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The generation of purposive movement by mammals involves coordinated activity in the corticospinal and corticostriatal systems, which
areinvolved in different aspects of motor control. In the motor cortex, corticospinal and corticostriatal neurons are closely intermingled,
raising the question of whether and how information flows intracortically within and across these two channels. To explore this, we
developed an optogenetic technique based on retrograde transfection of neurons with deletion-mutant rabies virus encoding
channelrhodopsin-2, and used this in conjunction with retrograde anatomical labeling to stimulate and record from identified projection
neurons in mouse motor cortex. We also used paired recordings to measure unitary connections. Both corticospinal and callosally
projecting corticostriatal neurons in layer 5B formed within-class (recurrent) connections, with higher connection probability among
corticostriatal than among corticospinal neurons. In contrast, across-class connectivity was extraordinarily asymmetric, essentially
unidirectional from corticostriatal to corticospinal. Corticostriatal neurons in layer 5A and corticocortical neurons (callosal projection
neurons similar to corticostriatal neurons) similarly received a paucity of corticospinal input. Connections involving presynaptic corti-
costriatal neurons had greater synaptic depression, and those involving postsynaptic corticospinal neurons had faster decaying EPSPs.
Consequently, the three connections displayed a diversity of dynamic properties reflecting the different combinations of presynaptic and
postsynaptic projection neurons. Collectively, these findings delineate a four-way specialized excitatory microcircuit formed by cortico-
spinal and corticostriatal neurons. The “rectifying” corticostriatal-to-corticospinal connectivity implies a hierarchical organization and
functional compartmentalization of corticospinal activity via unidirectional signaling from higher-order (corticostriatal) to lower-order

(corticospinal) output neurons.

Introduction

Determining the synaptic organization of the microcircuits that
drive corticospinal output is an essential step toward a mechanis-
tic understanding of motor cortex function (Phillips and Porter,
1977; Matsumura et al., 1996; Amassian and Stewart, 2003; Smith
and Fetz, 2009; Georgopoulos and Stefanis, 2010; Lemon, 2010).
Corticospinal neurons were the first cortical cell class for which
recurrent excitation was physiologically described (Phillips,
1959). Subsequent efforts to characterize the local cellular
sources of excitatory input, in terms of the laminar locations and
projection classes of presynaptic neurons, have been facilitated by
the ability to label corticospinal neurons with fluorescent retro-
grade tracers (Tseng et al., 1991; Kaneko et al., 1994). For exam-
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ple, such experiments have identified projections from layer 2/3
pyramidal neurons as a source of interlaminar excitatory input to
corticospinal neurons (Kaneko et al., 2000; Weiler et al., 2008;
Anderson et al., 2010). Experiments in primates using rabies vi-
rus for trans-synaptic tracing also indicate an excitatory input
pathway from upper layers (Rathelot and Strick, 2006). However,
the connectivity of corticospinal neurons with other deeper-layer
excitatory neurons remains unclear. Of particular interest are
“crossed” (callosally projecting) corticostriatal neurons, because
these mediate distinct aspects of motor control (Turner and De-
Long, 2000; Reiner et al., 2010). A fundamental question is: what
type of cross talk—if any—occurs between corticospinal and
corticostriatal neurons?

We addressed this question by using optogenetic and elec-
trophysiological methods to stimulate and record from iden-
tified corticospinal and corticostriatal neurons in brain slices
of mouse motor cortex. This approach allowed us to charac-
terize the matrix of connections formed among and between
corticospinal and corticostriatal neurons. The results delin-
eate an excitatory microcircuit comprising four functionally
specialized pathways, including connection-specific dynamics
and a wiring configuration notable for a paucity of corticospinal-to-
corticostriatal connections.
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Materials and Methods

Animals. All animal procedures followed the animal welfare guidelines of
Northwestern University, the Society for Neuroscience, and the National
Institutes of Health. Mice (C57BL/6]J, male and female) were bred in-
house or were received as litters from Jackson Laboratories.

Deletion-mutant rabies virus for retrograde labeling with channel-
rhodopsin-2. A deletion-mutant rabies virus (RV) carrying channelrho-
dopsin-2 (ChR2) fused to the fluorescent protein Venus (Nagai et al.,
2002) was generated following published methods (Wickersham et al.,
2010). As previously described, RV possesses key properties ideally suited
for retrograde transfection, as follows: (1) the RV has a tropism for axons;
(2) deletion of the glycoprotein gene renders the RV incapable of trans-
synaptic spread; (3) transgenes are expressed at high levels; and (4)
deletion-mutant RV has low cytotoxicity (Wickersham et al., 2007). We
prepared RV carrying a previously described ChR2 construct (pCAGGS-
ChR2-Venus; Addgene Plasmid 15753) (Petreanu et al., 2007). A similar
ChR2-carrying RV has recently been described (Osakada et al., 2011).
Viral titer as determined by infection of 293T cells was 1.3 X 10° infec-
tious units per milliliter.

