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Deep brain stimulation-guided optogenetic
rescue of parkinsonian symptoms

Sébastien Valverde'?, Marie Vandecasteele#, Charlotte Piette!24, Willy Derousseaux', Giuseppe Gangarossa',
Asier Aristieta Arbelaiz!, Jonathan Touboul?>, Bertrand Degos1'3'5 & Laurent Venance!>®

Deep brain stimulation (DBS) of the subthalamic nucleus is a symptomatic treatment of
Parkinson's disease but benefits only to a minority of patients due to stringent eligibility
criteria. To investigate new targets for less invasive therapies, we aimed at elucidating key
mechanisms supporting deep brain stimulation efficiency. Here, using in vivo electro-
physiology, optogenetics, behavioral tasks and mathematical modeling, we found that sub-
thalamic stimulation normalizes pathological hyperactivity of motor cortex pyramidal cells,
while concurrently activating somatostatin and inhibiting parvalbumin interneurons. In vivo
opto-activation of cortical somatostatin interneurons alleviates motor symptoms in a par-
kinsonian mouse model. A computational model highlights that a decrease in pyramidal
neuron activity induced by DBS or by a stimulation of cortical somatostatin interneurons can
restore information processing capabilities. Overall, these results demonstrate that activation
of cortical somatostatin interneurons may constitute a less invasive alternative than sub-
thalamic stimulation.
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arkinson’s disease results from the neurodegeneration of

the nigro-striatal dopaminergic neurons. The main symp-

tomatic treatment for Parkinson’s disease consists in sub-
stituting lacking dopamine with levodopa and/or dopaminergic
agonists, but after a typical “honeymoon” period with dopami-
nergic therapy, patients inevitably develop motor complications!.
At this stage, deep brain stimulation at high frequency of the
subthalamic nucleus (DBS) constitutes to date the most efficient
symptomatic treatment?3. However, due to its surgical invasive-
ness and strict eligibility criteria, DBS benefits only to a minority
of patients (~5-10%). Several hypotheses have been proposed to
explain the beneficial effects of DBS*-6. Notably, a growing body
of evidence points towards a cortical effect of DBS in both par-
kinsonian rodent models’-!! and patients!?-17, Here, we rea-
soned that mimicking the cortical effects of DBS should
reproduce its therapeutic benefits, thus paving the way for less
invasive approaches.

For this purpose, we (i) determined DBS effects on cortical cell-
type specific populations using a combination of in vivo elec-
trophysiological and optogenetic approaches, (ii) reproduced
these effects using optogenetics in freely-moving parkinsonian
mice, and (iii) explored mathematically how DBS and DBS-
guided optogenetics could restore cortical information processing
capabilities. We showed that DBS normalized pathological
hyperactivity of motor cortex pyramidal cells, while concurrently
inhibiting parvalbumin (PV)- and activating somatostatin (SST)-
expressing GABAergic interneurons. Furthermore, reproducing
these effects by direct opto-activation of cortical SST interneurons
alleviates motor symptoms in a parkinsonian mouse model.
Lastly, our computational model shows that the dampening of the
firing activity of pyramidal cells by DBS and DBS-guided opto-
genetics restores cortical information processing capabilities.
Overall, these results establish that cortical SST interneurons
constitute a promising target for a less invasive alternative
to DBS.

