structure and potential postsynaptic target-
ing of their axonal arbors.*® Thus, whether tonic facilitation of
dendritic calcium signaling is IN-type specific remains to be
determined.

Our data implicating a5 subunit-containing receptors in gener-
ating tonic GABAergic currents and controlling dendritic calcium
signaling also add to a growing literature on the roles of these
channels in both health and disease.”®*'>° Previous studies
demonstrated the involvement of a5 subunits in tonic inhibitory
currents recorded in the hippocampus and neocortex,'®** as
well as a potential contribution to synaptic currents.*®>* Phar-
macological or genetic manipulation of a5 activity can produce
significant modulation of learning and cognitive ability.>*>°
Altered o5 expression has also been linked to neuropsychiatric
disorders, and a5 modulators may have antidepressant ac-
tions.®*¢" Surprisingly, both negative and positive modulators
of ab subunit-containing receptors have been linked to therapeu-
tic and pro-cognitive effects. One potential resolution for these
seemingly disparate findings is that the suppression of spiking
activity and the boosting of dendritic calcium signaling may
play distinct roles in modifying behavior. Our results suggest
that adjunct targeting of voltage-gated calcium channels may
provide a novel approach to enhance the behavioral conse-
quences of ab-dependent behavioral modulation. Overall, the
present findings indicate the potential for SST-INs acting via
ab-containing receptors to play a key role in cortical circuit dy-
namics, behavior, and neuropsychiatric disease.

Our data suggest that the impact of tonic GABAergic signaling
may be spatially heterogeneous across the dendritic arbor, with
greater influence on calcium signals at more distal locations.
This outcome may reflect heterogeneity in the expression levels
of a5 subunits and/or LVA-type calcium channels. Moreover,
our results suggest that dendritic depolarization following
blockade of tonic GABA conductances is electrotonically distant
from the cell body, as we did not observe a significant change
in somatic membrane potential. The impact of tonic GABAergic
signaling on neuronal function may also be dynamic. Activation
of NMDA-type glutamate receptors is implicated in plasticity of
both synaptic and extrasynaptic GABAergic synapses,**°* which
potentially involves the translocation of a5-containing GABAARs
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from extrasynaptic to synaptic locations in the membrane.*®
NMDA-type glutamate receptor signaling, as well as activation
of kainate-type glutamate and muscarinic cholinergic receptors
may also lead to enhancement of tonic GABA currents in the hip-
pocampus.®>~%° Future studies are necessary to understand more
completely the dynamic interaction of GABAergic receptor distri-
bution, GABAergic currents, and dendritic calcium signaling.

In conclusion, our data indicate novel roles for both SST-INs
and tonic GABAergic activity via a5-containing receptors in the
control of dendritic calcium influx and synaptic plasticity. These
findings add to the diverse functions ascribed to this class of
dendrite-targeting interneurons and suggest distinct cellular
mechanisms by which their activity could influence cortical
dynamics and behavior. Indeed, future investigation of links
between both SST-INs and a5-GABAARs and neuropsychiatric
disorders should consider their paradoxical ability to enhance
calcium-dependent signaling.
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Bacterial and virus strains

AAV5-EF1a-DIO-hChR2(H134R)-EYFP

Boyden et al.®’

Addgene 20298

AAV9-Syn-GCaMP6s Chen et al.?’ Addgene 100845
AAV9-Syn-jRCaMP1b Dana et al.”® Addgene 100851
Chemicals, peptides, and recombinant proteins

