Cell Reports

The Spatial Extent of Optogenetic Silencing in
Transgenic Mice Expressing Channelrhodopsin in
Inhibitory Interneurons

Graphical Abstract

T Transgenic VGAT-ChR2 mice ArchT-injected mice
473 nm W
v
Indirect inhibition Direct inhibition
via activation of interneurons via inhibitory opsin
low
d A o [0
s Opsin expression
= A Pyramidal neuron
E x O Interneuron %
i OACA? TAAT
high
v v
Firing rate of excitatory neurons
2 2
© ©
2 1\C 21\
E i
Target area Target area
Light intensity Light intensity
Highlights

e Light delivery in VGAT-ChR2 mice causes spatially extensive
inhibition
e Even low light intensities can cause inhibition beyond the

targeted brain region

e This effect is consistent throughout various cortical and
subcortical regions

e Virus-mediated expression of an inhibitory opsin allows for
region-specific silencing

Babl et al., 2019, Cell Reports 29, 1381-1395
October 29, 2019 © 2019 The Authors.
https://doi.org/10.1016/j.celrep.2019.09.049

Authors

Susanne Stefanie Babl,
Brian Paul Rummell, Torfi Sigurdsson

Correspondence
sigurdsson@em.uni-frankfurt.de

In Brief

Optogenetic silencing is often achieved
using transgenic mice expressing
channelrhodopsin in GABAergic neurons.
Babl et al. demonstrate that this strategy
causes spatially extensive inhibition that
can extend beyond brain regions targeted
for silencing, whereas virally mediated
expression of an inhibitory opsin enables
regionally restricted inhibition.
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SUMMARY

Optogenetic stimulation of inhibitory interneurons
has become a commonly used strategy for silencing
neuronal activity. This is typically achieved using
transgenic mice expressing excitatory opsins in
inhibitory interneurons throughout the brain, raising
the question of how spatially extensive the resulting
inhibition is. Here, we characterize neuronal silencing
in VGAT-ChR2 mice, which express channelrhodop-
sin-2 in inhibitory interneurons, as a function of light
intensity and distance from the light source in several
cortical and subcortical regions. We show that light
stimulation, even at relatively low intensities, causes
inhibition not only in brain regions targeted for
silencing but also in their subjacent areas. In
contrast, virus-mediated expression of an inhibitory
opsin enables robust silencing that is restricted to
the region of opsin expression. Our results reveal
important constraints on using inhibitory interneuron
activation to silence neuronal activity and emphasize
the necessity of carefully controlling light stimulation
parameters when using this silencing strategy.

INTRODUCTION

Optogenetic tools have become crucial for manipulating brain
areas with high temporal precision in order to decipher their
causal role in behavior. Optogenetic silencing is frequently
achieved with inhibitory light-sensitive proteins (opsins), which
can be expressed in neurons by using viral expression con-
structs delivered to a brain region of interest (Yizhar et al.,
2011). When stimulated with light, inhibitory opsins cause
hyperpolarization, enabling rapid and reversible silencing of
neuronal activity (Chow et al., 2010; Wiegert et al., 2017; Zhang
et al., 2007). Alternatively, neuronal inhibition can be achieved
indirectly by optogenetically stimulating gamma-aminobutyric
acid (GABA)ergic interneurons. This approach is increasingly
being used with the help of transgenic mouse lines expressing
the excitatory opsin channelrhodopsin-2 (ChR2) in GABAergic
neurons throughout the brain (Asrican et al., 2013; Madisen
et al., 2012; Zhao et al., 2011), the most common of which
expresses ChR2 under the control of the promoter for the vesic-
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ular GABA transporter (VGAT-ChR2 line; Zhao et al., 2011). To
date, VGAT-ChR2 mice have been used in a number of studies
to inactivate both cortical and subcortical areas during a variety
of behavioral tasks (see for example Goard et al., 2016; Guo
et al., 2014, 2017; Le Merre et al., 2018; Mathis et al., 2017; Re-
sulaj et al., 2018; Sreenivasan et al., 2016; Wimmer et al., 2015).

When silencing a brain area, it is crucial to avoid directly
affecting neighboring structures. If inhibitory opsins are ex-
pressed using viral methods, spatial specificity can be achieved
by restricting opsin expression to the region of interest. In
contrast, in transgenic mice with brain-wide expression of
ChR2 in GABAergic neurons (such as the VGAT-ChR2 line), the
spatial extent of inhibition is critically dependent on the spread
of light that is used to activate ChR2. This, in turn, depends
both on the intensity and wavelength of the applied light as
well as the light scattering properties of brain tissue (Aravanis
et al., 2007; Yizhar et al., 2011), which can vary considerably
from one brain region to the next due to differences in tissue
microstructure (Al-Juboori et al., 2013; Azimipour et al., 2015).
A further complicating factor when using mouse lines such as
VGAT-ChR2 is that the spatial extent of inhibition will also
depend on the axonal arborizations of the stimulated
GABAergic interneurons, which vary substantially depending
on interneuron subtype and brain region (Pelkey et al., 2017;
Tepper et al., 2018; Tremblay et al., 2016). GABAergic interneu-
rons can also give rise to long-range projections targeting other
brain regions (Caputi et al., 2013; Lee et al., 2014; Melzer et al.,
2017). These considerations suggest that it is not straightfor-
ward to estimate the spatial spread of inhibition caused by opto-
genetically activating GABAergic interneurons and, thus, the
light intensities required for achieving region-specific silencing.
A detailed experimental assessment is, therefore, needed.

To address this, we examined the spatial extent of neuronal
silencing caused by optogenetically activating GABAergic neu-
rons in VGAT-ChR2 mice and to what extent region-specific
silencing is possible by using this approach. To this end, we
delivered light to several different cortical and subcortical struc-
tures while monitoring neural activity both in these target struc-
tures as well as in their subjacent areas. We show that even
with relatively low light intensities, neuronal inhibition in VGAT-
ChR2 mice can extend to regions that are not intended to be
silenced, at least as far as 1.7 mm away from the light source.
Our results also demonstrate that robust silencing is observed
in areas with weak ChR2 expression and that the spatial profile
of inhibition can be complex, possibly reflecting interneuron
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arborization patterns. Finally, we show that virally expressing an
inhibitory opsin enables optogenetic silencing that is both robust
and restricted to the target region. Taken together, our results
reveal important constraints on the spatial specificity of neuronal
silencing caused by interneuron activation and emphasize the
necessity of carefully controlling light stimulation parameters
when using this approach.

RESULTS

Light Delivered to the Hippocampus in VGAT-ChR2 Mice
Causes Neuronal Inhibition Extending to the Subjacent
Thalamus

In order to examine the spatial specificity of neuronal inhibition
caused by interneuron activation in VGAT-ChR2 mice (Figures
1A and 1B; Figure S1), we first attempted to selectively silence
the hippocampus. To this end, we delivered light to the dorsal
hippocampus (dHPC) of awake head-fixed VGAT-ChR2 mice
while simultaneously monitoring neuronal activity in the dHPC
and subjacent thalamus. This was achieved using an “opto-
probe,” consisting of a silicon probe attached to an optic fiber,
which was inserted into the brain so that the tip of the optic fiber
sat above the dHPC (Figure 1C; see STAR Methods). The
recording sites of the optoprobe spanned the entire dorsoven-
tral axis of the dHPC and also extended into the underlying
lateral posterior (LP) nucleus of the thalamus. The location of
the optoprobe was later confirmed using several electrophysio-
logical signatures of the different hippocampal layers (see
STAR Methods; Figure S2); sessions were included for analysis
where the optic fiber sat just above the pyramidal layer (PL) of
the dHPC (400.00 + 27.39 pum above PL; n = 16 recordings
from 5 mice). The PL was also used as an anatomical reference
point for other brain areas (STAR Methods). Consistent with
previous reports in vitro (Zhao et al., 2011), application of blue
light (473 nm, 1-s duration, 0.5 to 16 mW) caused excitation in
some dHPC neurons (Figures 1D and 1F) and inhibition in others
(Figure 1E). Both excited and inhibited cells showed a persistent
increase or decrease, respectively, in mean firing rates
throughout the light pulse duration (Figures S3A and S3D).
Excited neurons responded at a short latency to light pulses (Fig-
ures S3B and S3C), indicating a direct excitatory effect, and had
a narrower waveform than inhibited cells (Figures S4A-S4F). This
suggests that excited cells were likely GABAergic interneurons,
whereas inhibited cells were most likely excitatory neurons.
Across the population of neurons recorded in the dHPC (n =
206 from 5 mice), the percentage of excited and inhibited
neurons (see STAR Methods) increased with increasing laser in-
tensity (Figures 1H and 1l).

We next asked whether neuronal silencing was restricted to
the hippocampus by analyzing neurons recorded simultaneously
in the subjacent LP thalamus (n = 46 from 5 mice). In comparison
to the dHPC, the fraction of LP neurons recorded that were
excited by light stimulation was relatively low (Figure 1H; 4/46
neurons at 16 mW). Nonetheless, we found that many LP neu-
rons were inhibited by light delivery (Figures 1G and 1l). The
lowest light intensity of 0.5 mW was already sufficient to inhibit
a significant fraction of neurons (10/46, p < 0.0001, binomial
test), and this fraction increased with increasing light intensity
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to approximately 60% (28/46 neurons) at 16 mW (Figure 1l).
Histological examination revealed that ChR2-positive neurons
were sparse in the LP thalamus (Figure S1D), consistent with
the relative lack of excited cells and low numbers of inhibitory
neurons reported in this region (Evangelio et al., 2018). However,
ChR2-positive axonal terminals were clearly visible (Figure S1D),
whose activation could have contributed to the inhibition of LP
neurons during light stimulation.

