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Unique functional properties of somatostatin-expressing
GABAergic neurons in mouse barrel cortex

Luc J Gentet!?, Yves Kremer!, Hiroki Taniguchi?®, Z Josh Huang?, Jochen F Staiger* & Carl C H Petersen!

Neocortical GABAergic neurons have diverse molecular, structural and electrophysiological features, but the functional correlates
of this diversity are largely unknown. We found unique membrane potential dynamics of somatostatin-expressing (SOM) neurons
in layer 2/3 of the primary somatosensory barrel cortex of awake behaving mice. SOM neurons were spontaneously active during
periods of quiet wakefulness. However, SOM neurons hyperpolarized and reduced action potential firing in response to both
passive and active whisker sensing, in contrast with all other recorded types of nearby neurons, which were excited by sensory
input. Optogenetic inhibition of SOM neurons increased burst firing in nearby excitatory neurons. We hypothesize that the
spontaneous activity of SOM neurons during quiet wakefulness provides a tonic inhibition to the distal dendrites of excitatory
pyramidal neurons. Conversely, the inhibition of SOM cells during active cortical processing likely enhances distal dendritic
excitability, which may be important for top-down computations and sensorimotor integration.

Neocortical circuits are primarily driven by excitatory glutamatergic
and inhibitory GABAergic synaptic conductances. Although
GABAergic neurons account for only ~15% of the total population
of neocortical neurons, they exhibit a high degree of molecular, struc-
tural and electrophysiological diversity!~>. However, the functional
correlates of these diverse features have not yet been mapped, presum-
ably because of the technical difficulty of recording from identified
GABAergic neurons in awake behaving mammals.

We used two-photon microscopy in vivo to target whole-cell
membrane potential recordings to genetically defined, GFP-labeled
GABAergic neurons in layer 2/3 of the mouse neocortex®8. We
focused our investigations on the primary somatosensory barrel
cortex, which serves as a useful model system for studying active
whisker sensory perception®-!!. Recently, it was found that most
of the GABAergic neurons in layer 2/3 mouse barrel cortex can be
assigned to one of three non-overlapping genetically defined classes!?:
parvalbumin-expressing fast-spiking neurons accounting for ~30%
of the GABAergic neurons in layer 2/3, 5-HT,,R-expressing and
nicotinic acetylcholine receptor-expressing non-fast-spiking (NFS)
neurons accounting for ~50% of the GABAergic neurons in layer 2/3,
and SOM neurons accounting for ~20% of the GABAergic neurons
in layer 2/3. These three molecularly defined classes of GABAergic
neurons (fast spiking, NFS and SOM) also have anatomical corre-
lates. Fast-spiking neurons are mainly considered to provide fast
GABAergic input at locations electrotonically close to the soma,
and they can be divided into two main subtypes, one that innervates
soma and proximal dendrites of excitatory neurons'>!4 and one that
specifically innervates the axon initial segment!®. NFS neurons are
a more diverse group of GABAergic neurons, but they are known
to contain at least two well-defined classes, one type being neuro-
gliaform cells (which may primarily inhibit all surrounding neurons

through volume transmission'®) and the other type being vasoactive
intestinal peptide (VIP)-expressing cells (which may preferentially
inhibit other nearby GABAergic neurons!’-2%). SOM neurons (which
include Martinotti cells) are thought to primarily innervate the distal
dendrites of excitatory neurons?!~2% and, according to in vitro brain
slice experiments, these neurons receive an unusual strongly facilitat-
ing excitatory synaptic input from nearby excitatory neurons during
high-frequency stimulation?3?426:27_ In vitro brain slice experiments
have shown that both fast-spiking and SOM neurons densely inner-
vate nearby excitatory pyramidal neurons in layer 2/3 mouse cor-
tex?82%. The diversity of neocortical GABAergic neurons could imply
a specialized function for each subtype in regulating the activity of
the local circuit.

Previous recordings from GFP-labeled GABAergic neurons in
layer 2/3 barrel cortex of awake mice” revealed that fast-spiking
cells fire action potentials, on average, at a higher rate than nearby
NFS and excitatory neurons. Fast-spiking neurons fire at the high-
est rates during quiet wakefulness (when the whiskers are not mov-
ing), but the spike rate of fast-spiking neurons decreases during
active free whisking in air’. Although NFS neurons are less active
than fast-spiking neurons during quiet wakefulness, these neurons
depolarize and increase spike rates during free whisking’. The slow
large-amplitude membrane potential fluctuations recorded during
quiet wakefulness are highly correlated without phase difference in
fast-spiking, NFS and excitatory neurons’. During active whisking
in air, the slow membrane potential fluctuations are suppressed and
membrane potential correlations decrease amongst fast-spiking, NFS
and excitatory neurons, but remain positive and centered around zero
time difference’.

The activity patterns of neocortical SOM neurons during behavior
are currently unknown. We investigated the membrane potential
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Figure 1 Unique membrane potential dynamics of SOM neurons during
quiet wakefulness. (a) Example whole-cell recordings of spontaneous
membrane potential fluctuations during quiet wakefulness (lower traces)
of different classes of genetically identified layer 2/3 neurons visualized
by two-photon microscopy (upper images) in head-restrained mice. EXC,
excitatory; FS, fast spiking. (b) During quiet wakefulness, SOM neurons
were depolarized (V, left) and fired action potentials (AP) at high rates
(right). Each open circle represents an individual neuron and filled circles
with error bars represent mean + s.e.m. (c) FFT analysis revealed that
SOM neurons had markedly less slow membrane potential fluctuations
compared with other layer 2/3 cell types (left), further quantified over the
1-5-Hz frequency range for each recorded neuron (right). Each open circle
represents an individual neuron and filled circles with error bars represent
mean * s.e.m. (d) Dual whole-cell recordings revealed that membrane
potential fluctuations in SOM neurons were weakly anticorrelated with
nearby excitatory neurons, whereas membrane potential fluctuations in
nearby excitatory neurons were highly correlated.

dynamics of SOM neurons in layer 2/3 of the primary somato-
sensory barrel cortex of awake head-restrained mice during quan-
tified whisker behavior. We found that SOM neurons have unique
membrane potential dynamics that differ in almost every respect
from fast-spiking, NFS and excitatory neurons located in the same
neocortical microcircuit.