NBQX Tocris #0190
R-CPP Tocris #0247
CGP 55845 hydrochloride Tocris #1248
SR 95531 hydrobromide (Gabazine) Tocris #1262
TB 21007 Tocris #2905
R0O4938581 (RoNAM) Hoffman-La Roche N/A
RO7015738 (RoPAM) Hoffman-La Roche N/A
Picrotoxin Tocris #1128
TPMPA Tocris #1040
®-Conotoxin MVIIC Tocris #1084
Nimodipine Tocris #0600
TTA-A2 Bruce Bean, Harvard N/A
AM251 Tocris #1117
Diazepam Tocris #2805
GABA Tocris #0344
Midazolam hydrochloride Tocris #2832
Retro-inverso dioleoylmelittin (iDOM) Hoffman-La Roche N/A
Polyethylenimine (PEI) Hoffman-La Roche N/A
Experimental models: Cell lines

HEK293-F cells ThermoFisher N/A

Experimental models: Organisms/strains

Mouse: SOM-Cre (Sstm2-1cre)ziny j)

The Jackson Laboratory

RRID: IMSR_JAX:013044

Recombinant DNA

Plasmids for GABAAR «, B, y-subunit cDNA Hoffman-La Roche N/A

pcDNAB.1 vector Invitrogen N/A

Software and algorithms

Biophysically realistic model in Neuron environment ModelDB 2018023

ImageJ NIH https://imagej.net/software/fiji/

Analysis code (CalmAn and Python) GitHub cardin-higley-lab

MATLAB fitime MathWorks https://www.mathworks.com/
help/stats/fitime.html

Other

Retro-inverso dioleoylmelittin (iDOM)
Polyethylenimine (PEI)

Hoffman-La Roche
Hoffman-La Roche

N/A
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal handling was performed according to the Yale Institutional Animal Care and Use Committee and federal guidelines. Ex-
periments were carried out using young adult (aged P25-P60 for slice experiments, P60-P90 for in vivo experiments) wild-type
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C57/Bl6 or SST-Cre®® mice of both sexes. Mice were group housed under standard conditions and allocated randomly for each
experiment.

METHOD DETAILS

Slice preparation

Acute slices of the prefrontal cortex were prepared from wild-type C57/BI6 or SST-Cre mice at postnatal day 25-60. Briefly, isoflur-
ane-anesthetized mice were decapitated and 300 pm coronal slices were cut in ice-cold external solution containing (in mM): 100
choline, 25 NaHCO3, 1.25 NaH,PO,4, 2.5 KCI, 7 MgCl,, 0.5 CaCl,, 15 glucose, 11.6 sodium ascorbate and 3.1 sodium pyruvate,
bubbled with 95% O, and 5% CO.. Slices containing prelimbic and infralimbic regions were then transferred to artificial cerebrospi-
nal fluid (ACSF) containing (in mM): 127 NaCl, 25 NaHCO3, 1.25 NaH,PQOy,, 2.5 KCI, 1 MgCl,, 2 CaCl, and 15 glucose, bubbled with
95% 0O, and 5% CO,. After an incubation period of 30 min at 34°C, the slices were maintained at 22-24°C for at least 20 min
before use.

AAV virus injection for optogenetic manipulation of SST-INs

To optically stimulate SST-INs, we conditionally expressed the light-activated cationic channel channelrhodopsin2 (ChR2)*' in a
SST-Cre transgenic mouse line,°® mice were anesthetized with 1-2% isoflurane and maintained at 37°C. A small burr hole was
made through the skull followed by injection into the superficial cortex with 500 nl of AAV5-Ef1a-Flex-ChR2-YFP (3.8x10'2 vg/m,
Addgene #20298). Mice were sacrificed 18-25 days post-injection for slice preparation.

