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electrophysiology approaches for exploring inhibitory regulation
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Abstract

Local cortical circuit activity /n vivo comprises a complex and flexible series of interactions
between excitatory and inhibitory neurons. Our understanding of the functional interactions
between these different neural populations has been limited by the difficulty of identifying and
selectively manipulating the diverse and sparsely represented inhibitory interneuron classes in the
intact brain. The integration of recently developed optical tools with traditional
electrophysiological techniques provides a powerful window into the role of inhibition in
regulating the activity of excitatory neurons. In particular, optogenetic targeting of specific cell
classes reveals the distinct impacts of local inhibitory populations on other neurons in the
surrounding local network. In addition to providing the ability to activate or suppress spiking in
target cells, optogenetic activation identifies extracellularly recorded neurons by class, even when
naturally occurring spike rates are extremely low. However, there are several important limitations
on the use of these tools and the interpretation of resulting data. The purpose of this article is to
outline the uses and limitations of optogenetic tools, along with current methods for achieving cell
type-specific expression, and to highlight the advantages of an experimental approach combining
optogenetics and electrophysiology to explore the role of inhibition in active networks. To
illustrate the efficacy of these combined approaches, | present data comparing targeted
manipulations of cortical fast-spiking, parvalbumin-expressing and low threshold-spiking,
somatostatin-expressing interneurons /n vivo.
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1. Introduction

Neural circuits in the cortex are comprised of extensively interconnected populations of
excitatory glutamatergic neurons and inhibitory GABAergic neurons. These two broad
classes can be further divided into distinct subpopulations. This is particularly true of
inhibitory interneurons, which can be grouped based on their morphology, molecular
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expression profiles, intrinsic firing properties, and synaptic connectivity (Ascoli et al., 2008;
Markram et al., 2004; Moore et al., 2010). The availability of diverse inhibitory cell types
provides a critical degree of functional flexibility to the network and allows for a wide range
of computational operations within the local circuit. In an active network /n vivo, each
neuron receives a continuous barrage of excitatory and inhibitory synaptic inputs that result
in a high-conductance state (Destexhe et al., 2003). In turn, that neuron contributes spike
output to the surrounding local network. This continuous reciprocal exchange poses a
considerable challenge to determining the roles of specific classes of neurons in contributing
to information processing and generating ongoing patterns of cortical activity. The
distributed and diverse nature of inhibitory populations increases this difficulty.

Considerable recent interest has focused on the roles of different interneuron populations in
local cortical circuit operations. In particular, the relative impact of somatic and dendritic
synaptic inhibition in regulating input integration and sensory processing remains unclear. /n
vitro evidence suggests that the intrinsic properties and synaptic positions of soma- and
dendrite-targeting interneurons may cause them to be differentially recruited by excitatory
inputs during sensory stimulation or other active conditions (Moore et al., 2010). In addition,
previous work suggests that these two sources of inhibition may affect their postsynaptic
targets on different time scales. However, these hypotheses have been difficult to test due to
the difficulty of identifying and directly manipulating specific interneurons /in vivo. The
functional roles of some extremely sparse populations of inhibitory cells have likewise been
difficult to elucidate in the intact brain. The development of technologies that allow targeted
manipulation of specific cell types is thus critical to understanding interneuron participation
in local circuit activity and ultimately in behavior and cognition.