RESULTS

Whole-cell membrane potential recordings were obtained from
GFP-labeled neurons in layer 2/3 of the C2 barrel column in Gadl
(also known as Gad67)-GFP3® and Gin-GFP3! mice (Supplementary
Figs. 1 and 2). Nearly all of the layer 2/3 GABAergic neurons express
GFP in Gad67-GEP mice”3, As in previous studies”$, in our record-
ings from Gad67-GFP mice, we differentiated between fast-spiking
and NFS GABAergic neurons. Perhaps because GFP expression levels
are low in SOM neurons in Gad67-GFP mice3?, we only recorded
from one putative SOM neuron in Gad67-GFP mice and the data
from this cell were not further analyzed (Supplementary Fig. 3).
In Gin-GFP mice, we found that a much smaller number of neurons
expressed GFP. Consistent with previous findings?>3!, all GFP-labeled
neurons in Gin-GFP mice were immunopositive for somatostatin
(Supplementary Figs. 1 and 2) and we therefore referred to these
neurons as SOM neurons. The electrophysiological properties of
SOM neurons, including action potential waveform, input resistance
and rheobase, differed from fast-spiking and NFS neurons identi-
fied in Gad67-GFP mice (Supplementary Fig. 1). In addition to the
three types of GABAergic neurons, we also recorded from excitatory
pyramidal neurons that did not express GFP in Gin-GFP mice. Thus,
we contrasted the membrane potential dynamics of SOM neurons
with fast-spiking, NFS and excitatory neurons, all of which were
located in layer 2/3 of the C2 barrel column of awake head-restrained
mice during quantified whisker behavior filmed with a high-speed
(500 Hz) camera.

Membrane potential of SOM neurons during quiet wakefulness
During quiet wakefulness (when the whiskers were not moving), SOM
cells were significantly more depolarized than other types of layer 2/3
neurons (SOM, —47.2 + 0.6 mV, n = 49; fast spiking, -54.8 £ 1.9 mV,
n=7;NFS, -54.1+0.7 mV, n = 18; excitatory, -61.8 £ 0.8 mV, n = 14;
P < 0.01 for each cell type compared with SOM) and spontaneously
fired action potentials at high rates (SOM, 6.3 = 0.6 Hz, n = 49; fast
spiking, 9.4 2.1 Hz, n =7; NFS, 3.7 £ 0.7 Hz, n = 18; excitatory, 0.4 =
0.1 Hz, n = 14; Fig. 1a,b). Action potential threshold was similar
across all classes of layer 2/3 neurons (SOM, —40.3 + 0.7 mV, n = 44;
fast spiking, —40.5 £ 0.7 mV, n = 7; NFS, —41.2 + 1.1, n = 15; excitatory,
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—-41.0 £ 1.0 mV, n = 10). Although fast-spiking, NFS and excitatory
neurons showed prominent slow membrane potential fluctuations
during quiet wakefulness”-3>34, these were not apparent in SOM
neurons (Fig. 1a). The amplitude of membrane potential fluctuations
in the 1-5-Hz frequency range quantified from the integral of the
fast Fourier transform (FFT) showed that slow membrane potential
oscillations were significantly smaller in SOM neurons than in other
types of layer 2/3 neurons (SOM, 2.3 £ 0.2 mV, n = 16; fast spiking,
5.4%0.7mV,n=7;NFS§, 52%0.3 mV, n = 15; excitatory, 4.7 £0.3 mV,
n = 12; P < 0.01 for each cell type compared with SOM; Fig. 1c).
Hyperpolarizing SOM cells through current injection did not increase
slow membrane potential fluctuations (Supplementary Fig. 4).

Dual whole-cell recordings revealed that membrane potential
fluctuations in SOM cells were out of phase with those of nearby
pyramidal neurons with a peak cross-correlation coefficient of —0.38
0.03 centered at 23 = 8 ms (n = 8; Fig. 1d), with hyperpolarization of
SOM neurons occurring significantly later than the depolarization
of excitatory neurons (P = 0.03). On the other hand, dual recordings
from two excitatory neurons in Gin-GFP mice showed highly corre-
lated membrane potential dynamics in phase with each other (peak
cross-correlation coefficient of 0.70 £+ 0.06 centered at 4 + 2 ms, n = 6;
Fig. 1d)7333>. We previously reported that fast-spiking, NFS and
excitatory neurons recorded in Gad67-GFP mice have synchronous
membrane potential fluctuations during quiet wakefulness’. During
quiet wakefulness, SOM cells therefore have unique patterns of spon-
taneous membrane potential fluctuations compared with all other
recorded populations of layer 2/3 barrel cortex neurons.

SOM neurons in vitro receive excitatory synaptic input with unusual
short-term dynamics for the neocortex, with single action potentials
only evoking small-amplitude excitatory postsynaptic potentials,
which are strongly facilitated during high-frequency action potential
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Figure 2 Sensory stimulation hyperpolarizes a

SOM cells. (a) Example whole-cell membrane

potential recordings in awake head-restrained

mice from different classes of layer 2/3 neurons

comparing the sensory responses evoked by brief SOM
deflection of the C2 whisker. Single trials are
color coded according to cell type. The average
response across trials for the given recording

is shown superimposed in black. (b) The grand
average of the sensory-evoked membrane
potential response across all recordings from

a given class of layer 2/3 neuron (left) and the
mean membrane potential in the 50 ms before
(pre) compared with the 5-55 ms after stimulus
(post) for each individual recording (right).
Every SOM neuron hyperpolarized in response NFS
to whisker stimulation, whereas every neuron
belonging to other classes of layer 2/3 neurons
had a depolarizing sensory response. Each

thin line represents an individual neuron and
filled circles with error bars connected by thick
lines represent mean + s.e.m. (c) The grand
average peristimulus time histograms across all
recordings (left) and the quantification of firing
rates (right) in the 50 ms before (pre) compared
with the 5-55 ms after stimulation (post)
revealed that whisker stimulation reduced action
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potential firing in SOM neurons, but increased action potential firing in all other classes of layer 2/3 neurons. Each thin line represents an individual
neuron and filled circles with error bars connected by thick lines represent mean £ s.e.m.