Electrophysiology and imaging

Experiments were conducted at room temperature (~22°C) or near-physiological temperature (32°C) where noted in a submersion-
type recording chamber. Whole-cell recordings were obtained from layer 2/3 pyramidal cells (200-300 pm from the pial surface) iden-
tified with video-infrared/differential interference contrast. Glass electrodes (3.2-3.8 MQ) were filled with different internal solutions
for various experiments, noted in the text. For current clamp studies, the internal contained (in mM): 135 KMeSO3;, 10 HEPES,
4 MgCl,, 4 Na,ATP, 0.4 NaGTP and 10 sodium creatine phosphate, adjusted to pH 7.3 with KOH. In addition, red-fluorescent Alexa
Fluor-594 (10 pM) and green-fluorescent Fluo-5F (300 pM) were included in the pipette solution to visualize cell morphology and
changes of intracellular calcium concentration, respectively. For voltage clamp studies, the internal contained (in mM) 135 CsGluc-
onate, 10 HEPES, 4 MgCl,, 4 Na,ATP, 0.4 NaGTP, 10 sodium creatine phosphate, and 1 EGTA adjusted to pH 7.3 with CsOH. For
some experiments, a high chloride (100 mM) internal was used, resulting in inward GABAergic currents. For voltage clamp experi-
ments, the series resistance was kept <25Q, and experiments were discarded if this value changed more than 20% during the
recording. Electrophysiological recordings were made using a Multiclamp 700B ampilifier, filtered at 4 kHz and digitized at 10 kHz.

For imaging, neurons were filled via the recording pipette for at least 15 min before collecting data. The membrane potential was
standardized across experiments to -60 mV (unless otherwise stated), and action potentials were evoked using a brief depolarizing
current pulse (1-2 ms, 1-2 nA). Imaging was performed with a custom-built microscope. Fluorophores were excited using 840 nm
light from a titanium-sapphire laser (Ultra-2, Coherent). Emitted green and red photons were separated and collected by photomul-
tiplier tubes. Imaged spines were located along secondary and tertiary branches of the apical dendrite, defined as the largest branch
emerging from the cell body in the direction of the brain surface, approximately 30-120 pm from the soma. AP-evoked transients were
collected during 500 Hz line scans across a spine and the neighboring dendritic shaft. Reference frame scans were taken between
each acquisition to correct for small spatial drift of the preparation over time. Calcium signals were quantified as increases in green
fluorescence from baseline normalized to the average red fluorescence (AG/R). Data were acquired using National Instruments data
acquisition boards and Scanlmage software.®”

For optogenetic stimulation of SST-INs, a blue LED (CoolLED) was coupled to the microscope and directed through the objective.
Brief pulses (1 ms, 2 mW at the sample) of light reliably evoked postsynaptic currents. For electrical stimulation of inhibitory synaptic
currents, we placed a glass theta stimulating electrode in layer 1 < 100 pm from the recorded cell and used brief (0.1 ms) pulses to
evoke IPSCs every 6 s. DSI was induced with action potential bursts evoked by somatic current injection delivered at 50 Hz for 1 s.

Ex vivo pharmacology

For most experiments, the ACSF included (in pM) 10 NBQX and 3 CGP-55845 to block AMPA-type glutamate receptors and GABAg
receptors, respectively. GABAg receptors were left intact for experiments in Figures 4 and S2G. For calcium imaging experiments,
the ACSF also included 10 pM R-CPP to block NMDA-type glutamate receptors. For a subset of experiments (see text), the ACSF
included (in pM): 50 picrotoxin, 10 or 0.02 gabazine, 1 TTA-A2, 3 nimodipine, 1 w-conotoxin MVIIC, 10 RO4938581 (RoNAM), 0.01
TB21007, 1 RO7015738 1 (RoPAM), 100 TPMPA or 2 DHPG. TTA-A2 was a gift from Bruce Bean, Harvard Medical School.
R0O4938581 and RO7015738 were synthesized and contributed by Hoffman-La Roche (Basel, Switzerland). All other compounds
were purchased from Tocris. Compounds were dissolved in water except for picrotoxin and nimodipine, dissolved in 0.05% ethanol,
and RoNAM and RoPAM, dissolved in 0.05% DMSO.
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In vivo imaging experiments and pharmacology