Stereotaxic injections. Mice (age: postnatal day 18—21) were anesthe-
tized and positioned in a stereotaxic frame. For spinal cord injections, the
cervical spinal column was exposed by a dorsal approach and a laminec-
tomy was performed at the C1-C3 level, exposing the dorsal cord. Spinal
injections were targeted to the ventral horn (~0.5 mm lateral to midline,
~1 mm deep). For striatal injections, a small craniotomy was opened
over the somatosensory cortex, and injections were targeted to the dor-
solateral striatum (0.0 mm posterior, 2.0 mm lateral, and 2.5 mm ventral
to bregma). Injections were made with an oil hydraulic manipulator
(Narishige MO-10) and Drummond Wiretrol capillary pipettes. For RV
injections, the volume (1.2 ul for spinal and 0.1 ul for striatal injections)
of solution containing the virus was slowly (over ~1 min) injected into
the target site. For bead injections, either red or green fluorescent micro-
spheres (RetroBeads, Lumafluor) were used following published meth-
ods (Anderson et al., 2010). In some experiments, cholera toxin subunit
B, Alexa Fluor 555 conjugate (1 mg/1 ml; Invitrogen) was used instead of
red fluorescent beads.

Brain slice electrophysiology. Coronal brain slices (300 wm) containing
motor cortex were prepared (Anderson et al., 2010) at postnatal days
22-28, 4-10 d after RV injection. Recordings were targeted to neurons
labeled with fluorescent beads or, in optogenetic control experiments, to
neurons expressing fluorescent protein. Whole-cell recordings were
made with borosilicate patch electrodes (3—6 MQ) filled with potassium-
based intracellular solution consisting of the following (in mm): 128
KCH,S0;, 4 MgCl,, 10 HEPES, 10 phosphocreatine, 4 ATP, 0.4 GTP, 3
ascorbate, and in some cases also Alexa Fluor 488 hydrazide (50 um;
Invitrogen) and biocytin (3 mg/ml), pH 7.25, 290-295 mOsm. Multiple
simultaneous whole-cell recordings were made from identified cortico-
spinal and/or corticostriatal neurons using a custom fluorescence micro-
scope built around a quadruple recording rig (Scientifica) running the
acquisition control software package Ephus (www.ephus.org) (Suter et
al., 2010). Data were Bessel filtered at 4 kHz and sampled at 10 kHz.
Recordings were made at 31-33°C, maintained with an in-line heating
system (Warner). Slices were superfused with artificial CSF containing
the following (in mm): 127 NaCl, 2.5 KCl, 25 p-glucose, 25 NaHCO;, 1.25
NaH,PO,, 2 CaCl, and 1 MgCl, in mm, oxygenated with 95% O,/5%
CO,. Results were not corrected for ~10 mV liquid junction potential.

ChR2 photostimulation. In control experiments, to assess the efficacy
of photostimulating the ChR2-expressing neurons, the spiking responses
of transfected neurons were monitored (whole-cell recording, current-
clamp mode) while brief (3-5 ms) photostimuli were delivered by gating
the output of a blue LED (M470L2; driver: 1.2 A, LEDD1B; Thorlabs).
This analysis demonstrated highly efficient and reliable photostimula-
tion of the transfected neurons, with a spike probability at or close to 1 for
brief flashes of blue light. For the connectivity experiments, pairs of
untransfected and bead-positive neurons were recorded while presenting
photostimuli (duration: 3-5 ms; power: 1.5 mW/mm?) to excite the
ChR2-positive neurons. The pairs were recorded either simultaneously
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or sequentially; in the latter case, identical stimulus parameters were used
for both neurons.

Paired recordings. We established simultaneous whole-cell recordings
from two to four bead-positive projection neurons (corticospinal and/or
corticostriatal, in various combinations) and sequentially tested their
interconnectivity by evoking a train (four pulses, 20 Hz, followed by a
pulse 500 ms later) of action potentials in one neuron while monitoring
responses in the others. At least 20 trials were collected (5 s intertrial
interval) to test each connection. For analysis of paired recording data-
sets, traces were averaged over multiple trials, and EPSPs in response to
the first action potential (AP) in the train were detected based on stan-
dard waveform criteria (<20 ms peak latency relative to presynaptic AP
peak, <7 ms 20—80% rise time). In particular, we calculated the noise
level during a baseline interval (100 ms), the peak amplitude during a
poststimulus response interval (0—25 ms relative to the command signal
to the presynaptic neuron), and identified events with signal-to-noise
(s/n) ratios >5.

Results

Retrograde transfection of cortical projection neurons

by RV-ChR2

Retrograde anatomical labeling provides a means to identify pro-
jection neurons, but functional evaluation of microcircuit orga-
nization entails selective neuronal stimulation. We therefore
developed a tool for retrograde optogenetic labeling of projection
neurons. Deletion-mutant RVs enable high-intensity expression
of transgenes in retrogradely labeled projection neurons—with-
out trans-synaptic spread (Wickersham et al., 2007, 2010). We
generated RV carrying channelrhodopsin-2 fused with a fluores-
cent protein (RV-ChR2). When RV-ChR2 was injected into the
spinal cords of ~3-week-old mice, and brain slices containing
motor cortex were cut several days later, fluorescently labeled
corticospinal neurons (Fig. 1 A) reliably fired action potentials
in response to optical stimulation (Fig. 1 B). Control experi-
ments established that transfected neurons had normal resting
membrane potentials and input resistances and that their pho-
toexcitability was consistently high (Fig. 1C-F). In this type of
optogenetic photostimulation paradigm, the ChR2-expressing axons
(in this case from RV-infected projection neurons) remain
highly photoexcitable in brain slices even when severed (Pe-
treanu et al., 2007; Anderson et al., 2010). These characteriza-
tions establish that retrograde transfection with RV-ChR2
enables selective and reliable photostimulation of synaptic
output from projection neurons.