Optogenetics, which provides tools for bidirectional optical control of neural activity by
incorporation of artificially generated light-sensitive proteins into the cell membrane,
represents a significant advance in our ability to dissect neural circuits /7 vivo. Optical
manipulations via light-activated channels and pumps represent a highly reliable and
physiologically appropriate method for activating and suppressing the firing of specific
neural populations both /n7 vitro (Adesnik and Scanziani, 2010; Boyden et al., 2005;
Kuhlman and Huang, 2008; Petreanu et al., 2007; Sohal et al., 2009) and /n vivo (Cardin et
al., 2009; Gradinaru et al., 2009; Han et al., 2009; Huber et al., 2008; Tsai et al., 2009).
Considerable recent work has highlighted the use of cell type-specific expression of the
light-activated nonspecific cation channel Channelrhodopsin-2 (ChR2) and the light-
activated chloride pump Halorhodopsin (eNpHR). The purpose of this review is to provide a
detailed overview of the advantages and drawbacks of an experimental approach that
integrates traditional electrophysiology and optogenetics and to present data illustrating the
power of cell type-specificity in causally testing hypotheses about the functions of discrete
populations of inhibitory neurons in vivo.

1.1 Advantages

An integrative approach utilizing optical and electrophysiological methods provides two
major advantages for /n vivo exploration of network dynamics. Traditional extracellular
recording techniques suffer from a lack of ability to identify the recorded neurons by class.
Some cell types, such as fast-spiking interneurons, can be putatively identified by their
characteristic waveform shape. However, this characterization has proven to be less than
uniformly accurate. Most other types of inhibitory interneurons have broad spike waveforms
and are indistinguishable from excitatory neurons in extracellular recordings. Furthermore,
inhibitory cells are sparsely represented in the cortex and often have very low spontaneous
firing rates, making them difficult to find. Inhibitory cells can be identified post-hoc by
recovering and staining intracellularly recorded neurons, but /n vivo yields from these
experiments are relatively low (Cardin et al., 2007; Hirsch et al., 2003). The reliability and
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precision of optically evoked firing, in.combination with cell type-specific expression of
ChR2, offers an unambiguous method for extracellular identification of cell type. Cells
expressing ChR2 respond to brief light pulses with spikes at short latency and a high degree
of reliability, allowing the experimenter to rigorously identify the subpopulation of recorded
neurons belonging to the targeted cell class (Cardin et al., 2009, 2010; Lima et al., 2009).
Multielectrode recordings can thus generate a higher yield of identified recordings. In
addition, a major advantage for array recordings of large populations is the ability to
artificially evoke many thousands of spikes from cells with normally low spontaneous firing
rates, thereby enhancing spike waveform discrimination. A second, more obvious,
advantage of the combined experimental approach is the ability to directly manipulate the
level of activity of a specific class of cell in the context of observing ongoing network
activity or behavior.

There are several inherent limitations on currently available optogenetic approaches and on
their incorporation with traditional electrophysiological techniques. As discussed in section
2.1, cell type specificity is limited by the choice of promoters, mouse lines, and vectors,
making some cell types difficult to target. In addition, because ChR2 is distributed across
the entire cell, light-evoked activation of ChR2 often causes conductance changes and
depolarization simultaneously across entire targeted neurons, including the dendrites, cell
body, and axon. It remains unclear whether calcium influx and synaptic vesicle release in
response to this large, cell-wide depolarization is equivalent to that observed in response to
naturally occurring spiking (Zhang et al., 2008). An additional concern is the relatively slow
temporal kinetics of the onset and offset of ChR2, leading to light-evoked conductances and
depolarization events that are significantly longer than naturally occurring events (Boyden et
al., 2005; Gradinaru et al., 2010). Current optogenetic methods may thus be suboptimal for
studies of synaptic transmission either /n vitro or in vivo.

Because ChR2 activation generates robust current flow through ion channels, it can also
produce misleading local field potential signals. For instance, activation of large layer 5
pyramidal neurons by light pulses at the cortical surface will preferentially depolarize the
apical dendritic tufts of these cells. This localized current flow produces a superficial current
sink, easily observed in the local field potential but unrelated to synaptic activity.
Optoelectric artifacts, discussed below, can further obscure local field potential signals
(Cardin et al., 2010; Han et al., 2009). An additional potential caveat to the use of
optogenetic tools is the lack of any data on the cellular impact of long-term expression of
these exogenous proteins. The potential for cell health to be compromised by high levels of
expression of artificial rhodopsins over long periods remains unexplored.