Mice were anesthetized with 1-2% isoflurane and maintained at 37°C. For virus injection and headpost implantation, the skin and
fascia were retracted and the skull was cleaned with sterile saline and lightly scored with a scalpel. A small burr hole was drilled
through the skull and 500 nl of a 1:1 mixture of AAV9-Syn-GCaMP6s (2.8x10'2 vg/ml, Addgene #100845) and AAV9-Syn-
jRCaMP1b (2.4x10'2 vg/ml, Addgene #100851) was injected into the superficial neocortex (100-200 pm from the pial surface), result-
ing in labeling of primarily layer 2/3 pyramidal neurons. Next, a custom titanium headpost was secured using dental cement.
A ~3x3 mm craniotomy was then performed over the injected region, leaving the dura intact. For local perfusion experiments, a
stainless-steel cannula was also implanted adjacent to the cranial window, with the guide tip inserted to gently contact the dura.
A dual-layer glass window composed of a 3x3 mm square coverslip and a 5-mm square coverslip adhered with UV-cured glue
(Norland Products) was mounted over the craniotomy and sealed using cyanoacrylate glue. After surgery, mice received postoper-
ative analgesia and were allowed to recover for a minimum of 2 weeks before imaging.

For in vivo imaging, mice were head-fixed and allowed to run freely on a cylindrical wheel placed underneath the microscope
objective. Imaging was performed using a MOM two-photon microscope (Sutter Instruments) equipped with a 16x, 0.8 NA objective
(Nikon). GCaMP6s was excited using a titanium-sapphire laser (Mai-Tai eHP DeepSee, Spectra-Physics) tuned to 920 nm.
jRCaMP1b was excited using a fixed-wavelength laser (Fidelity2, Coherent) emitting at 1064 nm. Green and red emitted fluorescence
was collected separately and detected with GaAsP photomultiplier tubes (Hamamatsu). Two imaging planes were collected
simultaneously by first focusing on the cell body layer and then moving the focal plane of the 920 nm beam to a more superficial depth
using an electrically tunable lens placed in the optical path. Images were collected at 256 x 256 resolution and 30 Hz frame rate using
a galvo-resonant scan system controlled by Scanimage (Vidrio Technologies). Recordings were performed before and 40 min after
either local perfusion of either TB21007 (100 nM) or control saline vehicle or systemic injection of TB21007 (1 mg/kg i.p.).

Radioligand binding and electrophysiological assays of recombinant receptors
The cDNAs encoding different rat and human GABAAR subunits (a1, a2, a3, o5, p2, f3 and y2) were subcloned into the polylinker of
the pcDNAS3.1 vector (Invitrogen, USA) by standard techniques for transiently transfecting HEK293-F cells (ThermoFisher). Cells were
transiently transfected with the plasmids containing the desired GABAAR subunit cDNAs (a, B, vy at a 1:1:1 ratio) using retro-inverso
dioleoylmelittin (riDOM) 0.2 mg/nl (synthesized at Hoffman-La Roche) and PEI 25 kD 0.67 mg/ml. At 48 h post-transfection, the cells
were harvested for membrane preparation and radioligand binding assays as described previously.?® Briefly, the inhibition of 1 nM
[BH]-flumazenil binding by RO7015738 was measured in membranes expressing either a1p3y2, a243y2, a3p3y2 or a5p3y2 receptors.
Non-specific binding was determined in the presence of 10 pM diazepam. Affinity values were calculated using Excel-Fit (Microsoft).
For electrophysiology studies, HEK293 cells stably expressing al1f2y2, a2p3y2, a3p3y2 or a5p3y2 receptor subtypes were
obtained and maintained as previously described.?® Cells were plated on glass coverslips, transferred to a chamber on the stage
of a Nikon Diaphot 300 inverted microscope, and continuously superfused with a solution consisting of (in mM) 150 NaCl,
2.5 KCl, 1.2 CaCl,, 1 MgCl,, 10 HEPES and 30 sucrose, adjusted to pH 7.4. Glass electrodes (2-3 MQ) were filled with a solution
containing (in mM) 140 CsCl, 10 HEPES, 11 EGTA, 1 CaCl,, 1 MgCl,, 4 Mg-ATP and 25 sucrose, pH adjusted to 7.2 with CsOH.
Whole-cell voltage-clamp recordings were performed at -60 mV using a MultiClamp 700A amplifier (Axon Instruments). GABA in
the presence or absence of drugs was applied to the cell for 1 s in 1-min intervals using a multi-barreled micro-applicator (RSC-
200, Biologic Science Instruments). For each experiment, at least 3 GABA control applications were generated, and only cells
showing stable responses were selected for drug testing. Maximally effective concentrations of midazolam were applied for each
GABAR subtype as a positive control. Concentration-response curves were generated by applying increasing concentrations of
each test drug to the same cell until a maximum response was observed (usually 2-3 times).