firing?>2426:27 " Similar short-term synaptic dynamics in vivo

(Supplementary Fig. 5) might contribute to the overall weak correla-
tion of spontaneous membrane potential fluctuations in SOM neurons
with nearby pyramidal neurons, as high-frequency action potential
firing is rare in excitatory layer 2/3 neurons. The delayed hyperpolari-
zation observed in SOM cells might be driven by action potential firing
in nearby fast-spiking, NFS or other types of GABAergic neurons.

Whisker sensorimotor input hyperpolarizes SOM cells

We specifically targeted our recordings to the C2 barrel column, which
is known to process sensory information relating to the C2 whisker!?.
A single brief C2 whisker deflection evoked a hyperpolarizing sensory
response in SOM cells, whereas the sensory response was depolarizing
in all other types of recorded layer 2/3 neurons (SOM, —4.1+0.3 mV,
n = 10; fast spiking, 7.2 £ 0.6 mV, n = 5; NFS, 6.5+ 0.1 mV, n = 15;
excitatory, 4.1 £0.2 mV, n = 11; Fig. 2a,b). The sensory-evoked hyper-
polarization in SOM neurons had a short latency, similar to the laten-
cies for the sensory-evoked depolarization in other types of layer 2/3
neurons (SOM, 9.6 + 0.9 ms, n = 9; fast spiking, 7.5 = 1.0 ms, n = 5;
NFES, 10.3 + 0.6 ms, n = 15; excitatory, 10.2 = 0.4 ms, n = 11). The
reversal potential of the sensory-evoked response in SOM cells is con-
sistent with a rapid synaptic activation of ionotropic GABAergic con-
ductances (Supplementary Fig. 6). The whisker deflection-evoked
hyperpolarization of SOM neurons resulted in a transient reduction in
action potential firing, contrasting with the increased action potential
firing recorded in layer 2/3 fast-spiking, NFS and excitatory neurons
(SOM, —2.9£0.9 Hz, n = 8; fast spiking, 21.8 8.9 Hz, n = 5; NFS, 14.0 £
3.0 Hz, n = 15; excitatory, 2.2 + 1.0 Hz, n = 11; Fig. 2¢). Compared
with the other recorded types of neurons in the same neocortical
microcircuit, SOM neurons are therefore unique in being inhibited
by passive whisker sensory stimulation.

Mice actively acquire sensory information by moving their whiskers
back and forth at high frequencies (5-20 Hz)°"!1. SOM cells rapidly
hyperpolarized and reduced action potential firing after the voluntary
initiation of free whisking in air (quiet, -45.9+ 0.9 mV, 6.2 + 0.7 Hz;

whisking, =50.7 + 0.9 mV, 2.1 £ 0.4 Hz; n = 32, P < 0.001 for both
membrane potential and spike rates; Fig. 3a,b and Supplementary
Fig. 7). Active whisker-object contacts evoked a small hyperpolar-
izing sensory response in SOM cells, adding to the already hyper-
polarized membrane potential induced by free whisking (Fig. 3¢c,d).
The inhibition of SOM neurons during active sensing contrasts with
the depolarizing responses evoked by active touch in excitatory layer
2/3 neurons®#39, as well as in both fast-spiking and NFS GABAergic
neurons (SOM, —1.0 £0.5 mV, n = 6; fast spiking, 2.5+ 0.1 mV, n = 4;
NFS, 2.2 £ 0.8 mV, n = 4). Active touch increased action potential
firing rates in fast-spiking and NFS neurons34, but not in SOM cells
(SOM, before = 1.5+ 0.7 Hz, after = 1.7 £ 0.9 Hz, n = 9; fast spiking,
before =7.9 + 2.4 Hz, after = 12.5 + 4.4 Hz, n = 4; NFS, before = 3.0 +
1.6 Hz, after = 7.0 £ 2.3 Hz, n = 4). SOM neurons therefore form the
only class of neurons recorded in layer 2/3 barrel cortex that were not
excited by active touch.

Inhibition of SOM neurons enhances dendritic excitability
SOM neurons prominently innervate layer 1 of the neocortex?!-2°,
The high spontaneous firing rate of SOM cells during quiet wakeful-
ness might therefore tonically inhibit the distal layer 1 dendrites of
excitatory cortical pyramidal neurons. The reduced firing of SOM
neurons during whisker-related sensorimotor processing might
release the inhibitory clamp of distal layer 1 dendrites. Reduced distal
dendritic inhibition during active sensing could enable layer 1 input
to drive dendritic sodium, calcium and NMDA spikes, enhancing
action potential burst firing in excitatory pyramidal neurons3’-40,
Consistent with such a hypothesis, we found a marked increase in
layer 1 dendritic calcium signals during whisking (Fig. 3e,f and
Supplementary Movie 1), as measured by expression of the geneti-
cally encoded calcium indicator GCaMP3 (ref. 41). Reduced action
potential firing in SOM neurons therefore correlates with enhanced
dendritic calcium signaling during whisking, but it is important to
note that other behavior-correlated changes in neural circuits and
neuromodulators might also contribute.
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Figure 3 SOM cells hyperpolarize during active
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(green trace, right) was plotted (gray shading highlights the three periods shown in the images on the left; Q, quiet; W, whisking) with quantification
of single dendrite fluorescence (purple trace, dendrite highlighted in image by purple box) and whole-field dendritic fluorescence (black trace).