2. Practical Concerns

2.1 Expression of optogenetic tools

In utero electroporation in rats and mice (Huber et al., 2008), constitutive and inducible
expression in transgenic mice (Arenkiel et al., 2007), and viral approaches either alone or in
association with the well-characterized Cre-loxP system (Cardin et al., 2009; Sohal et al.,
2009; Tsai et al., 2009) have all been used to achieve expression of light-activated channels
and pumps. Each method has advantages and disadvantages for achieving functional levels
of cell type-specific expression. Generation of transgenic mice expressing ChR2 under the
control of a cell type-specific promoter is highly effective, but relatively expensive and
time-intensive. In addition, little is known about potential toxicity due to long-term
expression of optogenetic tools at high levels. /n utero electroporation can be targeted to
general cell classes with relative ease by restricting the treatment to particular sites and
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specific prenatal days (Marin and Rubenstein, 2003; Saito and Nakatsuji, 2001; Tabata and
Nakajima, 2001, 2002, 2003; Wonders and Anderson, 2005). This approach confers the
advantage of whole-brain expression with potentially high levels of cell type specificity.
However, cell-type specificity using /n utero electroporation is somewhat limited to the
resolution provided by cell birth date and broad localization within the germinal zones
(Borrell et al., 2005). Combining this approach with appropriate cell type-specific promoters
may potentially yield a higher degree of specificity (LoTurco et al., 2009; Matsuda and
Cepko, 2007).

One frequently used approach to the expression of optogenetic tools in neurons has been the
use of lentivirus or adeno-associated virus (AAV) for viral transduction /7 vivo. Viral vector
production is relatively inexpensive, and virus can be injected directly into target brain
regions with limited tissue damage and a high degree of resulting transduction efficacy.
Lentiviral vectors expressing optogenetic tools have been used in rodent and primate cortex,
but do not spread substantially around the initial site of delivery (Boyden et al., 2005;
Gradinaru et al., 2009; Han et al., 2009; Huber et al., 2008; Jasnow et al., 2009).
Lentiviruses also exhibit significant tropism for excitatory neurons (Nathanson et al., 2009)
and may be suboptimal for targeting inhibitory interneurons. AAVSs, which have been used
in human gene therapy trials (Fu et al., 2003; Taymans et al., 2007; Van Vliet et al., 2008),
provide extensive spatial spread and high expression levels in cortex and hippocampus when
used with appropriate promoters. Like lentivirus, AAV can be used effectively in a number
of model systems, including rats, mice, and primates.

2.2 Achieving cell type-specificity with viral vectors

The well-characterized Cre-loxP system provides a robust method for targeting genes of
interest to specific cell types. A more recent innovation, the FLEX (Atasoy et al., 2008) or
‘Double-floxed’ inverted (DIO) (Cardin et al., 2009; Sohal et al., 2009; Tsai et al., 2009)
construct, has been used to produce enhanced specificity and high expression levels. In the
frequently used AAV DIO ChR2-mCherry vector, for example, two incompatible loxP
variants flank an inverted version of ChR2 fused to the fluorescent marker mCherry. In the
presence of Cre recombinase, a stochastic recombination of either loxP variant occurs,
resulting in inversion of ChR2-mCherry into the sense direction and expression of light-
activated channels under the control of the strong promoter EFla (Elongation Factor 1a)
(Livet et al., 2007). Cre-dependent expression of light-activated proteins such as ChR2 and
eNpHR is particularly well suited to targeting cell types that lack comprehensively identified
promoter sequences. Cellular promoters specific for neural subtypes, such as parvalbumin
and somatostatin, often exceed the size limitation imposed by using a viral vector. Cellular
promoters alone may also lack the high degree of specificity or expression levels necessary
for physiologically useful optogenetic manipulations. Effective use of optogenetic tools /in
vitroand /n vivo depends on a minimal effective level of expression of the light-activated
proteins, thus limiting the use of a small or weak promoter element (Sohal et al., 2009). This
problem can be overcome by inserting a strong general promoter into the viral vector and
utilizing the high degree of cell type specificity conferred by the Cre expression pattern of a
transgenic line.