To compare the strength of inhibition in the dHPC and LP,
we calculated normalized firing rates during light delivery in the
two regions. For this purpose, we excluded neurons that were
significantly excited by light stimulation in order to restrict our
analysis to putative excitatory neurons (see STAR Methods). In
both dHPC and LP, normalized firing rates decreased with
increasing light intensity (Figure 1J; main effect of intensity in
an area X intensity ANOVA, p < 0.00001) and were overall
lower in the dHPC than in the LP (main effect of area, p <
0.00001). However, inhibition was significant in the LP at all
intensities tested (sign-rank test of normalized firing rates, p <
0.002 for all intensities), reaching approximately a 50%
reduction in firing rates for intensities of 6 mW or higher
(normalized rates at 6 mW, 0.49 + 0.05). Notably, 6 mW was
also the intensity at which inhibition strength reached its
maximum in the dHPC, which was only slightly higher than in
LP (normalized rates, 0.37 + 0.03). At higher intensities, inhibi-
tion strength became increasingly more similar in the two
regions and did not differ significantly at the highest intensity
(Figure 1J; dHPC: 0.40 + 0.05; LP: 0.37 + 0.06; p = 0.31, rank-
sum test). To examine the spatial profile of inhibition in more
detail, we quantified neural responses as a function of distance
from the optic fiber (Figures 1K-1M). This revealed that inhibi-
tion strength gradually decreased with increasing distance but
was still significant 1.4-1.7 mm away (Figure 1M; normalized
firing rates, p < 0.001 for all intensities), where LP neurons
were located. Taken together, these results demonstrate that
delivery of light to one target region (the dHPC) in VGAT-ChR2
mice can cause spatially extensive inhibition that also encom-
passes subjacent structures.

Light Delivery to the Parietal Cortex in VGAT-ChR2 Mice
Causes Neuronal Inhibition Extending to the Subjacent
Hippocampus

Although we observed robust inhibition extending to the thal-
amus when we attempted to silence the hippocampus in
VGAT-ChR2 mice, it is unclear whether such widespread inhibi-
tion would be observed when targeting other brain regions.
VGAT-ChR2 mice have been frequently used to silence cortical
areas (see for example Goard et al., 2016; Guo et al., 2014; Sree-
nivasan et al., 2016), but it is unclear to what extent inhibition
can extend to subcortical structures in such experiments. We
therefore next asked whether neuronal silencing targeting the
cortex in VGAT-ChR2 mice could extend to the hippocampus,
which lies immediately below many cortical regions. To this
end, we positioned our optoprobe so that the optic fiber sat right
above the surface of the posterior parietal association cortex
(263.89 + 17.06 um above surface; n = 18 recordings from 5
mice), allowing us to record simultaneously from the cortex
and the subjacent dHPC during light delivery (Figure 2A). As
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Figure 1. Light Delivered to the Hippocampus in VGAT-ChR2 Mice Causes Neuronal Inhibition Extending to the Subjacent Thalamus

(A) Coronal brain section from a VGAT-ChR2 mouse showing expression of ChR2-EYFP.

(B) Stimulation of GABAergic neurons in VGAT-ChR2 mice with blue light inhibits the firing of surrounding pyramidal neurons.

(C) Schematic of recording configuration; an optoprobe was positioned with the optic fiber above the CA1 pyramidal layer (PL) and recording sites spanning the
hippocampus and subjacent LP thalamus. DG, dentate gyrus; HF, hippocampal fissure.

(D-G) Raster plots (top) and averaged spike rates (bottom) of example cells recorded in CA1 (D and E), dentate gyrus (F), and thalamus (G) showing excitation (D
and F) and inhibition (E and G) to light pulses of different intensities.

(H and I) Fraction of significantly excited (H) and inhibited (I) cells in the hippocampus and thalamus at different light intensities.

(J) Normalized firing rates of putative excitatory neurons as a function of light intensity. Neuronal inhibition was observed in both structures at all light intensities.
(K-M) Fraction of excited (K) and inhibited (L) cells and normalized firing rates (M) as a function of distance from the optic fiber. Firing rates were significantly
decreased at a distance of 1.4-1.7 mm. Error bars represent the mean + SEM over neurons.
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Figure 2. Light Delivery to the Parietal Cortex in VGAT-ChR2 Mice Causes Neuronal Inhibition Extending to the Subjacent Hippocampus
(A) Schematic of recording configuration; optic fiber was placed on the surface of the posterior parietal cortex (PtA) and optoprobe recording sites extended

through the cortex and into the hippocampus.

(B-E) Raster plots (top) and averaged spike rates (bottom) of example cells recorded in cortex (B and C), and hippocampal CA1 (D and E) showing excitation (B

and D) and inhibition (C and E) to 1-s light pulses of different intensities.

(F and G) Fraction of cells in cortex and hippocampus that were significantly excited (F) or inhibited (G) at different light intensities.
(H) Normalized firing rates of putative excitatory neurons in cortex and hippocampus as a function of light intensity. Firing rates decreased in both structures with

increasing light intensity.

(I-K) Fraction of excited (I) and inhibited (J) cells and normalized firing rates (K) in the cortex and hippocampus as a function of light intensity and distance from the
optic fiber. Firing rates were significantly decreased in the hippocampus at distances greater than 1.2 mm from the optic fiber. Error bars represent the mean +

SEM over neurons.

before, the location of the optoprobe was later verified using
electrophysiological signatures of the different hippocampal
layers (Figure S2).

Across the population of recorded cortical neurons (n = 129),
we observed cells that were excited (Figure 2B) or inhibited (Fig-
ure 2C) by light stimulation. As in the hippocampus, excited cells
in the cortex responded with a short latency to light pulses (Fig-
ures S3G-S3L) and had a narrower waveform (Figures S4G-S4l),
suggesting they were most likely VGAT-positive inhibitory inter-
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neurons. Notably, excited and inhibited neurons could also be
observed in the subjacent dHPC (n = 141 neurons; Figures 2D-
2G). Although the strength of inhibition of putative excitatory
neurons was overall higher in the cortex (Figure 2H; p <
0.0001, main effect of area in an area X intensity ANOVA),
significant inhibition was nonetheless observed at all intensities
in dHPC (sign-rank test of normalized firing rates, all p <
0.0005). An intensity of 6 mW was sufficient to attenuate the
firing of dHPC neurons by approximately 50% (normalized firing



rates, 0.52 + 0.02), and the intensity required for maximal inhibi-
tion in the cortex (4 mW; normalized rates in cortex, 0.31 + 0.05)
reduced firing rates in the dHPC by approximately a third
(normalized rates, 0.66 + 0.02). At the highest intensity, the
strength of inhibition was similar in the two regions (Figure 2H;
cortex: 0.32 + 0.05; dHPC: 0.38 + 0.04). As before, we quantified
neural responses during light stimulation as a function of dis-
tance from the optic fiber (Figures 21-2K). This revealed an
overall decrease in the strength of inhibition with increasing
distance, which was nonetheless still significant more than
1.2 mm below the optic fiber, where hippocampal neurons
were recorded (Figure 2K; 1.2-1.5 mm, all p < 0.0007; 1.5-
1.8 mm, p < 0.0001 for intensities >1 mW; sign-rank test). Taken
together, these results extend our initial findings (Figure 1) by
demonstrating that inhibition can extend to subjacent subcor-
tical areas when attempting to silence the cortex in VGAT-
ChR2 mice.

Light Delivered to the Somatosensory Cortex of VGAT-
ChR2 Mice Can Inhibit Neuronal Activity in the
Underlying Striatum

Like the hippocampus, the striatum occupies a large fraction of
the brain immediately below the cortex in rodents. To examine
the extent to which the striatum might be affected when light is
delivered to the cortex in VGAT-ChR2 mice, we performed
recordings with the optic fiber of the optoprobe located at the
surface of the primary somatosensory cortex so that recording
sites spanned the entire cortical depth and also extended into
the striatum (Figure 3A; recording position a). Across the popu-
lation of cortical neurons (n = 130 from 3 mice), we again
observed both excited (Figure 3B) and inhibited cells, whose
fraction gradually increased with increasing light intensity
(Figures 3F and 3G). In contrast, none of the recorded striatal
neurons were excited by light stimulation (Figure 3F; 0/32 cells
at 16 mW). Strikingly, however, many striatal neurons showed
inhibition in response to light stimulation (Figures 3C and 3G).
Even at the lowest intensity of 0.5 mW, almost a third of striatal
neurons were inhibited (Figure 3G; 10/32 neurons; p < 0.001,
binomial test), which was similar to the percentage observed in
the cortex (47/130; p = 0.68, Fisher’s exact test). It is likely that
the striatal neurons we recorded were spiny projection neurons
that comprise ~95% of the population and do not appear to
express ChR2, although they are GABAergic (see Discussion).
Analysis of normalized firing rates of these putative projection
neurons furthermore revealed significant inhibition at all inten-
sities (Figure 3H; all p < 0.0015 for intensities > 0.5 mW, sign-
rank test), ranging from approximately 20% (0.5 mW; 0.80 +
0.05) to 50% (16 mW; 0.48 + 0.08) reduction in firing, although
inhibition strength was overall lower than in the cortex (effect
of area in an area X intensity ANOVA, p < 0.0001).

Analysis of neuronal responses as a function of distance
from the optic fiber (Figures 3I-3K) revealed that inhibition
decreased with increasing distance but was nonetheless signif-
icant at 1.4-1.7 mm, corresponding to striatal recording sites
(Figure 3K; p < 0.0015 for intensities of 0.5 mW and higher).
Thus, similar to what we observed in the LP thalamus, robust in-
hibition was observed in the striatum despite a relative lack of
putative GABAergic interneurons activated by light stimulation.

Histological examination revealed that, similar to what we
observed in LP thalamus and consistent with previous reports
(Guo et al., 2014), ChR2 expression was relatively low in the stria-
tum, although some ChR2-positive cells could be identified and
ChR2-positive axonal terminals were also clearly visible (Figures
S1E and S1G).