Results

DBS decreases pathological hyperactivity of pyramidal cells. To
understand how DBS affects cortical activity, we first aimed at
depicting the electrophysiological signature of Parkinson’s disease
at the neuronal level in the primary motor cortex (M1). We
performed in vivo single unit juxtacellular recordings of pyr-
amidal neurons in deep layers of M1 in a rat model of Parkinson’s
disease (Fig. la and Supplementary Fig. 1a) by unilateral stereo-
taxic injection of 6-hydroxydopamine (6-OHDA) in the sub-
stantia nigra pars compacta (SNc). In anesthetized 6-OHDA-
lesioned rats, we observed an increase in the spontaneous firing
rate of M1 pyramidal cells (n =41) compared to sham animals
(n=36) (p=0.0014) (Fig. 1b), in line with previous
observations!%18, We then explored the effect of DBS (STN sti-
mulation parameters: 2-4 V, 60 us at 130 Hz during 2 min) on
this pathophysiological hyperactivity of M1 pyramidal neurons.
In 6-OHDA-lesioned rats, we found that the increased firing
activity was diminished by DBS (p=0.0311, n=20) back to
physiological firing rates (Fig. 1b), with 68% of pyramidal cells
inhibited by DBS (Fig. 1c). DBS also decreased M1 neuron firing
rate in sham animals (p = 0.0266, n =19), and the proportion of
inhibited neurons, as well as the change in firing rate, were similar
in sham and 6-OHDA-lesioned rats (p=1 and p=0.7894,
respectively) (Supplementary Fig. 1b, ¢). Overall, DBS diminished
the firing rate of pyramidal cells in sham rats and normalized
their pathophysiological hyperactivity in parkinsonian rats.

GABAergic circuits mediate DBS inhibition of pyramidal cells.
We next investigated the mechanistic underpinnings related to

the decreased activity of pyramidal cells under DBS. For this
purpose, we performed single-cell in vivo intracellular recordings
of electrophysiologically identified M1 pyramidal cells in anes-
thetized rats (Fig. 2a). Spontaneous firing of pyramidal cells was
determined before and during 150 s of DBS. We further con-
firmed that DBS decreased the spontaneous firing rate (p=
0.0002, n = 20) of M1 pyramidal neurons (Fig. 2b). This decrease
was accompanied by a hyperpolarization of —3.7+1.0mV of
their membrane potential (p =0.0007, n=20) (Fig. 2b), and a
decrease in their membrane time constant (p = 0.0390, n = 18),
input resistance (p =0.0497, n=19) and AP threshold (p =
0.0263, n=20), without affecting their Ih current (p =0.2336,
n=17). In a subset of cells (n=3) that were antidromically
activated by STN stimulation, the antidromically-evoked action
potentials were rapidly shunted and a marked hyperpolarization
was observed (Supplementary Fig. 1d). We further characterized
DBS-induced changes in pyramidal cell excitability by applying
successive depolarizing current steps before and during con-
tinuous DBS (Fig. 2c). DBS induced a decrease in depolarization-
evoked activity, associated with an increased rheobase (p=
0.0312, n = 17), without affecting the gain (p = 0.1746, n = 17) of
pyramidal cell f~I curve. Overall, the decrease of several proper-
ties of pyramidal cell excitability under DBS could participate in
the decrease of their firing activity.

To determine the evoked conductances in M1 pyramidal
cells, we next applied single STN stimulations (2-4V, 60 ps)
(Fig. 2d, e). We observed a post-stimulation hyperpolarization,
sufficient to delay the evoked firing activity (p =0.0057, n=6)
(Fig. 2d). Analysis of the voltage-dependency showed that the
early phase of the evoked postsynaptic responses reversed at
—71.7+27mV (n=9) (Fig. 2e), which corresponds to the
chloride reversal potentiall®. These results suggest that DBS
recruits GABAergic circuits responsible for the hyperpolarization
of pyramidal cells and the increase in rheobase, leading to the
reduced activity observed in both in vivo juxtacellular and
intracellular recordings of M1 pyramidal cells.

Somatostatin interneurons are activated by DBS. In MI,
GABAergic inhibition is provided by local neuronal populations
mainly composed of PV and SST interneurons?’. To identify the
cell-type specific populations recruited by DBS, we used geneti-
cally modified mice expressing channelrhodopsin (ChR2) in
either PV (Pv::ChR2 mice) or SST (Sst::ChR2 mice) interneurons
(Fig. 3, Supplementary Figs. 2 and 3). We ensured that ChR2 was
expressed in the targeted populations with minimal non-specific
expression (Supplementary Fig. 2).