Computational modeling

Single neurons were modeled in the Neuron environment.” We used the morphology of a fully reconstructed layer 2/3 pyramidal
neuron as well as voltage-dependent sodium, potassium, and HVA- and LVA-type calcium channels from prior modeling studies
and based on electrophysiological recordings of cortical neurons.®®"? A leak conductance with a reversal potential of -70 mV
and a tonic GABAergic conductance with a reversal potential of -75 mV were also included. Model details are provided in
ModelDB repository 2018023. To evaluate GABAergic modulation of dendritic calcium signals, an ~1 ms current (0.5-2.5 nA) was
injected at the soma to evoke an action potential that propagated throughout the dendrite. ACa2+ was defined as the ratio of blocked
to control integrated calcium channel current from 0-20 ms following the AP. Simulations were run in the presence and absence of the
tonic GABAergic conductance.

t68

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are provided in the associated Data Spreadsheet. Analyses were performed using custom routines written in MATLAB (The
Mathworks) and IgorPro (Wavemetrics). For quantification of resting tonic GABA currents, we plotted the distribution of holding cur-
rent values before and after drug administration and fit these data to one-sided Gaussian curves.'® The difference in peak locations of
the two curves was taken as an estimate of the drug-sensitive tonic current. For quantification of SST-IN-evoked tonic currents, we
calculated the difference in average membrane current for time windows immediately before and 300-400 ms or 650-750 ms
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(Figure 4) or 1150-1450 ms (Figure S4) after onset of optical stimulation. AP-evoked ACa?* was calculated as the average AG/R over
a 50 ms window, starting 5 ms after the stimulus. IPSC amplitudes were calculated by finding the peak of the evoked response and
averaging the values within a 1 ms window. To assess DSI, we averaged IPSC amplitudes across 4 trials before and after induction.
For analysis of in vivo data, regions of interest corresponding to active cell bodies and dendritic compartments were extracted
automatically, followed by amplitude and frequency measurement using CalmAn, implemented in Python3.” Due to lack of vertical
register for cell bodies and apical dendrites within V1, distinct compartments likely represented non-overlapping layer 2/3 neurons.
Activity is highly synchronous within dendritic branches of the same cell, and we combined dendritic ROIs with correlation
coefficients greater than 0.6 (Figure S3) for statistical validity.

For analysis of whole cell and synaptic currents under different conditions, we used a Wilcoxon matched-pairs test comparing data
before and after drug application, with cell as the experimental unit. For analysis of ex vivo calcium transients, we used a random
intercept linear mixed effects (LME) model in Matlab (fitlme) with spine as the experimental unit. Pharmacological treatment was
considered a fixed effect, spine was considered a random effect (to account for the paired nature of the experiment), and cell
was considered a random effect (to account for the nested nature of the experiments, with multiple spines sampled per cell).
LME hypothesis testing was carried out using an F statistic and associated p value. Analysis of in vivo data was carried out by first
averaging all amplitude and interval values within an animal, followed by Wilcoxon matched-pairs testing for before and after
treatment, with animal as the experimental unit.
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