Because of the relatively greater thickness of the somatosen-
sory cortex, in the abovementioned recordings only a few
recording sites of the optoprobe extended into the striatum. In
order to sample more striatal neurons, we therefore performed
additional recordings after lowering the optoprobe until the tip
of the optic fiber was 0.5 mm below the brain surface (recording
position b in Figure 3A). The distance from the optic fiber to the
striatum was thus comparable to its distance from the dHPC in
the previous experiment (Figure 2). Again, we observed many
excited cells in the cortex (Figure 3L; 32 out of 68 cells at 16
mW,; binomial test, p < 0.0001) but not in the striatum (Figure 3L;
4 out of 110 cells at 16 mW). Indeed, a sharp drop in the number
of excited cells was apparent as soon as the optoprobe entered
the striatum (Figure 3L). Nonetheless, more than half of striatal
neurons (65/110 at 16 mW) were inhibited by light delivery (Fig-
ures 3E and 3M), and significant inhibition of putative projection
neurons could be observed at all distances, including the
furthest striatal recording sites (Figure 3N; 1.4-1.7 mm from
optic fiber, p < 0.002 for intensities >0.5 mW; sign-rank test of
normalized firing rates). Finally, we advanced the optoprobe until
the optic fiber sat at the top of the striatum and observed
neuronal inhibition extending throughout its entire dorsoventral
extent (Figure S5). Taken together, these results demonstrate
that despite weak opsin expression in the striatum of VGAT-
ChR2 mice robust silencing of striatal neurons is nevertheless
possible, even when light is delivered to the overlying cortex at
relatively low intensities.

Neuronal Silencing in VGAT-ChR2 Mice Is Spatially
Extensive and Varies with Distance in a Non-monotonic
Manner

Across multiple cortical and subcortical brain regions, we
consistently found that light stimulation in VGAT-ChR2 mice
caused neuronal inhibition extending far from the light source.
In order to examine the spatial spread of inhibition in more detail,
we next combined the data from the different regions and also
included neurons that were not included in the previous analyses
(n = 1,252 neurons; see STAR Methods). As before, we quanti-
fied the fraction of excited and inhibited neurons, as well as
normalized firing rates of putative excitatory and projection
neurons, as a function of light intensity and distance from the
optic fiber (Figures 4A-4C). Similar to what could be observed
for individual brain regions (Figures 1, 2, and 3), analysis of the
combined dataset at a finer spatial resolution revealed that
although inhibition strength varied with distance (Figure 4C;
ANOVA of normalized firing rates by distance, p < 0.0001), it
did so in a non-monotonic manner. Unexpectedly, inhibition
was not strongest closest to the optic fiber (0.2-0.4 mm away)
but rather at a distance of 0.4-0.6 mm. This was confirmed
both by comparing normalized firing rates (Figure 4C; main
effect of distance in a distance X intensity ANOVA, p < 0.0001;
rank-sum test, p < 0.0001 for all intensities; n = 58 and 88
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Figure 3. Light Delivered to the Somatosensory Cortex of VGAT-ChR2 Mice Can Inhibit Neuronal Activity in the Underlying Striatum

(A) Schematic of recording positions. Optoprobe was positioned so that the optic fiber was either on the brain surface (a) or 500 um below (b); recording sites
spanned the somatosensory cortex and the underlying striatum.

(B-E) Raster plots (top) and averaged spike rates (bottom) of example cells for recording position a (B and C) and b (D and E). Cortical neurons were either excited
(B) or inhibited (D), whereas striatal cells displayed only inhibition (C and E).

(F-H) Fraction of cells in cortex and striatum that were excited (F) or inhibited (G) and normalized firing rates of putative excitatory (cortex) and projection neurons
(striatum) (H) as a function of light intensity with optic fiber in position a.

(legend continued on next page)
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neurons for the 0.2- to 0.4- and 0.4- to 0.6-mm bins, respectively)
as well as the proportion of inhibited neurons at these two
locations (Figure 4B; Fisher’s exact test, p < 0.01 for intensities
<8 mW; ratios calculated from a total of 80 and 134 neurons at
the two locations). In contrast, the proportion of excited neurons
did not differ at these two locations (Figure 4A; Fisher’s exact
test, p > 0.35 for all intensities). Weaker inhibition closer to the
optic fiber was also observed when we restricted our analysis
to more homogeneous populations of neurons from the hippo-
campal PL or deep layers of the cortex (Figure S6). One possible
explanation for these results could be that due to the horizontal
scattering of light in brain tissue (Yizhar et al., 2011), alarger pop-
ulation of inhibitory interneurons is recruited further below the
light source (Figure S6C; see also Discussion).

At distances greater than 0.6 mm from the optic fiber, inhibi-
tion gradually decreased in strength (Figure 4C; main effect of
distance on normalized firing rates in a distance X intensity
ANOVA, p < 0.0001) but remained significant even at 1.6-
1.8 mm, the furthest distance we examined (normalized firing
rates, p < 0.0001 for all intensities, sign-rank test). At this dis-
tance, the proportion of excited neurons was also significant
(binomial test; p < 0.05 for intensities > 2 mW, corrected for mul-
tiple comparisons). We also confirmed that neurons recorded
far from the optic fiber (>1.2 mm) could be activated at a short
latency, indicating direct activation by light (Figures S7A-S7F).
To further summarize how inhibition strength varies as a function
of light intensity and distance, we calculated for each light
intensity the maximum distance at which it caused a specific
amount of inhibition (Figure 4D). This revealed, for example,
that a reduction in firing rate of at least 50% (corresponding to
normalized firing rates of 0.5 or lower) was achieved up to a
distance of 1.4-1.6 mm for intensities of 8 mW or higher, whereas
a reduction of at least 30% could be achieved up to 0.8-1.0 mm
with the lowest intensity of 0.5 mW. Taken together, these results
demonstrate that light delivery in VGAT-ChR2 mice can cause
spatially extensive neuronal silencing even at relatively low light
intensities.

Contribution of Long-Range Inhibitory Projections to
Neuronal Silencing

Although inhibitory interneurons mostly target other neurons in
their immediate vicinity, they can also send long-range projec-
tions to other brain regions (reviewed in Caputi et al., 2013).
This raises the possibility that the inhibition we observed in brain
areas far away from the optic fiber in VGAT-ChR2 mice might
have been caused by the recruitment of long-range inhibitory in-
terneurons in overlying brain regions. Notably, several cortical
regions send inhibitory projections to the striatum (Jinno and Ko-
saka, 2004; Melzer et al., 2017; Rock et al., 2016), which could
have contributed to the striatal silencing we observed when
delivering light to the somatosensory cortex (Figure 3). To test
the contribution of long-range inhibitory projections, we there-
fore expressed ChR2 in inhibitory interneurons in the somato-

sensory cortex of VGAT-Cre mice (Figure 5A; see STAR
Methods). We then delivered blue light to the cortical surface
while simultaneously recording in the cortex (n = 523 neurons
from 4 mice) as well as the underlying striatum (n = 777 neurons
from 4 mice) as before (Figure 5A). Robust ChR2 expression was
observed in the somatosensory cortex, and ChR2-positive
axons could also be seen in the underlying striatum (Figure 5B,
right). Similar to VGAT-ChR2 mice, we observed many excited
and inhibited neurons in the cortex (Figures 5C, 5D, 5G, and
5H). In the striatum, inhibition in response to blue light could
clearly be observed in some neurons (Figure 5F), but they consti-
tuted only a small fraction of the overall population (Figure 5H;
7% or 57/777 neurons at 16 mW). Accordingly, average normal-
ized firing rates in the striatum differed only marginally from
baseline (Figures 51 and 5L; normalized rates 0.95 + 0.01 at 8
mW; p < 0.006 for intensities >2 mW, sign-rank test). These re-
sults stand in contrast to the robust striatal inhibition we
observed in VGAT-ChR2 mice when delivering light to the over-
lying cortex (Figure 3) and suggest that activation of corticostria-
tal inhibitory interneurons alone is not sufficient to cause strong
silencing in the underlying striatum.

An alternative possibility is that inhibition in the striatum, as
well as in other regions far from the light source, was caused
by optogenetic activation of local interneurons and/or axon ter-
minals. Supporting this possibility, neurons excited by light stim-
ulation could be observed as far as 1.7 mm away from the optic
fiber in VGAT-ChR2 mice, including in the striatum (Figures 4A
and S7A-S7F). Furthermore, activation of corticostriatal inter-
neurons was not necessary for striatal silencing because this
could also be achieved when the optic fiber was directly above
the striatum (Figures S5A-S5C). To examine this in more detail,
we compared the strength of silencing when the optic fiber
was either on top of the striatum or on top of the overlying cortex,
as well as when it was 500 pm below the cortical surface. Specif-
ically, we compared neuronal responses to light delivered from
these optic fiber locations when the estimated light intensity at
the neurons’ location was the same (Figure S7G; Stujenske
etal., 2015; see STAR Methods). This revealed that light delivery
from the two locations resulted in comparable levels of inhibition
in the striatum (Figure S7H). In the same manner, we compared
inhibition in hippocampal PL neurons when the optic fiber was
either on top of the hippocampus (Figure 1C) or the overlying
cortex (Figure 2A). This also revealed comparable inhibition of
PL neurons from the two locations (Figure S7l). These results
are consistent with direct activation of local ChR2-positive inter-
neurons contributing to inhibition far from the light source in
VGAT-ChR2 mice.

Viral Expression of an Inhibitory Opsin Enables Robust
and Region-Selective Neuronal Silencing

Our results suggest that achieving spatially restricted neuronal
silencing when optogenetically activating interneurons in
VGAT-ChR2 mice may be challenging, even when using low

(I-K) Fraction of excited cells (I), inhibited cells (J) cells and normalized firing rates (K) as a function of distance from the optic fiber (in position a) for different light
intensities; inhibition is observed in both cortex and underlying striatum but excitatory responses are only observed in cortex.