Most often, Cre-dependent vectors are constructed with a loxP-flanked transcriptional stop
cassette preceding the gene of interest. However, the intrinsic size limitations of viral
vectors preclude the use of large stop cassettes. Small stop cassettes frequently result in a
low but consistent rate of expression of the gene of interest in the absence of Cre (Kuhlman
and Huang, 2008; Sohal et al., 2009). The use of an inverted sequence in a double-floxed
vector eliminates the need for a polyadenylation stop cassette in the viral construct, as
expression is dependent on both Cre-dependent recombination and inversion events. The
FLEX/DIO construct allows expression of light-activated channels specifically in a
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subpopulation of neurons that expresses Cre recombinase, with a low rate of erroneous
expression. A large number of commercially available transgenic, BAC, and knock-in
mouse lines express Cre in specific populations of excitatory neurons (e.g. CW2, T29-1,
T29-2), inhibitory neurons (e.g. PV-Cre), or in a layer-specific manner (e.g., Six3-Cre,
Ntsr1-Cre). The FLEX/DIO construct confers a high degree of specificity of expression of
the gene of interest, but individual mouse lines exhibit varied degrees of specificity of Cre
expression. A nonspecific Cre line will thus result in expression of light-activated channels
in a varied population of cells, regardless of the construct used.

2.3 Hardware choices for optical stimulation

Stimulation via a laser or LED light source focused into an optical fiber is one of the
simplest and most effective methods for light stimulation and is readily integrated with
traditional electrophysiological approaches. Light from the point source at the tip of an
optical fiber spreads in an approximate cone through neural tissue, although this can be
modified by the inclusion of lenses at the fiber tip. Light power from a fiber at the surface of
the brain decreases with tissue depth, resulting in variability of the effective light drive with
distance from the light source (Aravanis et al., 2007). Surface positioning of an optical fiber
provides effective stimulation of cells in the supragranular and granular layers of cortex.
Light stimulation can also be delivered through mouse dura or thinned skull. Alternatively,
optical fibers of small core diameter (10-100m) can be placed in the brain tissue to
stimulate deeper cells. Light intensity is measured in mW/mm?, and a safe stimulation range
for in vivo stimulation is up to ~75mW/mm? for short pulses (0.25 to 50ms). Sustained
stimulation (>1s) at levels above 100mW/mm? can result in tissue damage immediately
under the site of optical stimulation. Very long or continuous stimulation can also cause
abnormal activity patterns and excitotoxicity.

The pulsed output of a small laser can be significantly nonlinear, with an initial peak
followed by a drop to a steady level (Fig. 1). In such a case, short pulses take advantage of
the reliability of the initial peak and provide a stimulation waveform approximating a step
function (Fig. 1b,c). For experiments requiring long pulses of stimulation, it may be
advantageous to use a steady-state light source and either a mechanical or liquid crystal
shutter or a Pockels cell to deliver timed pulses of light stimulation. Alternatively, LEDs
provide a stable light source capable of generating a square pulse output. However, because
LEDs produce uncollimated light, lenses are necessary to achieve a collimated beam for
experimental use.

Power transmitted by an optical fiber will vary with fiber type (multimode or single mode)
and numerical aperture (NA), with a small NA giving a narrow angle of light spread from
the fiber and a high NA giving a broader angle of spread. Power will also vary as a function
of the radius (r) of the fiber, as the area of the initial cross-section of the light at the tip of
the fiber increases as rtr2.