In mice, stereotaxic targeting of the STN for DBS is
challenging. To ensure the proper placement of the stimulation
electrode, we first lowered a microelectrode to electrophysiolo-
gically localize the STN based on typical STN neuron firing
(Supplementary Fig. 3a), and in a second step implanted the DBS
electrode at the same coordinates (Supplementary Fig. 3b). We
then performed in vivo juxtacellular recordings of M1 neurons in
anesthetized Pv:ChR2 and Sst:ChR2 mice to monitor DBS-
evoked responses in opto-identified neuronal subpopulations
(Figs. 3a, b and Supplementary 3c, d). Namely, once the DBS
electrode was inserted in STN, an optical fiber placed on top of
M1 shone light (100 ms at 0.5 Hz) and opto-responsive neurons
were detected by a recording microelectrode lowered within MI.
PV and SST interneurons were distinguished from pyramidal
neurons by their responses to light in Pv:ChR2 and Sst:ChR2
mice, and by post-hoc clustering of their waveform character-
istics based on principal component analysis (Supplementary
Fig. 3¢, d). A subset of PV, SST, and pyramidal neurons were
juxtacellularly labeled with neurobiotin for immunohistochemical
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Fig. 1 DBS mediates in vivo inhibition M1 pyramidal cells in rats. a In vivo experimental set-up in anesthetized adult rats. b TH immunostaining and

representative raster plots (15s) of M1 neurons activity recorded in sham rats and in 6-OHDA-lesioned rats with or without DBS. Spontaneous activity of
cortical neurons (mean + SEM and individual neurons are represented) was higher in 6-OHDA-lesioned (n = 41 neurons) compared to sham (n = 36) rats
(p =0.0014, t-test); DBS decreased the hyperactivity observed in 6-OHDA-lesioned rats (Off vs DBS: p = 0.0311, DBS vs Post: p = 0.0811, paired t-test,
n =20 neurons). ¢ Heatmap of individual cortical neurons normalized firing rate (top), and averaged time course (bottom), before, during and after DBS
(10s bins) in 6-OHDA-lesioned rat: bars correspond to the median of all neurons (mean + 2xSD of the baseline is indicated) and separate time courses
(mean = SEM) for activated and inhibited neurons are superimposed. Under DBS, 65% of the pyramidal cells were inhibited while 35% were activated (n =

20). All statistical tests are two-tailed. *p < 0.05; **p < 0.005.

and morphological identification and used as ground truths for
the principal component analysis (Fig. 3c and Supplementary Fig.
3c-e). Most (75%) of the recorded neurons were located in M1
layer V (n=72 neurons subjected to DBS; Supplementary
Fig. 3e). In agreement with in vivo recordings in anaesthetized
mice?!, SST interneurons exhibited a lower spontaneous activity
compared to PV cells (p=0.0002, PV and SST median firing
rates were 1.23 and 0.05 Hz, respectively; Fig. 3d). Consistent with
our observations in rats, DBS (60 ps, 120 pA at 130 Hz) decreased
the firing activity of pyramidal cells in the transgenic mouse lines
(p =0.0297, n=28; Fig. 3d—f). We then investigated DBS effect
on PV interneurons. Surprisingly, DBS decreased their activity
(p=0.0074, n=28; Fig. 3d-f). We next examined SST
interneurons and observed that DBS caused the opposite effect,
i.e. increasing SST firing (p = 0.0040, n = 26; Fig. 3d-f). These
effects were robust across cell populations as 64% of the SST cells
were excited and 70% of the PV cells were inhibited (Fig. 3f). The
activity of pyramidal, PV, and SST cells was stable under DBS,
and reversible (with a shorter delay after DBS offset for PV cells
than for SST and pyramidal neurons). Interestingly, the kinetics
of DBS effects on pyramidal cells mirrored those of SST
interneurons: we observed similar delays between DBS onset
and its effects on pyramidal and SST cells, and also at DBS offset
(Fig. 3e). Consistently, the modulation of pyramidal cells was
strongly correlated with SST interneuron activity during and after
DBS (r = —0.91, p = 1.0 x 10~?). Therefore, DBS efficiently drives
activation of M1 SST interneurons, concurrently inhibiting M1
pyramidal cells.

