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Channelrhodopsin-2—assisted circuit mapping of
long-range callosal projections

Leopoldo Petreanu, Daniel Huber, Aleksander Sobczyk & Karel Svoboda

The functions of cortical areas depend on their inputs

and outputs, but the detailed circuits made by long-range
projections are unknown. We show that the light-gated channel
channelrhodopsin-2 (ChR2) is delivered to axons in pyramidal
neurons in vivo. In brain slices from ChR2-expressing mice,
photostimulation of ChR2-positive axons can be transduced
reliably into single action potentials. Combining
photostimulation with whole-cell recordings of synaptic
currents makes it possible to map circuits between presynaptic
neurons, defined by ChR2 expression, and postsynaptic
neurons, defined by targeted patching. We applied this
technique, ChR2-assisted circuit mapping (CRACM), to map
long-range callosal projections from layer (L) 2/3 of the
somatosensory cortex. L2/3 axons connect with neurons in L5,
L2/3 and L6, but not L4, in both ipsilateral and contralateral
cortex. In both hemispheres the L2/3-to-L5 projection is
stronger than the L2/3-to-L2/3 projection. Our results suggest
that laminar specificity may be identical for local and long-
range cortical projections.

The cortical wiring diagram, consisting of local columnar and laminar
microcircuits and their inputs and outputs, underlies neocortical
function and plasticity. Neocortical microcircuits are thought to be
highly stereotyped and similar across functionally distinct cortical
areas'. The function of cortical areas is largely defined by their inputs
and outputs. An important challenge in neuroanatomy is therefore the
description of the precise synaptic connectivity of the long-range
projections that couple neurons in different brain regions.

Most existing knowledge about the cortical wiring diagram is derived
from reconstructions of axonal and dendritic arbors (neurogeo-
metry)>~>. The underlying principle is that connections occur where
axons and dendrites overlap. By definition, neurogeometry does not
account for specificity beyond the shapes of axons and dendrites and
does not predict the strengths of functional connections’.

Recordings from pairs of neurons in brain slices provide detailed
information about the synapses between connected neurons and can be
used to estimate connection probabilities®=®. But this technique is slow
and inefficient, and it has only been used to analyze experimentally
favorable subcolumnar circuits. The strengths of connections between

positionally defined groups of neurons can be measured by combining
laser scanning photostimulation (LSPS) with glutamate uncaging and
whole-cell recording>'®!!. However, LSPS with glutamate uncaging
indiscriminately stimulates all neurons expressing glutamate receptors
and can only probe the small subset of local projections that are
preserved in brain slices.

The shortcomings of LSPS with glutamate uncaging could poten-
tially be overcome by replacing uncaging of glutamate with photo-
activation of genetically encoded photosensitivity'2~1°. We therefore
developed channelrhodopsin-2 (ChR2)'* assisted circuit mapping
(CRACM), an efficient method to dissect local and long-range synaptic
circuits in brain slices. CRACM maps connections between presynaptic
ChR2-positive neurons and postsynaptic neurons that are targeted by
whole-cell recordings. Because ChR2-positive axons can be photo-
stimulated even if they are severed from their parent somata, CRACM
can be used to map circuits that are not preserved in brain slices. We
used CRACM to study long-range callosal projections that connect
cortical hemispheres.