2.4 Optoelectric artifacts

Illumination of metal by a laser beam, either directly or via indirect reflection, results in
electrical artifacts in recorded signals. These effects can be elicited by light hitting the tip of
a metal electrode, a ground electrode, or a silver wire in a glass pipette (Cardin et al., 2010;
Han et al., 2009). Optoelectric artifacts have been demonstrated in recordings from tungsten,
platinum/iridium, nichrome, steel, gold, and silver electrodes and are proportional in
amplitude to the total laser power and the amount of exposed metal. The onset of the artifact
signal is aligned with the onset of the light stimulus, rather than showing the several
millisecond delay typical of evoked neural activity. Light-evoked artifacts exhibit both an
onset ramp that continues for the duration of the light if the pulse is brief (~1ms) and a
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slower offset time constant (~2—10ms decay time for a 1ms pulse) that can appear as an
overshoot followed by a return to baseline. Optoelectric artifacts can contaminate both LFP
and intracellular recordings and are independent of the presence of optogenetic tools. These
artifacts have little impact on extracellular recordings of action potentials.

Several straightforward approaches have been successfully used to minimize the
contribution of light-evoked artifacts to electrophysiological recordings. One effective
method is to reduce the total exposure of metal to the light by limiting the duration of the
light pulse and decreasing the area of the exposed metal surface. For field potential or
intracellular recordings, glass electrodes with a distal metal wire insert that is not contacted
by direct or reflected light are relatively free of artifacts. For field potential recordings made
with glass electrodes, adding a non-reflective, opaque coating to the glass (e.g., acrylic paint
or lacquer) further reduces light transmission to the silver wire. Tungsten electrodes with
small exposed tip surfaces, such as twisted wire stereotrodes or tetrodes (diameter <20um),
exhibit smaller optoelectric artifacts than do electrodes with larger exposed surfaces, such as
standard prefabricated tungsten electrodes (FHC, Inc.) or laminar silicon probes
(Neuronexus, Inc). Minimization of light-evoked artifacts can be accomplished by 1) using
thin wire electrodes and 2) adjusting the electrode angle so that minimal exposed metal lies
directly in the cone of laser light beneath the tip of the optical fiber. Bipolar electrode
recordings eliminate small amplitude optical artifacts by subtracting locally generated
signals, but may not completely eradicate larger artifacts. Future development of recording
technologies using alternative metals may also provide substrates that are less prone to
optoelectric effects.

3. Integrated electrophysiological and optogenetic approaches

3.1 Activation vs suppression

Recently developed optogenetic tools provide the means to activate or suppress neural
activity in a cell type-specific manner with a high degree of temporal and spatial fidelity.
Channelrhodopsin-2 is a nonspecific cation channel activated by blue light (~473nm) that
passes Na* and K* and has some Ca2* permeability. Opening of these ion channels causes
conductance increases across the targeted neuron, and therefore alters biophysical membrane
properties, such as the cellular input resistance and membrane time constant, for the duration
of the activation. The recently released version of ChR2, ChETA, has a faster onset and
offset and may be more appropriate for experiments requiring extremely accurate spike
times (Gunaydin et al., 2010). However, even the original ChR2 can evoke repeated spikes
from targeted cells with <1ms precision. This is particularly true of fast-spiking
interneurons, which have a short membrane time constant and are easily activated by brief,
strong depolarization (Fig. 2a).