Activity of PV and SST cells in sham and parkinsonian mice.
Since DBS both normalizes pyramidal cell hyperactivity and
differentially recruits PV and SST interneurons, we further
explored the firing rate modulation of interneurons in parkin-
sonian conditions. Indeed, hyperactivity of pyramidal cells
observed in 6-OHDA-lesioned animals could be caused by a

decreased activity of GABAergic interneurons. We performed
in vivo juxtacellular recordings of neurons opto-identified and
clustered by principal component analysis as PV or SST cells in
anesthetized sham (PV cells =27 and SST cells=26) and 6-
OHDA-lesioned (PV cells = 14 and SST cells = 15) Pv::ChR2 and
Sst::ChR2 mice (Fig. 4a, b). The spontaneous firing activity of PV
cells was similar in sham and parkinsonian Pv::ChR2 mice (p =
0.8391 with n=32 in sham and # =14 in 6-OHDA-lesioned
mice). Similarly, the spontaneous firing rate of SST cells was not
different in sham and 6-OHDA-lesioned mice (p =0.2112 with
n=232 in sham and n=15 in 6-OHDA-lesioned mice). Pyr-
amidal hyperactivity in parkinsonian models is not likely due to
changes in electrophysiological activity of cortical GABAergic
populations.

Inhibitory evoked-responses by PV or SST opto-activation. To
investigate the synaptic weight of the inhibitory inputs onto
pyramidal cells, we performed in vivo patch-clamp whole-cell
recordings in anesthetized Pv:ChR2 and Sst:ChR2 mice
(Fig. 4c-f). We recorded pyramidal cells upon opto-activation of
PV or SST interneurons. First, we characterized the evoked-PSP
following single opto-stimulation (3-20 ms). The opto-activation
of PV and SST cells evoked PSPs of similar amplitudes in pyr-
amidal cells, regardless of the membrane potential (p = 0.3397,
n =8 pyramidal cells in Pv::ChR2 vs. 6 in Sst::ChR2 held at —95/
—80mV; p=0.8632, n=7 vs. 7 held at —65/-50 mV and p =
0.8838, n =7 vs. 9 held at —40/—30 mV) (Fig. 4c). We analyzed
the voltage-dependency of opto-PSPs, which reversed at
—71.5mV in Pv::ChR2 (n = 6 pyramidal cells) and —75.2 mV in
Sst::ChR2 (n =4) mice (p =0.0542) (Fig. 4c), close to the calcu-
lated chloride reversal, —71.9 mV. Single-pulse opto-activation of
PV (n=7) and SST (n=26) cells induced PSPs whose area,
amplitude, rise time and delay to peak increased with increasing
opto-pulse duration (2-way repeated-measures ANOVA; Fig. 4d).
There was no difference between PSPs evoked by PV or SST
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opto-activation, except for the delay to peak amplitude which was
shorter upon PV than SST opto-activation (F;;;=66.39, p<
0.0001). We then investigated the effects of opto-activation of PV
or SST cells at 67 Hz for 55 (see “Methods” and Supplementary
Fig. 4a-d for opto-stimulation frequency selection) (Fig. 4e-i).
We observed that opto-activation of PV or SST cells induced a
hyperpolarization of similar peak amplitude (p = 0.2270, Fig. 4f),
with a shorter delay upon PV activation (p = 0.0124; Fig. 4g) that