RESULTS
ChR2-mediated photoexcitation of L2/3 pyramidal neurons
CRACM is based on LSPS and ChR2, a directly light-gated cation
channel with rapid kinetics®®. Neurons expressing ChR2 can fire action
potentials when excited with flashes of blue light'>~1°, We used in utero
electroporation?! to deliver ChR2-Venus together with mCherry?? to
layer (L) 2/3 pyramidal neurons in a region including the right barrel
cortex in mice (Methods). Coronal brain slices (Fig. 1a) prepared from
postnatal day (P) 30 mice contained neurons expressing mCherry
(Fig. 1b) and ChR2-Venus (Fig. 1c,d). Under our conditions the vast
majority of transfected cells were L2/3 pyramidal neurons (>99.4 %,
n = 4,864, 4 animals)?3. Labeled axons ramified in L2/3 and L5 and
continued into the white matter and the corpus callosum (Fig. 1c).
We characterized the excitability of ChR2-positive neurons in brain
slices. Brief (1 ms) pulses of blue (473 nm) laser light (50 uW) applied
to the soma elicited inward currents (>100 pA) with rapid kinetics
(Fig. 1e)'>'8, Notably, addition of retinal to the extracellular medium
was not necessary, indicating that the level of endogenous retinal in a
brain slice is sufficient to make ChR2 functional'®!7:?4, Repetitive
photostimulation caused desensitization of ChR2, which recovered
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after 30 s of rest (Figs. le and Supplementary Fig. 1 online)’®.
Different ChR2-positive cells responded with different current ampli-
tudes, reflecting varying levels of ChR2 expression among electro-
porated cells (Supplementary Fig. 1).

Photostimulation of ChR2-positive axons

To analyze the coupling between photostimulation and action potential
generation, we recorded somatic membrane potentials in the presence
of glutamate receptor blockers (3-(R)-2-carboxypiperazin-4-propyl-
1-phosphonic acid (CPP), 5 uM; 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-
benzo f]quinoxaline-7-sulfonamide, 10 uM). We used LSPS to stimulate
the entire depth of the cortex (8 x 16 grid, spacing 75 um) (Fig. 2a).
Stimulation on the soma and dendrites depolarized the cell and in some
hot spots triggered action potentials. Cells could also be driven to spike
when the laser was directed onto the descending axon, far from the soma

Figure 1 Photostimulation of ChR2-positive neocortical L2/3 pyramidal
neurons. (a) Schematic showing the electroporation and recording

geometry. The box indicates the approximate location of the image in b.

(b) mCherry fluorescence in a coronal slice of the electroporated hemisphere.
(c) Immunostaining of ChR2-Venus—expressing cells in the neocortex. Axons
enter the white matter (WM, arrowheads) on their way to the corpus callosum.
(d) High-resolution image showing an individual L2/3 neuron. (e) Whole-cell
voltage-clamp recording from a ChR2-positive L2/3 cell. Light stimuli

(1-ms duration) are indicated by blue ticks at top.

and dendrites. When the stimulus was on the axon in L5, the light caused
action potentials without prior depolarization (Fig. 2b), confirming that
action potentials were initiated electrotonically distant from the somatic
recording pipette. Neurons could also be driven by stimulating the axon in
L2/3, 14 and L6 (Supplementary Fig. 2 online). The widths of action
potentials evoked by photostimulation and current injections were indis-
tinguishable (width at half maximum from threshold: current injection,
2.4+ 0.56 ms, n = 9; photostimulation, 2.2 + 0.19 ms, 1 = 6). The delay
between light pulse and action potential was small (Fig. 2¢), (7.7 £ 1.9 ms;
range, 3.5-11 ms), with little trial-to-trial jitter (~1 ms) (Fig. 2b inset,
Fig. 2c and Supplementary Fig. 1).

With increasing light intensity, axons switched suddenly from firing
no action potentials to firing action potentials with probability 1
(Fig. 2d). Although the minimal power at which action potentials
could be elicited differed from cell to cell, for an individual cell the
transition from probability 0 to 1 occurred over a narrow range in
power levels (~10%) (Fig. 2e). Identical light intensities often evoked
action potentials in the somata and in dendritic and axonal hot spots.
Axonal photostimulation reliably induced action potentials at frequen-
cies up to 8 Hz, and in some cells up to 24 Hz (Supplementary Fig. 1).
The spike delay decreased with increasing laser powers (Fig. 2f).