Two main tools for activity suppression are currently available: Halorhodopsin V3.0 and
Archaerhodopsin (Arch) (Fig. 2b,c) (Chow et al., 2010; Han and Boyden, 2007; Zhao et al.,
2008). eNpHR v3.0 is a CI~ pump activated by yellow (~593nm) light. In contrast, Arch is a
proton pump activated by green-yellow light in the same overall wavelength range. In both
cases, /in vitroresults suggest a complete suppression of spiking, but the temporal dynamics
of suppressor activation are slower than those for ChR2. In particular, eNpHR exhibits a
relatively slow ramp to peak efficacy, followed by a gradual decrease. Due to the significant
elevation of spike rates in active networks /n vivo, along with an increased tendency towards
bursting during sleep and anesthesia, it remains unclear whether the ~5-15mV
hyperpolarization caused by eNpHR or Arch activation is sufficient to suppress all spiking.
Indeed, our data suggest that under /n vivo conditions, eNpHR and Arch suppress only 65—
80% of all spikes. Spikes in response to large bursts of synchronous excitatory synaptic
input (Fig. 2b,c) or electrical stimulation (Fig. 3) remain even in the presence of maximal
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eNpHR or Arch activation. Low efficacy of spike suppression may also result from
difficulties in achieving high levels of expression of eNpHR and Arch or from inefficient
cellular trafficking of these proteins. Improved trafficking has mitigated some expression
issues of early versions of eNpHR (Gradinaru et al., 2010) In addition, the newer form of
Arch, ArchT, demonstrates an increased degree of light sensitivity and may therefore be a
more effective suppressor of activity /n vivo (Han et al., 2011).

3.2 Spontaneous activity of identified excitatory and inhibitory cell types

As noted above, one advantage of the combined electrophysiology-optogenetics approach is
an enhanced ability to rigorously identify extracellularly recorded neurons /n vivo. ChR2
functions as a physiological tag whose distribution is determined by the expression profile of
the targeted cells. Under conditions of highly cell type-specific expression, light-evoked
spikes identify individual neurons as belonging to a cellular class defined by its molecular
expression profile. Using a double-floxed ChR2 construct carried by an AAV vector, we
have expressed ChR2 specifically in populations of regular spiking excitatory neurons that
express the homeobox gene £mxI (Emx1*), low-threshold spiking interneurons that
coexpress the peptide somatostatin (LTS-SOM™), and fast-spiking interneurons that
coexpress the calcium binding protein parvalbumin (FS-PV*) in layers 2/3 of mouse primary
visual cortex. In each case, repeated activation of ChR2-expressing cells by short (0.25ms)
pulses of blue light evoked reliable spiking, allowing identification of a subpopulation of
recorded neurons (Fig. 4a, 5a). This extracellular identification relies on the short latency of
ChR2-evoked spikes and the very high degree of temporal precision of the evoked spikes,
neither of which is observed for spikes evoked by synaptic input (Fig. 4b). One
consideration in evaluating light-evoked spikes is that the efficacy of light drive /in vivo
depends critically on several factors, including ChR2 expression levels, anesthesia level, cell
type, and effective light power delivered. Cells that have low ChR2 levels, are very
hyperpolarized, or are far away from the light source will exhibit more variable spike
responses to light stimuli.

3.3 Discrete populations of interneurons have distinct impacts on local network activity

While fast-spiking inhibitory interneurons can be putatively identified in extracellular
recordings on the basis of their action potential waveforms, other classes of interneuron are
largely indistinguishable from regular spiking excitatory cells. This overlap in spike
waveform profiles has made it difficult to determine the activity or function of the regular
spiking interneuron populations 7 vivo, including the somatostatin-expressing (SOM),
vasoactive intestinal peptide-expressing (VIP), and neuropeptide Y-expressing (NPY)
inhibitory cells. However, the combination of Cre-expressing mouse lines and virally
targeted optogenetic tools have made identification and manipulation of these sparsely
represented cell types possible. Dense tetrode or stereotrode recordings allow isolation of the
spike waveforms of many regular spiking cells simultaneously. As shown in Figure 5,
activation of ChR2-expressing cells can identify the subgroup of recorded regular spiking
cells that belong to a specific regular spiking interneuron population. This kind of optical
activation also allows rigorous identification of cell types that have very little or no
spontaneous firing, and would not otherwise produce sufficient spikes to permit rigorous
post-hoc identification by waveform analysis (Fig. 5a).

