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Abstract

Electrical stimulation has been widely used to probe neural network properties and treat dysfunction.
Electrocorticography (ECoG) electrodes, long used for activity monitoring, can also stimulate the brain in a minimally
invasive and chronic manner. However, how cortical surface electrical stimulation impacts cortical network activity
remains poorly understood. Using in vivo calcium imaging in the awake mouse brain with chronically implanted
ECoG electrodes, we measured how electrical stimulation modulates the activity of visual cortical neurons, including
during concurrent visual stimulation. We found that cortical surface electrical stimulation initially activates L2/3
neurons followed by prolonged inhibition lasting seconds after stimulation. Electrical stimulation suppresses the
activity of neurons at their preferred grating orientation but enhances their responses to non-preferred visual stimuli,
thereby reducing sensory feature selectivity. By measuring how electrical stimulation modulates the activity of
inhibitory neuron subtypes including PV, SST, and NDNF interneurons, we propose a circuit model in which L1
NDNF interneurons are strongly activated by cortical electrical stimulation and, in turn, inhibit L2/3 excitatory neurons
and PV interneurons through volume transmission of GABA.

Introduction

Electrocorticography (ECoG), which employs a flexible sheet of electrode contacts placed on the surface of the brain,
has been widely used in clinical settings to record electrical activity for epilepsy monitoring and for mapping eloquent
cortex, thereby allowing the resection of tumors, epileptic foci, or other pathology without causing unacceptable
functional deficits'. Cortical mapping with ECoG is performed using electrical stimulation to evoke sensation or
movement, or to disrupt language task performance. In addition to providing essential clinical information, it has
fundamentally shaped our concepts of human cortical functional organization*®. ECoG stimulation is currently being
explored for brain-computer interface (BCI) applications, including sensory and motor prostheses, as well as
modulation of depression and pain’!!. Despite its clinical and experimental importance, the circuit mechanisms
through which ECoG stimulation modulates cortical neuronal activity are poorly understood, hindering efforts to
optimize ECoG array design and stimulation protocols for both basic research and clinical applications.

This gap in knowledge reflects a broader lack of understanding of how electrical stimulation affects neuronal activity,
especially at the circuit level and with cell-type specificity, despite its longstanding use to probe brain function!?'4
and treat neurological disorders'>"'°. Most prior investigations have focused on intracortical electrical stimulation. A
seminal study from 1968 concluded that stimulation above certain current thresholds directly excites the somata of
pyramidal (PYR) neurons within a spherical region around the electrode tip, with the size of the sphere increasing



with stimulation current strength?. In contrast, a 2009 study using calcium indicators and two-photon fluorescence
microscopy (2PFM)?! observed spatially sparse and distributed activation of neurons. Challenging the earlier model,
it concluded that intracortical stimulation sparsely activates nearby neuronal cell bodies but directly activates nearby
axons. Through antidromic activation of distally projecting axons, electrical stimulation can excite neurons located
millimeters away. This is consistent with previous work identifying the nodes of Ranvier and axon hillocks as the sites
with the lowest thresholds for externally imposed current gradients to trigger action potentials?’2°. Additional
mechanisms come into play when stimulation is applied in trains>>*”»?® or occurs in the context of pre-stimulus
activity?, resulting in a complex recruitment of both PYR and inhibitory neurons (INs). These considerations have
proven important for understanding the mechanism of the most common BCI therapy of deep brain stimulation for
Parkinson’s disease®.

In this study, we investigated how cortical surface stimulation using ECoG electrodes modulates cortical neuron
activity in the awake mouse cortex using 2PFM and cell-type specific expression of calcium indicator GCaMP6s. We
further explored how electrical stimulation affects cortical sensory processing by combining electrical and visual
stimulation. We found that cortical surface stimulation alone first directly activates L2/3 PYR neurons and L1 NDNF
INs, then suppresses their ongoing activity to below baseline level. Electrical stimulation interacts with visual
stimulation additively when neurons are weakly excited by visual stimulation, but suppresses the activity of neurons
exhibiting strong visually evoked activity in a divisive manner, leading to an overall reduction in sensory feature
selectivity. Whereas PV and SST IN activity are moderately impacted by electrical stimulation, L1 NDNF neurons
appear to play a major role in shaping cortical circuit activity by mediating a sustained suppression of ongoing and
sensory-evoked activity.

We propose a circuit model in which cortical surface stimulation directly activates L2/3 PYR and NDNF INs through
antidromic activation of their axon projections in L1, leading to a rapid increase in their firing rates. The strong
recruitment of NDNF inhibitory neurons in turn causes a strong and sustained inhibition of L2/3 PYR as well as NDNF
and PV IN populations, likely through GABA volume transmission. Our results indicate that the composition,
geometrical arrangement, electrical properties, and connectivity of excitatory and inhibitory subtypes near the ECoG
electrodes dictate how electrical stimulation modulates neuronal responses and impacts information processing in the
cortex.

Results

A novel cortical surface ECoG implant enables concurrent electrical stimulation and 2PFM imaging in the
awake mouse brain

We developed a chronic implant that allowed simultaneous microstimulation and 2PFM imaging of the awake mouse
cortex (Supplementary Fig. 1, Methods). A surface electrode array resembling a miniaturized human ECoG array
was fabricated by developing platinum nanorod (PtNR) films on electrode contact surfaces. The resulting round PtNR
electrodes were 90 or 200 pm in diameter. Glued to a glass cranial window, the electrode array was implanted during
a craniotomy surgery above the mouse’s left primary visual cortex (V1) with its electrodes in contact with the intact
dura and had <60 kQ impedances at 1 kHz measured post implantation. The cranial window provided mechanical
support to the electrode array as well as chronic optical access to the brain tissue below. During the same surgery,
AAV2/1 viral particles were injected into the cortex to drive expression of the genetically encoded calcium indicator
GCaMP6s’!, following previously described procedure®?33. A stainless-steel head-bar was attached to the skull and a
3D-printed resin housing was attached to the head-bar. The housing shielded stray light during imaging and protected
the electrode-bonded PCB.

We carried out implant surgeries and expressed GCaMP6s in 14 mice, including wildtype mice and three transgenic
lines that allowed Cre-dependent GCaMP6s expression in PV, SOM, and NDNF subtypes of inhibitory neurons3*37,
respectively. After 2 weeks of viral transduction and habituation for head fixation, we imaged GCaMP6s+ V1 neurons
in the head-fixed awake mouse at 15 frames/s using a previously described 2PFM system®? operated either in the
standard Gaussian focus scanning mode or, to increase imaging throughput, the Bessel focus scanning mode®®3°. A
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Supplementary Figure 1. Chronic implantation of a PtNR ECoG electrode array in mice. (a) PCB-bonded flexible microelectrode array.

(b) Zoomed-in view of electrode array. (¢) Further zoomed-in view of a single electrode contact. (d) Electrode glued to a glass window,

implanted in a craniotomy during surgery. (e) A mouse post surgery, with a 3D-printed implant housing and head bar. (f) Impedances of

electrode contacts used for electrical stimulation for each mouse. Each circle represents one unique electrode contact measured post

implantation. Two electrode contact diameters were used in this study, as labeled. Error bars: S.D. of impedance for each electrode contact.
computer monitor was used to present drifting grating visual stimuli to the right eye of the animal (Fig. 1a). Imaging
fields of view (FOVs), typically 781 um by 781 um, were chosen within V1 by retinotopic mapping of 2.2 mm x 2.2
mm cortical areas (Methods). The same FOVs were then imaged during symmetric biphasic pulse stimulation by a
nearby electrode and/or visual stimulation (Fig 1b,c).

We evaluated the calcium responses of the same neurons to electrical stimulus alone (E-Stim), visual stimulus alone
(V-Stim), and concurrent electrical and visual stimulation (EV-Stim), respectively. With 5 electrical stimulation
settings (a single 10-ms-long symmetric biphasic pulse with currents at -200 pA, -100 pA, 0, 100 pA, or 200 pA) and
9 visual stimulation types (no visual stimulation, 8 gratings of spatial frequency of 0.07 cycles/degree and temporal
frequency of 2 cycles/second, drifting along 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315° directions), there were a total
of 45 unique stimulation conditions. With each condition repeated for 10 trials, an imaging session included 450 trials
ordered pseudo-randomly, with each trial composed of a 2-s baseline measurement, onset of stimulation, and 4-s
measurement of stimulation response. There was a 4-s gap in image acquisition between trials to allow the calcium
response evoked in the previous trial to decay back to baseline. After image registration, the fluorescence trace F of
each hand-segmented soma was extracted and the neuropil background subtracted (Methods). Calcium activity trace
AF/Fy (Fo: baseline fluorescence, calculated from the 2-s baseline measurement; AF = F - F¢) was calculated for each
soma (e.g., example neurons 1-4, Fig. 1d) and a neuron’s response to each unique stimulus was calculated as the
averaged AF/F of 10 trials (e.g., responses to E-Stim by neurons 1-4, Fig. 1e). Statistical tests were used to determine
the response properties of each neuron (Methods).

Cortical surface electrical stimulation first activates then suppresses L2/3 population activity in the mouse V1

We first evaluated the responses of L2/3 neurons (150-270 um below dura) evoked by cortical surface electrical
stimulation in the absence of visual stimulation. AF/Fy traces of four representative neurons in a wildtype mouse V1
are shown with the ten anode-leading 200 pA stimulation events marked with vertical green lines (Fig. 1d). As
indicated by the trial-averaged responses of these neurons to 10-ms-long electrical stimulation of cathode-leading 200
PA (“200¢”), cathode-leading 100 pA (“100¢”), 0, anode-leading 100 pA (“100,”), or anode-leading 200 pA (“2004)
symmetric biphasic current injections (Fig. 1e), some neurons exhibited electrically evoked responses (e.g., Neurons
2-4) while others did not (e.g., Neuron 1).