ChR2-assisted circuit mapping

Our experiments show that ChR2 is transported into axons where it
can efficiently transduce photostimulation into action potentials.
Because axons can be stimulated even if they are severed from their
parent somata, CRACM could provide a method to study long-range
connections in brain slice preparations. We thus applied CRACM to the
study of callosal projections to the somatosensory cortex. The corpus
callosum is critical for fusing percepts generated separately in the two
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Figure 2 Perisomatic and axonal photostimulation of ChR2-positive L2/3 pyramidal neurons. (a) LSPS with whole-cell current  _
clamp recordings in the presence of glutamate receptor blockers. Cortical layers are indicated at left. The soma position is é 12
marked by a triangle. Action potentials were elicited by photostimulating the soma and dendrites (blue) and the axon (red). ;; \\«
(b) Action potentials elicited by photostimulating the soma (blue) or the axon in L5 (red). Inset, action potentials triggered £ 8 }\&,
in the axon recorded in loose-seal cell-attached mode. (c) Spike latencies (n = 10) and jitter (n = 4, 100 spikes each) of ° ’\!\H
action potentials evoked by photostimulation of the somata (blue) or axons (red) in L5. (d) The probability of spiking as a & 4

function of laser power. Each curve corresponds to a different cell. The curves were fit to a cumulative normal distribution
(R2 = 0.99). (e) The probability of spiking as a function of the fractional change of laser power (same data as in d).
(f) Spike latencies as a function of laser power for each cell (same cells as in d,e). Error bars, s.d.
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Figure 3 Analysis of the synaptic targets of L2/3 pyramidal cells in the contralateral and ipsilateral barrel cortex. (a) Schematic showing the electroporation
and recording geometry. Recording and photostimulation were either in the ipsilateral (electroporated) or the contralateral side. The dashed box indicates the
location of the image in b. The blue rectangle indicates the approximate location of the LSPS maps as shown in d,e. (b) mCherry fluorescence of L2/3 axons
in the barrel cortex contralateral to the electroporation. (¢) Immunohistochemistry of ChR2-Venus showing ascending axons in the contralateral hemisphere.
(d) Bright-field image of a barrel cortex slice showing the recording pipette and the photostimulation locations (blue dots; corresponding to e). The positions of
barrels are indicated by the dashed white boxes (the barrel in the center of the map corresponds to mouse whisker row ‘A’). (e) LSPS map for an L6 cell
receiving L2/3 inputs from the contralateral hemisphere. Traces with EPSCs are in green (triangle indicates position of the recorded soma). (f) Examples of
EPSCs evoked by photostimulation of ChR2-positive axons in the contralateral hemisphere. Right, spiking patterns. (g) Left, laminar positions of recorded cells
ipsilateral or contralateral to the electroporated hemisphere. Solid symbols indicate cells showing EPSCs in response to photostimulation of ChR2-positive
axons and open symbols indicate cells that did not show EPSCs. Triangles, pyramidal cells; diamonds, stellate cells; blue circles, fast-spiking interneurons.
Right, the fraction of stellate and pyramidal cells receiving input from L2/3 cells. Error bars, binomial standard errors.

cortical hemispheres?®. Callosum-projecting neurons originate

from pyramidal cells in all cortical layers, but mostly in L3 and L5
(refs. 26,27). This commissural projection terminates in homotopic
and heterotopic areas in the contralateral cortex?®. The postsynaptic
targets of L2/3 axons in the contralateral cortex are unknown.

To identify these targets, we analyzed cortical cells from the left
hemisphere, contralateral to the electroporated side (Fig. 3a).
mCherry-labeled axons crossed the midline through the corpus callo-
sum and arborized in the contralateral somatosensory cortex.
Consistent with previous studies, labeled axons were sparse in most
of the contralateral barrel cortex’?®?%. However, dense bundles of
mCherry-positive axons ascended along the edges of the most lateral
barrels, which represent whisker row ‘A’ of the mouse (Fig. 3b-d)2.
These axons traversed all cortical layers and arborized in L5, L2/3
and L1 (Fig. 3b,c).