(L-N) Same as in (I)-(K) but with optic fiber 500 um below brain surface (recording position b). Excitation is largely restricted to the cortex, but inhibition extends to
striatum at a distance of 1.4-1.7 mm from optic fiber. Error bars represent the mean + SEM over neurons.
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(D) Spatial extent of different inhibition levels as a function of light intensity. Each line shows how far from the optic fiber a specific amount of inhibition can be
achieved with a given light intensity. Error bars represent the mean + SEM over neurons.

light intensities. Another widely used strategy for optogenetic
silencing is to express a hyperpolarizing opsin in a region of
interest by targeted injection of a viral expression construct
(Kimetal., 2017; Yizhar et al., 2011). In theory, this should restrict
neuronal silencing to the area of opsin expression. To compare
this approach with silencing in VGAT-ChR2 mice, we virally ex-
pressed the proton pump archaerhodopsin T (ArchT; Han
et al., 2011) in the dHPC of wild-type mice (Figures 6A, 6B,
and S1H-S1K; see STAR Methods). We then recorded simulta-
neously in the dHPC and underlying LP thalamus as previously
in VGAT-ChR2 mice (Figure 1) while delivering yellow light
pulses (594 nm, 1 s, 0.5-16 mW) to the dHPC (Figure 6C; optic
fiber 483.33 + 39.97 um above the PL; n = 9 recording sessions
from 4 mice). As expected, the activity of many dHPC neurons
in ArchT-expressing mice was inhibited by light delivery (Figures
6D and 6E); at intensities of 1 mW or higher, approximately half
of the recorded dHPC neurons (n = 439) were significantly in-
hibited (Figure 6l; 218/439 neurons at 1 mW). The strength of
inhibition increased with increasing light intensity (Figure 6J),
reaching near-asymptotic levels of an approximately 50%
reduction in firing rate at 2 mW (normalized rates, 0.53 + 0.02)
and only modestly stronger inhibition at higher intensities (0.47
+ 0.03 at 16 mW; p < 0.0001 for all intensities, sign-rank test).
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In contrast to the robust neuronal silencing we observed in
the hippocampus, inhibition was virtually absent in the subjacent
LP thalamus of ArchT-expressing mice (Figures 6F and 6G).
Few neurons were inhibited by light delivery (Figure 6l; 0/37 at
8 mW, 3/37 at 16 mW), and firing rates were overall not signifi-
cantly different from baseline (Figure 6J; p > 0.05 at all intensities,
sign-rank test of normalized firing rates, corrected for multiple
comparisons). These results contrast with the pronounced inhi-
bition observed in LP neurons when delivering light to the hippo-
campus of VGAT-ChR2 mice (Figures 11 and 1J). To examine in
more detail the spatial specificity of silencing in ArchT-express-
ing mice, we quantified normalized firing rates as a function of
neurons’ distance from the PL (Figure 6K). This revealed that
neuronal inhibition was strongest in the region immediately sur-
rounding the PL (0.1 mm above and below), where it resulted in
near-complete silencing (normalized rates, 0.05 + 0.01 at 16
mW). Significant inhibition could be observed between 0.3 mm
above and 0.9 mm below the PL, corresponding approximately
to the CA1 and dentate gyrus subregions (Figure 6K). In contrast,
no inhibition was observed beyond this region (Figure 6K; p >
0.05, sign-rank test of normalized firing rates, corrected for mul-
tiple comparisons), confirming hippocampus-specific silencing.
Finally, we examined how the strength of inhibition of neurons
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Figure 5. Contribution of Long-Range Inhibitory Projections to Neuronal Silencing

(A) ChR2 was expressed selectively in interneurons in the somatosensory cortex. Blue light was then delivered to the cortical surface while recording simulta-
neously in the cortex and underlying striatum.

(B) Left, histological image showing ChR2 expression in the somatosensory cortex. White boxes define areas shown at a higher magnification from cortex (middle)
and striatum (right). White arrows indicate ChR2-positive axon terminals in striatum.

C-F) Raster plots (top) and averaged spike rates (bottom) of example neurons during light stimulation. Robust excitation and inhibition was seen in the cortex
C and D), whereas only a few neurons showed inhibition in the striatum (E and F).

G and H) Fraction of cells in cortex and striatum that were significantly excited (G) or inhibited (H) at different light intensities.

1) Normalized firing rates of putative projection neurons in cortex and striatum as a function of light intensity.

(J-L) Fraction of excited (J) and inhibited (K) cells and normalized firing rates of putative projection neurons (L) in the cortex and striatum as a function of light
intensity and distance from the optic fiber. Tick marks on the x-axes represent the centers of 0.4 mm bins.

Cell Reports 29, 1381-1395, October 29, 2019 1389



OPEN

ACCESS
CellPress

A
AAV-CamKII-ArchT-GFP 500 pm
A —
c D ca1 E  ca1 F Thalamus G Thalamus
i
==
?-APL
- N
3 :
B :
/./\ HF 05mw 2mw —_—mw
o 65 56 0 6
a : L
=7 = 3
N ©3 5 3
WA : P\ |
— S0l 0l— | I —
0 1 0 1 0 1
Time (s) Time (s) Time (s) Time (s)
H 1 Excited cells I Inhibited Cells :’D
2 —@— Hippocampus 5
8 —0— Thalamus g’ 1
s
c
£ & o5
© ©
£
Z 0t .
12 4 6 8 16 12 4 6 8 16 12 4 6 8 16
Intensity (mW) Intensity (mW) Intensity (mW)
K L
£067 s 06 )
£ & . ©
= ==\ o
o l 3 QPL 0 =
£ o b
2 06 - : N g
8 8 ' T
S E
w 1.2 7 o 1.2 S
a — Tt A/ z
05 1 15 051 2 4 6 8 16 0% 0% AN L ab Al
‘ 00 0% AN Ak AT
Normalized firing rate Intensity (mW) 02 05T o® 4! A
[ Distance from optic fiber (mm)

02 04 06 08 1 1.2
Normalized rate

Figure 6. Viral Expression of an Inhibitory Opsin Enables Robust and Region-Selective Neuronal Silencing

(A) Schematic of experiment; a virus expressing ArchT-GFP was injected locally into the hippocampus of wild-type mice and yellow light was delivered to hy-
perpolarize neurons.

(B) Example coronal section showing ArchT-GFP expression restricted to the dHPC.

(C) The optoprobe was positioned so that the optic fiber sat above the CA1 PL; recording sites extended from the hippocampus into the subjacent thalamus.
(D-G) Raster plots (top) and averaged spike rates (bottom) of example cells in hippocampus showing inhibition to light pulses (D and E) and thalamic neurons
showing no response (F and G).

(H and I) Fraction of cells recorded in hippocampus and thalamus that were significantly excited (H) or inhibited (l) at different light intensities.

(J) Normalized firing rates as a function of light intensity; firing rates were selectively reduced in the hippocampus but not in the thalamus.

(legend continued on next page)
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in the PL region depends on their distance from the optic fiber
(Figure 6L). To this end, we also included in our analyses data ob-
tained with the optic fiber placed on the surface of the cortex
overlying the dHPC (STAR Methods). As expected, and in
contrast to what we observed in VGAT-ChR2 mice, inhibition
was strongest for PL neurons located right below the optic
fiber. Inhibition strength then decreased with increasing distance
(Figure 6L; main effect of distance on normalized firing rates in a
distance X intensity ANOVA, p < 0.0001) but could nevertheless
be observed when the optic fiber was as far as 1.1-1.4 mm away
(Figure 6L; sign-rank test of normalized firing rates, p < 0.0001 for
all intensities). At this distance, firing rates were reduced by
approximately 65% at 8 mW (normalized rates, 0.36 + 0.05).
Taken together, these results demonstrate that viral expression
of an inhibitory opsin enables neuronal silencing of a spatially
restricted region, even when that region is located far from the
light source.

The Influence of Light on Neuronal Activity

Our results demonstrate how light-mediated activation of
opsins can be used for neuronal silencing. However, when eval-
uating the effects of such optogenetic manipulations, one needs
to consider the possible influence of light itself on neuronal
activity. Indeed, at sufficiently high intensities, light can cause
heating of neuronal tissue that, in turn, can alter neuronal firing
rates (Owen et al., 2019; Stujenske et al., 2015). To address
whether this could have influenced our results, we examined
responses to blue or yellow light in wild-type mice without any
opsin expression. Light was delivered to the same brain regions
at the same intensity and for the same duration as in our exper-
iments in ChR2- and ArchT-expressing animals while recording
neuronal activity as before. Across the entire population of re-
corded neurons, the vast majority (89% or 354/378 neurons;
n = 2 mice) were unresponsive to blue light stimulation (Figures
S8A, S8C, and S8K). However, approximately 7% of neurons
(28/378) displayed significant excitatory responses (Figures
S8B, S8D, and S8K). Many of these responses were transient
and had a delayed onset (Figures S8B and S8D), suggesting
that they were driven by the visual input caused by light stimula-
tion rather than heating of neuronal tissue (Owen et al., 2019;
Stujenske et al., 2015). Indeed, excitatory responses were
most common in the LP thalamus (15.8% or 6/38 neurons),
which is a visual area. In contrast, inhibitory responses to light
stimulation were only observed in 4% (16/378) of all neurons.
Analysis of normalized firing rates furthermore revealed that
across the entire population firing rates were slightly elevated
on average (normalized rates, 1.16 + 0.03 at 16 mW; p <
0.00001, sign-rank test), although these effects varied depend-
ing on the brain region (Figures SBE-S8G). However, in contrast
to what would be expected if tissue heating was responsible, the
effect of light did not appear to depend on neurons’ distance
from the optic fiber (Figure S8l). Similar results were obtained
when yellow light was delivered to the hippocampus in the

same way as in ArchT-expressing mice (Figures S8H and S8J).
Taken together, these results suggest that the effects of light it-
self did not contribute to the neuronal inhibition we observed in
VGAT-ChR2 and ArchT mice, although modest light-induced
excitatory responses might have counteracted inhibitory re-
sponses in some cases.

DISCUSSION

The Spatial Extent of Inhibition in VGAT-ChR2 Mice
VGAT-ChR2 mice, in which neural activity can be inhibited by
optogenetically activating GABAergic interneurons, have
become a widely used tool for silencing brain regions and
testing their causal contribution to behavior (Goard et al,
2016; Guo et al., 2014, 2017; Le Merre et al., 2018; Mathis
et al., 2017; Sreenivasan et al., 2016; Wimmer et al., 2015;
Zhao et al., 2011). Major advantages of this approach are
that virus injections are not required to express inhibitory
opsins and multiple brain regions can be silenced in a single
animal (Galinanes et al., 2018; Goard et al., 2016; Guo et al.,
2014; Le Merre et al., 2018). However, because ChR2 is ex-
pressed in GABAergic interneurons throughout the brain, the
intensity of light must be carefully controlled in order to restrict
silencing to the region of interest and avoid affecting neigh-
boring structures. Characterizing the spatial extent of inhibition
in VGAT-ChR2 mice and how it depends on light intensity as
well as distance from the light source is therefore of crucial
importance.