RV-ChR?2 assay of corticospinal connections to corticospinal
and corticostriatal neurons in layer 5B

First, to evaluate corticospinal outputs to corticospinal and
corticostriatal neurons, we transfected corticospinal neurons
with RV-ChR2 (Fig. 2A) and also injected retrograde tracers
(fluorescent beads) into the contralateral spinal cord and
striatum (Fig. 2 B). In brain slices of motor cortex prepared
several days later (Fig. 2C), this labeling paradigm resulted in
the following readily distinguishable populations of projec-
tion neurons: (1) RV-transfected neurons expressing both a
fluorescent protein (Venus) and ChR2, with or without beads
as well; and (2) untransfected neurons that were anatomically
labeled with either of two colors of fluorescent beads. The
distinct labeling patterns of the two retrograde techniques al-
lowed us to target postsynaptic recordings to Venus-negative,
bead-positive projection neurons. Consistent with the results
of the control experiments reported above (Fig. 1), showing
that photocurrents were reliably present in transfected neu-
rons and absent in untransfected neurons, in no case did we
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Figure 1. Photoexcitation of cortical projection neurons following retrograde transfection
with RV-ChR2. 4, Fluorescent corticospinal neuronsin layer 5B of mouse motor cortex, in a brain
slice prepared several days after injection of RV-ChR2 in to the spinal cord. B, Top, Example of a
light-evoked spike in a transfected corticospinal neuron. Bottom, The average probability of
evoking a spike (p,iy.) was 1 for transfected neurons (ChR2 +, n = 20) and 0 for untransfected
neurons (ChR2—,n = 20).C, Pspike 353 function of stimulus intensity. Transfected corticospinal
neurons (n = 9) were recorded while the intensity of the brief (3 ms) square pulse of light from
a blue LED was varied by adjusting the amplitude of the command signal to the LED driver. D,
Pspie 3 @ function of stimulus duration. Transfected neurons (n = 20 corticospinal neurons)
were recorded while a square-pulse LED stimulus (power, 1.5 mW/mm ) of variable duration
(1,3,5, 10, 20 ms) was presented. The mean (=SEM) for each stimulus value are plotted. E,
Cumulative distribution of the resting membrane potentials (RMPs) of transfected (ChR2+;
n = 27) and untransfected (ChR2—; n = 208) corticospinal neurons; differences were not
statistically significant (p = 0.43, Kolmogorov—Smirnov test). F, Cumulative distribution of the
input resistances (R;,) of transfected (ChR2+; n = 29) and untransfected (ChR2—; n = 226)
corticospinal neurons; differences were not statistically significant (p = 0.86, Kolmogorov—
Smirnov test).

detect photocurrents in postsynaptic recordings from Venus-
negative, bead-positive neurons.

This triple-labeling strategy thus enabled us to photostimulate
the transfected subpopulation of corticospinal neurons while
recording postsynaptically from untransfected corticospinal
and corticostriatal neurons (crossed corticostriatal neurons,
projecting across the corpus callosum to the contralateral
striatum) in layer 5B, where these neurons are intermingled
(Fig. 2C,D). This paradigm showed highly asymmetric con-
nectivity: corticospinal neurons consistently projected to
other corticospinal neurons (eight of eight experiments), but
only weakly (one of eight experiments) to corticostriatal neu-
rons (Fig. 2E, F). Overall, corticospinal connections to corti-
costriatal neurons were 8% as strong as to corticospinal
neurons (p = 0.0078, signed rank test) (Fig. 2 F).

RV-ChR2 analysis of corticostriatal connections to
corticospinal and corticostriatal neurons in layer 5B

Next, we performed the complementary experiment: we injected
RV-ChR2 into the contralateral striatum to label corticostriatal
neurons and render them photoexcitable (Fig. 3A), and again
coinjected fluorescent tracers into the spinal cord and striatum to
enable identification of untransfected corticospinal and cortico-
striatal neurons, respectively (Fig. 3B,C). In this case, because
corticostriatal neurons in both hemispheres were labeled, the re-
sponses recorded in slices of motor cortex contralateral to the
injection site came from both sources of crossed corticostriatal
inputs—that is, from the ipsilateral axons of contralaterally la-
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beled corticostriatal neurons, and from the contralateral axons of
ipsilaterally labeled corticostriatal neurons. Corticostriatal neu-
rons consistently (eight of eight experiments) formed excitatory
synaptic connections onto both corticospinal and corticostriatal
neurons, in approximately equal proportion (p = 0.95, signed
rank test) (Fig. 3E,F).

RV-ChR2 analysis of connectivity with layer 5A
corticostriatal neurons

In the preceding experiments, we recorded from corticospinal
and corticostriatal neurons located side by side in layer 5B. How-
ever, corticostriatal neurons are also found in layer 5A, and layer
2/3 pyramidal neurons have been observed to connect differen-
tially to layer 5A and 5B corticostriatal neurons (Anderson et al.,
2010), raising the possibility that these two types of corticostriatal
neurons also have different connectivity with corticospinal neu-
rons. To evaluate this, we RV labeled either corticospinal or cor-
ticostriatal neurons as before, and recorded from bead-labeled
corticostriatal neurons in layer 5A, comparing them pairwise
with corticospinal neurons in layer 5B in the same slices (Fig. 4).
Again, corticospinal neurons connected strongly to corticospinal
neurons, but weakly to layer 5A corticostriatal neurons: input to
layer 5A corticostriatal neurons was on average 30% compared
with corticospinal neurons (p = 0.026, signed rank test, n = 7)
(Fig. 4A,B). Similarly, corticostriatal neurons again connected
approximately equally to corticospinal and layer 5A corticostria-
tal neurons (p = 0.84, signed rank test, n = 6) (Fig. 4C,D). Thus,
a similar pattern of asymmetric connectivity was also found for
corticostriatal neurons in layer 5A.