We made whole-cell recordings from neurons in the left barrel cortex
containing labeled axons (these axons were severed from their parent
somata in the right hemisphere) (Fig. 3a). Neurons were targeted in
different cortical layers (3-15 cells per slice). We used LSPS to
photostimulate an area encompassing the recorded neuron’s entire
home cortical column and adjacent areas (area, 0.6 x 1.2 mm)
(Fig. 3d). In a subset of LSPS locations, photostimulation elicited
reliable excitatory postsynaptic currents (EPSCs) in the recorded cells
(Fig. 3e,f). These currents were most likely monosynaptic, for the
following reasons. (i) EPSCs had short latencies (6.75 + 1.92 ms,

range 3.4-11.6 ms, n = 43), with little temporal jitter (0.59 £ 0.34 ms,
n = 22), similar to spike latencies (Fig. 2c). (ii) If responses were
multisynaptic in some layers, then the latencies of the EPSCs would
differ between layers. However, EPSC latencies were not distinguishable
across layers (L2, 6.9 £ 1.9 ms; L3, 7.6 £ 2 ms; L5A, 6.3 + 2 ms; L5B,
6.5+ 1.6 ms; L6,7.15+ 3 ms; P > 0.7, ANOVA). (iii) Cells recorded in
current clamp did not generate action potentials (n = 23, amplitude of
EPSPs 2.55 = 1.77 mV). Hot spots of excitation often seemed to
follow the trajectories of individual axons (Fig. 3d,e). In some
places, however, EPSCs were most likely the result of photostimulating
more than one axon (Supplementary Fig. 3 online). As a result, a
subset of EPSCs contained notches in their rising phase, reflecting
the temporal summation of slightly desynchronized EPSCs (Supple-
mentary Fig. 3).

We detected EPSCs in excitatory neurons in L2, L3, L5A, L5B and L6
but never in L4 (Fig. 3fg). Connections to L5 and L2/3 cells were
abundant, whereas connections to L6 cells were relatively rare (Fig. 3g)
(P < 0.02, z-test). L2/3 axons did not distinguish between intrinsically
bursting and regular spiking cells in L5B%. A subpopulation of fast-
spiking interneurons in L6 also received callosal input from L2/3
(4/5 neurons)*® (Fig. 3f,g).

Thus L2/3 callosal axons connect to pyramidal cells in L5, L2/3 and
L6 (in the order of decreasing abundance of connections), but not to
neurons in L4. We also analyzed the targets of L2/3 axons in the
electroporated (right) hemisphere. Consistent with previous work,
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Figure 4 Comparison of L2/3-to-L2/3 and L2/3-to-L5 projections. (a) LSPS
maps of L2/3 inputs to a L2/3 cell (left) and a L5 cell (right). Both cells were
in the same cortical column (contralateral to the electroporated hemisphere)
and the maps were acquired at the same laser power. The color code
represents the EPSC amplitude (white triangle indicates the position of the
soma). (b) L2/3-to-L5 projections are stronger than L2/3-to-L2/3 projections.
Left, maximal response per map. Right, number of pixels per LSPS map that
elicited a response. Pairs of L2/3 and L5 cells recorded in the same column
are connected by a line.

L2/3 axons made synapses with L2, L3, L5 and a subset of L6 pyramidal
neurons in their home column®3!(Fig. 3g). Therefore, the patterns of
connections made by L2/3 neurons were very similar in the ipsilateral
and contralateral cortex.

We next examined the relative strengths of L2/3-to-L5 and L2/3-
to-L2/3 projections. For these experiments we compared postsynaptic
L2/3 and L5 neurons in the same brain slice and cortical column using
identical stimuli. If we assume that the same axons project to L2/3 and
L5, then a relative measure of the number of connected axons is given
by the number of photostimulation locations that evoke EPSCs.
The numbers of laser positions that elicited EPSCs were larger for
postsynaptic L5 than L2/3 cells in both hemispheres (ipsilateral,
P < 0.004; contralateral, P < 0.007, paired ¢-test) (Fig. 4). Similarly,
the amplitudes of the maximal recorded EPSC, which is proportional
to the number of connected axons times the amplitude of the unitary
EPSC, were larger for postsynaptic L5B than L2/3 cells (ipsilateral,
P < 0.004; contralateral, P < 0.003, paired t-test) (Fig. 4b). This
indicates that the L2/3-to-L5 projection is stronger than the L2/3-to-
L2/3 projection in both hemispheres.