To address this, in the current study we attempted to selec-
tively silence three target structures in VGAT-ChR2 mice: the
hippocampus, the parietal cortex, and the somatosensory cor-
tex. We delivered light at different intensities to each of these
target regions while simultaneously recording neural activity
within them as well as in their subjacent structures (the thalamus,
hippocampus, and striatum, respectively). In all cases, we found
that intensities required for maximal silencing in the target
region also caused significant silencing in the subjacent areas,
and at higher intensities even resulted in similar levels of inhibi-
tion in some cases. More generally, we found that neuronal
inhibition could be observed as far as 1.7 mm away from the op-
tic fiber, the furthest distance we examined. Notably, at this
distance a reduction in firing rates of approximately 50%
could be observed at the highest intensity, suggesting that inhi-
bition can likely extend even further below the light source in
VGAT-ChR2 mice. In addition, inhibition can also extend for
several millimeters lateral to the light source in these mice (Guo
et al., 2014).

These results highlight the importance of carefully controlling
light intensities when using VGAT-ChR2 mice, as well as other
mouse lines expressing ChR2 in GABAergic interneurons (Mad-
isen et al., 2012), to selectively silence specific brain regions.
Notably, our results demonstrate that light delivered to the
cortical surface can cause inhibition extending to the

(K) Normalized firing rate of neurons as a function of their position relative to the PL at 4 mW (left) and all light intensities (right). White asterisks indicate a significant
decrease of firing rate (p < 0.05, corrected for multiple comparisons). Diagram in the middle represents the estimated anatomical location of recorded neurons.

Inhibition is strongest closest to the PL and restricted to the hippocampus.

(L) Normalized firing rates of cells recorded in the PL as a function of their distance from the optic fiber. Error bars represent the mean + SEM over neurons.
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hippocampus and striatum, the two main subcortical structures
that lie immediately below the cortex. Even the lowest intensity
we tested (0.5 mW, corresponding to a light power density
of ~15 mW/mm?), which is lower than what has typically been
used in previous experiments with VGAT-ChR2 mice, resulted
in significant inhibition in these subcortical structures (8%-
20%, depending on the region). An earlier study found that light
delivered to the cortical surface in VGAT-ChR2 mice caused
silencing in the cortex but not in the subjacent striatum (Guo
et al., 2014). Although the different light delivery method in this
study prevents a direct comparison with ours, we suspect that
the light intensity in Guo et al. (2014) may have been lower
than the lowest intensity we used. Based on the modest striatal
inhibition we observed at 0.5 mW, we expect that we might also
have been able to achieve more region-selective silencing at
lower intensities. However, our data demonstrate that lower
intensities will also result in less inhibition in target structures
(20%—-40% inhibition at 0.5 mW). Thus, silencing using VGAT-
ChR2 mice involves a tradeoff between the strength and selec-
tivity of silencing.

Factors Influencing the Spatial Extent of Inhibition in
VGAT-ChR2 Mice

The spatial extent of inhibition in VGAT-ChR2 mice depends on
several factors whose relative contributions are incompletely
understood. One key factor is the light scattering properties of
brain tissue (Yizhar et al., 2011; Yona et al., 2016), which will
cause a gradual attenuation of light intensity with increasing
distance from the light source and a corresponding decrease
in the recruitment of GABAergic inhibitory interneurons. Consis-
tent with this, we found that the fraction of neurons directly
excited by light stimulation (putative interneurons) decreased
gradually with increasing distance from the optic fiber. Signifi-
cant excitatory responses could nonetheless be observed as
far as 1.6-1.8 mm away for intensities of 4 mW and higher. Based
on the model of Stujenske et al. (2015), 4 mW would result in a
light intensity of 0.2-0.7 mW/mm? at this distance, which is suf-
ficient to activate ChR2 (Mattis et al., 2011).

Another factor that undoubtedly contributes to the spatial
extent of inhibition in VGAT-ChR2 mice are the axonal arboriza-
tions of GABAergic interneurons (Pelkey et al., 2017; Tepper
etal., 2018; Tremblay et al., 2016). In the cortex, for example, in-
terneurons can inhibit pyramidal neurons located several hun-
dred micrometers away either within the same layer (Fino and
Yuste, 2011; Katzel et al., 2011) or in different layers (Bortone
et al., 2014; Katzel et al., 2011). Inhibition is therefore expected
to be more spatially extensive than the recruitment of interneu-
rons. Interneuron arborization patterns may also account for
one unexpected aspect of our results, namely that inhibition
was strongest not right below the light source but approximately
half a millimeter below it (Figures 4B and 4C). We suspect that
neurons further away from the light source are more effectively
silenced because a larger proportion of their GABAergic input
population is recruited by light stimulation. For neurons located
further below the optic fiber tip, interneurons that are located
above them are more likely to be activated by light; in addition,
the horizontal scattering of light in brain tissue increases with
increasing distance from the light source (Yizhar et al., 2011),
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thus potentially leading to greater recruitment of horizontal
inhibitory inputs (Figure S6C). At any rate, these findings highlight
how the spatial profile of inhibition in VGAT-ChR2 mice can be
highly nonlinear, likely owing to the specific architecture of inter-
neuron networks that are recruited during light stimulation.

In addition to their local projections, there is increasing
evidence that GABAergic interneurons can send long-range
projections between brain regions (Caputi et al., 2013; Lee
et al., 2014; Melzer et al., 2017). Inhibition in regions far from
the optic fiber in VGAT-ChR2 mice could, therefore, have
been caused by activation of long-range inhibitory neurons in
overlying regions closer to the optic fiber. Notably, subpopula-
tions of interneurons in several cortical regions project to the
striatum (Jinno and Kosaka, 2004; Melzer et al., 2017; Rock
et al., 2016). However, our recordings in mice expressing
ChR2 selectively in cortical interneurons do not support a major
role of such corticostriatal interneurons in generating the
striatal inhibition we observed in VGAT-ChR2 mice when deliv-
ering light to the cortex. Nonetheless, it is possible that activa-
tion of these neurons had subtler effects on neuronal firing
than we could detect. To the best of our knowledge, no long-
range inhibitory projections exist that could have contributed
to the silencing we observed in the thalamus and hippocampus
when delivering light to the hippocampus and cortex, respec-
tively. Generally speaking, however, inhibitory interneurons in
these and other structures can send long-range projections to
many subcortical and cortical areas (Caputi et al., 2013; Jinno
etal., 2007; Melzer et al., 2012; Tremblay et al., 2016). Such pro-
jections therefore represent a potential obstacle to spatially re-
stricting inhibition in VGAT-ChR2 mice. Furthermore, there is
evidence that some of these projections preferentially target
other inhibitory interneurons (Melzer et al., 2012) and may thus
cause disinhibition, which could further complicate the interpre-
tation of results from these mice.

In the thalamus and striatum, light stimulation excited few
neurons but nevertheless caused robust neuronal silencing.
Histological examination revealed relatively few ChR2-positive
neurons in these structures, consistent with low numbers of
GABAergic interneurons reported in previous studies (Evangelio
et al.,, 2018; Tepper et al., 2018). It is interesting to note
that ~95% of neurons in the striatum are in fact GABAergic
projection neurons, although they do not seem to express
ChR2, as suggested by the low ChR2 expression levels in this
region (our study; Guo et al., 2014). However, it is possible that
the small numbers of excited striatal neurons we observed
were GABAergic interneurons, which, although only comprising
3%-4% of the total population, can nonetheless generate
robust inhibition in the striatum (Lee et al., 2017). Alternatively, in-
hibition could have resulted from stimulation of ChR2-positive
axon terminals, which can directly generate inhibitory postsyn-
aptic potentials (Zhao et al., 2011) and which were abundant in
both the thalamus and striatum. These axon terminals may
have partly originated in outside brain regions. Indeed, the stria-
tum and the LP thalamus receive inhibitory input from the cortex
(Melzer et al., 2017; Rock et al., 2016) and the thalamic reticular
nucleus (Pinault et al., 1995), respectively. Regardless of the
mechanism involved, these results suggest that regional varia-
tion in ChR2 expression levels may not be a reliable predictor



of the strength of inhibition in individual brain regions of VGAT-
ChR2 mice.

Viral Expression of an Inhibitory Opsin Enables Region-
Specific Neuronal Silencing

Another widely used approach for inhibiting neuronal activity
is to express light-activated hyperpolarizing opsins in a neuronal
population of interest through viral infection. To compare this
approach with neuronal silencing in VGAT-ChR2 mice, we virally
expressed the proton pump ArchT (Han et al., 2011) in the hippo-
campus of wild-type mice. Because activation of ArchT directly
hyperpolarizes neurons, silencing of neural activity should be
restricted to the region of opsin expression. Indeed, in contrast
to VGAT-ChR2 mice, we found that ArchT enabled selective
silencing of the hippocampus without inhibiting the subjacent
LP thalamus, regardless of the light intensity used. This suggests
that when using inhibitory opsins, light can be used at intensities
sufficient to reach maximal inhibition without affecting sub-
jacent structures, assuming opsin expression is regionally
restricted. The lack of an effect in the thalamus in ArchT mice
also argues against the possibility that the inhibition of thalamic
neurons in VGAT-ChR2 mice was caused indirectly by removal
of excitatory input to this region (Otchy et al., 2015).