RV-ChR?2 assay of corticospinal- corticortical connectivity
The striking paucity of corticospinal-to-corticostriatal connec-
tions could be unique to this particular combination of neurons
in motor cortex, or it could pertain to other classes of projection
neurons. To explore this, we considered that callosally projecting
corticocortical and corticostriatal neurons are closely related
(Fame et al., 2011). Therefore, we injected RV-ChR2 into the
spinal cord to transfect corticospinal neurons, and injected fluo-
rescent beads into the contralateral spinal cord to label cortico-
spinal neurons, and into the contralateral motor cortex to label
callosally projecting corticocortical neurons (Fig. 5A). This par-
adigm showed highly asymmetric connectivity: corticospinal
neurons consistently (five of five experiments) projected to other
corticospinal neurons, but only weakly to corticocortical neurons
(Fig. 5B, C). Overall, corticospinal-to-corticospinal connections
were approximately sevenfold stronger than corticospinal-to-
corticocortical connections (p = 0.013, paired ¢ test) (Fig. 5C).
These experiments indicate that the asymmetric connectivity ob-
served for corticostriatal-to-corticospinal connections applies to
another subclass of callosal projection neurons.

We performed the complementary experiment, injecting RV-
ChR2 in the contralateral motor cortex to label presynaptic cor-
ticocortical neurons and axons; again, fluorescent beads were
injected both into the contralateral spinal cord to label cortico-
spinal neurons and into the contralateral motor cortex to label
callosally projecting corticocortical neurons (Fig. 5D). The post-
synaptic corticocortical neurons were located in multiple layers
(layers 2/3, 5A, and 5B). On average, corticocortical neurons
formed excitatory synaptic connections onto both corticospinal
and corticocortical neurons in approximately equal proportion
(n = 8 experiments, p = 0.16, paired ¢ test) (Fig. 5E,F). Thus,
overall these corticocortical—corticospinal experiments indicate
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Figure2.  Asymmetric output from photostimulated corticospinal neurons to untransfected corticospinal and corticostriatal neurons. 4, Schematic depicting retrograde transfection of cortico-
spinal neurons (SPI) with RV-ChR2. B, Schematic depicting retrograde anatomical labeling of corticospinal and corticostriatal (STR) neurons with fluorescent tracers. €, Images of brain slices of motor
cortex containing the labeled neurons. Left to right: low-power bright-field, green (Venus and green beads), and red (red beads) fluorescence images. Green beads and red beads were injected into
the striatum and spinal cord, respectively. Far right, Higher-magnification image showing readily distinguishable labeling patterns of transfected corticospinal neurons expressing Venus (arrows,
ChR2+) and other corticospinal neurons retrogradely labeled with fluorescent beads only (arrowheads). Scale bar, 25 wm. D, Schematic depicting the in vitro stimulation (Stim) and recording
paradigm (WCR, whole cell recording). E, Example responses to corticospinal stimulation, recorded simultaneously in untransfected corticospinal (blue) and corticostriatal (red) neurons. F, Group
analysis. Lines connect data points from individual pairs. Group means (== SEM) are plotted to either side.
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Figure3. Shared output from photostimulated corticostriatal neurons to untransfected corticospinal and corticostriatal neurons. A, Schematic depicting retrograde transfection of corticostriatal
(STR) neurons with RV-ChR2. Corticostriatal neurons both contralateral (green) and ipsilateral (lighter shade of green) to the injection are retrogradely transfected; the latter can project across the
callosum to the contralateral cortex and striatum. B, Schematic depicting retrograde anatomical labeling of corticospinal (SPI) and corticostriatal neurons with fluorescent tracers. €, Images of brain
slices of motor cortex containing the labeled neurons. Left to right: bright-field image, green fluorescent (Venus and green beads) image, and red fluorescent (red beads) image. Green beads and
red beads were injected into the striatum and spinal cord, respectively. D, Example responses to corticospinal stimulation, recorded simultaneously in untransfected corticospinal (blue) and
corticostriatal (red) neurons. E, Group analysis. Lines connect data points from individual pairs. Group means (== SEM) are plotted to either side. F, Group data for transfected presynaptic corticospinal
neurons (from Fig. 2 F) and corticostriatal neurons (from E) are shown normalized to the value of the postsynaptic corticospinal response.
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ample responses to corticospinal stimulation, recorded in a pair of untransfected corticospinal
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responses to corticostriatal stimulation, recorded in a pair of untransfected corticospinal (blue)
and layer 5A corticostriatal (red) neurons. D, Group analysis. Lines connect data points from
individual pairs. Group means (== SEM) are plotted to either side.

a pattern of asymmetric connectivity similar to that observed for
corticostriatal—corticospinal connections.

Paired recording analysis of the four potential pathways
Finally, we used paired recordings to assess these results at the
level of unitary connections. Simultaneous whole-cell recordings
were made from various combinations of two, three, or four
corticospinal and/or corticostriatal neurons (Fig. 6A,B). Con-
nections were tested by driving presynaptic APs in one cell while
monitoring responses in the other neurons (Fig. 6B, C).