DISCUSSION

We have used CRACM to dissect the laminar specificity of long-range
callosal projections. Long-range projections, including callosal axons,
have previously been studied using electrical stimulation®**>3 and
electron microscopy’®3+3>. In these previous studies callosal axons
originating from different layers could not be distinguished. Unlike
electrical stimulation, photostimulation is specific to ChR2-positive
presynaptic elements, allowing the study of genetically defined neuro-
nal populations. For example, we were able to specifically photostimu-
late L2/3 callosal axons, sparing other axons that share the same axonal
tract. The reliability and low temporal jitter of photostimulation of
ChR2 positive axons and somata offers the opportunity to combine
circuit mapping with quantitative analysis of synaptic properties. For
example, it is possible to study short-term plasticity between defined
neuronal populations (Fig. 3f). Similarly, the induction of long-term
potentiation should be feasible. In addition, the photostimulation
intensity can be tuned to excite a variable number of axons (Supple-
mentary Fig. 3); stimulation of one axon will allow the measurement of
the strengths and properties of unitary synaptic connections®. Other
methods providing genetically encoded light sensitivity could be used
for similar types of circuit analysis'>!>.

Using CRACM we confirmed that L2/3 pyramidal neurons connect
to pyramidal cells in L2, L3, L5 (ref. 8) and a subset of L6 cells®! in
their home column (ipsilateral hemisphere). Notably, we found that
L2/3 axons contact the same subset of excitatory neurons in the
contralateral hemisphere. Supragranular callosal projections are
known to originate mostly from L3, with a minor contribution
from L2 (refs. 26,27). It is therefore likely that most of the photo-
stimulated callosal axons originated in L3. In the ipsilateral hemisphere,
CRACM cannot distinguish between L2 and L3 axons, because both L2
and L3 cells are labeled with our gene delivery method and have
abundant local collaterals. L3 cells are known to connect with L2, L3
and L5 cells in their home column®%’, however, confirming our
supposition that local and callosal projections from L3 have the same
laminar specificity.

The development of cortical circuits is guided by genetic and
activity-dependent mechanisms®. Local®® and callosal*® L2/3 axons
develop with an initial phase of exuberant growth, followed by
experience-dependent pruning. Local circuits with laminar specificity
made by L2/3 axons were detected as early as postnatal day 14, whereas
callosal circuits were first detectable only 1 week later (data not shown).
Therefore local and callosal axons are shaped by distinct patterns of
activity during different phases of development. In addition, local
axons descend from the upper layers into the white matter, whereas
callosal axons ascend from the white matter toward L1. This implies
that the molecular gradients encountered by local and callosal axons
also differ. The laminar targeting of L2/3 axons is therefore likely to be
determined by the molecular identity of the postsynaptic neurons,
rather than by patterns of activity?! or diffusible gradients*2.

METHODS

In utero electroporation. All experimental protocols were conducted according
to the US National Institutes of Health guidelines for animal research and were
approved by the Institutional Animal Care and Use Committee at the Cold
Spring Harbor Laboratory and Janelia Farm Research Campus. Venus*
(gift from A. Miyawaki) was fused to the C terminus of the first 315 amino
acids of channelrhodopsin-2 (gift from G. Nagel). The constructs were inserted
into pCAGGS vector modified for in utero electroporation*4. DNA was purified
and concentrated using Qiagen plasmid preparation kits and dissolved in
10 mM Tris-HCI (pH 8.0).