The strength of neuronal inhibition also varied with distance
from the light source in ArchT mice but did so in a more linear
fashion than in VGAT-ChR2 mice. We could also demonstrate
that neurons in the hippocampal PL of ArchT-expressing mice
could be silenced when the optic fiber was positioned as much
as 1.1-1.4 mm above (see also Weible et al., 2014). One implica-
tion of these results is that placing the light source slightly above
the region of opsin expression may allow a larger volume to be
silenced because the horizontal spread of light increases with
increasing distance from the light source (Yizhar et al., 2011).
These results also demonstrate that controlling light intensity is
equally important when using transgenic mouse lines with
brain-wide expression of inhibitory opsins (Madisen et al.,
2012; Weible et al., 2014). It should also be kept in mind that
activation of proton pumps, such ArchT and other Archeorho-
dopsin variants, which transport protons out of the cell, can
lead to alkalinization of the intracellular space (ElI-Gaby et al.,
2016; Mahn et al., 2016) that, in turn, can have unintended phys-
iological consequences.

Concluding Remarks

Controlling the spatial extent of inhibition is critical for the precise
optogenetic manipulation of neural activity. Our findings suggest
guidelines for designing and interpreting experiments using
VGAT-ChR2 mice as well as other mouse lines expressing
ChR2 in GABAergic interneurons (Madisen et al., 2012). Pro-
vided that light intensities are carefully chosen, VGAT-ChR2
and similar mouse lines can be of value, especially for testing
the behavioral role of multiple brain regions in a single animal.
However, for testing the role of single brain regions, especially
if they are relatively small, viral expression of inhibitory opsins
should be strongly considered as an alternative strategy in order
to ensure spatial selectivity. VGAT-ChR2 mice are also a
valuable tool for optogenetically identifying inhibitory interneu-
rons (Schneider et al., 2014) as well as for studying inhibitory

synaptic transmission in vitro (Xie and Manis, 2014). Finally, we
note that although the key experimental parameters (light wave-
length and intensities, diameter and numerical aperture of optic
fiber) were the same in our study as in the majority of previous
studies, changing these parameters might yield quantitatively
different results. Similarly, our results may not generalize to all
other areas due to regional variability in opsin expression in
VGAT-ChR2 mice (Zhao et al., 2011) as well as differences in
interneuron arborization patterns. Characterizing the spatial
spread of inhibition and examining whether it extends to struc-
tures beyond those targeted for silencing should therefore be
an essential part of future studies using VGAT-ChR2 and similar
mouse lines.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-GFP (rabbit)
Anti-rabbit-Alexa Fluor 488 (goat)

Thermo Fischer Scientific
Thermo Fischer Scientific

Cat# A-11122; RRID: AB_221569
Cat# A-11008; RRID: AB_143165

Bacterial and Virus Strains

rAAV5/CamKII-ArchT-GFP UNC Vector Core Lot #AV4606B
rAAV5/Ef1a-DIO-hChR2(H134R)-eYFP UNC Vector Core Lot #AV4313Z

Chemicals, Peptides, and Recombinant Proteins

Dil Life Technologies Lot #1646663

DAPI Thermo Fischer Scientific Cat# D1306; RRID: AB_2629482

Experimental Models: Organisms/Strains

Mouse: VGAT-ChR2-EYFP; Slc32a1-COP4*H134R/EYFP

Mouse: VGAT-ires-cre; Slc32a1im2crellowl
Mouse: C57BL/6N

The Jackson Laboratory
The Jackson Laboratory
Charles River Laboratories

Stock No. 014548
Stock No. 028862
N/A

Software and Algorithms

RHD2000 Interface software
Klusta
Monte Carlo simulation

Intan Technologies
Rossant et al., 2016
Stujenske et al., 2015

http://intantech.com/downloads.html
https://github.com/kwikteam/klusta
N/A

MATLAB 2017b MathWorks https://de.mathworks.com
Other
Optic fiber Thorlabs #CFML12L10 or #CFML22L20

16-channel silicon probe (100 um spacing)
32-channel silicon probe (50 um spacing)
32-channel silicon probe (100 um spacing)
473 nm diode laser

594 nm DPSS laser

ATLAS Neuroengineering
ATLAS Neuroengineering
ATLAS Neuroengineering
Omicron Laserage
Omicron Laserage

#E16-100-S1-L10
#E32-50-S1-L6
#E32-100-S1-L6

LuxX 473-100

LightHUB®-1 594 nm 100 mW

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Torfi Si-
gurdsson (sigurdsson@em.uni-frankfurt.de). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used 5 male transgenic VGAT-ChR2-EYFP mice, which express the H134R variant of ChR2 fused with EYFP under the control of
the vesicular GABA transporter promoter (Slc32a1-COP4*H134R/EYFP; the Jackson Laboratory, Stock No. 014548; Zhao et al.,
2011), 4 male transgenic VGAT-ires-Cre mice (Slc32a1m2rellowl - the Jackson Laboratory, Stock No. 028862), and 6 male wild-
type C57BL/6N mice (Charles River Laboratories). All animals were 3-5 months of age at the beginning of the experiments and
were kept in a ventilated animal container on a 12h light/dark cycle. Experiments were performed during the light period. All proced-
ures described here were approved by the local animal care committee (Regierungspréasidium Darmstadt).

METHOD DETAILS
Surgical procedures
Preceding all surgeries, mice were anesthetized in a chamber filled with 3%-4% isoflurane, placed in a stereotaxic frame and injected

with carprofen (4 mg/kg, subcutaneously) and dexamethasone (2 mg/kg, subcutaneously) for reducing pain and inflammation, atro-
pine (0.1 mg/kg, intraperitoneal) to decrease mucus secretions and Ringer’s solution (1 ml, subcutaneously) as fluid replacement.
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During the surgery, anesthesia was maintained with an isoflurane concentration of 1%-2% (in oxygen at a flow rate of 0.35 I/min),
which was regularly adjusted based on the monitored breathing rate. Body temperature was maintained at 37°C with a heating blan-
ket placed under the animal.

We injected 4 wild-type C57BL/6N mice with rAAV5-CamKII-ArchT-GFP (titer ~7.5 x 102 vg/ml, UNC Vector Core) bilaterally
into the dorsal hippocampus (dHPC). To this end, the skull was exposed and small craniotomies were made above the dHPC
(AP: —2.0 mm, ML: -/+1.5 mm relative to bregma). A 35 gauge needle attached to a syringe (NANOFIL 10ul, World Precision Instru-
ments) was then inserted to a depth of 1.40-1.45 mm below brain surface. With a microsyringe pump controller (UltraMicroPump I,
World Precision Instruments), we injected 1 pL of the viral construct in each hemisphere at a constant speed of 100 nl/min. After the
injection, the Hamilton syringe was left in place for an additional 10 min to allow viral diffusion from the tip. The scalp was then sutured
closed using a medical sewing kit. Mice were allowed to recover for one week. Time between viral injection and neuronal recording
was 4-5 weeks.

Four VGAT-Cre mice were injected with rAAV5/Ef1a-DIO-hChR2(H134R)-eYFP (titer ~3.2x10"2 vg/ml, UNC Vector Core) unilater-
ally into the somatosensory cortex (S1). A small craniotomy was made above S1 (AP: +0.25 mm, ML: —2.0 mm relative to bregma) and
a 35 gauge needle attached to a syringe was first inserted to a depth of —0.75 mm below brain surface for the first injection and then
retracted to a depth of —0.35 mm below brain surface for the second injection. At each injection site, we injected 250 nL at a speed of
30 nl/min as described before. Time between viral injection and neuronal recording was 5-6 weeks.

For mounting of the head post, mice were anesthetized and placed on the stereotaxic frame as described above. After
exposing the skull, the coordinates for future craniotomies were marked on the skull overlying left posterior parietal association cor-
tex (PtA; AP: —2.0 mm, ML: —1.5 mm); for recordings in PtA and dHPC) and/or left primary somatosensory cortex (S1; AP: +0.25 mm,
ML: —2.0 mm; for recordings in S1 and striatum) with a waterproof pen. Then, a stainless-steel head post (Luigs and Neumann) was
cemented to the skull above the cerebellum. The area overlying PtA and/or S1 was left free of cement but covered with a silicone
elastomer (Kwik-Sil; #600009, World Precision Instruments). Skull screws (# 4-009122000014010, Mercateo) were inserted over
the frontal cortex and cerebellum to serve as reference and ground, respectively, and to provide anchoring support for the head
post. Animals were allowed to recover for one week before further experimental procedures.

Optogenetic silencing and electrophysiological recording

Following recovery from head post implantation, mice were habituated to head-fixation on a daily basis with sessions of increasing
length (15 — 60 min). The head-fixed setup was inside a sound attenuating chamber and dimly illuminated by a red or an infrared LED.
Mice were placed on a foam-covered plastic platform and head-fixed by inserting the head post into a matching head post holder
(Luigs and Neumann). Two plastic walls on the sides of the platform gave the mouse additional support and restrained movement.
Animals were given a liquid reward every 20-30 s, consisting of 3-6 uL of 10% sucrose solution. Rewards were delivered from a spout
in front of animals by opening a solenoid valve (003-0218-900, Parker Hannifin) between the spout and a liquid reservoir above it.
Animals licked the spout to consume the reward, which was detected by a custom-built infrared emitter and detector on either
side of the reward spout.

Following habituation to head-fixation (typically 3-4 days) the animals underwent a brief procedure to prepare a craniotomy over
PtA or S1. In VGAT-ChR2 mice, ArchT-injected mice and two naive mice, a craniotomy was made over the PtA for cortical and hip-
pocampal recordings. In three of the five VGAT-ChR2 mice and in the two naive mice a craniotomy was also made above S1 for
cortical and striatal recordings. In the four VGAT-Cre mice, a craniotomy was made above S1 for cortical and striatal recordings.
Animals were anesthetized with isoflurane, placed in a stereotaxic frame, and the Kwik-Sil was removed from the skull. A small crani-
otomy (~500 um radius) was then made around the previously marked coordinates (see above) in the skull overlying the left PtA or left
S1. After opening the craniotomy, with the dura left intact, it was sealed with Kwik-Sil.