Vm (mV)

strongly inhibited the firing activity of pyramidal cells (p =
0.0392, n=>5 in Pv::ChR2 mice, p=0.001, n =38 in Sst:ChR2
mice) (Fig. 4e). However, in the later part of the pulse, opto-
activation of SST cells induced a less pronounced membrane
hyperpolarization than opto-activation of PV cells (p =0.0371;
Fig. 4h), together with a partial release of the spiking inhibition
only in Sst:ChR2 mice (p=0.0326; Fig. 4e). In addition, the
variance of the membrane potential was larger under opto-
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Fig. 2 Intracellular mechanisms of DBS inhibition of M1 pyramidal cells in rats. a In vivo experimental set-up. b M1 pyramidal neurons recorded
intracellularly display a decreased spontaneous activity (Wilcoxon signed-rank test, n =20, p = 0.0002), and hyperpolarized membrane potential (p =
0.0007) during DBS (mean = SEM and individual neurons); 95% were spontaneously active. ¢ Pyramidal cell transfer function quantified with and without
DBS. Depolarizing current steps (200 ms, 0-1.2 nA in 0.2 nA steps) were applied at 1Hz before and during 100 s of DBS. DBS decreases evoked spiking
activity. Left: raw data example and f-/ relationship in a pyramidal neuron, showing a decreased evoked firing rate during DBS (DBS effect F; 90 =155.72,
p=2.5x10"21, 2-way ANOVA followed by Bonferroni-corrected post-hoc tests: all p<10~3 for 0.4-1nA injected current). Right: DBS increases the
rheobase (p = 0.0312, Wilcoxon signed-rank test, n =17 neurons), without affecting the gain of the f-I curve (p = 0.1746, paired t-test) (mean £ SEM and
individual neurons). Rheobase and gain were respectively determined as the x-intercept and the slope of the -1 curve after a linear fit. d Single-shock STN
stimulation induces a pause in M1 pyramidal evoked firing. Top: representative trial and raster plot of current-evoked activity for 10 trials in the same
neuron. Bottom: the interval between the STN stimulation and the next evoked-spike is longer than between the STN stimulation and the previous evoked
spike (p = 0.0057, paired t-test, n = 6 neurons) (mean + SEM and individual neurons). e Voltage-dependency of the potential evoked by single-shock STN
stimulation. Left: a single-shock STN stimulation (red line) applied during hyperpolarizing or depolarizing current steps (—1.8 to +1.0 nA in 0.2 nA
increments, mean of 10 trials) elicits an evoked potential (dashed line). Zoom of the PSP evoked by STN single stimulation for —1.6 nA injected current. The
amplitude of the early phase of the PSP is inversely correlated with the membrane potential when the stimulation was applied (voltage-dependency of 9
individual neurons). Right: the STN-evoked potential reverses around —71.7 mV (n =9 neurons) (mean + SEM and individual neurons). DBS artifacts were

removed in b, ¢ for clarity. All statistical tests are two-tailed. *p < 0.05; **p < 0.005; ***p < 0.001.

activation of SST than PV cells (p = 0.0371; Fig. 4i), denoting a
strong shunting of synaptic activity reaching the soma by PV
opto-activation, whereas some synaptic activity subsisted (leading
eventually to spikes) under SST opto-activation.

M1 SST cell opto-activation alleviates parkinsonian symptoms.
Since DBS activates SST interneurons, we hypothesized that
cortical SST interneurons could constitute a target to efficiently
mimic the effects of DBS. Therefore, we tested whether the direct
activation of GABAergic interneurons would improve motor
symptoms in freely moving parkinsonian mice. We first com-
pared the respective effects of SST and PV opto-activation at 67
Hz (see “Methods” and Supplementary Fig. 4a-d for opto-
stimulation frequency selection). For this purpose, unilaterally 6-
OHDA-lesioned mice (Sst::ChR2, Pv:ChR2 and wild-type mice)
were ipsilaterally implanted with an optical fiber in M1 (Fig. 5a).
We monitored the impact of opto-stimulation on the asymme-
trical locomotor behavior induced by unilateral 6-OHDA-
lesioning in three different tasks: the open field (Fig. 5b-g),
cylinder test (Fig. 5h-m) and cross-maze (Fig. 5n-s).