L2/3 progenitor cells were transfected via in utero electroporation®!.
Embryonic day 16 timed-pregnant C57BL/6] mice (Charles River) were deeply
anesthetized using an isoflurane-oxygen mixture (1% (vol/vol) isoflurane in
0O,) delivered by an anesthesia regulator (SurgiVet). The uterine horns were
exposed and ~1 pl of DNA solution with Fast Green (Sigma) was pressure
injected (Picospritzer, General Valve) through a pulled glass capillary tube
(Warner Instruments) into the right lateral ventricle of each embryo. The DNA
solution contained a mixture of plasmids encoding ChR2-Venus and mCherry
in a 3:1 molar ratio, at final concentration of 2 pg pl™'. In animals used for
immunohistochemistry, the mCherry plasmid was omitted from the mixture.
The head of each embryo was placed between custom-made tweezer electrodes,
with the positive plate contacting the right side of the head. Electroporation was
achieved with five square pulses (duration 50 ms, frequency 1 Hz, 40 V).
mCherry fluorescence was used to screen for positive animals under a
fluorescent dissecting scope (MVX10, Olympus), 1-2 d after birth. It also
allowed us to search for fluorescent cells and axons on brain slices during the
experiment without depolarizing the ChR2-positive cells.

The transfected cortical region in electroporated animals was always
restricted to L2/3 in the electroporated hemisphere. It usually encompassed
most of the barrel cortex and in some cases included parts of auditory, visual
and secondary somatosensory areas.

Slice preparation. P30—P35 mice were used in these experiments. In younger
animals it was difficult to elicit synaptic responses by photostimulating
callosal axons. Animals were anesthetized with an intraperitoneal injection of
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a ketamine-xylazine mixture (0.13 mg ketamine and 0.01 mg xylazine
per g body weight) and perfused through the heart with a small volume of
ice-cold ACSF containing 127 mM NaCl, 25 mM NaHCO3, 25 mM b-glucose,
2.5 mM KCl, 1 mM MgCl,, 2 mM CaCl, and 1.25 mM NaH,PO,, aerated with
95% 0,/5% CO,. The brain was removed and placed in an ice-cold cutting
solution containing 110 mM choline chloride, 25 mM NaHCOs;, 25 mM
p-glucose, 11.6 mM sodium ascorbate, 7 mM MgCl,, 3.1 mM sodium
pyruvate, 2.5 mM KCl, 1.25 mM NaH,PO, and 0.5 mM CaCl,. 300-um-
thick coronal slices of the barrel cortex were cut with a vibrating
slicer (Microm) and incubated in oxygenated ACSF for 45 min at 37 °C before
the recordings.

Electrophysiology and photostimulation. Recordings were performed at room
temperature (22-24 °C). Brain slices were screened for electroporated neurons
using a custom filter set that allowed us to detect mCherry fluorescence while
minimizing ChR2 activation (excitation, 550-600 nm; emission, 610 nm long
pass; Chroma). Neurons were visualized under infrared differential interference
optics and patched with borosilicate pipettes (resistance 4-6 MQ). The
intracellular solution contained 120 mM potassium gluconate, 5 mM NaCl,
2 mM MgCl, 0.1 mM CaCl), 10 mM HEPES, 1.1 mM EGTA, 4 mM
magnesium ATP, 0.4 mM disodium GTP, 15 mM sodium phosphocreatine
and 0.015 mM Alexa-594 (Molecular Probes) (pH 7.25; 290 mOsm). Cells were
recorded at a depth of 5095 pum in the brain slice. For photostimulation we
used a blue laser (473 nm; Crystal Laser) delivered through an air immersion
objective (4x; 0.16 NA; UPlanApo, Olympus). Stimulation was with a beam
diameter of ~5-10 pum (scattering in the tissue was not taken into account).
Photostimuli consisted of light pulses with 1-ms durations and powers in the
range 25-500 pW at the specimen. Repeated photostimulation did not elicit
responses in ChR2-negative cells (Supplementary Fig. 4 online). Even pro-
longed exposure with blue light did not induce damage (Supplementary
Fig. 4). The duration and intensity of the light pulses were controlled with a
Pockels cell (ConOptics) and a shutter (Uniblitz) and custom software written
in Matlab (Mathworks).