The following day, the animals were head-fixed as described before. The Kwik-Sil was removed and a custom-made silicon optop-
robe (Atlas Neuroengineering) was inserted through the craniotomy. The optoprobe consisted of an optic fiber (#CFML12L10 or
#CFML22L20, Thorlabs, 200 um diameter core, 0.39 NA) mounted on a 16- or 32-channel silicon probe (#E16-100-S1-L10, #E32-
50-S1-L6 or #E32-100-S1-L6, Atlas Neuroengineering) so that the tip of the optic fiber was 200 um above the first recording site.
The spacing between the recording sites was 100 um or 50 um. In VGAT-ChR2, ArchT-injected and naive mice, we used probes
in which the entire distance from the optic fiber tip to the deepest recording site was 1.70 or 1.75 mm. For VGAT-Cre mice, we
used a longer 32-channel probe (100 um spacing) with a distance of 3.3 mm between the optic fiber tip and deepest recording
site. The optoprobe was advanced slowly through the brain tissue with a micromanipulator (SM-8, Luigs and Neumann) to its target
location. In VGAT-ChR2, ArchT-injected and naive mice, recordings were made with the optic fiber of the optoprobe right above the
hippocampus (~1.0 mm below brain surface; Figures 1 and 6; Figure S8) and at the surface of PtA cortex (Figures 2 and 6). In VGAT-
ChR2, VGAT-Cre and naive mice, recordings were also made with the optic fiber at or 0.5 mm below the surface of S1 cortex (Figures
3, 5, and S8) or just above the striatum (~1.5 mm below brain surface; Figure S5). For recordings including the dHPC the position of
the optoprobe was subsequently confirmed using electrophysiological signatures of the hippocampal layers (Figure S2; see below).

Following final placement of the optoprobe and a brief waiting period (5-10 min), neural activity was recorded while 1 s pulses of
either 473 nm (for VGAT-ChR2, VGAT-Cre and naive mice) or 594 nm (for ArchT-expressing and naive mice) light were delivered
through the optic fiber using a laser (LuxX 473-100 and LH-1, respectively, Omicron-Laserage). Light pulses were delivered at 7
different intensities (0.5, 1, 2, 4, 6, 8 and 16 mW, measured at the fiber tip) in a repeating cycle (30-60 repetitions per intensity)
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with an inter-stimulus interval of 1 or 2 s. The timing and intensity of light pulses was controlled with a microcontroller (Arduino Uno,
Arduino) and a custom-built digital-analog converter connected to the laser.

Electrophysiological signals were high-pass filtered (500-7500 Hz), digitized at 30 kHz using a digitizing headstage (RHD2132
Amplifier Board, Intan Technologies) and acquired using a USB interface board (RHD2000, Intan Technologies). The latter also re-
corded the time stamps of laser onsets and offsets based on TTL pulses delivered by the microcontroller that controlled the laser.
At each recording site, we also recorded spontaneous broadband activity (1-7500 Hz, 20 kHz sampling rate) for 5 min without light
stimulation. This was used for subsequent offline confirmation of electrode location (see below; Figure S2). During the session an-
imals received rewards at random intervals as described above in order to maintain their alertness. At the end of each recording ses-
sion, the silicon probe was removed from the brain, after which the craniotomy was carefully rinsed with artificial cerebrospinal fluid
and closed with Kwik-Sil. Before the last recording session, the silicon probe was coated with a fluorescent dye (Dil, Life Technol-
ogies) to assist with subsequent histological confirmation of the recording position.

Histology

After the last recording session, all animals were anesthetized with Na-pentobarbital and perfused transcardially with 4% parafor-
maldehyde, 15% picric acid in PBS (pH 7.4). After post-fixation overnight, brains were cut on a vibratome at a thickness of 80 pum
per brain section. Brain sections of VGAT-Cre animals were processed with GFP immunohistochemistry using standard procedures.
Briefly, the sections were washed three times in PBS and then incubated in a carrier solution (1% horse serum, 0.5% Triton X-100%
and 0.2% BSA in PBS) containing the primary antibody anti-GFP (#A11122, 1:1000, Thermo Fisher Scientific) overnight at room tem-
perature. On the following day, the sections were washed in PBS and incubated overnight in carrier solution containing the secondary
antibody anti-rabbit Alexa Fluor 488 (#A11008, 1:750, Thermo Fisher Scientific). After washing in PBS, the sections were incubated in
DAPI solution (Thermo Fisher Scientific, #D1306; 1 pg/mL in PBS) for five minutes, washed in PBS and then mounted on microscope
slides. Brain slices of VGAT-ChR2 mice, ArchT-injected mice and naive mice were washed in PBS and incubated in DAPI solution for
five minutes. After washing in PBS, the sections were mounted on microscope slides. Electrode placement (based on Dil-labeled
electrode tracks) and virus expression was verified in all animals using a confocal microscope (Eclipse90i, Nikon). In ArchT mice, virus
expression was restricted to the dorsal hippocampus (Figures STH-S1K). In VGAT-Cre mice, ChR2 expression was restricted to the
cortex but in some animals a thin layer (~100 um) of ChR2 expression could be observed right below the corpus callosum in the dor-
salmost tip of the striatum. However, normalized firing rates in the striatum of these animals during light delivery were comparable to
what we observed in the animal without any striatal expression.

Detection and clustering of neuronal spikes

To analyze neuronal spiking, we first performed common average referencing on all electrode sites (Ludwig et al., 2009). Spikes were
then detected and sorted into single-unit clusters using klusta (https://github.com/kwikteam/klusta; Rossant et al., 2016). Briefly,
spikes were detected as spatiotemporally connected components using a double-threshold flood fill algorithm (SpikeDetekt) and
clustered into single-units based on their waveform features. Initial clustering was done by an automated masked expectation-maxi-
mization algorithm (Masked KlustaKwik). This was followed by manual refinement based on visual inspection of the spike waveforms
as well as the auto- and cross-correlograms of each cluster using phy Kwik GUI. All subsequent analyses were performed using
custom-written scripts in MATLAB (MATLAB 2017b, MathWorks). A neurons’ location was estimated to correspond to the recording
site of the silicon probe where the amplitude of its waveform was largest. This was subsequently used to assign neurons to different
brain regions (see below).

Anatomical localization of recording sites
To determine the anatomical position of each electrode site in recordings that included the dHPC (Figures 1, 2, and 6), we examined
several electrophysiological signatures that characterize the different layers of the hippocampus (Figure S2). Specifically, we exam-
ined the variation in ripple (150-250 Hz) and theta (4-12 Hz) oscillations in the local field potential (LFP), as well as multi-unit activity,
across recording sites (Buzsaki, 2002; Buzsaki et al., 2003). First, the broadband recordings were down-sampled to 2 kHz. We then
extracted ripple oscillations by filtering the broadband signal between 150 and 250 Hz and quantified ripple power across recording
sites. For analysis of theta oscillations, we first filtered the broadband signal between 4 and 12 Hz and identified the channel with the
largest theta oscillations. This channel was used to construct a theta peak-triggered average of theta oscillation recorded at all chan-
nels (Montgomery et al., 2009). Current source density analysis (CSD; Mitzdorf, 1985; Nicholson and Freeman, 1975) was then per-
formed on the averaged theta waveforms. Multi-unit firing rates were calculated for each channel based on the detected spikes (see
above) after excluding noise clusters. With these features we determined the location of two anatomical regions in the hippocampus:
the pyramidal layer (PL) of the CA1 region and the hippocampal fissure (HF), which separates CA1 from the dentate gyrus (DG). The
PL was identified as the recording site showing a local maximum of ripple power and high multi-unit firing rates (Buzsaki et al., 2003).
From CSD analysis of theta oscillations we furthermore identified current sources and sinks in the PL and HF, a gradual theta phase
reversal between the two areas, and a theta amplitude maximum at the HF (Buzsaki, 2002, 2003; Montgomery et al., 2009).

For every recording site we calculated its distance to the PL and HF. The position of each neuron relative to these landmarks was
then obtained by determining the recording site where its spike waveform was largest. This information was used to assign each
neuron to a particular area based on the mouse brain atlas (Paxinos and Franklin, 2007). Neurons recorded more than 250 pm above
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the hippocampal pyramidal layer were classified as PtA cells. Neurons recorded 250 um above the PL or lower, but above the HF,
were classified as CA1 cells. Neurons recorded below the HF, but with a distance of less than 1.10 mm below the PL were classified
as dentate gyrus cells. Neurons at 1.10 mm or more below the PL were identified as thalamic cells. For recordings in S1 and striatum,
the neurons’ location was determined based on the recording site where its waveform was largest and the micromanipulator travel
depth. Neurons recorded less than 1.4 mm below brain surface were classified as S1 cells. Neurons recorded at a depth of 1.4 mm or
more were classified as striatal cells.

Recordings including the hippocampus were furthermore included for analysis based on the estimated position of the optic fiber
relative to the PL: for recordings in hippocampus and thalamus (Figure 1 and 6), sessions were included where the optic fiber was
200-600 pm (VGAT-ChR2 mice) or 200-650 um (ArchT-expressing mice) above the PL. For recordings in the cortex and hippocampus
(Figure 2), sessions were included where the optic fiber was 1200-1550 um above the PL. For examining inhibition in ArchT-injected
mice as a function of distance from the PL (Figure 6K), the optic fiber was 200-1000 above the PL. For examining responses to light
stimulation across brain regions (Figure 4), all cells were included for analysis. For analysis of responses as a function of distance from
the optic fiber, the ratio of excited/inhibited neurons and normalized firing rates were only calculated for distance bins containing at
least 4 neurons.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of firing rate modulation

We first examined whether a neuron was excited or inhibited by light stimulation by asking whether its firing rate during the first
500 ms after light onset was higher or lower, respectively, than its firing rate in the 500 ms immediately before light onset. This
was examined separately for each light intensity (Wilcoxon signed-rank test, p < 0.05, corrected for multiple comparisons). In order
to quantify the strength of inhibition we calculated the normalized firing rate by dividing the mean firing in the first 500 ms after laser
onset by the mean baseline firing in the 500 ms before laser onset. For VGAT-ChR2 and VGAT-Cre mice, this analysis was only per-
formed for putative excitatory or projection neurons, which we defined as neurons that were not significantly excited by light delivery
at any intensity and thus likely not VGAT-positive. For recordings in cortex, hippocampus and thalamus these neurons are referred to
as putative excitatory neurons. In the striatum, these neurons were mostly likely the spiny projection neurons which comprise ~95%
of the neuronal population, and are thus referred to as putative projection neurons. To further support this classification, we quantified
two features of the spike waveform of each neuron recorded in VGAT-ChR2 mice: The spike width, defined as the time from the valley
to the return to baseline after the peak, and the ratio between peak and valley amplitudes. This revealed that excited neurons had a
narrower waveform and larger peak-to-valley ratio, suggesting they were likely inhibitory interneurons (Figure S4).