(f) Whisking induced a robust increase in dendritic GCaMP3 fluorescence. Each thin line corresponds to measurements from an individual mouse
and indicates the average change in fluorescence across dendrites in the field of view averaged across multiple whisking episodes. Filled circles with

error bars connected by a thick line represent mean + s.e.m.

To obtain causal evidence for a functional role of SOM neurons,
we specifically expressed the light-activated chloride pump halorho-
dopsin (eNpHR3.0)*? in SOM neurons expressing Cre recombinase
(Supplementary Figs. 8 and 9)*. Yellow light rapidly and efficiently
hyperpolarized SOM neurons expressing halorhodopsin (-27.3£3.6 mV,
n = 4) and completely abolished action potential firing (light off =
6.8 + 1.7 Hz, light on = 0.0 £ 0.0 Hz, n = 7; Fig. 4a,b). Optogenetic
inhibition of SOM neurons did not affect the slow membrane poten-
tial dynamics recorded in nearby excitatory neurons during quiet
wakefulness (Fig. 4c,d). However, optogenetic inhibition of SOM
neurons increased action potential firing rate by 83% in nearby exci-
tatory neurons (light off = 1.2 £ 0.2 Hz, light on = 2.2+ 0.3 Hz, n = 10,
P <0.05) and strongly enhanced action potential burst firing by 222%
(light off = 0.09 £ 0.02 Hz, light on = 0.29 + 0.09 Hz, n = 10, P < 0.05;
Fig. 4c,e). The spontaneous high firing rates of SOM cells during
quiet wakefulness therefore inhibit excitatory neurons and prevent
burst firing.

DISCUSSION

Our measurements in layer 2/3 of the C2 barrel column of awake
head-restrained mice reveal that the membrane potential dynamics
of SOM neurons are very different from those of fast-spiking, NFS
and excitatory neurons. During quiet wakefulness, SOM neuron
membrane potential was weakly anticorrelated with the network of
highly correlated fast-spiking, NFS and excitatory neurons (Fig. 1d)”.
During passive whisker deflection (Fig. 2) or active touch involving
whisker palpation of an object (Fig. 3), SOM neurons hyperpolarized,

whereas fast-spiking, NFS and excitatory neurons depolarized. There
are two obvious possibilities to account for these unique membrane
potential dynamics of SOM cells in awake behaving mice. First, SOM
neurons might lack an important excitatory input that is common
to layer 2/3 fast-spiking, NFS and excitatory neurons. Second, SOM
neurons might receive more (or a unique type of) inhibitory input
relative to layer 2/3 fast-spiking, NFS and excitatory neurons. Action
potential firing rates in layer 2/3 excitatory neurons are low (median
~0.1 Hz) and the majority of action potentials in layer 2/3 excita-
tory neurons occur as single isolated action potentials. Under these
conditions, the excitatory synapses from most layer 2/3 excitatory
neurons onto postsynaptic SOM neurons likely transmit little depo-
larization, as high-frequency firing of excitatory neurons appears to
be necessary to evoke large amplitude unitary excitatory postsynap-
tic potentials (Supplementary Fig. 5)23242627 In contrast, synaptic
transmission from excitatory neurons onto synaptically connected
postsynaptic fast-spiking, NES or excitatory neurons usually show
reliable unitary excitatory postsynaptic potentials in response to sin-
gle action potentials?>2426, In this dynamic view of synaptic con-
nectivity, SOM neurons appear to lack an important component of
the excitatory synaptic input compared with fast-spiking, NFS or
excitatory neurons, and this might contribute to the absence of a
depolarizing sensory response in SOM neurons. In addition, there is
also evidence supporting strong inhibitory input onto SOM neurons
from other nearby classes of GABAergic neurons. Layer 2/3 SOM
neurons in mouse somatosensory cortex receive inhibitory input
from all cortical layers, with the strongest inhibition originating
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Figure 4 Optogenetic inhibition of SOM neurons increases action
potential firing and burst firing in nearby excitatory neurons. (a) Example
whole-cell recording from a somatostatin (Sst)-cre neuron expressing
halorhodopsin (eNpHR3.0). The yellow light pulse (5-s duration)

is indicated by the yellow shading. (b) Yellow light evoked robust
hyperpolarization and completely blocked action potential firing in Sst-cre
neurons expressing halorhodopsin. Each thin line represents an individual
neuron and filled circles with error bars connected by thick lines represent
mean + s.e.m. (c) Example whole-cell recording from an excitatory neuron
during optogenetic inhibition of nearby SOM neurons. (d) Optogenetic
inhibition of SOM neurons did not alter the slow membrane potential
dynamics in nearby excitatory neurons during quiet wakefulness. Each
thin line represents an individual neuron and filled circles with error

bars connected by a thick line represents mean + s.e.m. (e) Optogenetic
inhibition of SOM neurons increased action potential firing and burst
firing in nearby excitatory neurons. Each thin line represents an individual
neuron and filled circles with error bars connected by thick lines represent
mean £ s.e.m.

from layers 2, 3 and 4 (ref. 44). Furthermore, anatomical studies
provide evidence that VIP-expressing GABAergic neurons might
strongly inhibit SOM neurons!!81°. Future experiments involving
further quantitative cell type-specific and layer-specific analyses of
microcircuit synaptic connectivity and functional operation during
behavior are clearly essential to gain a more detailed mechanistic
understanding of the origins of the synaptic conductances inhibit-
ing SOM neurons.