To investigate the population response of V1 neurons, we calculated the mean E-Stim-evoked calcium response of
3,570 L2/3 neurons in wildtype mice (3 animals, 14 FOVs; Fig. 1f). Immediately after electrical stimulation (onset:



red line, Fig. 1f), we observed a rapid rise in calcium within the first frame (i.e., 67 ms post stimulation onset), peaking
at the second frame (i.e., 133 ms post stimulation onset) (Fig. 1f, inset), with stronger stimulation currents evoking
calcium transients of larger AF/F,.
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Figure 1. Cortical-surface electrical stimulation first activates then suppresses L.2/3 neuron activity in the mouse V1. (a) Setup for
concurrent 2PFM, electrical stimulation (E-Stim), and visual stimulation of the awake mouse V1. (b) Image of a cranial window and ECoG
electrode 2 weeks post implant. (¢) 2PFM image of GCaMP6s+ neurons 200 pm below dura within the black box in b (displayed at y=0.5).
Large circles: profile of electrodes. Red circle: stimulation electrode. (d) Calcium activity AF/F, traces of example ROI 1-4 outlined in ¢ over
75 min. Green lines: pseudorandomly-distributed 10 trials of 200 pA anode-first stimulation (inset, 200,) without visual stimulation. (e) Trial-
averaged responses of the ROIs in d to electrical stimuli. Trace and shade: mean and SEM. Red lines: onset of E-Stim. (f) Average AF/F,
traces of 3570 L2/3 neurons in response to E-Stim (red line). Trace and shade: mean and SEM. Inset: zoomed-in to 0-200 ms post E-Stim. (g)
Fractions of neurons with their early response (average AF/F, during 0-1 s post E-Stim) above a specific threshold value vs. threshold values,
for all stimulation currents. (h) Early responses of 3570 neurons. Error bars: SEM. Two-sample KS-test; p values: *: <0.05, **: <0.01, ***:
< 0.001. (i) Early responses to 200, E-Stim, plotted for each neuron based on their lateral displacement from stimulation electrode (red “+”:
electrode center). (j) Early response to 200, E-Stim of each neuron vs. its 3D distance from electrode center. R: Pearson's correlation
coefficient. (k,1,m,n) Same as (g,h,i,j) but for late responses (time-averaged AF/F, during 3-4 s post E-Stim) to 200, E-Stim.
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Supplementary Figure 2. Early and late responses of L2/3 neurons versus their 3D distance from electrode center. (a) Scatter plots
of early and (b) late responses of each L2/3 neurons to 1004, 100¢, and 200¢ E-Stim vs. its 3D distance from electrode center. Two-tailed
test for Pearson’s correlation coefficient, p values: (a) 1.1x10%°, 5.0x10%", 1.8x107° for early response to 1004, 100¢, and 200c E-Stim,
respectively; (b) 0.29, 0.09, 0.02 for late response to 1004, 100¢, and 200¢ E-Stim, respectively.

Consistent with the mean E-Stim-evoked population calcium responses, more neurons had average AF/Fy during 0-1
s post E-Stim above threshold values when the stimulus current increased from 100 pA to 200 pA (Fig. 1g), indicating
that larger currents excite higher fractions of neurons. Statistically, the averaged AF/F, between 0 and 1 s after E-Stim
onset, hereafter defined as the “early response”, of 3,570 neurons was significantly greater with electrical stimulation
than without (Fig. 1h; two-sample Kolmogorov—Smirnov test; p values in Supplementary Table 1). A 200 pA
stimulation current induced significantly larger fluorescence responses compared to 100 pA and cathode-leading
pulses induced slightly larger fluorescence responses than anode-leading pulses (Fig. 1h; two-sample Kolmogorov—
Smirnov test; p values: Supplementary Table 1, 200c vs. 100c: 2.3x1077, 2004 vs. 1004: 2.6x10-1°1),

Plotting the early response strengths of individual neurons relative to their 3D distances from the center of the
stimulating electrode, we observed a weak negative correlation, i.e., stronger activation for neurons closer to the
electrode, across all stimulation conditions (200, data shown in Fig. 1i,j; p = 2.2x10"%, two-tailed test for Pearson’s
correlation coefficient; other conditions, Supplementary Fig. 2a). The dependence of L2/3 neurons’ early responses
on stimulation strength (with little or no change in waveform) and distance from electrode (especially compared to
late responses, see below) is consistent with their being directly evoked by the electrical stimulation, as opposed to
consequent network activity.

Interestingly, after the early activation response, AF/Fy reversed in sign and became negative (Fig. 1f), indicative of a
strong late-onset inhibition of the population activity by the electrical stimulation, which reduced ongoing spontaneous
activity. The inhibitory effect manifested itself strongly in the reduction of averaged AF/F, between 3 and 4 s post E-
Stim at both 100 pA and 200 pA stimulus current (Fig. 1k). The averaged AF/F, between 3 and 4 s after E-Stim onset,
hereafter defined as the “late response”, indicated that larger currents led to stronger inhibition (Fig. 11; two-sample
Kolmogorov—Smirnov test; p values: Supplementary Table 2, 2004 vs. 1004: 8.5x107'3, 200¢ vs. 100c: 6.1x107').
This late inhibition was less dependent on distance than the early excitation (2004, Fig. 1m,n; other conditions,
Supplementary Fig. 2b). Its timing and lack of distance dependence suggest that this late onset inhibition was indirect
in nature and involved the local cortical network.

Electrical stimulation interacts with visual stimulation additively during weak visual responses and divisively
during strong visual responses



Having found that cortical surface electrical stimulation has an initial activating effect followed by a suppressing effect
on L2/3 population activity, we asked how electrical stimulation interacted with sensory processing by the same
neurons. Neurons in L2/3 of the mouse V1 have visually evoked activity that can be selective for the orientation of
drifting grating stimuli. Therefore, we measured and compared the calcium responses of L.2/3 neurons in wildtype
mice evoked by electrical stimulation alone (“E-Stim”), drifting grating visual stimulation alone (“V-Stim”), and
simultaneous electrical and visual stimulation (“EV-Stim”).

For an example orientation-selective neuron, E-Stim evoked minimal calcium responses (column “No vis”, Fig. 2a),
while V-Stim at its preferred grating evoked a calcium response of large AF/Fo magnitude (middle row, red arrow,
Fig. 2a). Combining electrical and visual stimulation, instead of enhancing AF/F; magnitude, substantially reduced
the magnitudes of the visually evoked responses to the preferred drifting gratings (top two and bottom two rows, Fig.
2a). Fitting the averaged AF/F, during the 4 seconds of visual stimulation across different drifting directions with a
double Gaussian function for all electrical stimulation settings (Fig. 2b), we identified the preferred grating orientation
of this neuron, which remained unchanged. Under EV-Stim, electrical stimulation reduced this neuron’s response to
its preferred visual stimulus (red arrow, Fig. 2b), with larger currents leading to larger suppression.

To carry out population analysis, for every neuron that was visually responsive (n=2173 neurons, 3 animals, 14 FOVs),
we fit its V-Stim responses with a double Gaussian tuning curve (Methods). We defined its preferred grating (denoted
as “Pref” in Fig. 2b) as the grating, out of the eight presented to the mouse, that was closest to the peak of its tuning
curve. We then defined the grating stimulus with the same orientation as the Pref grating but drifting in the opposite
direction as the “Oppo” grating, which can still drive neuronal activity but not as strongly as the Pref grating. We
further identified the two grating stimuli whose orientations were orthogonal to that of the Pref grating as the “Ortho”
gratings, which typically evoked minimal responses from these neurons. We then averaged the AF/F, traces for E-
Stim and for Pref, Ortho, and Oppo gratings acquired under V-Stim and EV-Stim for all visually responsive L2/3
neurons (Fig. 2¢). Ortho traces were calculated as the average of the responses evoked by the two Ortho gratings.

With E-Stim, the L2/3 population of visually responsive neurons showed early activation followed by late suppression
(“No vis”, Fig. 2¢; AF/F, for early and late responses of individual neurons, Supplementary Fig. 3a,b), mirroring the
same trends as in Fig. 1f, indicating that whether a neuron has visually evoked activity or not does not affect its
response to E-Stim. With V-Stim, L2/3 population showed a steady ramp-up of AF/F, throughout the 4 s of visual
stimulation (black traces, “Pref”, “Ortho”, “Oppo”, Fig. 2¢), with decreasing response magnitudes under Pref, Oppo,
and Ortho gratings as expected.

With EV-Stim, a complex picture emerged. With ortho gratings minimally driving activity, EV-Stim with Ortho
gratings closely resembled the summation of the weak E-Stim and V-Stim responses, showing early activation
followed by late suppression relative to the V-Stim response (“Ortho”, Fig. 2¢). These results indicate that with weak
visually and electrically evoked activities, network activity operates in an additive regime.

For EV-stim at Pref and Oppo gratings, we observed fast-rising activity consistent with the early electrical activation,
followed by a long-lasting visually evoked activity (green and purple traces, “Pref” and “Oppo”, Fig. 2¢). However,
compared to V-Stim, concurrent electrical stimulation led to a strong and sustained suppression of visually evoked
activity, with the resulting activity traces clearly deviating from a simple summation of E-Stim and V-Stim responses.
The suppression effect, manifested by the decrease in AF/F, was greater at higher electrical currents and with stronger
visually evoked activity (e.g., larger AF/Fy decrease in “Pref” than “Oppo”, Fig. 2¢), suggestive of a divisive inhibitory

mechanism***! at work.