Characterizing the excitation of ChR2-positive neurons was performed
in the presence of blockers of glutamate receptors (CPP, 5 pM; NBQX,
10 pM). EPSCs were recorded in voltage clamp (=70 mV) (3ef). Spikes
were recorded in whole-cell current clamp (Fig. 2a,b) or in loose-seal
cell-attached mode (Figs. 2b, inset, and Supplementary Fig. 1). To measure
the spiking probability and latency at different laser powers (Fig. 2d—f),
a power series (ten powers) was delivered with ten repetitions (interstimulus
interval, 30 s).

For CRACM we delivered three light pulses (interpulse interval 150 ms)
every 700 ms (Fig. 3d—f) on a 8 x 16 grid. The grid area (0.6 x 1.2 mm?)
included the entire thickness of the cortical gray matter. Stimulation with trains
of pulses allowed us to distinguish photostimulation-evoked responses from
spontaneous synaptic activity. Stimuli were given in a spatial sequence designed
to maximize the time between stimuli to neighboring spots*’. Laser power
ranged from 25 ptW to 100 pW for the electroporated hemisphere and 150 pW
to 500 pW in the contralateral hemisphere. In calculating the percentage of
connected cell (Fig. 3g), cells were included only if at least one cell in the
cortical column displayed photostimulation-evoked EPSCs. Even with relatively
high photostimulation powers, the response probability was substantially larger
in the ipsilateral cortex than in the contralateral cortex (Fig. 3g), presumably
reflecting the higher density of ChR2 axons in the ipsilateral cortex. During
recording of cells in the same cortical columns (Fig. 4), laser power and
photostimulation locations were kept constant across cells. This allowed us to
measure relative connection probabilities and connection strengths for different
classes of postsynaptic cells.

Identification and definition of cortical layers. The borders of the cortical
layers were defined as follows. L1 was identified by its low cell density. L2/3 was
between L1 and the top of the barrels. On the basis of functional mapping
studies’’, L2 was taken as the top 100 um of L2/3. L4 was identified by the
presence of barrels in coronal slices. L5A was identified as a white band (under
bright-field illumination, Fig. 3d) under the barrels (~ 100 pm thick). L5B was
the layer immediately below L5A, containing large pyramidal cells (~200 pm
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thick). L6 was defined as the layer extending from the bottom of L5B to the
white matter.

Immunohistochemistry. ChR2-Venus—electroporated mice were perfused with
cold saline and 4% paraformaldehyde (PFA) and fixed overnight in 4% PFA.
60-uum sections were cut with a vibratome (Leica). Sections were blocked with
0.3% Triton X-100 and 5% goat serum for 6 h at room temperature followed by
the antibody to green fluorescent protein (0.1 mg ml™!, 1:700, Chemicon) for
17 h at 4 °C (volume 200 pl for 24-well plate). Endogenous peroxidases were
quenched with 3% H,0, (Fisher) in 0.1 M phosphate buffer, pH 7.4, for
30 min at room temperature. Sections were washed three times for 20 min each
time (volume 500 pl) with Triton X-100 and 5% goat serum and incubated
with biotinylated antibody to rabbit (1:200) 16 h at 4 °C; washed three times
for 20 min each and incubated in the ABC reaction (Vector) for 2 h at room
temperature; and then washed three times for 20 min each and subjected to the
diaminobenzidine (DAB) reaction for 540 min (prepared fresh each time
using 5 ml phosphate buffer, 15 pl 3% H,0,, 100 pl 1% NiCl and 0.05% DAB).
The DAB reaction was stopped with phosphate buffer and washed twice with
phosphate buffer and once with water for 10 min each time. Sections were
mounted on glass slides, dehydrated with an increasing alcohol series, and
coverslipped in DPX mounting medium.

Data in the text are presented as mean =* s.d. Error bars in charts signify s.d.
unless otherwise noted.

Note: Supplementary information is available on the Nature Neuroscience website.
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