An important finding from our recordings in layer 2/3 barrel cortex
of awake mice is that SOM neurons were tonically active during quiet
wakefulness, but they decreased their action potential output during
passive and active whisker sensorimotor processing. SOM neurons
densely innervate nearby excitatory neurons in mouse layer 2/3 cortex?s.
SOM neurons send dense axonal arborizations into layer 1 of the
neocortex, an unusual cortical layer with few neuronal somata but
many dendrites and synapses. During quiet wakefulness, the distal
layer 1 dendrites of excitatory pyramidal neurons may therefore be
tonically inhibited by the spontaneous action potential firing of SOM
neurons. However, during active cortical processing, SOM neurons
turn off, likely relieving the distal layer 1 dendrites of excitatory
pyramidal neurons from inhibition. With reduced inhibition, the
excitatory synaptic inputs onto the distal layer 1 dendrites of excita-
tory pyramidal neurons are likely to have an enhanced importance.
In vitro measurements indicate that excitatory glutamatergic inputs
onto the distal dendrites of pyramidal neurons can drive somatic burst
firing and regenerative dendritic events, such as sodium, calcium and
NMDA spikes?’~4%. Notably, in vitro measurements have also shown
that GABAergic inhibition can regulate the generation of such den-
dritic events®”. Our in vivo findings of increased layer 1 dendritic
calcium levels during whisking (Fig. 3e,f) and strongly enhanced
burst firing during optogenetic inhibition of SOM neurons (Fig. 4c,e)
are consistent with the idea that SOM neurons have a prominent role
in the regulation of distal dendritic excitability. Layer 1 of the mouse
barrel cortex contains a high density of axon originating from excita-
tory neurons in primary whisker motor cortex*’. Decreased action
potential firing in SOM neurons during active sensorimotor process-
ing is therefore predicted to enhance the effect of motor cortex input
onto excitatory neurons in primary somatosensory cortex potentially
driving burst firing and regenerative dendritic events. Such enhanced
motor input to sensory cortex gated by SOM neurons might be impor-
tant for sensorimotor integration, an essential step in active whisker
perception® 113646 Tn addition to motor cortex, there are many other
brain areas that send axonal fibers to layer 1, and SOM neurons
could be important in the regulation of their effect on distal dendritic
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excitability. In general, across different cortical areas examined, layer 1
axons originate in part from higher order areas, which could mediate
top-down control of sensory processing*’. We speculate that SOM
cells will hyperpolarize and reduce action potential firing whenever
a given cortical area is actively involved in processing behaviorally
relevant information. Decreased firing of SOM cells might reduce
GABAergic inhibition onto distal dendrites, thereby enhancing the
integration of top-down layer 1 inputs and providing a potentially
important mechanism for gating context-dependent processing and
binding of different streams of information in the neocortex.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS
All experimental procedures were approved by the Swiss Federal Veterinary
Office.

Whole-cell recordings in awake head-restrained mice. Gin-GFP*!, Gad67-
GFP* and somatostatin (Sst)-cre* mice were implanted with metal head-fixation
posts, trained for head-restraint, and subsequently electrophysiological record-
ings were targeted to the C2 barrel column identified through intrinsic signal
optical imaging”-3>3*. All whiskers except C2 were trimmed before the recording
session. Passive whisker stimuli were delivered by attaching the C2 whisker to a
piezo-bender and delivering 2-ms deflections with maximal angular displacement
of ~1 degree. Whisker movements and whisker-object contacts were filmed at
500 Hz and quantified off-line. Whole-cell recordings were targeted to neuronal
somata under visual control through two-photon microscopy®-8. The pipette
solution (adjusted to pH 7.3 with KOH) contained 135 mM potassium gluconate,
4 mM KCl, 10 mM HEPES, 10 mM sodium phosphocreatine, 4 mM MgATP,
0.3 mM Na,GTP, 0.01 mM Alexa 594 and 2 mg ml™! biocytin (for post hoc
anatomical identification).

The membrane potential was not corrected for liquid junction potential.
Action potential half-width and threshold, and input resistance were measured
as previously described”. Maximal firing rates were measured from the maximal
current pulse injected into each cell and are likely to be underestimates. Rheobase
was estimated by determining the lowest current pulse amplitude (increasing in
steps of 50 pA) needed to elicit an action potential. FFTs were computed as magni-
tudes in IgorPro for 5-s segments of the recordings. The low-frequency (1-5 Hz)
power was calculated by integrating the computed FFTs from 1 to 5 Hz. Cross-
correlations of membrane potential changes were computed by subtracting the
average value of each trace, normalizing each trace to its s.d. and then computing
the correlation in IgorPro to generate a cross-correlogram with a maximal value of
1 for identical traces”3>34, Analysis of cross-correlation peak time was performed
by fitting a Gaussian function around the peak from —80 ms to +80 ms. We took
the absolute (positive) time of the cross-correlation peak for excitatory versus
excitatory neurons. Membrane potential and firing rate changes in response
to passive whisker deflection or active touch were computed over a period of
50 ms preceding the sensory event (denoted by pre) and a period of 50 ms starting
5 ms following the sensory event (denoted by post). All values are mean *s.e.m.
Statistical testing using Student’s ¢ test was performed in Microsoft Excel.

Functional imaging of GCaMP3 fluorescence in layer 1 dendrites. Adeno-
associated virus encoding GCaMP3 (AAV2/1.hSynap.GCaMP3.3.5V40 for
C57BL6]J mice or AAV2/1.hSynap.Flex.GCaMP3.3.5V40 for EmxI-cre mice; Penn
Vector Core, University of Pennsylvania)*! was injected (25-150 nl) into layer 2/3
(250-300 um below the pia) of the mouse C2 barrel column (identified through
intrinsic signal optical imaging) and a cranial window was then implanted?®.
Images were acquired at 5-10 Hz using a modified MOM two-photon microscope
(Sutter Instruments) controlled through Labview with Helioscan software®.
Images were registered using TurboReg>® and further analyzed using custom
routines in Image] and Matlab. Applying a threshold to the maximum projection
for each movie defined the mask for the region of interest. Quiet and whisking
periods were identified based on the high-speed whisker filming. Changes in

fluorescence relative to baseline were quantified as mean + s.e.m.; statistical test-
ing using Student’s paired f test was performed in Microsoft Excel.