Electrical stimulation reduces orientation selectivity of L2/3 V1 PYR neurons

Because electrical stimulation increased the activity of L2/3 neurons during non-preferred visual stimulation and
decreased the activity during preferred visual stimulation, we expected that combining electrical and visual stimulation
would reduce the orientation selectivity of L2/3 neurons.
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We sorted all visually responsive L2/3 neurons by their preferred drifting directions under V-Stim and plotted their
early responses for all grating stimuli (Fig. 2d). Without electrical stimulation, the plot revealed a diagonal line of
peak early response AF/Fy (red bars in middle column “0”, Fig. 2d), indicating that L.2/3 neurons are mostly
orientation-tuned with their preferred orientation/direction evenly distributed, in agreement with previous studies®>*2,

With concurrent electrical stimulation, the diagonal line became more difficult to visualize (“200¢”, “100¢”, “1004”,
“2004” columns, Fig. 2d), due to both the suppression of the early response to the preferred grating and the increase
in activity at the non-preferred gratings. This trend became even more apparent when we subtracted the V-Stim
responses from the EV-Stim responses, where blue diagonal lines indicated the suppression of visually evoked activity
at the preferred grating by electrical stimulation (Fig. 2e). This suppression lasted throughout the duration of visual
stimulation, persisting for several seconds after the end of the 10-ms-long electrical stimulation, as indicated by the

late responses of individual neurons (Supplementary Fig. 3¢, d).

The population tuning curves, which were double-Gaussian fits to the early responses of all neurons showed the same
trends: electrical stimulation increased the activity at the non-preferred orientations (“Ortho” and “Oppo”, Fig. 2f)
while decreasing the activity at preferred orientation (“Pref”, Fig. 2f) (p values, Supplementary Table 1). Therefore,
as a population, L2/3 neurons had reduced orientation selectivity that became more severe at higher electrical
stimulation currents.

The reduction of orientation selectivity can also be appreciated in the scatter plots of the early responses to Pref versus
Ortho gratings for individual neurons (Fig. 2g). Electrical stimulation caused the response distributions to shift toward
a decrease in Pref response and an increase in Ortho response. Consistently, we observed a significant decrease in the
global orientation selectivity index (gOSI) distributions that became more pronounced at higher stimulation currents
(Fig. 2h; directional Wilcoxon ranksum test; p values, Supplementary Table 3).

In these experiments, L2/3 neurons, whether excitatory or inhibitory, were indiscriminately labeled with GCaMP6s.

However, the population response should be dominated by excitatory PYR neurons due to their comprising the vast
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analyses to Fig. 2f,h on 986 L2/3 neurons with visually evoked activity and fluorescence trace skewness values > 2.7. (¢,d) Analyses on 959
L2/3 neurons with visually evoked activity and gOSI > 0.3. (a,c) Population-averaged early responses for drifting grating stimuli and the fitted
orientation tuning curves under 5 electrical stimulation conditions. (b,d) Distributions and cumulative distributions of gOSI values under 5
electrical stimulation conditions.

majority of L2/3 neurons**. Indeed, when we applied additional criteria to restrict our analysis to putative PYR
neurons (i.e., skewness > 2.7% or gOSI > 0.333), similar results were obtained (Supplementary Fig. 4).

Together, our measurements indicate that with or without simultaneous visual stimulation, electrical stimulation
transiently and rapidly activates L2/3 PYR neurons followed by a long-lasting inhibition. When L2/3 PYR neurons
transition from low firing rates to high firing rates in response to visual stimulation, the sustained inhibition by
electrical stimulation transitions from a subtractive to a divisive regime. The early direct electrical activation, together
with the stronger inhibition that occurs when the neurons respond to their preferred visual stimuli, leads to a reduction
in orientation selectivity.

PV interneurons are not excited by electrical stimulation alone and their visually evoked activity is suppressed
by electrical stimulation

Whereas the rapid and direct activation of L2/3 PYR neurons by electrical stimulation can be explained by the
activation of their axons in L1 which are in close proximity to the stimulating electrode, the long-lasting inhibition
following electrical stimulation requires the involvement of INs. Given that different IN subtypes have distinct roles
in regulating cortical activity, we labeled distinct IN populations by using Cre-dependent expression of GCaMP6s in
V1 of subtype-specific Cre transgenic lines and carried out similar experiments.

We first investigated Parvalbumin-expressing (PV) INs, which play major roles in cortical inhibition by innervating
the cell bodies and basal dendrites of nearby PYR neurons* and are known to mediate divisive inhibition*'. We
injected AAV2/1-Flex-Syn-GCaMP6s into transgenic Pvalb-IRES-Cre**** mice to selectively express GCaMP6s in
L2/3 and L4 (300 — 420 pm below dura) PV INs and imaged their calcium activity under E-Stim, V-Stim, and EV-
Stim conditions (3 animals, 6 FOVs, 276 L2/3 neurons, 381 L4 neurons; example FOV, Fig. 3a).

We averaged the AF/F traces of 156 visually responsive L2/3 PV INs (Fig. 3b). Interestingly, E-Stim did not evoke
a calcium response from PV INs (“No vis” panel, Fig. 3b), likely because neither the PV IN cell bodies nor their
neuronal processes (and especially their axons) were sufficiently close to the cortical surface electrode to be excited.
However, L2/3 PV INs are known to receive strong recurrent excitation from L2/3 PYR. The lack of PV IN activation
by E-Stim therefore suggests that there is an additional short latency inhibitory input preventing them from firing (see
NDNF section below). V-Stim evoked dynamics in PV INs similar to those observed in L2/3 neurons, with a steady



increase in AF/F, throughout the 4 s of visual stimulation and decreasing response magnitudes under Pref, Oppo, and
Ortho gratings (black traces, “Pref”, “Ortho”, “Oppo” panels, Fig. 3b).

When combined with visual stimulation, electrical stimulation suppressed visually evoked responses of PV INs to
Pref, Oppo, and Ortho gratings (green and purple traces, “Pref”, “Ortho”, “Oppo” panels, Fig. 3b), with stronger
inhibition observed at larger electrical currents (Fig. 3¢). Therefore, electrical stimulation inhibits PV neuron activity
regardless of the strength of their concurrent sensory-evoked responses. This is different from L2/3 PYR neurons, for
which electric stimulation suppresses the activity at the preferred orientation but increases the activity at non-preferred
orientations. The same trends were observed in individual neurons (Supplementary Fig. Sa-c). The suppression of
PV activity by electrical stimulation suggests that PV INs are unlikely to be the source of the late-onset inhibition
observed in L2/3 PYR neurons.

SST interneurons are not excited by electrical stimulation alone and their visually evoked activity is weakly
enhanced by electrical stimulation

We next investigated whether the inhibition of PYR neuron activity may instead be mediated by somatostatin (SST)-
expressing L2/3 INs. Being Martinotti cells, these SST INs are one of the main inhibitory inputs to PYR apical
dendrites through their axonal projections to L1%. These projections were close to our electrode, potentially enabling
the antidromic activation of SST neurons by the ECoG electrode.

To test this hypothesis, we injected AAV2/1-Flex-Syn-GCaMP6s into transgenic SST-IRES-Cre mice’® to selectively
express GCaMP6s in SST INs within L2/3 and L4 and measured their responses to E-Stim, V-Stim, and EV-Stim (5
animals, 21 FOVs, 368 L2/3 neurons, 470 L4 neurons; example FOV, Fig. 3d). Due to the sparsity of SST IN cell
bodies in V1, we used Bessel-focus 2PFM, a fast volumetric imaging method*, to improve imaging throughput
(Methods). We focused further analysis on L2/3 SST INs with visually evoked activity (274 neurons).

Surprisingly, we did not observe calcium transients caused by direct activation of L2/3 SST INs under E-Stim (“No
vis” panel, Fig. 3e). Under V-Stim, SST INs exhibited similar temporal activity dynamics as PV INs but had their
AF/F, saturate in magnitude ~2 s after visual stimulation onset (black traces, “Pref”, “Ortho”, “Oppo” panels, Fig. 3e).
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Figure 3 — Electrical stimulation suppresses visually evoked activity in PV interneurons and weakly enhances the visually evoked
activity in SST interneurons. (a) Example 2PFM image of PV INs expressing GCaMP6s 180 pm below electrode surface in a PV-ires-Cre
mouse. Circle: profile of stimulation electrode. (b) Population- and trial-averaged AF/F, traces of 156 L2/3 PV INs with visually-evoked
activity under 5 electrical stimulation conditions, grouped for 4 visual stimulation conditions: no stimulus, ortho, pref, and oppo. Trace and
shade: mean and SEM. Red lines: stimulus onset. (¢) Scattered data points: Early AF/F, of the traces in b; tuning curves: double-Gaussian fits
to the scattered data. (d-f) Same as a-c, but for SST INs with visually-evoked activity. d: example image acquired at 160-230 um below
electrode surface in an SST-ires-Cre mouse; e-f: analysis on 274 SST INs with visually evoked activity.
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Supplementary Figure 5. Early response of individual PV and SST neurons INs. Same data as in Fig. 3. (a) Heatmap showing the early
response AF/F, of 156 12/3 PV INs. Rows: individual cells sorted by their preferred direction; Columns: electrical-visual stimulation
conditions. (b) Heatmap showing the difference in early response AF/F,, by subtracting V-Stim responses from EV-Stim responses in a. Blue:
reduction in response; red: increase in response. (¢) Neurons’ early response towards pref vs. ortho gratings, under 5 electrical stimulation
conditions. Red dots: mean responses. (d,e,f) Same as a,b,c, but for 274 SST INs.
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During EV-Stim of visually responsive L2/3 SST INs, electrical stimulation either enhanced or suppressed a neuron’s
early response to its preferred stimuli (Supplementary Fig. 5d,e). Averaging the AF/F, traces of all visually
responsive L.2/3 SST INs, we observed weak and statistically insignificant AF/Fy increases in the population activity
traces at preferred gratings, and small but statistically significant AF/F, increases for non-preferred gratings relative
to V-Stim traces (Fig. 3e; Early response, Fig. 3f, Supplementary Fig. 5f, Supplementary Table 1).