Opto-activation of SST interneurons in 6-OHDA-lesioned Sst::
ChR2 mice successfully decreased their asymmetrical locomotor
behavior. Indeed, in the open field, opto-activation of SST cells in
6-OHDA-lesioned Sst::ChR2 mice decreased spontaneous ipsilat-
eral rotations (# = 11 mice; rotations/min: p = 0.001; Fig. 5¢c and
normalized rotations: p =0.0002; Supplementary Fig. 4e). This
decrease in asymmetrical behavior did not result from a decreased
locomotor activity, which remained unaffected by opto-activation
of SST cells (p=0.5721; Fig. 5¢). In the cylinder test, the opto-
activation of SST cells decreased the asymmetry in front paw
usage preference (p = 0.0156, n = 9; Fig. 5i). In the cross-maze, 6-
OHDA-lesioned Sst:ChR2 mice (n=11) exhibited a strong
bias towards ipsilateral turns (Fig. 50), as expected for hemi-
parkinsonian rodents, while sham-lesioned Sst::ChR2 mice
(n=>5) displayed no turn preference (Supplementary Fig. 4g).
During SST opto-activation, a decrease in the ipsilateral bias (p =
0.0019) and an increase in the straight choice (p=0.0022;
Fig. 50), were observed.

PV interneuron opto-activation only partially reproduced the
improvement in motor symptoms induced by SST opto-
activation. In 6-OHDA-lesioned Pv::ChR2 mice, opto-activation
decreased spontaneous ipsilateral rotations (n=12; rotations/
min: p=0.0123; Fig. 5d and normalized rotations: p = 0.0125;
Supplementary Fig. 4e) without affecting locomotor activity (p =
0.0737; Fig. 5d). However, opto-activation of PV cells did not

decrease the asymmetrical locomotor behavior in the cylinder test
(p =0.9139, n=9; Fig. 5j) or in the cross-maze task (n=12; p =
0.1876 for ipsilateral, p = 0.3419 for straight, and p = 0.0960 for
contralateral turn preference; Fig. 5p).

Interestingly, opto-activation of cortical interneurons in Sst:
ChR2 or Pv:ChR2 sham-mice did not induce an asymmetrical
behavior contralateral to the opto-activation neither in the open
field (Supplementary Fig. 4f) nor in the cross-maze task
(Supplementary Fig. 4g). This indicates that the reduced
asymmetry observed upon SST opto-activation in 6-OHDA-
lesioned mice is due to an improvement of pathological
symptoms rather than a generic effect of unilateral opto-
activation of cortical interneurons.

We also ensured that opto-stimulation in wild-type (non-opsin
expressing) 6-OHDA-lesioned mice, did not affect spontaneous
ipsilateral rotations (n = 11; rotations/min: p = 0.5591; Fig. 5e and
normalized rotations: p=0.2540; Supplementary Fig. 4e) or
locomotor activity (p=0.6289; Fig. 5e) in the open field,
asymmetry in front paw usage preference in the cylinder test
(p =0.3841, n =9; Fig. 5k) and asymmetrical locomotor behavior
in the cross-maze (n = 11; p = 0.8292 for ipsilateral, p = 0.9755 for
straight, and p = 0.3409 for contralateral turn preference; Fig. 5q).

We next evaluated the effects of DBS and levodopa treatments
in wild-type 6-OHDA-lesioned mice in open-field, cylinder and
cross-maze tasks, for comparison with opto-activation of SST and
PV cells. In the open-field, DBS did not reduce the spontaneous
ipsilateral rotations (n=12; rotations/min: p =0.2082; Fig. 5f
and normalized rotations: p = 0.2456; Supplementary Fig. 4e) but
increased the locomotor activity (p = 0.0438; Fig. 5f), in line with
a recent report?2. DBS did not modify asymmetrical locomotor
behavior for the cylinder test (n = 12, p = 0.9768; Fig. 5) or in the
cross-maze (n=12; p=0.2040 for ipsilateral, p=0.7675 for
straight, and p = 0.3388 for contralateral turn preference; Fig. 5r).
Levodopa treatment (6 mg/kg) in 6-OHDA-lesioned mice
efficiently reversed the spontaneous ipsilateral rotations into
contralateral rotations (n = 10; rotations/min: p = 0.0004; Fig. 5g
and normalized rotations: p = 2.0 x 10~>; Supplementary Fig. 4e)
and increased the locomotor activity (p =0.0135) in the open-
field. The asymmetry in front paw usage preference was reversed
to contralateral preference (n =10, p=0.0002; Fig. 5m) in the
cylinder test, as well as the ipsilateral bias (n =7, p =0.0029) in
favor of contralateral (p =0.0029) turn preference in the cross-
maze (Fig. 5s).