Optogenetic inhibition of SOM cells. Mice expressing Cre recombinase spe-
cifically in SOM neurons*® were injected with AAV-DIO-eNpHR3.0-YFP2.
Approximately 500 nl of virus with a titer of 1.2 x 10'* genome copies per ml
(virus was made and titered by Penn Vector Core, University of Pennsylvania)
were injected at a depth of 200-300 wm below the pial surface into the C2 barrel
column localized through intrinsic signal optical imaging. Yellow light from an
LED (7 mW) was delivered through the 40x objective of the two-photon micro-
scope. Repeated 5-s pulses of yellow light applied every 10 s evoked highly repro-
ducible hyperpolarizations of SOM neurons without noticeable rundown of the
optogenetic inhibition over ten repetitions. To study the effects of optogenetic
inhibition of SOM cells on the action potential firing of surrounding excitatory
neurons, we injected a small amount of depolarizing current (50-200 pA) into
the excitatory neuron in most recordings (9 of 10) to obtain a spontaneous firing
rate during quiet wakefulness of around 1 Hz. Action potential burst firing was
defined as two or more action potentials occurring with interspike intervals of
less than 25 ms.

Gin-GFP and Gad67-GFP cell counts. Three-dimensional confocal images were
obtained from primary somatosensory barrel cortex of fixed 100-pum-thick slices
from three Gad67-GFP mice and three Gin-GFP mice co-stained with DAPI.
Cells were manually counted in a layer 2/3 volume of 300 x 300 x 100 um for
Gad67-GFP mice and 600 x 300 x 100 um for Gin-GFP mice. Cell counts
were scaled to give the number of cells in a volume of 300 x 300 x 300 um,
which is close to the volume of layer 2/3 in the mouse C2 barrel column (see
Supplementary Fig. 1a).

GFP and somatostatin immunohistochemistry. Coronal sections (50 m) from
the fixed brains were stained for GFP and somatostatin following previously
described procedures”?°. After rinsing in Tris-buffered saline (TBS, 0.05 M, pH
7.6), the slices were incubated with primary antisera (goat antibody to GFP from
Abcam, diluted 1:2,000; rabbit antibody to somatostatin-14 from Bachem, diluted
1:5,000) in TBS containing 0.5% Triton X-100 (TBST, vol/vol) for ~60 h at 6 °C.
After rinsing, secondary antisera (Alexa 488-coupled donkey antibody to goat
and Alexa 594-coupled donkey antibody to rabbit, both from Invitrogen and
diluted 1:500 in TBST) were applied for 4 h at 20-25 °C. After further rinsing,
DAPI staining (1:1,000 in TBS for 10 min) was carried out to visualize barrels
and layer boundaries. The sections were imaged with a structured illumination
microscope (Zeiss Axiolmager with Apotome). Cell counts and colocalization
were manually scored using Neurolucida (MicroBrightField) (see Supplementary
Figs. 1b, 2 and 8).

48. Holtmaat, A. et al. Long-term, high-resolution imaging in the mouse neocortex
through a chronic cranial window. Nat. Protoc. 4, 1128-1144 (2009).

49. Langer, D., van t'Hoff, M. & Helmchen, F. Helioscan, a highly versatile control
software for laser-scanning microscopes written in LabVIEW. Brain Research
Institute, University of Zurich, Switzerland (http://www.helioscan.org/) (2010).

50. Thévenaz, P., Ruttimann, U.E. & Unser, M. A pyramid approach to subpixel
registration based on intensity. /EEE Trans. Image Process. 7, 27-41 (1998).
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Supplementary Figure 1
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Supplementary Figure 1. Somatostatin-expressing GABAergic neurons
form a sparse population of highly excitable cells. a, Confocal image
stacks of 100 um-thick fixed sections from layer 2/3 barrel cortex of GIN-GFP
and GAD67-GFP mice (left). In layer 2/3 of the C2 barrel column we estimate
that there are 24 £ 1 GIN-GFP neurons (n=3 mice) and 208 + 19 GAD67-GFP
neurons (n=3 mice) (right). Nearly all GABAergic neurons are labeled in
GADG67-GFP mice, whereas only a small subset is labeled in GIN-GFP mice.
b, A cluster of GIN-GFP neurons immunostained for GFP and somatostatin.
Quantified in layer 2/3 barrel cortex across 5 mice, 100% (130 / 130) of GIN-
GFP cells expressed somatostatin. GIN-GFP neurons are therefore termed
SOM neurons in this study. However, it should be noted that GIN-GFP
neurons represent a subset of somatostatin neurons, with only 44% (130 /
298) of somatostatin-expressing layer 2/3 cells being GFP-labeled. ¢, Whole-
cell recordings of different classes of layer 2/3 neurons in awake head-
restrained mice. Two-photon images (left) of GFP-labeled GABAergic neurons
(green) together with the recording electrode filled with Alexa 594 (red), which
for the recordings of GABAergic neurons colocalized with GFP fluorescence



(yellow). Current injections were used to assess intrinsic electrophysiological
properties (right traces). d, The input resistance of SOM cells was higher than
all other recorded cell types (SOM 157 + 9 MQ, n=49; FS 39 + 6 MQ, n=10;
NFS 104 + 14 MQ, n=19; EXC 39 £ 5 MQ, n=25). The rheobase of SOM cells
was lower than all other recorded cell types (SOM 58 + 3 pA, n=45; FS 510 +
43 pA, n=10; NFS 170 £ 14 pA, n=19; EXC 484 + 43 pA, n=25). Action
potential duration of SOM cells was intermediate between FS and NFS
GABAergic neurons (SOM 0.60 + 0.02 ms, n=39; FS 0.32 £ 0.02 ms, n=9;
NFS 0.91 £ 0.04 ms, n=17; EXC 1.22 + 0.07 ms, n=22). Maximal firing rate of
SOM cells was intermediate between FS and NFS GABAergic neurons (SOM
109 £ 9 Hz, n=15; FS 159 + 11 Hz, n=10; NFS 65 * 4 Hz, n=19; EXC 28 + 3
Hz, n=18).