One explanation for the observed weak electrical activation during visual stimulus presentation could be that axon
segments of SST INs were directly activated by electrical stimulation but the antidromic activation was too weak to
induce firing at the SST somata. However, with concurrent excitatory inputs from visual stimulation, subthreshold
activation by electrical stimulation could lead to an increase of SST IN firing rates. This increase was more pronounced
for the non-preferred gratings, as the weaker sensory drive under these conditions enabled the subthreshold activation
by electrical stimulation to make a more appreciable impact on firing rates.
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Supplementary Figure 6. L4 PV and SST INs respond similarly to L2/3 PV and SST INs. b) Population- and trial-averaged AF/F, traces
of 133 L4 PV INs with visually-evoked activity under 5 electrical stimulation conditions, grouped for 4 visual stimulation conditions: no
stimulus, ortho, pref, and oppo. Trace and shade: mean and SEM. Red lines: stimulus onset. (b) Scattered data: early-response AF/F, of the
traces in a; tuning curves: double-Gaussian fits to scattered data. (c,d) Same as a,b, but for 413 L4 SST INs with visually-evoked activity.

We observed similar trends for the E-Stim, V-Stim, and EV-Stim responses of L4 PV and SST INs (Supplementary
Fig. 6): Neither PV nor SST INs were activated by electrical stimulation alone; when combined with visual
stimulation, electrical stimulation suppressed the visually evoked activity of PV INs across all visual input strengths
and moderately increased the activity of SST INs only under weaker visual input at non-preferred gratings. Therefore,
neither IN subtypes can mediate the slow-onset, long-lasting inhibition observed under E-Stim and EV-Stim.

Electrical stimulation first activates and then inhibits NDNF IN activity

Another inhibitory cell type that targets PYR apical dendrites is L1 NDNF INs*’8, We injected AAV2/1-Flex-Syn-
GCaMPé6s into transgenic NDNF-IRES-Cre mice to selectively express GCaMP6s in INs expressing neuron-derived
neurotrophic factor (NDNF) protein, which represent ~70% of L1 IN population®’, and measured their responses to
E-Stim, V-Stim, and EV-Stim (3 animals, 15 FOVs, 884 neurons; example FOV, Fig. 4a).

Mirroring the activity dynamics of L2/3 PYR neurons but with much larger AF/Fy magnitudes, NDNF INs showed
immediate and strong activation by E-Stim (Fig. 4b, 884 neurons) with calcium activity rising rapidly within 100 —
200 ms (e.g., reaching 100% for 200 pA stimuli), followed by a strong inhibition that reduced activity below baseline
(e.g., to -50% AF/F, for 200 pA stimuli). Both 100 pA and 200 pA stimulation currents strongly activated neurons,
as indicated by the high fractions of neurons with their average AF/F during 0-1 s post E-Stim above threshold values
(Fig. 4¢). Early responses of NDNF INs to E-Stim were significantly greater than those without stimulation (two-
sample KS-test, Supplementary Table 1) and responses to 200 pA anode-first stimulation currents significantly
higher than those to 100 pA anode-first stimulus (two-sample KS test; p value: 200¢ vs. 100c: 5.6x1072; 2004 vs. 1004:
7.7x10*, Fig. 4d). Unlike PYR neurons, there were no significant differences between early responses to cathode-
leading and anode-leading E-Stim (Fig. 4d, Supplementary Table 1). We observed a weak negative correlation
between NDNF INs’ early response strength and their distance from the center of the stimulating electrode for all



electrical stimulation conditions (2004 data, Fig. 4e,f, two-tailed Pearson’s correlation significance test, p = 4.4x10;
Other conditions, Supplementary Fig. 7a). The late-onset inhibition of NDNF INs induced by E-Stim was strongest
at 2004 and 200¢ (Fig. 4g,h) and, similar to the late-onset inhibition of PYR neurons, showed no significant correlation
with distance from the electrode center (2004, Fig. 4i,j; Other conditions, Supplementary Fig. 7b).

—200,

50

Early AF/Fo (%)

Early response:
Average AF/Fo of 0-1 s

o
=)

Fraction above threshold

e o o
o N ox o

=)

10 20 30 40 50 60
AF/Fo Threshold (%)

Late response:
Average AF/Fo of 3-4 s

Fraction above threshold

0 -10 -20 -30 -40 -50 -60
AF/Fo Threshold (%)

ool —
[ .
i PR
e e

T

e

e
et

ey

—e @
Py

0

S
Y
w
L
s
>
=
©
w
0
200,100_0 100,200,
h 1
IL“T
g
&0
w
g
2
©
-
-10
200,100_0 100,200,
| 4200 200,
- ca o - ;
-,.i-.: e
e - — a1
o e .= |
L s TR SR
S e e
& ‘ 3 -
$  egmerm gL
5 e e
o - - -
8 e o] e
L - rml Sy el
L e | -
> S e g
2 = e oy o gy |
= R == =gl
T 100 e Eisa i
1o} - _— T - =
£ = - |
5 - -
@ e
12} = -_4
= =i ]
2 e = =
z = 5 -
S e D o e
= ""‘31-q
o A e -
e I
= s ==
Eas = _;i;,—q.d
- 8 e
- & Cn. =
AN
X %o X E %

| L
No vis  Ortho

°H-

Early AF/Fo (Ortho) (%)

Early AF/Fo Pref) %

Pref

|
Ortho
Grating orientation

I
Oppo

100
= 200,
>60 &\/
- 2 50
m &
] w
e g
> >0
35
20 T
S w =
3 Yo R=-0.14
0~
[ —
200 400 600
Distance from electrode (um)
100 200,
<60 R 50
oW
408 © O
B 5
_20;?, 5-50
=
50> 100
[
200 400 600
Distance from electrode (um)
m
2100
10
m
)
13
05
1 f_.\'“
=
-10
<100
[ e
5 210
Cell count



Figure 4. Cortical-surface electrical stimulation strongly modulates activity and orientation selectivity of L1 NDNF INs. (a) Example
2PFM image of NDNF INs expressing GCaMP6s 90 pm below electrode surface in a NDNF-ires-Cre mouse. Circle: profile of stimulation
electrode. (b) Average AF/F, traces of all L1 NDNF neurons (N = 884) in response to E-Stim (red line). Trace and shade: mean and SEM. Inset:
zoomed-in to 0-200 ms post E-Stim. (¢) Fractions of neurons with their early response (average AF/F, during 0-1 s post E-Stim) above a specific
threshold value vs. threshold values, for all stimulation currents. (d) Time-averaged early response AF/F,, of 884 neurons. Error bar: SEM. Two-
sample KS-test; P values: **: <0.01; ***: <0.001. (e) Early response to 2004 E-Stim, plotted for each neuron based on their lateral displacement
from electrode (red “+”: electrode center). (f) Early response to 200, E-Stim of each neuron vs. its 3D distance from electrode center. R:
Pearson's correlation coefficient. (g,h,i,j) Same as (c,d,e,f) but for time-averaged late response AF/F. (k) Population- and trial-averaged AF/F,
traces of 185 L1 NDNF neurons with visually evoked activity under 5 electrical stimulation conditions, grouped for 4 visual stimulation
conditions: No visual stimulus, Ortho, Pref, and Oppo. Trace and shade: mean and SEM. Red lines: stimulus onset. (I) Heatmap of early
response AF/Fy. Rows: individual cells sorted by their preferred direction; Columns: electrical-visual stimulation conditions. (m) Heatmap of
the difference in early response AF/F,, by subtracting V-Stim responses from EV-Stim responses in j. Blue: reduction in response; red: increase
in response. (n) Scattered data points: early-response AF/F, of the traces in K; tuning curves: double-Gaussian fits to the scattered data. (o)
Neurons’ early response towards Pref vs. Ortho gratings, under 5 electrical stimulation conditions. Red dots: mean responses.

Electrical stimulation reduces orientation selectivity of NDNF INs and leads to late-onset long-lasting inhibition
of their visually evoked activity

When excited by V-Stim, NDNF INs with visually evoked activity exhibited strong direction preference, consistent
with previous findings* (N = 185; population response, black traces, Fig. 4k; individual neuron early response, middle
column, “0”, Fig. 41). At their preferred grating stimuli, NDNF INs had sustained visually evoked responses
throughout the 4-s duration of visual stimulation (black trace, “Pref” panel, Fig. 4k).

Compared with V-Stim responses, when electrical stimulation of 100 pA currents was combined with visual
stimulation, NDNF INs had suppressed early responses at Pref gratings but elevated early activity at all non-preferred
gratings (population response, light green and light purple traces, Fig. 4k; individual neuron response, Fig. 4l,m). At
200 pA currents, electrical stimulation dominated visual stimulation, leading to AF/F, responses that resembled those
evoked by electrical stimulation alone for both preferred and non-preferred stimuli (cf. population response, dark
green and dark purple traces in “Pref”, “Ortho”, “Oppo” panels to those in “No vis” panel, Fig. 4k; individual neuron
response, Fig. 41,m).