One advantage of this combined approach is the ability to compare the impact of discrete
sources of inhibition on the surrounding local network. This is of particular interest in
comparing soma-targeting cells, such as FS-PV* interneurons, and dendrite-targeting cells,
such as LTS-SOM* interneurons, whose roles in regulating excitatory neuron activity are
hypothesized to differ. The impacts of different interneuron populations on local excitatory
neurons can be tested by simultaneously recording a large number of closely spaced neurons
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and activating local cells belonging to a specific interneuron population. Indeed, data from
this type of experiment suggest that whereas FS-PV* interneurons exert a brief but powerful
suppressive effect on local regular spiking neurons (Fig. 6a), LTS-SOM* interneurons may
have a longer suppressive effect on the spiking of nearby cells, with a slower onset and a
long tail (Fig. 6b). This long-lasting inhibitory impact can also be observed in Figure 5b. A
complementary method for assessing the role of different sources of inhibition in the local
network is to selectively suppress the activity of an interneuron population by light
activation of cell type-specific eNpHR or Arch. However, long-term suppression of
inhibition can lead to runaway excitation and pathological activity patterns.

4. Conclusion

Combined optogenetic and electrophysiological approaches provide multilevel access to
cellular interactions and local network operations /in vivo. In particular, the ability to target
sparsely represented cell types with a high degree of fidelity permits the identification and
manipulation of many inhibitory interneuron classes not previously available for in vivo
study. One remaining limitation on this integrated experimental approach is the lack of cell
type-specific promoters and mouse lines for many neural populations of interest. However, a
greater depth of knowledge at the level of /n vitro classification and molecular expression
profiles continues to produce new tools. A further limitation is the difficulty of targeting
light stimulation to individual cells or many specific areas in sequence. Such manipulations
are possible using 2-photon microscopy (Andrasfalvy et al., 2010; Papagiakoumou et al.,
2010; Rickgauer and Tank, 2009), but present a significant technical challenge. Multisite
stimulation probes and optrodes currently in development may offer a more intermediate
avenue for precise spatial patterns of stimulation across neighboring and distant brain areas
(Zorzos et al., 2010).

Recent work has successfully used optogenetics in combination with diverse behavioral
assays (Kravitz et al., 2010; Tye et al., 2011; Witten et al., 2010). However, a detailed
understanding of the relationship between local circuit activity and behavior may require the
combination of dense extra- and intracellular recordings /n vivo with optogenetics in awake
behaving animals. Such work could potentially provide a direct link between the activity of
specific excitatory and inhibitory cell types and higher-order cognitive and perceptual
processes.
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Figure 1. Nonlinear laser power output

A. Many small lasers (50mW-1W) exhibit a nonlinear relationship between input voltage
(V) and output power (mW). In this case, above a threshold value (~2V) output power rises
sigmoidally as a function of voltage and then saturates. B. Laser output can also be nonlinear
in the time domain. In many cases, a step function voltage input results in an initial transient
peak in laser power output, followed by a drop to steady state and variable ongoing noise. C.
Very short pulses take advantage of the repeatability of the initial peak and approximate a
step function.
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Figure 2. Optogenetic tools for activation and suppression in vivo