Responses were analyzed to determine the connection proba-
bilities ( p.,,) for each type of connection. This analysis showed
that corticospinal neurons connected to other corticospinal neu-
rons (14/355), but did not make any connections to corticostria-
tal neurons (0/109); corticostriatal neurons, in contrast, made
connections onto both corticospinal (24/115) and corticostriatal
neurons (16/144) (Fig. 6 D; Tables 1, 2).

Traces with detected EPSPs were analyzed to determine the
amplitudes of unitary connections (i,,). On average, i, did not
differ by connection type for the three pathways (p = 0.49,
Kruskal-Wallis test) (Fig. 6 E). We were also interested in esti-
mating the overall relative pathway strength (I_,,,) for each con-
nection, both because (1) I,,, may be a more relevant measure of
the aggregate connectivity between two populations of neurons,
as it takes into account both the unitary connection probability
and amplitude (i.e., I, = Peon icon); and (2) the responses re-
corded in the RV-ChR2 experiments represent I, (i.e., a com-
bination of p ., and i.,,).We estimated I, by calculating the
average response amplitude (in a short time window immediately
following the first presynaptic action potential), for all traces. As
expected, based on the lack of differences in i, (Fig. 6 D), the
profile of average I, values across the three connections (Fig.
6 F) closely resembled that of the average p.,,, values (Fig. 6 D).
These findings are thus consistent with the RV-ChR2 estimates of
the relative connectivity strengths, but also extend those findings
by indicating that corticospinal-to-corticospinal rates were
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lower compared with both corticostriatal-to-corticospinal and
corticostriatal-to-corticostriatal connections (Tables 1, 2).

Waveforms of the different connections were further analyzed
to extract information about the dynamic properties of EPSPs in
these connections. This analysis was done on traces with s/n ra-
tios >8 (corticospinal-to-corticospinal, n = 11; corticostriatal-
to-corticospinal, n = 23; corticostriatal-to-corticostriatal, n =
14). Example traces for connections in the three pathways for
which unitary connections were detected (Fig. 7A) suggested sev-
eral connection-specific differences. The decay time constants of
the first EPSP were obtained by fitting an exponential function to
the falling phase of the responses (15-50 ms poststimulus). The
time constants were similar for corticospinal-to-corticospinal
and corticostriatal-to-corticospinal connections, but were greater
for corticostriatal-to-corticostriatal connections (Tukey post hoc
comparisons, confidence level @ = 0.95 with one-way ANOVA,
F, 45y = 6.6 and p = 0.0031) (Fig. 7B). This difference is consistent
with the observation that corticospinal neurons express high levels of
hyperpolarization-activated current (I,,), which filters synaptic in-
puts in these neurons (Sheets et al., 2011). Rise times of EPSPs (20—
80%) did not differ significantly by connection type (p = 0.72,
F, 45) = 0.33, one-way ANOVA).

Next, we evaluated whether the amplitudes of EPSPs
changed over the course of short trains of responses in a
connection-specific manner. Peak amplitudes of EPSPs of
corticospinal-to-corticospinal connections increased, whereas
those of corticostriatal-to-corticospinal connections decreased;
those of corticostriatal-to-corticostriatal connections were inter-
mediate (Fig. 7C,D). In other words, corticospinal responses
were facilitating for corticospinal inputs but depressing for cor-
ticostriatal inputs. Peak EPSP amplitude, however, can reflect
synaptic facilitation/depression, temporal summation, or both
processes. Therefore, we also determined the trough values in the
trains of EPSPs (Fig. 7C). Trough values were highest for
corticostriatal-to-corticostriatal connections (Fig. 7E), suggest-
ing more effective temporal summation associated with postsyn-
aptic corticostriatal neurons. Subtraction of these trough values
from the peak amplitudes (Fig. 7F) showed that greater values
for corticospinal-to-corticospinal responses compared with
corticostriatal-to-corticospinal or corticostriatal-to-corticostriatal con-
nections, indicating that connections were more depressing for presyn-
aptic corticostriatal neurons, compared with presynaptic corticospinal
neurons.

Discussion

By transfecting projection neurons with ChR2, we were able to
stimulate either corticospinal or corticostriatal neurons, and by
recording from identified untransfected corticospinal and corti-
costriatal neurons in the same slices, we were able to determine
the relative strengths of connections in the excitatory microcir-
cuit formed by the four potential synaptic pathways within and
across these two cell classes. Corticospinal and corticostriatal
neurons both formed recurrent (within-class) connections, but
across-class connectivity was overwhelmingly corticostriatal-to-
corticospinal in direction. Paired recordings corroborated these
connectivity patterns and revealed additional functional special-
izations in these pathways.