As a result, the population tuning curves fitted to the early-response AF/F, for NDNF INs showed that electrical
stimulation led to an almost complete loss of orientation/direction tuning (Fig. 4n). The scatter plots of the early

a 200

200

200

100, 100, 200,

150 150 150

= 9 9

£ 100 < 100 < 100

w’ w w

L o ™

L 50 5 50 %5 50

> > >

5 0 T 0 T 0

= R=012 R=016 R=-0.17
-50 =0 -50 = -50 =l
-100, -100 -100,

0 100 200 300 400 500 600 700 800

Distance from electrode (um)

0 100 200 300 400 500 600 700 800
Distance from electrode (um)

0 100 200 300 400 500 600 700 800

Distance from electrode (um)

200 200 150

b 100, 100, 200,
150 150 100

=100 £ 100 X %0

w’ [T w0

T 50 T 50 o

I 0 J o g -50

[0} O g = [0}

w® ® 5 -100

- .50 R =-0.01 - 50 R =-0.03 ~ 150 R=-0.10
-100 -100 -200
-15 -150 -25

00 100 200 300 400 500 600 700 800

Distance from electrode (um)

0 100 200 300 400 500 600 700 800
Distance from electrode (um)

00 100 200 300 400 500 600 700 800

Distance from electrode (um)

Supplementary Figure 7. Early and late responses of NDNF neurons versus 3D distance from electrode center. (a) Scatter plots of early
and (b) late responses of each NDNF neurons to 1004, 100¢, and 200 E-Stim vs. its 3D distance from electrode center. Two-tailed test for
Pearson’s correlation coefficient, p values: (a) 3.4x10%,2.3x10°°, 1.3x107 for early response to 1004, 100c, and 200 E-Stim, respectively; (b)
0.7, 0.34, 0.0042 for late response to 1004, 100, and 200¢ E-Stim, respectively.



responses to Pref and Ortho gratings for individual neurons showed a reduction in Pref grating response and an
increase in Ortho grating response, causing the response distributions to shift towards the diagonal line representing
equal responses (Fig. 40).

Circuit model for cortical electrical stimulation and its interaction with concurrent sensory processing

In order to explain the above observations in a manner consistent with the anatomy and physiology of mouse V1, we
propose a simplified circuit model of how electrical stimulation affects the activity of cortical neurons and alters
how they respond to concurrent visual stimulation (Fig. 5).

In this model, cortical surface electrical stimulation by itself activates PYR neurons and NDNF INs mainly through
direct antidromic activation of their axon segments in L1, leading to AP firing and a rapid increase in their intracellular
calcium during the first second after electrical stimulation. It also leads to subthreshold activation of SST INs but does
not activate PV INs (Fig. 5a). (Even though only antidromic activation is considered in this model, other activation
mechanisms can be also engaged — see Discussion.)

When concurrent visual stimuli are at the orthogonal, non-preferred orientations of PYR neurons and NDNF INs,
these neurons are minimally excited by visual stimulation. Their early-stage calcium dynamics are therefore similar
to those observed under electrical stimulation alone (Fig. Sb). Because SST INs are less orientation tuned than PYRs
and NDNF INs*, they have comparatively stronger visually evoked activity at Ortho gratings, which adds up with
their subthreshold activation by electrical stimulation, leading to a moderate increase in firing rate.

When visual stimuli are presented at the preferred direction of PYRs and thus strongly activate them, their otherwise
strong visually-driven activity is suppressed by the electrically activated NDNF INs, which reduce PYR activity by
inhibiting their apical dendrite directly (Fig. 5¢)**® (and by blocking excitatory inputs on PYR via presynaptic
GABAG receptors; see Fig. 5d). The suppression of PV activity arises from both the reduction in PYR activity, which
provides less driving force for PV neuron firing, and mainly extrasynaptic inhibition by NDNF INs*-3!,

Once activated, NDNF INs release GABA into the extracellular space via volume transmission’? and lead to sustained
inhibition (Fig. 5d), likely through GABAg receptor-mediated responses in their target cell types including PYR
neurons, PV INs, and NDNF INs themselves. Such suppression of activity persists for seconds after electrical
stimulation and is stronger at larger stimulation currents.

In summary, this model suggests that early activation of PYR and NDNF neurons was principally due to direct
activation of L1 axons near the stimulation electrode, while the later prolonged inhibition results from volumetric
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Figure 5. Proposed circuit model during cortical electrical stimulation and concurrent visual stimulation. Electrode is above mouse V1.
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Light red shade: direct electrical stimulation’s region of influence; Yellow lightning bolts: direct antidromic activation; Orange lightning bolts:
direct subthreshold activation. (a) Early response to electrical stimulation, in the absence of visual stimulation. (b) Early response to electrical
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by early NDNF activation.
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GABA cloud released by the activated NDNF INs. Overall, our results are consistent with electrical stimulation
engaging the top-down modulatory functions of L1 NDNF INs, which have been extensively documented in the recent
literature™.

Discussion

Using in vivo calcium imaging of the awake mouse brain with chronically implanted ECoG electrodes, we measured
how electrical stimulation modulates the activity of visual cortical neurons, including during concurrent visual
stimulation. We found that cortical surface electrical stimulation first activates L.2/3 neurons, followed by a prolonged
inhibition that lasts seconds after stimulation. Electrical stimulation suppresses the activity of PYR neurons at their
preferred grating orientation but increases their activity during non-preferred visual stimulation, thereby reducing
sensory feature selectivity. Among inhibitory subtypes, we found that electrical stimulation does not activate PV INs,
activates SST INs in a subthreshold manner, and strongly activates NDNF INs. We propose a circuit model in which
L1 NDNF INs are strongly activated by cortical electrical stimulation and subsequently inhibit L2/3 PYR neurons and
PV INs, likely through volume transmission of GABA.

Fast-onset direct activation by electrical stimulation

Our in vivo calcium imaging experiments indicate that, under our stimulation protocol, cortical-surface electrical
stimulation directly activates L2/3 PYR neurons and L1 NDNF inhibitory neurons, leading to action potential firing
and an increase in their intracellular calcium concentration. It also leads to subthreshold depolarization of L.2/3 and
L4 SST INs, with the activation only measurable when combined with visual stimulation. In contrast, electrical
stimulation does not activate L2/3 or L4 PV INs.

These observations are consistent with biophysical studies that found axon initial segments or nodes of Ranvier have
the lowest activation threshold to external electrical input?**, With the ECoG electrodes placed on cortical surfaces,
neurons with axonal projections in L1 can therefore be directly activated electrically. (L1 NDNF neurons could also
be activated synaptically if stimulation induced orthodromic action potentials in L1 horizontal fibers; see next section).

Indeed, we found that NDNF neurons, with dense horizontally extending axonal arbors in L1%7, had the largest AF/F,
amplitude in response to electrical stimulation in our study, suggesting strong activation by the cortical-surface
electrode. The smaller AF/F, amplitudes evoked by electrical stimulation in L2/3 PYR neurons indicate that they were
more moderately activated, likely because their local axon projections, although present in L1, are mostly concentrated
in lower L1 and upper L2/3%. For L2/3 PYR neurons and L1 NDNF INs, we observed more neurons activated at
larger stimulation currents and stronger activation in neurons with cell bodies closer to the stimulation electrode,
similar to previous experimental observations with intracortical electrical stimulation?’2%3%°¢ and consistent with
simulations based on biophysical models®’.

L2/3 and L4 SST-expressing Martinotti cells have ascending axons into L1#%-%_ Our data suggests that electrical
stimulation employed here leads to subthreshold depolarization at the SST IN cell bodies, which does not lead to
detectable calcium transients by itself but can increase firing rate when combined with sensory stimulation. In contrast,
the axon projections of L2/3 and L4 PV INs are mostly within L2/3 and L4°%%, likely too far away from the cortical
surface to be activated under our stimulation protocol. This explains the lack of direct activation of PV INs by electrical
stimulation.

Comparing stimuli with the same current but opposite polarities, we observed a small but significant increase in AF/F
of PYR neurons in response to cathode-leading stimuli. This is consistent with previous findings in animal
models®>*%%!, as well as clinical observations of cathode-leading stimulation being associated with greater treatment
efficacy®®%3. The smaller difference between cathode and anode-leading pulses observed here was likely due to the
fact that by placing the ECoG electrode on cortical surface, the stimulation current vectors interacted with axons at a
large variety of orientations, which minimized the effects of polarity. In contrast, previous studies stimulated through
an electrode tip embedded in the brain tissue and observed stronger polarity effects in the immediate vicinity of the
electrode, where the orientation of the current vector relative to the membrane of excitable elements was fixed.



Another difference could be our use of a relatively long stimulation pulse wherein the second phase greatly exceeds
the refractory period from the first phase so effects of both polarities should be produced. Finally, we used a single
stimulation pulse instead of a train stimulus. The cumulative effects from a train of pulses might amplify response
differences and lead to larger differences between polarities.

Other activation mechanisms by electrical stimulation for L1 NDNF INs

Our simplified circuit model above only considered antidromic axonal activation, in which activation of NDNF axons
leads to direct action potential invasion of the soma. Given that NDNF INs have dense axons and dendrites within
L1% in close proximity to the ECoG stimulation electrode, they may also be activated via other mechanisms
including orthodromic axonal with synaptic activation, where afferent axons carrying synaptic input to NDNF cells
were activated by electrical stimulation, and direct depolarization of the dendritic/somatic membrane by the impressed
electrical currents. Several characteristics of NDNF activation support the involvement of orthodromic activation.