A. Raster plot (upper panel) and PSTH (middle panel) of the light-evoked activity of an FS-
PV*, ChR2-expressing interneuron in layer 2/3 of visual cortex in a Parvalbumin-Cre mouse
after injection of AAV-DIO-ChR2-mCherry. This cell produced one spike in response to
each light pulse (1ms duration) with a latency of ~3.5ms and a reliability of ~100%. A
population average (/ower panel) shows a high degree of repeatability of this type of
response (n = 62 cells). Black line indicates mean response, gray shading indicates SEM. All
data in this and other figures were recorded using custom-built dense tetrode arrays and an
optical fiber. B. Raster plot (¢oper panel) and PSTH (middle panel) of the activity of an
example RS, eNpHR v3.0-expressing excitatory neuron in layer 2/3 of visual cortex in an
Emx1-Cre mouse after injection of AAV-DIO-eNpHRv3.0-eYFP. On each trial, the
neuron’s spiking was suppressed in response to a pulse of yellow light. The PSTH also
shows a small increase in firing immediately after the light stimulus ended. Across the
population of recorded neurons (n = 34, Jower panel), eNpHR v3.0 activation eliminated
~65% of spikes, but demonstrated a slow decrease in efficacy during the light pulse. C.
Raster plot (ypper panel) and PSTH (middle panel) of an example RS, Arch-expressing
excitatory neuron in layer 2/3 of visual cortex in an Emx1-Cre mouse after injection of
AAV-FLEX-Arch-eGFP. On each trial, the neuron’s spiking was suppressed during the light
pulse. Across the population of recorded neurons (n = 28, /ower panel), Arch activation
eliminated ~70% of spikes. PSTH bins are 2.5ms.
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Figure 3. Optogenetic suppression of spontaneous but not evoked spiking

A. Single unit recording of an LTS-SOM* inhibitory interneuron in the hippocampus of a
Somatostatin-Cre mouse after injection of AAV-FLEX-Arch-eGFP. The cell shows a
relatively low rate of spontaneous activity. Electrical stimuli given to the alveolar pathway
evoked a single spike per stimulus. B. Sustained activation of Arch by yellow light
eliminated spontaneous firing, but did not affect firing in response to electrical stimulation.
Each spike is marked by an asterisk.
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Figure 4. Extracellular identification of cortical FS-PV™ interneurons by repeated activation of

ChR2

A. Raster plot of simultaneous recordings made from 3 FS-PV* interneurons (green) and 3
regular spiking, putative excitatory neurons (b/ack) in layer 2/3 of primary visual cortex of a
Parvalbumin-Cre mouse after injection of AAV-DIO-ChR2-mCherry. The interneurons
show different levels of spontaneous activity, but all three respond to light pulses (6/ue). B.
Histograms of the spike responses of each FS-PV* cell to light pulses. The light pulse is at
Oms. In each case, the interneurons show a peak in firing between 3 and 5 ms after the light
pulse. However, FS3 has a lower spike probability (~50%) and a wider distribution of spike
times, suggesting that it expresses a lower level of ChR2 or is more distant from the light

source than FS1 and FS2. PSTH bins are 1 ms.
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Figure5. Identification of somatostatin-expressing interneuronsin vivo

A. Raster plots of data recorded simultaneously from 2 LTS-SOM?* interneurons (green) and
16 regular spiking, putative excitatory neurons (black) in layer 2/3 of primary visual cortex
in a Somatostatin-Cre mouse after injection of AAV-DIO-ChR2-mCherry. The two LTS-
SOM* interneurons have low spontaneous activity but are robustly driven by intermittent
light pulses (b/ue). B. Expanded portion of data denoted by box in A. Activation of LTS-
SOM* interneurons by light pulses cased a suppression of activity in the local regular
spiking cells that outlasted the light stimulus by almost 100ms.
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Figure 6. Different interneuron populations may have distinct impacts on local activity

A. Overlaid PSTHs of the activity of a simultaneously recorded FS-PV* interneuron
expressing ChR2 (b/ue) and a nearby (75um) RS, putative excitatory cell (black). The RS
cell showed significant but brief suppression of spiking following FS-PV* activation. B.
Overlaid PSTHs of a simultaneously recorded SOM™* interneuron expressing ChR2 and a
nearby (60m) RS, putative excitatory cell. In this case, the RS cell showed longer
suppression following interneuron activation, with a slower onset and a tail that continued
for up to 80ms. Average spike waveforms for the two interneurons are shown in b/ue in each
panel. Dashed lines indicate mean spontaneous firing rates. PSTH bins are 1ms.
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