RV-ChR2 as a tool for functional microcircuit analysis

RV-ChR2 was an efficient way to transfect cortical projection
neurons, making them photoexcitable. Combined with whole-
cell recordings, this technique provided single-cell resolution on
the postsynaptic end of the connections being tested, but differed
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Asymmetric output from photostimulated corticospinal neurons to untransfected corticospinal and corticocortical neurons. 4, Schematics depicting retrograde transfection of cortico-

spinal (SPI) neurons with RV-ChR2 (left), and retrograde anatomical labeling of corticospinal and corticocortical (CTX) neurons with fluorescent tracers (right). B, Example responses to corticospinal
stimulation, recorded simultaneously in untransfected corticospinal (blue) and corticocortical (red) neurons. €, Group analysis. Lines connect data points from individual pairs. Group means (== SEM)
are plotted to either side. D, Schematics depicting retrograde transfection of corticocortical neurons with RV-ChR2 (left), and retrograde anatomical labeling of corticospinal and corticocortical
neurons with fluorescent tracers (right). £, Example responses to callosal corticocortical stimulation, recorded simultaneously in untransfected corticospinal (blue) and corticocortical (red) neurons.
F, Group analysis. Lines connect data points from individual pairs. Group means (== SEM) are plotted to either side.
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Paired recordings also show asymmetric connectivity in the corticospinal- corticostriatal microcircuit. 4, Schematic showing retrograde anatomical labeling and recording paradigm.

SPI, corticospinal; STR, corticostriatal. B, Example image of two corticospinal neurons filled with fluorescent dye during paired recording. ¢, Example of a unitary synaptic connection between two
corticospinal neurons. D, p.,., values. Error bars indicate binomial 95% CI. E, Cumulative histogram of unitary EPSP amplitude (i.,,,), for the first EPSP in the train. F, /..

from paired recordings in that the aggregate output from many
presynaptic inputs could be sampled at once. Another difference
relates to the severing of axons in cortical slices: paired recordings
inevitably underestimate connectivity because intact axons are
required to detect connections, but this requirement does not
pertain to the optogenetic assay due to the photoexcitability of
ChR2-expressing axons. RV-ChR2 yields information about

relative connectivity, and for quantification it was necessary to
compare responses in different postsynaptic neurons. Thus, this
technique is useful in tandem with paired recordings, which are
more laborious but provide additional information about uni-
tary connectivity including dynamic properties.

RV-ChR2 enabled selective activation of a specific subpopu-
lation of neurons defined by their axonal projection target. This
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Table 1. Statistical analysis of paired recording data: connection probabilities

Presynaptic
Postsynaptic Corticospinal Corticostriatal
Corticospinal Pathway: SPI — SPI Pathway: STR — SPI

Neonnected: 14 Neonnected: 24

ntes\ed: 355 ntes\ed: 115

Peon: 0.04 Peon: 0.21
Corticostriatal Pathway: SPl — STR Pathway: STR — STR

"connected: 0 nconnec(ed: 16

ntested: 109 ntested: 144

pcon:O pcun: 0'11

Connection probabilities  p,,, ) Were calculated as the number of connections detected (1 qynecteq) divided by the
total number of connections tested (Mygeq ). SP, corticospinal; STR, corticostriatal.

Table 2. Statistical analysis of paired recording data: comparison of connectivity

SPI—SPI SPI—STR STR—STR STR — SPI
SPl—>SPI p=48X10"% x*=33.49 X =931
(ns) p=72X10"°(* p=23Xx10"3(%
SPI—STR p<107%(% p=11X10"%(
STR—STR X° = 4.6625
p=3.1X10"%(ns)
STR —SPI

Pearson’s X test and, when an entry in contingency table was <<10, Fisher’s exact test were used to test the
independence of p,., on presynaptic and postsynaptic cell types. The x? statistic and p values were calculated, and
the Bonferroni method (p << 0.05/6 was considered significant) was used for multiple comparisons. SPI, cortico-
spinal; STR, corticostriatal.

retrograde aspect makes RV-ChR2 particularly useful for analysis
of neocortical pyramidal neurons, whose functional roles are di-
rectly related to their long-range connectivity. In this respect,
RV-ChR2 contrasts with other transfection and labeling methods
such as anterograde viral labeling and transgenic models, which
label neurons based on other anatomical or genetic attributes.

One potential issue involved in retrograde labeling with RV-
ChR2 is that the transfected neurons express ChR2 in their axons;
these axons, including severed axons, can therefore contribute to
the observed responses. This is a consideration in experimental
design because cortical neurons can project to multiple long-
range targets. Here, for example, injection into the striatum in
one hemisphere resulted in transfection of corticostriatal neu-
rons in both hemispheres. Consequently, photostimulation of
the contralateral motor cortex resulted in activation of both ipsi-
laterally and contralaterally located crossed (callosally project-
ing) corticostriatal neurons: thatis, (1) cell bodies, dendrites, and
axons of neurons whose cell bodies were located in the slice (i.e.,
contralateral to the injection); and (2) axons of neurons whose
cell bodies were located in the injected hemisphere. Despite this
mixture, the RV-ChR2 experiments and paired-recording exper-
iments gave similar results, suggesting that the connectivity of
corticostriatal axons was similar for their local and contralateral
projections. This is furthermore consistent with previous obser-
vations of similar connectivity for the ipsilateral and contralateral
axonal projections of corticocortical neurons (Petreanu et al.,
2007; Anderson et al., 2010).

Four-way specialization in the corticospinal-corticostriatal
microcircuit

Corticospinal-to-corticospinal

These connections were present but less frequent compared with
corticostriatal-to-corticostriatal recurrent connections. The
functional properties were distinct: individual EPSPs were fast
decaying, and trains of EPSPs showed relatively less synaptic de-
pression. The faster decay appears to be a corticospinal-specific
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postsynaptic property, because it was also observed for corti-
costriatal-to-corticospinal connections, and likely reflects
corticospinal-specific I;, (Sheets et al., 2011). The relatively
greater facilitation appears to be a corticospinal-specific presyn-
aptic property, because it was not observed in the other two
connection types, which involved presynaptic corticostriatal
neurons. This facilitation is consistent with observations based
on paired recordings from thick-tufted layer 5B pyramidal neu-
rons in rat somatosensory cortex (Williams and Atkinson, 2007).