Our data indicate that antidromic invasion of the NDNF somata was incomplete. Anatomical studies show that L1
NDNF cells have a very dense axonal arbor within 200 pm from the soma®. The lack of response by many NDNF
cells less than 200 pm from the electrode (Fig. 4f, Supplementary Figure 7a), even at high stimulation currents,
suggests that antidromic spikes are evoked but fail to invade the soma.

A cell responding to pure antidromic stimulation at a lower amperage (e.g., 100 pA) would not increase its firing rate
at higher amperages (e.g., 200 pA). This is because even if multiple axon branches were stimulated at higher
amperages, antidromic stimulation would not result in multiple action potentials at the axon hillock, as the final
common path would be refractory when the slightly later conducting ones arrive®. However, we observed larger AF/F
for 200 pA stimuli than for 100 pA stimuli (Fig. 4¢), consistent with orthodromic activation with amperage-dependent
responses.

L1 NDNF neurons in V1 receive excitatory input mainly from thalamic and other cortical areas*>, and inhibitory
input from SST (Martinotti) cells as well as other L1 NDNF cells>"-%. Both could be activated orthodromically by
electrical stimulation, evoking or inhibiting cell firing directly. These orthodromic inputs could also interfere with
invasion of the antidromic spikes. The afferent thalamic and cortical axons have a higher level of myelination and thus
lower threshold for electrical activation than the axons of NDNF and SST cells. (Although the ascending segment of
the SST axons innervating NDNF neurons are myelinated, their arborization in L1 is not®.) Therefore, the net effect
of orthodromic activation is excitatory, as we observed in the early response of NDNF INs.

Direct depolarization of the neuronal membrane seems to be ruled out by our data. For dendrites at the same distance
from the stimulating electrode, depolarization due to direct activation should have similar magnitude and thus similar
likelihood of activation. Given the decrement of the tissue current vectors and that the dendrites of NDNF cells are
nearly all <100pum from the soma®, direct dendritic activation should also drop very quickly with distance. However,
we observed spotty distribution and a slow decay of activated cells with distance (Fig. 4e,f).

Reduction of visual feature selectivity by electrical stimulation

Stimulation through ECoG electrodes in sensory cortex is known to generate sensory perception in humans® 16768 In

the awake mouse, the direct activation of V1 PYR neurons by electrical stimulation may similarly lead to visual
perception. However, previous studies showed that when combined with visual stimulation, intracortical electrical
stimulation in visual cortical areas can impair performance in visual discrimination®®”! and memory’>73. This is
consistent with our observation that electrical stimulation applied at the onset of visual stimulation reduces selectivity
for drifting grating orientations and directions for all cell types investigated.

For L2/3 PYR neurons and L1 NDNF INs, electrical stimulation suppresses their population activity during preferred
grating stimulation and increases their activity during non-preferred grating stimulation, resulting in more similar
firing rates for distinct grating stimuli and a reduction of their gOSIs.



Electrical stimulation suppresses the firing of PV INs and leads to subthreshold activation of SST INs. Previously, it
was reported that activating V1 PV and SST INs improves feature selectivity and visual perception in awake mice’*7,
(but see conflicting results and discussions*'7¢7%). Given the strong reduction of orientation tuning observed in PYR
neurons, we speculate that electrical stimulation reduces the mouse’s orientation discrimination ability, a speculation
that should be further tested through behavior assays’77-7°-80,

L1 NDNF neurons mediate inhibition by electrical stimulation

For L2/3 PYR neurons, electrical stimulation impacts neuronal activity in two different regimes. For PYR neurons
that are not or only weakly activated by visual stimulation, direct electrically evoked response adds to the visual
response. When the neurons are strongly activated by visual stimulation, concurrent electrical stimulation leads to a
decrease in firing rates in a manner that is consistent with divisive inhibition, which requires the involvement of INs
within the local circuit.

By selectively measuring the responses of IN subtypes with calcium imaging, we identified L1 NDNF INs as the main
mediator of this selective inhibition. In V1, NDNF cells receive bottom-up visual information (e.g., from cells within
V1 and the dorsal lateral geniculate nucleus) and top-down inputs (e.g. from other sensory, motor, association, and
prefrontal cortices, higher-order thalamic nuclei, and hypothalamus) from multiple brain areas*3!. Representing
~70% of L1 INs, NDNF-expressing cells consist of neurogliaform cells and canopy cells*”#782, These cells have dense
L1 axonal projections that extend horizontally, through which they interact with nearby PYR neurons and other IN
subtypes and act as the master top-down regulator of cortical circuits®’.

As discussed above, NDNF INs can be activated by cortical surface electrodes through both antidromic and
orthodromic mechanisms. Previous studies indicate that NDNF activation leads to divisive inhibition of PYR neurons
through their dendritic tufts, as well as the inhibition of PV but not SST INs*-4%%3_ effects that are consistent with our
experimental observations here.

The long-lasting inhibition observed here was likely mediated by the neurogliaform cells within the NDNF population.
GABA released from their dense axonal arborizations can elicit inhibitory responses from nearby neurons both through
classical synaptic transmission and extrasynaptically through GABA released into the extracellular space as a volume
transmitter’>34, Uniquely among GABAergic INs, even the firing of a single action potential by neurogliaform cells
can produce slow inhibition in their target neurons through GABAg receptors along the dendritic arbors of PYR
neurons and INs*.

Given the large AF/F transients evoked by E-Stim from NDNF ING, it is reasonable to speculate that a single cortical-
surface electrical stimulation pulse can strongly activate and potentially trigger persistent firing from neurogliaform
INs®3, resulting in the observed strong and long-lasting inhibition of nearby neurons, including NDNF INs themselves,
through volume transmission of GABA®. Here, the involvement of volume transmission, as well as the fact that their
axons extend hundreds of microns horizontally, explains the lack of distance dependence of the late-onset inhibition.
The involvement of GABAg receptors and volume transmission will be tested pharmacologically in future work.

Whereas optogenetic activation of L1 NDNF INs leads to hyperpolarization that lasts several hundred milliseconds in
excitatory neurons across cortical layers 2-5%, the inhibitory effects induced by electrical stimulation last several
seconds, suggesting cortical-surface electrical stimulation as a powerful switch capable of decreasing or even muting
outputs from an entire cortical column®. Through presynaptic GABA receptors on both locally projecting and long-
range axons®’? in L1, the long-lasting inhibition following the early-onset excitation, induced by volume transmission
of GABA, could also modulate feedforward, feedback, and neuromodulatory inputs carried by these projections to

V1.

Intriguingly, L1 INs in the human and mouse neocortex have similar physiology, subtypes, marker expression (i.e.,
highly enriched NDNF-expressing cells in both human and mouse L1), and responses to neuromodulation®,
suggesting that L1 INs in the human neocortex may carry out comparable functions. Whether cortical electrical

stimulation similarly modulates human cortical activity requires further investigation’*%,



Finally, while the local effect of cortical electrical stimulation is dominated by inhibition, its impact on global activity
may be more varied. L1 contains massive projections from a diverse set of cortical and subcortical brain regions,
including those involved in neuromodulation. Through antidromic activation of these L1 axons, electrical stimulation
could modulate the firing rates and excitability of their cell bodies, leading to brain-wide changes in neural dynamics,
which may be evaluated with mesoscale measurements in the future.

Outlook and future work

In this study, we investigated how a single 10-ms-long symmetric biphasic pulse, either anode- or cathode-leading
with 100 pA or 200 pA current, modulates the activity of cortical neurons, including during visual stimulation. Our
experimental approach — imaging neuronal activity with cell-type specificity from awake mice with chronically
implanted ECoG electrode during electrical and sensory stimulation — can be used to explore the parameter space of
stimulation protocols (e.g., frequency, polarity, and waveform) for generating cortical activation/inhibition with
desired spatial and temporal patterns.

The above in vivo imaging experiments are synergistic with computational approaches that have been developed to
predict neuronal responses to electrical stimulation from cortical surfaces, ranging from biophysics simulations of
individual anatomically accurate neurons®’?®°7 to models incorporating cortical networks®”*8. These approaches
predict how different neuronal subtypes respond to the same electrical stimulus, through direct activation and/or
indirectly through modulation of circuit activity. The existing modeling efforts have focused on NHPs””8 and rats>”%,
but not mice, which are likely the best model system for studying electrical stimulation of the brain due to their genetic
toolkit and optical accessibility. An ideal computational model developed for the mouse cortex would account for the
complete cortical circuit, including all known major neuronal subtypes in all layers (but especially L1 NDNF INs). It
should also include representations of bottom-up sensory input and top-down modulation associated with brain states
and ongoing activity. Models that succeed in predicting activity patterns in the mouse cortex may then be applied to
human cortex using information on human cortical cell types, morphologies, and circuit connectivity. Similarly, to
utilize electrical stimulation for therapy in awake and behaving patients, models should also consider interactions
between electrically evoked and sensory evoked activity, as well as incorporate behavioral states (e.g., arousal levels)
and/or ongoing activity, which are known to modulate sensory-evoked activity® and electrically evoked activity® in
the mouse brain.

Finally, our study highlights the value of 2PFM as a tool for measuring neuronal response to electrical stimulation.
Our results set the stage for future research efforts, including validating models of neuronal responses to electrical
stimulation®”*%% as well as designing stimulation protocols for spatially and temporally varying activation and
inhibition of specific cell type/circuits. The advent of population voltage imaging capability'® will further enable
studying electrical-stimulation-evoked activity at millisecond time resolution and subthreshold sensitivity. Combined
with measurements of neurotransmitter and neuromodulator release in response to electrical stimulation using
genetically encoded fluorescent sensors, 2PFM is poised to continually contribute to our circuit and molecular
understanding of the effects of electrical stimulation.