Supplementary Figure 2
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Supplementary Figure 2. GIN-GFP neurons are a subset of somatostatin
expressing neocortical neurons. Each panel shows tiled images of the
primary somatosensory barrel cortex of a coronal section obtained from a
perfusion-fixed GIN-GFP mouse brain. The native GFP fluorescence was
enhanced by immunostaining using an antibody against GFP (upper left,
green). Immunostaining against somatostatin is shown in red (upper right).
DAPI staining is shown in blue to visualize cortical layers and barrels (lower
left). The overlay of GFP and somatostatin staining shows that all GIN-GFP
labeled neurons express somatostatin, but that GIN-GFP neurons are a
subset of all neocortical somatostatin expressing neurons. Note the nearly
exclusive localization of GIN-GFP neurons in layers 2, 3 and 5A and their
absence from layers 5B and 6.



Supplementary Figure 3
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Supplementary Figure 3. Out of 30 recordings from GFP-labeled neurons
in GAD67-GFP mice, we identified only one neuron with
electrophysiological properties similar to the SOM neurons of GIN-GFP
mice (this neuron was not included in further analyses). a, This SOM-like
neuron recorded in a GAD67-GFP mouse had a firing pattern and action
potential waveform typical of SOM neurons recorded in GIN-GFP mice. The
action potential duration at half-maximal amplitude was 0.54 ms. The input
resistance of this neuron was 199.8 MQ. b, During quiet wakefulness this
SOM-like neuron recorded in a GAD67-GFP mouse spontaneously fired
action potentials at 1.7 Hz. During active whisking this SOM-like neuron
hyperpolarized by 3.1 mV and reduced action potential firing rate to 0.4 Hz.
Since immunohistochemistry shows that somatostatin-expressing neurons
form a small subset of GFP-labeled neurons in GAD67-GFP mice (Tamamaki
et al., 2000; Gentet et al., 2010), we consider it likely that this SOM-like
neuron recorded in a GAD67-GFP mouse expressed somatostatin.
Functionally identified, SOM neurons therefore appear to form a small fraction
of GFP-labeled neurons in GAD67-GFP mice. Weak GFP fluorescence in
SOM neurons of GAD67-GFP mice (Suzuki & Bekkers, 2010) likely reduced
the probability of recording from SOM neurons in GAD67-GFP mice under our
experimental conditions.



Supplementary Figure 4
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Supplementary Figure 4. Small-amplitude slow membrane potential
fluctuations in SOM neurons. a, Whole-cell membrane potential recording
from a layer 2/3 excitatory (EXC) neuron and a layer 2/3 SOM neuron during
quiet wakefulness. The membrane potential of the excitatory neuron had
obvious large-amplitude slow membrane potential fluctuations. Such slow
membrane potential fluctuations were much less evident in the SOM neuron.
Whereas the SOM neuron had a mean membrane potential around -45 mV,
the excitatory neuron was much more hyperpolarized having a mean
membrane potential of around -60 mV. One possibility is that the depolarized
membrane potential of the SOM neuron might obscure slow membrane
potential dynamics. We therefore hyperpolarized the SOM neuron by injecting
-150 pA of current, which brought the mean membrane potential close to -60
mV (similar to that of the excitatory neuron). This hyperpolarization did not
appear to enhance slow membrane potential fluctuations in the SOM neuron.
Fast Fourier transform (FFT) analysis of the membrane potential quantitatively
revealed that hyperpolarization of the SOM neuron did not enhance slow
membrane potential fluctuations. b, Hyperpolarising current was injected in
seven whole-cell recordings of SOM neurons. The FFT of membrane potential
fluctuations from control and hyperpolarized periods were separately
averaged across the seven recordings. There was no significant difference in
the amplitude of slow membrane potential fluctuations comparing control with
hyperpolarized periods (1-5 Hz fluctuations were non-significantly reduced by
18 + 13 % during hyperpolarization, P = 0.16). Independent of the mean
membrane potential, SOM neurons therefore have smaller-amplitude slow
membrane potential fluctuations compared to excitatory neurons.



Supplementary Figure 5
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Supplementary Figure 5. The membrane potential fluctuations of a SOM
cell were anticorrelated with a nearby excitatory neuron, despite a
strong excitatory synaptic connection from the excitatory neuron onto
the SOM cell. a, Two-photon image showing the presynaptic excitatory cell
and the postsynaptic SOM neuron. b, The excitatory neuron and the SOM
neuron responded with their respective characteristic firing patterns when
depolarizing current was injected. Hyperpolarising current injections show that
the SOM cell had high input resistance and it fired a rebound burst of spikes
upon removal of the hyperpolarizing current. ¢, Simultaneous recording of
membrane potential from the two neurons, revealed that action potentials