Corticospinal recurrent connections are of particular interest
from the standpoint of cortical mechanisms of motor control
(Phillips, 1959; Phillips and Porter, 1977; Matsumura et al., 1996;
Smith and Fetz, 2009). The relatively low connectivity rates ob-
served here for these connections are consistent with the idea that
corticospinal neurons connect in a limited and presumably selec-
tive manner with one another (Schieber, 2001).

Spinal axons of corticospinal neurons make facilitating syn-
apses onto spinal motoneurons (Phillips and Porter, 1964). Con-
sistent with this, we found relatively facilitating connections
among corticospinal neurons, an effect that was, however, atten-
uated by postsynaptic I,,. Facilitation could boost activity in sub-
networks of interconnected neurons during sustained activity
(Wang et al., 2006). The corticospinal/corticostriatal differences
in short-term plasticity observed here parallel differences in firing
patterns: in mouse motor cortex, corticospinal neurons tend to
fire tonically, at sustained or even accelerating rates, while corti-
costriatal neurons tend to fire phasically, showing spike fre-
quency adaptation (B. A. Suter and G. M. G. Shepherd,
unpublished observations), differences also previously reported
for projection neurons in other cortical areas and species (Hattox
and Nelson, 2007; Miller et al., 2008; Otsuka and Kawaguchi,
2008; Brown and Hestrin, 2009; Dembrow et al., 2010). The ef-
fects of sustained activity on corticospinal and corticostriatal
neurons could be magnified by the combined effects of the short-
term synaptic properties and firing properties.

Corticospinal-to-corticostriatal

This connection was largely absent, precluding analysis of dy-
namic properties. A similar lack of connections was found on
testing the potential pathway from corticospinal neurons to an-
other class of callosal projection neurons, corticocortical neu-
rons. The “rectifying” connectivity between corticostriatal and
corticospinal neurons implies that corticospinal neurons are
compartmentalized at a downstream position within the excit-
atory intracortical network.

Corticostriatal-to-corticostriatal

Of significance because they also represent recurrent excitation,
these connections were characterized by (1) longer EPSP decay
kinetics, associated with greater temporal dendritic summation, a
corticostriatal-specific postsynaptic property; and (2) greater de-
pression during trains of EPSPs, a corticostriatal-associated pre-
synaptic property. Recurrent connections among corticostriatal
neurons have been found in other species and cortical areas
(Morishima and Kawaguchi, 2006; Brown and Hestrin, 2009;
Morishima et al., 2011), and our data are consistent with the
relatively high connection rates reported. The synaptic depres-
sion we observed for these connections is furthermore consistent
with that observed for connections between another type of in-
tracerebrally projecting neurons (ICPNs), layer 2/3 neurons in
somatosensory cortex (Williams and Atkinson, 2007).
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Figure 7.  Dynamic properties of unitary EPSPs. A, Examples of unitary connections for corticospinal-to-corticospinal (left), corticostriatal-to-corticostriatal (middle), and corticostriatal-to-
corticostriatal (right). SPI, corticospinal; STR, corticostriatal. Examples are plotted individually (top four traces), and together (bottom) with normalization to the first EPSP peak and baseline (upper
and lower dashed lines). Horizontal scale bar, 100 ms. B, EPSP decay time constant (), for the first EPSP. C, Examples of responses indicating EPSP peaks and troughs (minimum voltage before next
EPSP). Bottom, Overlay of traces, normalized to first EPSP. D, Peak amplitudes of the EPSPs in the train, normalized to the amplitude of the first EPSP. Asterisks (*) indicate significant differences
between corticospinal-to-corticospinal and corticostriatal-to-corticospinal connections (Tukey's post hoc comparisons, confidence level a = 0.95 with one-way ANOVA). E, Trough amplitudes,
normalized to the amplitude of the first EPSP. Asterisk (*) indicates significant differences between corticospinal-to-corticospinal and both other connections (corticostriatal-to-corticospinal and
corticostriatal-to-corticostriatal), and crosses (+) indicate significant differences between corticostriatal-to-corticostriatal and corticostriatal-to-corticospinal connections (Tukey post hoc compar-
isons, confidence level @ = 0.95 with one-way ANOVA). F, Trough-subtracted peak EPSP amplitudes, normalized to the amplitude of the first EPSP. Cross (+) indicates significant differences
between corticospinal-to-corticospinal and both other connections (corticostriatal-to-corticospinal and corticostriatal-to-corticostriatal), and asterisks (*) indicate significant differences between
corticospinal-to-corticospinal and corticostriatal-to-corticostriatal connections (Tukey's post hoc comparisons, confidence level o« = 0.95 with one-way ANOVA).