Author Contribution

N.J. and E.H. conceived of the project; J.L.F, N.J., and E.H. designed the experiments; J.L.F. performed surgery,
acquired and analyzed all imaging data; K.L., Y.T., M.G., R.V., and S.D. fabricated and tested the electrodes; J.G.
developed the stimulation protocols; J.L.F. and H.Y.Y. measured ECoG electrode properties; J.L.F., N.J. and E.H.
wrote the manuscript with input from all authors.

Acknowledgement

We thank Anna Devor lab for helpful suggestions on implanting ECoG electrodes. This work was supported by NIH
BRAIN® Initiative ROINS109553 (N.J. and E.H.) and UG3NS123723 (S.D.), and Weill Neurohub (N.J.).



METHODS
Electrode fabrication

Electrode arrays were microfabricated using similar methods to previously described processes!"!%2, In brief, a
photolithographic fabrication technique embedded Cr/Au bi-layer metal traces in a thin optically transparent parylene
C substrate with PtAg discs at the end of each metal trace. Exposed PtAg electrode contact surfaces were dealloyed
in hot nitric acid which left a platinum nanorod (PtNR) film. Two electrode array layouts using differently sized
contacts (90 um and 200 pm diameter) were fabricated and bonded to printed circuit boards (PCBs) using silver epoxy
(MG Chemicals 8331)-based bump bonding, as described in a previous study!'®!. Zero-insertion force (ZIF) connectors
attached a ribbon cable between the electrode-bonded PCB and the stimulation/amplifier chip (Intan RHS headstage).
Electrode impedances were measured at 1 kHz in saline using the Intan RHS Stim/Recording System and RHX
software prior to mouse implantation to verify successful fabrication and electrical connection.

Mouse surgery and electrode implantation

All animal experiments were conducted according to the National Institutes of Health guidelines for animal research.
Procedures and protocols involving mice were approved by the Animal Care and Use Committee at the University of
California, Berkeley.

Methods for chronic mouse implant surgery were adapted from previous studies*>!%, with additional steps involving

the PtNR electrode array. Mice aged 3-6 months, either wildtype (WT, JAX 000664) or transgenic with Cre-
recombinase labeling of inhibitory cell subtypes (Pvalb-IRES-Cre, SST-IRES-Cre, NDNF-IRES-Cre; JAX 017320,
013044, and 030757, respectively), were anesthetized and head-fixed in a stereotaxic apparatus (Kopf Instruments).
A 3.5-mm-diameter craniotomy was performed over the left primary visual cortex (V1, ~2.5 mm medial-lateral and 1
mm anterior-posterior to lambda) and nine viral injections were performed in a 3 x 3 grid in the exposed cortex, with
an average injection spacing of ~600 um. For WT animals, 30 nL of AAV2/1-syn-GCaMP6s at a titer of 1.3x10'* was
injected at 250 um below the brain surface per injection site. For PV-Cre, SST-Cre, and NDNF-Cre animals, 30 nL.
of AAV2/1-syn-FLEX-GCaMP6és at titers of 2.6x10'% to 1.3x10'3 were injected at 250 um below brain surface per
injection site.

Cranial windows were made using two glass pieces of 170 um thickness, a 3.5 mm diameter disk and a ring with 3
mm inner diameter, concentrically attached to each other with a UV-cured optical adhesive (Norland NOA61). The
PtNR electrode array was then attached to the glass disk with the same optical adhesive, as demonstrated in a similar
surgery'®. The electrode array and cranial window were placed into the craniotomy and sealed with tissue adhesive
(3M VetBond). Exposed electrode traces emerging from the posterior edge of the cranial window were coated with a
surgical-grade silicone elastomer (Kwik-Sil, World Precision Instruments) to protect them from being damaged by
dental acrylic, as demonstrated in previous chronic neural electrode implant methods!'%>1%, A stainless-steel head-bar
was then rigidly attached to the skull with dental acrylic and allowed to cure. The electrode ground was attached to
the head-bar. A 3D resin-printed structure was attached to the head-bar and functioned as both the head-cone to reject
stray light during 2PFM and as a housing for the electrode-bonded PCB (see Supplementary Materials for 3D design
files). Finally, additional silicone elastomer, dental acrylic, and superglue (Loctite) were used to protect exposed
electrode traces, provide additional structural support, and seal the implant, where needed. Implanted mice were
provided with a post-operative analgesia (Meloxicam, SC, 5 mg/kg) for 2 days and allowed to recover for at least 2
weeks prior to experiments.

In vivo imaging by 2PFM

Implanted mice were habituated to head fixation for 15 minutes approximately one week post-surgery, and again one
or two days prior to their first imaging session. During imaging, mice were head-fixed under the microscope objective
of a commercial 2PFM system with a Bessel imaging module'®. All two-photon imaging was performed with 920 nm
wavelength excitation light from a femtosecond titanium-sapphire laser (Chameleon Ultra II, Coherent Inc.). A
Gaussian focus formed through a 25x 1.05-NA Olympus objective lens was used for fluorescence excitation for all



data acquisition (post-objective power ranging between 4 and 89 mW: L1: 11.3+6.9 mW; L2/3: 26.5+12.0 mW; L4:
62.9£17.7 mW; mean £ S.D.), except for SST data, which was collected by scanning a 0.4-NA Bessel focus to improve
throughput**!%7 (post-objective power: 165 — 202 mW).

Blue drifting grating stimuli were displayed on a laptop screen (HP Spectre x360 13 with AMOLED screen) that was
centered at approximately 10.5 cm from the mouse’s right eye and covered 75° x 75° of visual field. The gratings had
100% contrast, a spatial frequency of 0.07 cycles/degree, and temporal frequency of 2 cycles/s. A uniform visual
stimulus with similar total luminance to that of the grating stimuli was presented to the mouse during baseline periods.

Retinotopic measurements were performed for each animal using a 10x 0.45 NA Nikon objective lens covering a FOV
of 2.2 mm x 2.2 mm. The visual stimulation screen pseudorandomly flashed a bright square section of the screen
chosen from a 3 x 3 grid spanning a total of 75° x 75° of visual field. By trial-averaging the calcium responses to each
grid location, a retinotopic map was constructed to identify the region within the cranial window that corresponded to
V1.

A 25x 1.05NA Olympus objective lens was used for high-resolution 2PFM imaging within V1 during concurrent
electrical and/or visual stimulation. Image acquisition was performed at 15 Hz over a 781 x 781 pm FOV with 0.762
pum pixel size for 6 s per trial, beginning with 2 s of baseline followed by 4 s of stimulation response.

Electrically connected and low-impedance electrode contacts near the image FOV were chosen to be the source of
electrical stimulation. Electrical stimuli, either alone or sharing the same onset time with grating stimuli, were
pseudorandomly ordered and sent to the headstage via TCP control before every trial using a MATLAB (MathWorks)
script. Electrode stimulation was triggered by a digital input from a photodiode reading the visual stimulation screen,
to eliminate jitter caused by the screen’s refresh rate.

The onset of image acquisition was triggered using another photodiode reading the visual stimulation screen, such that
the visual stimulation computer acted as the master clock for both 2PFM image acquisition and electrical stimulation.
After the 6 s of image acquisition, there was a pause of 4 s for the fluorescence response to fall back to baseline levels,
for a total of 10 seconds per trial. A total of 450 trials lasting 75 minutes consisted of 10 repeats of 45 unique trial
types of visual-electrical stimulus pairs: 9 unique visual stimuli (8 drifting grating directions plus a blank control) and
5 unique electrical stimuli (cathode-leading or anode-leading 100 pA or 200 pA current strength, plus a 0 pA control).
Animals were imaged up to 4 days total over a two-week period post-recovery, with each day consisting of up to 2
unique FOVs. In total, 62 unique FOVs were imaged across 14 animals split across 4 genetic backgrounds (WT: 3
animals, 14 FOVs, PV: 3 animals, 12 FOVs, SST: 5 animals, 21 FOVs, NDNF: 3 animals, 15 FOVs).

Image preprocessing

All image preprocessing, visualization, and analyses were performed in ImageJ and MATLAB. Raw 2PFM images
were first registered to remove rigid lateral motion artifacts. All ROIs were hand-drawn by the same person over cell
bodies with the oval tool in Imagel. A fluorescence trace, Fraw(t), was extracted for each ROI by averaging the signals
from all pixels within the ROI for each image frame.

We then subtracted neuropil contamination from the fluorescence traces. This step was especially critical for
experiments such as ours since electrical stimulation directly and strongly excited neuropil. Specifically, fluorescence
signal traces of neuropil surrounding each ROI were extracted and subtracted from Fr.w(t) following the procedure of
a previous study®. The average fluorescence signal from a 35 um radius area centered on each ROI, excluding pixels
belonging to this or other ROIs, was extracted as the neuropil signal trace Freuropit(t). For each stimulus trial, the
baseline fluorescence value Fo, neuropit Was calculated from the 2-s baseline frames prior to stimulation onset, and the
neuropil transient AF neuropii(t) = Fneuropil(t) - Fo, neuropit Was then calculated.

Neuropil subtraction coefficient o (Supplementary Table 4) was determined separately for each FOV, to account for
differences in cell type-dependent neuropil labeling density, imaging method differences (Gaussian vs. Bessel beam),
and imaging depth. For each ROI with a skewness value >2, we compared its Fneuropii(t) With Fraw(t) to find a neuropil
subtraction coefficient a that best removed the contaminant neuropil signal (see Supplementary Fig. 2a from Ref. 45).