evoked in the excitatory neuron by current injection also drove postsynaptic
action potentials in the SOM neuron. Action potential firing in the SOM neuron
was delayed relative to those evoked by current injection in the excitatory
neuron (left and middle show two example trials). The postsynaptic firing of
the SOM neuron was robustly observed across trials. Averaging the spike rate
across trials revealed that the action potentials of a single excitatory neuron
drove the postsynaptic SOM cell to fire action potentials at a rate of ~20 Hz. d,
To study the unitary EPSPs in the absence of postsynaptic firing, the SOM
cell was hyperpolarized by injecting -100 pA of current. A single trial (left)
shows that the first action potentials in the train (driven by depolarizing current
injection into the excitatory neuron) did not evoke EPSPs in the SOM cell. The
first detectable EPSP in this trial occured in response to the fifth action
potential in the train. Later in the train, EPSPs were more reliably observed.
Averaged across many trials, the EPSP recorded in the SOM cell were found
to facilitate, with a small average EPSP observed in response to the first three
action potentials (APs 1-3) in the train and larger responses being evoked by
later action potentials in the train. This synaptic connection from an excitatory
neuron to a SOM neuron recorded in an awake behaving mouse therefore
shows prominent facilitating short-term synaptic dynamics, similar to those
reported in vitro (Reyes et al., 1998; Silberberg et al., 2007; Kapfer et al.,
2007; Fanselow et al.,, 2008). e, Spontaneous membrane potential
fluctuations were anticorrelated in this synaptically connected pair of neurons.
Although the excitatory neuron could monosynaptically depolarize the SOM
neuron, the low firing rate of the excitatory neuron meant that it did not
significantly contribute to the spontaneous membrane potential dynamics of
the SOM neuron during our recording. The anticorrelated membrane potential
dynamics of excitatory and SOM neurons observed in general were therefore
also found even in a pair of neurons where the SOM neuron received
monosynaptic input from the excitatory neuron.
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Supplementary Figure 6. Whisker deflection evoked a sensory response
with a hyperpolarized reversal potential in SOM cells. a, Whole-cell
membrane potential recording from a SOM neuron located in layer 2/3 of
mouse barrel cortex. When no current was injected through the recording
electrode (i=0 pA), brief single deflections of the C2 whisker evoked
hyperpolarizing sensory responses. When the SOM neuron was
hyperpolarized by injecting -400 pA of current, the same whisker deflections
evoked depolarizing sensory responses. b, Averaged across all stimuli
separately for control (i=0 pA) and hyperpolarized (i=-400 pA) conditions
(same recording as shown in panel a). ¢, Each brown line indicates a
recording from a SOM neuron in which the sensory response was recorded in
control and hyperpolarized conditions. The reversal potential for the sensory
response was estimated to be -68.9 £ 3.3 mV (n=9), suggesting that the
sensory response in SOM neurons is dominated by synaptic activation of
GABAergic conductances.
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Supplementary Figure 7
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Supplementary Figure 7. SOM neurons hyperpolarized rapidly following
initiation of active whisking. a, Example traces from the same whole-cell
membrane potential recording of a SOM neuron during the onset of whisking.
Membrane potential hyperpolarized after initiation of whisking. b, The
membrane potential of SOM neurons averaged across all recordings and
every whisking episode that had a clearly defined onset time. Membrane
potential hyperpolarized shortly after initiation of whisking. ¢, Quantified for
each of the 8 recordings which had at least 5 whisking episodes with a clearly
defined onset time, membrane potential hyperpolarized in each SOM cell
upon initiation of whisking (‘Pre’ denotes the 100 ms period before whisking
onset; and ‘Post’ denotes the period 50-150 ms after whisking onset).

Nature Neuroscience: doi;:10.1038/nn.3051
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Supplementary Figure 8

Somatostatin immunostaining NpHR-YFP immunostaining

L1

L2/3

L4

L5

L6

Supplementary Figure 8. Viral expression of NpHR3.0-YFP in SOM-Cre
cells. NpHR3.0-YFP in a double-floxed inverted open reading frame
adenoassociated viral vector was injected into the barrel cortex of SOM-Cre
mice. After allowing several weeks for expression, the mouse was perfusion
fixed with  PFA and coronal sections were prepared. Somatostatin
immunostaining is shown in red and GFP immunostaining for NpHR-YFP is
shown in green with the overlap indicated by a yellow color. Neurons
expressing NpHR-YFP were found in a ~1 mm diameter cortical area across
layers 1 to 5. All neurons expressing NpHR-YFP also expressed somatostatin
(182 NpHR-YFP expressing neurons across five slices).
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Supplementary Figure 9
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Supplementary Figure 9. SOM-Cre cells are similar to SOM cells
recorded in GIN-GFP mice. a, Whole-cell recording (red fluorescence,
Alexa594 in recording electrode) targeted to a SOM-Cre neuron (Taniguchi et
al., 2011) expressing halorhodopsin fused to YFP (eNpHR3.0-YFP) delivered
via a conditional AAV vector (AAV-DIO-NpHR) (Gradinaru et al., 2010). b,
The firing pattern and action potential waveform of SOM-Cre neurons were
similar to SOM neurons recorded in GIN-GFP mice. ¢, Across the population
of recorded neurons, we found that the intrinsic electrophysiological properties
of SOM-Cre neurons were similar to SOM neurons recorded in GIN-GFP
mice. The mean membrane potential during quiet wakefulness of SOM-Cre
neurons was similar to that of SOM-GIN cells (SOM-Cre -46.1 £ 1.6 mV, n=4;
SOM-GIN -47.2 £ 0.6 mV, n=49). The input resistance SOM-Cre neurons was
similar to that of SOM-GIN cells (SOM-Cre 156 + 12 MQ, n=4; SOM-GIN 157
+ 9 MQ, n=49). The action potential duration at half-maximal amplitude in
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SOM-Cre neurons was also similar to that of SOM-GIN cells (SOM-Cre 0.74 +
0.04 ms, n=4; SOM-GIN 0.60 + 0.02 ms, n=39). d, Whole cell recording of a
SOM-Cre neuron during quiet wakefulness and active whisking without object
contact. e, Action potential firing rates and their behavioral modulation were
similar in SOM-Cre and SOM-GIN cells. During quiet periods SOM-Cre and
SOM-GIN cells fired at higher rates (SOM-Cre 6.7 + 3.0 Hz, n=3; SOM-GIN
6.2 + 0.7 Hz, n=32) compared to during active whisking periods (SOM-Cre 3.1
+ 1.4 Hz, n=3; SOM-GIN 2.1 £ 0.4 Hz, n=32). We therefore conclude that
SOM-Cre neurons have similar properties in general to SOM neurons
recorded in GIN-GFP mice.
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Supplementary Movie 1

GCaMP3 was expressed in excitatory neurons of the barrel cortex of an
Emx1-Cre mouse using an AAV-FLEX vector. Fluorescence of layer 1
dendrites in the awake head-restrained mouse was imaged using a two-
photon microscope. Whisker movements were filmed simultaneously with the

calcium imaging. When the mouse moves its whiskers, the dendrites in layer
1 increase fluorescence.
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