To calculate latencies of excitatory and inhibitory responses (Figure S3), we first calculated a peri-stimulus time histogram (PSTH)
for each neuron and light intensity representing firing rates 0-100 ms after light onset in 5 ms bins. We then generated surrogate
PSTHs by calculating the average firing of the same neuron during the 100 ms preceding light onset (5 ms bins) from a random subset
of 60 trials. This was repeated 10,000 times to create a distribution of firing rates that would be expected from random (spontaneous)
firing. The firing rate in each bin of the actual PSTH was then compared against this random distribution. We identified when the actual
firing rate was higher (for excited cells) or lower (for inhibited cells) than 95% of the random distribution in at least 3 consecutive bins.
The response latency was defined as the time between laser onset and the first of these bins.

For comparing responses of neurons recorded at different distances from the optic fiber and with the optic fiber in different posi-
tions (Figures S7G-S7I), we estimated for each light intensity delivered from the optic fiber the resulting light intensity at the neurons’
position. This requires estimating the attenuation of light through brain tissue, for which we used a Monte Carlo Simulation of photon
scattering (MonteCarloLight; Stujenske et al., 2015). The simulation is based on measurements of the optical properties of brain tis-
sue (Johansson, 2010) and takes into account the radius and numerical aperture of the optic fiber, as well as the light wavelength. The
simulation results in an estimate of relative light intensity as a function of vertical and horizontal distance from the optic fiber tip. The
light intensity at each neuron’s location was calculated by averaging the relative intensity at its vertical position from the optic fiber tip
within a horizontal radius of 0.1 mm from the fiber center.

All statistical analysis was performed in MATLAB (MATLAB 2017b, MathWorks). Applied statistical tests are described in the re-
sults section for each figure. Figures show either absolute numbers or the mean + SEM over the number of cells included in the
respective analysis.

DATA AND CODE AVAILABILITY

Original source data and code are available upon request to the Lead Contact.
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Figure S1, Opsin expression in brain areas that were recorded from VGAT-ChR2 and ArchT-expressing
mice, related to Figures 1-3 and 6. 4, Coronal brain section from a VGAT-ChR2 mouse showing
ChR2-EYFP expression in cortex, hippocampus and thalamus (areas recorded from experiments described in
Figures 1-2). B-D, High magnification confocal images of areas defined by white rectangles in 4, showing
ChR2-EYFP positive cell bodies (white arrows) and axon fibers in cortex (B), CA1 pyramidal layer (C) and
thalamus (D). E, Coronal section showing ChR2-EYFP expression in cortex and striatum (areas recorded from
experiments described in Figure 3). F-G, High magnification images of areas defined by white rectangles in E,
showing ChR2-EYFP positive cell bodies and axon fibers in cortex (F) and striatum (G). H, Coronal section
from a mouse expressing ArchT-GFP in hippocampus. I-K, High magnification images corresponding to white
rectangles in H, showing strong ArchT-GFP expression in neurons in CA1 (J), but not in the overlying cortex
(1) or the subjacent thalamus (K).
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Figure S2, Signatures of hippocampal activity used for identifying recording positions, related to
Figures 1, 2, 6 and STAR Methods. 4, Example broadband recording from a 16-channel optoprobe with
recording sites in hippocampus and thalamus (as in Figure 1C). B-D, Hippocampal activity signatures for one
example recording. B, Averaged peak-triggered theta (4-12 Hz) oscillations (black traces) and the
corresponding CSD (color plot). White asterisk indicates a current source in the hippocampal fissure. C, Theta
phase (black) and theta amplitude (blue) across recording sites reveals the largest amplitude on channel 7
indicating the location of the hippocampal fissure. D, Ripple power (blue) and mean multi-unit firing rate
(black) across recording channels. A local maximum can be observed at channels 3-4, indicating the pyramidal
layer. E-G, Same as in B-D but for another example recording.
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Figure S3, Time course and latency of excitatory and inhibitory responses in VGAT-ChR2 mice, related
to Figures 1-4. A, Average normalized firing rates of significantly excited cells recorded in the hippocampus
during light stimulation at different intensities (bin size: 50 ms). B, Same as in 4 but with a finer temporal
resolution (bin size: 1 ms) to show the response at light onset. C, Distribution of response latencies (see STAR
Methods) of excited hippocampal neurons for different light intensities. Tick marks on the x-axis represent the
edges of 5-ms bins. Most neurons responded at a short latency of <5 ms. D-F, Same as in A-C but for
hippocampal neurons that were significantly inhibited (bin size in E: 5 ms). G-L, Time course and latency
distribution of excited (G-I) and inhibited (J-L) neurons in the parietal and somatosensory cortex, shown as in
A-F. M-0, Mean normalized firing rate (M, N) and latency distribution (O) of significantly inhibited cells
recorded in striatum during light stimulation at different intensities.
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Figure S4, Action potential waveforms of excited and inhibited neurons in VGAT-ChR2 mice, related to
Figures 1-4. A, Normalized waveforms of excited and inhibited cells recorded in the CA1 region of the
hippocampus. B, Scatter plot of peak-to-valley ratio against spike width (see example waveforms in inset) of
significantly excited and inhibited cells in CA1. C, Comparison of peak-to-valley ratio (left) and spike width
(right) reveals that waveforms of excited CA1 neurons are narrower and have a larger peak-to-valley ratio,
suggesting that they are inhibitory interneurons. D-L, Waveform analyses as in A-C of cells recorded in
dentate gyrus (D-F), somatosensory and parietal cortex (G-I) and striatum (J-L). Error bars and shaded areas
represent the mean + s.e.m. over neurons.**p<(.01; ****p<(0.0001
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Figure S5, Excitation and inhibition in striatal cells from VGAT-ChR2 mice, related to Figure 3. A-C,
Fraction of significantly excited (4) and inhibited (B) cells and normalized firing rates (C) of cells recorded in
the striatum with the optic fiber on the optoprobe located on top of the striatum (n=234 cells from 3 mice).
D-F, same as for A-C but for all recorded striatal neurons combined, including those shown in Figure 3
(n=376). Error bars and shaded areas represent the mean + s.e.m. over neurons.
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Figure S6, Inhibition in specific neuronal populations in VGAT-ChR2 mice as a function of distance
from the optic fiber, related to Figure 4. 4, Normalized firing rates of putative excitatory cells recorded in
deep layers of the parietal cortex (> 500 pum below brain surface) and the somatosensory cortex (> 700 um
below brain surface) as a function of distance from the optic fiber. B, Normalized firing rate of putative
pyramidal cells recorded in the pyramidal layer (=100 um) of CA1, as a function of distance from optic fiber.
For both neuronal populations, inhibition was weaker right below the fiber compared to slightly further away
(1st vs 2nd distance bin; main effect of distance in a distance X intensity ANOVA: p<0.0001 for both deep
layer cortical neurons and CA1 pyramidal layer neurons). Error bars represent the mean + s.e.m. over neurons.
C, Schematic explanation for why inhibition is weaker closer to the optic fiber. Because of the horizontal
spread of light in brain tissue, a larger proportion of a neuron’s inhibitory input population is recruited when
the optic fiber is further away.
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Figure S7, Optogenetic activation of interneurons far from the optic fiber and comparison of neuronal silencing at
different optic fiber positions in VGAT-ChR2 mice, related to Figures 4 and 5. 4-D, Examples of neurons in cortex (A4),
striatum (B, D) and hippocampus (C) that were recorded 1.3-1.7 mm from the optic fiber (distance is specified in heading). E-F,
Fraction of excited cells recorded >=1.2 mm from the optic fiber (E) and their response latency distribution (F). Tick marks on
the x-axis of F represents the edges of 5-ms bins. G, Estimated relative light intensity as a function of distance from the optic
fiber (based on Stujenske et al., 2015; see STAR Methods). H, Top, Inhibition in striatal neurons was compared when the optic
fiber was above the cortex (Position 1), 0.5 mm below the cortical surface (Position 2) and above the striatum (Position 3).
Bottom, Normalized firing rates as a function of light intensity when the optic fiber was in each of the three positions. 7, Top,
Inhibition in CA1 pyramidal neurons was compared when the optic fiber was above the cortex (Position 1) or above the
hippocampus (Position 2). Bottom, Normalized firing rates of CA1 pyramidal neurons as a function of light intensity when the
optic fiber was in one of the two positions. Error bars represent the mean + s.e.m. over neurons.
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Figure S8, Effect of light on neuronal activity in mice without opsin expression, related to Figures 1-3 and
6. A-D, Responses of neurons in the somatosensory cortex (A4), parietal cortex (B), hippocampus (C) and
thalamus (D) to blue (4-B) and yellow (C-D) light in opsin-free mice. Neurons in A-C were recorded close
(<=0.5 mm) to the optic fiber. A few neurons showed transient excitatory responses (B, D). E-G, Normalized
firing rates during blue light delivery to different brain regions: hippocampus and thalamus (E, compare with
Figure 1), cortex and hippocampus (F, compare with Figure 2) and cortex and striatum (G, compare with Figure
3). H, Normalized firing rates in hippocampus and thalamus during yellow light delivery (compare with Figure
6). I-J, Normalized firing rates as a function of distance from the optic fiber for blue () and yellow (J) light
stimulation. K, Fraction of cells that were significantly excited by light stimulation at each wavelength. Error
bars represent the mean + s.e.m. over neurons.
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