Therefore, specific opto-activation of cortical SST interneurons
alleviates the asymmetrical behavior while electrical DBS
increases locomotor activity in parkinsonian mice.
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M1 L5 model recapitulates DBS effects on cortical firing. To
better understand the beneficial effects of DBS and SST opto-
activation, we theoretically tested the information processing
capabilities of cortical networks in control and parkinsonian
conditions under DBS and when activating PV or SST

6 NATURE CON

interneurons. To this purpose, we built a simplified spiking neural
network model of L5 motor cortex, including pyramidal, PV, and
SST cells modeled as adaptive exponential integrate-and-fire
neurons (Fig. 6a). The choices of intrinsic parameters defining
each population (Supplementary Table 1), network architecture
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Fig. 3 In vivo DBS activates somatostatin interneurons in mice. a In vivo experimental setup. A bipolar electrode is lowered into the STN and an optical
fiber is placed over M1, while recording from neurons in M1. b, Top: electrophysiological traces of representative opto-identified pyramidal, SST, and PV
neurons recorded in M1. SST and PV neurons are opto-activated by brief flashes of light (shown in blue). € Photomicrographs of juxtacellularly labeled and
immubhistologically identified pyramidal, SST and PV neurons (n =10, 6, and 3 independent experiments with similar results for pyramidal, SST, and PV
cells, respectively) (bar scale =30 um). Bottom: Raster plots representing the activity of the neurons described above in response to 2-min DBS at 120 pA.
Spikes occurring during the DBS are represented in red. d Heatmaps of individual pyramidal, PV and SST neuron activity (normalized by the maximal

firing rate of each neuron), before, during and after DBS (10s bins) (only non-silent neurons are represented). e Averaged time course of DBS-induced
modulation of pyramidal, PV and SST neuron activity (bars: mean £ SEM of all non-silent neurons, and the mean + 2 x SD of the baseline is superimposed).
Boxplots indicate the firing rates before, during and after DBS of pyramidal (Off vs DBS: p=0.0297, and DBS vs Post: p=0.0085, n = 28, two-tailed

Wilcoxon signed-rank test), PV (p = 0.0074 and p = 0.0495, n=27) and SST (p = 0.0040 and p = 0.0019, n = 26) neurons (including silent neurons).
Box plots: the center is the median; box: 25% and 75% quartiles; whiskers extend to the last data point within 1.5* the interquartile range outside of the box
range (data outside the whisker range are not shown, but are included in the statistical analysis). f Proportion of pyramidal, PV, and SST neurons activated
(white), inhibited (black), non-modulated (gray) during DBS or silent (hatched) throughout the recording. The number of neurons is indicated for each

category. *p <0.05; **p<0.01.

and synaptic strengths (Fig. 6a) were guided by experimental?3-2°
and modeling’ data. In particular, we modeled PV and SST
interneurons as fast-spiking and low-threshold spiking neurons,
respectively. As for the network architecture, we set lower con-
ductances for excitatory synapses compared to inhibitory
ones31:32. Both PV and SST interneurons inhibited pyramidal
cells, with similar connection probability but a stronger synaptic
weight from PV to pyramidal cells?>2°. Importantly, only PV cells
received excitatory feedback?*. The choice of asymmetric inhi-
bitory strength between PV and SST neurons, as well as the
respectively weak and strong self-inhibition for SST and PV cells
are based on previous reports?®31. The hyperexcitability of pyr-
amidal cells in