Higher order Lower order sion we observed in these connections is again consistent with
that observed for connections from layer 2/3 neurons to thick-
tufted layer 5B neurons in somatosensory cortex (Williams and
Atkinson, 2007). From a connectional standpoint, this connec-

b tion was significant because these were the only major form of
= (mISII;N le ' SCPN - ?cros's-cl.ass Gonnections. observec.i for thés? two cell types. An
3 Ia P implication is that during sustained activity, communication

] yers) (layer 5B) = ) .
z could decrease relatively faster over this across-class channel than
J for the two recurrent pathways. Whether this channel represents
“feedforward” excitation is unclear, but from a systems perspec-
[ tive it may be relevant that corticostriatal activity is associated
SR, ] more with the p%al‘ming/prepe}ratory stages .of movement and
thalamus Bra.In stem, &« corticospinal activity more with the execution stages (Turner
e imping spinal cord and DeLong, 2000; Monchi et al., 2006; Lemon, 2008; Shad-

mehr and Krakauer, 2008).

Figure 8.  Hierarchical organization of the excitatory microcircuit formed by corticospinal
and corticostriatal neurons. ICPNs include (callosally projecting) corticostriatal and corticocor-
tical neurons. SCPNs include corticospinal neurons. Excitation flows unidirectionally from corti-
costriatal to corticospinal neurons.

Comparison to previous studies suggests a generic
microcircuit formed by intracerebrally and subcerebrally
projecting pyramidal neurons

Extremely asymmetric connectivity between projection neurons
was reported in a study in rat prefrontal cortex (Morishima and

Corticostriatal-to-corticospinal

These connections occurred at a rate similar to recurrent corti-
costriatal connections, and their dynamic behavior reflected the
combination of the corticostriatal-associated presynaptic prop-
erty of more depressing short-term plasticity in EPSP trains with
the corticospinal-associated postsynaptic property of more at-
tenuating EPSP kinetics, resulting in an overall maximally phasic
(as opposed to tonic) pattern of responses. The synaptic depres-

Kawaguchi, 2006; Morishima et al,, 2011), with almost no
corticopontine-to-corticostriatal connections detected (1 of 96
connections tested). Asymmetric across-class connectivity has,
however, also been shown for projection neurons in mouse visual
cortex: corticotectal-to-corticocortical connections about four
times less common than corticocortical-to-corticotectal connec-
tions (Brown and Hestrin, 2009). Considered in the context of
these previous observations, our findings illuminate a clear
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pattern: the directionality is consistently from ICPNs (i.e., in-
tratelencephalic type, callosally projecting corticostriatal and/or
corticocortical neurons) onto subcerebrally projecting neurons
(SCPNs) (i.e., pyramidal tract type neurons, e.g., corticospinal,
corticopontine, or corticotectal) (Molyneaux et al., 2007; Reiner
et al.,, 2010) (Fig. 8). Interestingly, although the long-range tar-
gets of SCPNs vary widely in the adult, they initially project an
axon to the spinal cord (Stanfield et al., 1982; Stanfield and
O’Leary, 1985; Heffner et al., 1990). Their common developmen-
tal origin strengthens the case for unidirectional across-class con-
nectivity in a generic ICPN-SCPN microcircuit.

From a motor systems viewpoint, we note that hierarchical
organization is a prominent aspect of subcortical motor circuits
(Shepherd, 1994; Swanson, 2000); our findings extend this con-
cept into the cortex, by showing that intracortical circuits in mo-
tor cortex also are hierarchically organized, with ICPNs upstream
of SCPNs (Fig. 8). In the case of corticospinal neurons, we further
speculate that the downstream compartmentalization of these
SCPNs in combination with corticospinal-specific I, neuro-
modulation (Sheets et al., 2011) presents a way in which ongoing
intracortical activity in motor cortex may be flexibly associated
with signaling to the spinal cord; this arrangement potentially
represents a mechanism for “dissociating motor cortex from the
motor” (Schieber, 2011).

Within-class interconnections have been evaluated for many
subtypes of both the ICPN and SCPN superclasses. For the ICPN
superclass, these include callosally projecting corticostriatal neu-
rons in rat prefrontal cortex (Morishima and Kawaguchi, 2006;
Morishima etal., 2011) and mouse somatosensory cortex (Brown
and Hestrin, 2009), and corticocortical neurons in rat somato-
sensory cortex (Le Bé et al., 2007) and mouse visual cortex
(Brown and Hestrin, 2009). For the SCPN superclass, these in-
clude corticopontine neurons in rat prefrontal cortex (Mor-
ishima and Kawaguchi, 2006; Morishima et al, 2011) and
corticotectal neurons in mouse visual cortex (Brown and Hestrin,
2009). Within-class connections have been consistently ob-
served, indicating that these recurrent excitatory synaptic path-
ways are also consistent elements in ICPN-SCPN microcircuits
(Fig. 8).

The dynamic properties of unitary connections formed be-
tween various classes of projection neurons have also been exam-
ined in a recent analysis of connections in rat prefrontal cortex
(Morishima et al., 2011), demonstrating presynaptic-specific
properties (e.g., short-term facilitation associated with pre-
synaptic corticostriatal neurons), but not postsynaptic-specific
properties such as the faster-decaying EPSPs we recorded in
corticospinal neurons. Another study found weaker recurrent
connections for retrogradely labeled corticocortical neurons
compared with anatomically identified thick tufted pyramidal
neurons (SCPN type) in juvenile rat sensory cortex (Le Bé et al.,
2007). Analysis of connections in mouse sensory areas (Brown
and Hestrin, 2009) showed no significant differences in pair/
pulse ratios or other synaptic properties. Thus, it appears that
while the basic connectivity patterns may be conserved, the dy-
namic properties of the different types of connections in the
SCPN-ICPN microcircuit may be modified in different cortical
areas, projection subtypes, and species.
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