We then calculated the average measured coefficient a in the FOV. We then calculated the neuropil-subtracted ROI
fluorescence trace Froi(t)=Fraw(t) - 0AFneuropii(t). We set the baseline fluorescence Foror as the mode of the signal
distribution, and calculated the calcium transient trace AF/Fo(t)= (Froi(t) - Fo.ror)/Fo.ror.

We removed all inactive ROIs from further analyses. ROIs were considered active if at any point during the
experiment, fluorescence AF/Fj rose above the mean baseline + 3 standard deviations for 1 second. Baseline data were
defined as the time points during the 2 seconds of data acquisition before the response period. Due to the large number
of trials per experiment which resulted in extended 75-minute imaging sessions, we sometimes observed a slow drift
in a ROI’s baseline over the course of the experiment. These slow drifts (on the order of minutes) could be due to
several factors, including sample motion, brain state changes, and learning/habituation processes. To remove these
effects from our data, for each ROI, we calculated the mean AF/F, value from the 2-s baseline frames prior to
stimulation onset, then subtracted it from AF/Fy of each trial. However, some ROIs showed highly varied baseline
values within an experiment, so subtracting baselines from these ROIs would result in largely varied responses. Many
of these ROIs with highly varied baselines had high rates of spontaneous activity and were not good ROI candidates
to observe responses to electrical or visual stimulation. As a result, we removed ROIs with baseline brightness values
that were very different from those of the ROI population (all ROIs of the same cell type): Specifically, baselines that
were farther than the population median + 3 times the median absolute deviation. This was a small proportion of ROIs
(< 15%); their exclusion did not affect the findings of this study.

Analysis and statistics

Electrical stimulation-only analyses were performed by analyzing only the subset of trials with blank visual
stimulation (50 out of 450 trials). The AF/F, traces of each ROI for all 10 trials of each electrical stimulation condition
(0, 100¢, 1004, 200¢, 2004) were averaged to represent the ROI’s response to the stimulus. The population response
was the averaged response of all individual ROIs. Shaded SEMs throughout this study were calculated based on the
number of ROIs that were averaged. The “early response” AF/F, for a given ROI was the average AF/F, of the 15
frames (acquired at 15 Hz) beginning immediately post-stimulation, whereas the “late response” AF/F, was the
average of the last 15 frames of the trial (frames 46-60 post-stimulation). Statistical differences between the early
responses of two electrical stimulation conditions were tested using two-sample Kolmogorov-Smirnov (KS) tests. 3D
distances between ROIs and stimulating electrodes were calculated using the centers of both objects. Correlation
strength and its statistical significance between an ROI’s early/late response strength and its 3D distance from the
electrode were calculated by fitting a linear regression model.

ROIs with visually evoked activity were defined as ROIs that responded significantly to at least one visual stimulus.
Specifically, an ROI's late response to a visual stimulus in the absence of electrical stimulation was compared to its
baseline period using a Student’s t-test. An ROI was considered to have visually evoked activity if at least one drifting
grating direction tested significant against baseline (p < 0.05).

ROIs’ early responses to visual stimuli (in the absence of electrical stimulation) were fit to double gaussian curves to
determine their preferred grating stimulus!%:

ang(g_ePrcf)z ang(e_ePrcf+180)2
— T 252 T 352
R(H) - ROffset + RPrefe 20 + ROppoe 20

where Rop is a constant offset, and Rp,r and Ry, are the responses at grating angles Opyr and Opyr - 180°,
respectively. The function ang(x) = min(|x|, |x—360|, |x+360|) wraps angular values onto the interval 0° to 180°.
Global orientation selectivity indices (gOSI) were computed using the early response for grating angle 6 as

|ZR(6)ei29|
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Statistical tests used are noted throughout the manuscript. p values are reported in the text or in Supplementary Tables.



Supplementary Table 1: Early response p-values of cell populations in different stimulation conditions.

'Visual stim

[E-stim conditions

Two-sample KS test p-values, EARLY RESPONSE

conditions WT L2/3 PV L2/3 SST L2/3 NDNF L1
no vis stim 200c vs. 0 1.7¢-85 1.8e-01 2.1e-02 3.5¢-08
100c vs. 0 8.3e-13 1.1e-02 5.6e-05 2.2¢-07
1004 vs. 0 2.3e-03 5.6e-06 2.1e-02 3.7¢-06
2004 vs. 0 7.5e-81 1.4e-04 1.2e-02 5.1e-09
200c vs. 2004 1.0e-01 4.5e-02 4.4e-01 2.2e-01
100¢ vs. 1004 2.5e-05 1.1e-01 6.9¢-03 8.9¢-01
orthogonal 200¢ vs. 0 3.2e-100 2.3e-02 2.6e-04 6.8e-10
100c vs. 0 8.6e-19 4.5¢-01 4.4e-02 7.8e-05
1004 vs. 0 1.9¢-14 3.0e-01 2.3e-01 3.7¢-06
2004 vs. 0 1.4e-79 2.3e-02 5.6e-05 4.1e-12
200c vs. 2004 3.3e-04 9.5¢-01 8.6e-01 4.8e-01
100¢ vs. 1004 1.1e-02 6.1e-02 6.5¢-01 7.4e-01
preferred 200¢ vs. 0 2.6e-66 1.1e-24 1.4e-11 8.6e-13
100c vs. 0 9.9¢e-117 1.1e-13 3.9¢-14 1.2e-17
1004 vs. 0 1.3e-129 1.9e-11 2.8e-17 3.3e-14
2004 vs. 0 6.2¢-84 2.0e-17 1.4e-08 7.6e-14
200¢ vs. 2004 4.3e-02 2.3e-01 5.8e-01 7.4e-01
100c¢ vs. 1004 3.3e-01 7.3e-01 8.6e-01 7.4e-01
opposite 200c vs. 0 4.1e-30 5.2e-03 5.3e-04 7.8e-05
100¢ vs. 0 2.3e-01 1.4e-01 7.5e-04 3.6e-02
1004 vs. 0 3.7e-01 3.0e-01 1.2e-02 6.5¢-02
2004 vs. 0 9.4e-23 2.3e-03 8.3e-05 2.7¢-02
200c vs. 2004 2.5¢-02 9.8¢-01 8.6e-01 2.7e-01
100c¢ vs. 1004 9.9¢-01 4.5e-02 4.4e-01 9.9¢-01

Supplementary Table 2: Late response p-values of cell populations in different stimulation conditions

Visual stim E-stim Two-sample KS test p-values, LATE RESPONSE

conditions conditions WT L2/3 PV 1273 SST L2/3 NDNF L1

no vis stim 200c vs. 0 2.4e-75 7.7e-03 5.1e-03 2.2e-06
100c vs. 0 4.0e-33 4.5¢-01 1.1e-07 8.2e-01
1004 vs. 0 2.1e-20 3.7¢-01 1.9¢-01 3.5¢-03
2004 vs. 0 3.7¢-50 3.5¢-03 1.9¢-01 2.2e-06
200c¢ vs. 2004 1.3e-07 9.8¢-01 3.8e-01 2.7e-01
100¢ vs. 1004 2.0e-04 2.3e-01 2.9¢-07 2.7e-02

orthogonal 200c vs. 0 1.2e-29 6.9e-08 1.3e-01 6.4e-06
100¢c vs. 0 6.6e-13 1.4e-01 5.8e-01 1.4e-01
1004 vs. 0 1.5e-07 4.5¢-01 7.3e-01 4.9¢-02
2004 vs. 0 2.4e-22 5.6e-06 1.3e-01 3.7e-06
200¢ vs. 2004 1.3e-02 4.5¢-01 9.1e-01 9.5¢-01
100c vs. 1004 3.3e-02 3.7e-01 6.5¢-01 6.5¢-01

preferred 200c vs. 0 4.4e-79 2.0e-09 6.9¢-03 8.le-11




100¢ vs. 0 5.2e-47 3.8e-04 2.1e-02 1.2e-04
1004 vs. 0 8.9e-36 2.3e-03 5.5e-02 1.8e-05
2004 vs. 0 4.5e-66 2.0e-09 9.1e-03 3.4e-10
200¢ vs. 2004 6.5¢-02 8.2e-01 9.1e-01 9.8e-01
100¢ vs. 1004 1.3e-01 1.0 9.1e-01 9.9¢-01
opposite 200¢ vs. 0 3.8e-20 2.4e-04 5.1e-01 2.4e-03
100¢c vs. 0 1.0e-05 3.0e-01 3.8e-03 8.2e-01
1004 vs. 0 2.8e-03 9.0e-01 3.4e-02 4.1e-01
2004 vs. 0 4.2e-16 2.4e-04 6.5e-01 3.5e-03
200¢ vs. 2004 1.2e-01 4.5¢-01 4.4e-01 8.9¢-01
100¢ vs. 1004 3.5¢-01 6.3e-01 1.3e-01 9.5¢-01

Supplementary Table 3: p values for statistical testing of gOSI distributions.

Wilcoxon ranksum test p-values gOSI, Fig. 2h
200c <0 4.9e-54

100¢c <0 9.7e-10

1005 <0 5.6e-5

200, <0 8.3e-30

200¢ < 100c¢ 5.2e-34

2004 < 1004 6.0e-24

Supplementary Table 4: Neuropil subtraction coefficient a.

Neuropil subtraction | Number of FOVs Mean Std
coefficient

WT 14 0.74 0.05
PV L2/3 6 0.36 0.11
PV L4 6 0.41 0.14
SST L2/3 (Bessel) 8 0.81 0.07
SST L4 12 0.24 0.14
NDNF 15 0.24 0.22
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