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Melzer et al. characterize two
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projecting neurons differentially innervate
striatal neurons and differentially
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SUMMARY

The motor cortico-basal ganglion loop is critical for
motor planning, execution, and learning. Balanced
excitation and inhibition in this loop is crucial for
proper motor output. Excitatory neurons have been
thought to be the only source of motor cortical
input to the striatum. Here, we identify long-range
projecting GABAergic neurons in the primary (M1)
and secondary (M2) motor cortex that target
the dorsal striatum. This population of projecting
GABAergic neurons comprises both somatostatin-
positive (SOM*) and parvalbumin-positive (PV*) neu-
rons that target direct and indirect pathway striatal
output neurons as well as cholinergic interneurons
differentially. Notably, optogenetic stimulation of
M1 PV* and M2 SOM™ projecting neurons reduced
locomotion, whereas stimulation of M1 SOM* pro-
jecting neurons enhanced locomotion. Thus, corti-
costriatal GABAergic projections modulate striatal
output and motor activity.

INTRODUCTION

The striatum is the primary input area of the basal ganglia. It
integrates signals from cortical areas and subserves important
functions like motor control (Tecuapetla et al., 2014; Kravitz
et al., 2010) and reinforcement/punishment coding (Kravitz
et al., 2012). Striatal neurons comprise GABAergic spiny pro-
jection neurons (SPNs, 95%) and interneurons (5%). SPNs are
classified into direct pathway SPNs (dSPNs), which project to
the substantia nigra reticulata and external and internal seg-
ments of the globus pallidus (GPe and GPi, respectively), and in-
direct pathway SPNs (iISPNs), which project to GPe (Bolam et al.,
2000; Wu et al., 2000). Striatal interneurons include large aspiny
cholinergic neurons and different populations of GABAergic in-
terneurons (Kawaguchi et al., 1995).
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Excitatory glutamatergic neurons from virtually all cortical areas
send projections to the striatum (McGeorge and Faull, 1989), and
several studies suggest their recruitment during action selection
(Xiong et al., 2015; Znamenskiy and Zador, 2013; Koralek et al.,
2012). In contrast, cortical GABAergic neurons projecting to
the striatum were not considered to be a component of the
canonical corticostriatal network because they were identified
only in the prefrontal, somatosensory, and retrosplenial cortices
(Lee et al., 2014; Jinno and Kosaka, 2004). Only recently were
direct GABAergic neurons projecting to the striatum also
described in the motor and auditory cortices (Rock et al., 2016).
The authors identified the long-range projecting neurons as
somatostatin-positive (SOM*) and, furthermore, reported that
inhibition conveyed by these neurons was onto both dSPNs
and iSPNs. We previously showed that long-range GABAergic
neurons connecting several brain structures comprise different
molecular subtypes. For instance, connectivity between the hip-
pocampus and medial entorhinal cortex is supported by parval-
bumin-positive (PV*) and SOM* neurons (Melzer et al., 2012).
Moreover, projections from the septum to the medial entorhinal
cortex are PV* and Calbindin®, and they inhibit specific interneu-
rons differentially (Fuchs et al., 2016). Hence, we wondered
whether long-range GABAergic projecting neurons from the mo-
tor cortex to the striatum are diverse with respect to their molec-
ular identity, target specificity, and function at the behavioral level.

Based on virus-mediated tracing, optogenetics, patch-
clamp recordings in vitro, and behavioral essays, we identified
two distinct populations of long-range projecting GABAergic
neurons in the primary (M1) and secondary (M2) motor cortex
targeting the dorsal striatum and established that these two pop-
ulations exhibit target cell preference in the striatum and affect
locomotion differentially.

RESULTS

Motor Cortex Long-Range Projecting SOM* Neurons
Target the Striatum

SOM™ cells are a major source of intracortical and corticofugal
long-range GABAergic projections (Tomioka et al., 2005; Rock
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Figure 1. Motor Cortex SOM* GABAergic Neurons Innervate the Striatum

(A) Schematic drawing of the injection site and the location of long-range projections in the striatum shown in (B). Viral constructs encoding ChR2-mCherry were
injected into the motor cortex of SOM®™ mice.

(B) Bright-field images of DAB-stained sections showing the injection site in the motor cortex (left) and mCherry-labeled axons in the striatum (center) following
AAV DIO ChR2-mCherry injection into the motor cortex of SOM®™ mice. A higher magnification of the boxed area is shown on the right.

(C and D) Confocal images showing a retrogradely labeled area (C) following injection of the retrograde tracer CTB647 into the striatum and a retrogradely labeled
GABAergic SOM™ neuron in the motor cortex, visualized via FISH for Sst and Gad1/2 (D).

(E-H) SOM™ projecting neurons were identified by retrograde tracing with SADAG-EGFP(EnvA) rabies virus. TCB was expressed Cre-dependently in the motor
cortex of SOM®™ mice, and rabies virus was injected into the striatum. (E) shows differential interference contrast (DIC) and epifluorescent images of a retro-
gradely labeled TCB* neuron in the motor cortex with the corresponding firing pattern shown in (F). (G) shows a confocal image of a retrogradely labeled TCB*
neuron in M1 immunostained for EGFP and SOM with the corresponding morphological reconstruction shown in (H).

Str, striatum. See also Figure S1 and Tables S1 and S2.

et al., 2016). To substantiate and extend these studies focusing  double-floxed inverse open reading frame (DIO) ChR2-mCherry

on long-range GABAergic neurons connecting the motor cor-  into the M1 and M2 area of SOM®™ mice. This resulted in labeling
tex and the striatum, we injected adeno-associated virus (AAV) of a subpopulation of GABAergic neurons (Figures 1A and 1B;
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Figure S1A) and revealed projections in several ipsilateral
cortical and subcortical areas and, to a lesser extent, in contra-
lateral cortices (Table S1). There was consistent innervation of
the ipsilateral dorsal striatum (Figure 1B; Table S1). Motor cortex
SOM* neuron projections traversed the dorsal striatum and
branched preferentially ventro-laterally, sparing the most rostral
and caudal part of the dorsal striatum (Figure 1B).

To further substantiate the presence of GABAergic corticostria-
tal projections, we performed retrograde labeling. We injected
cholera toxin B (CTB) subunit 647 into the ventro-lateral part of
the dorsal striatum and analyzed retrogradely labeled cells in the
M1 region (Figures S1B and S1C). As expected, a dense band of
retrogradely labeled cells became visible in cortical L5 (Figure 1C);
i.e., inthe layer that is the major source of corticostriatal excitatory
projections (Wilson, 1987; Cowan and Wilson, 1994). To visualize
GABAergic cells among the M1 retrogradely labeled cells, we
performed multi-fluorescence in situ hybridization (FISH) for Sst
(encoding SOM) and Gad1/2 (encoding GAD67/65). We found
13 retrogradely labeled cells in M1 that were clearly positive for
Gad1/2 (n=23,582 CTB" cells and 5,064 Gad1/2" cells, cell counts
across all layers in 35 slices from 4 hemispheres in 4 mice), 8 of
which co-labeled for Sst (Figure 1D). Most retrogradely labeled
GABAergic neurons were located in L5 (Figure S1D). To confirm
a direct long-range GABAergic connection between the motor
cortex (M1/M2) and the dorsal striatum, we performed retrograde
monosynaptic tracing with rabies virus (Wickersham et al., 2007).
We injected AAVs encoding Cre-dependent avian virus receptor
(avian tumor virus receptor A mCherry [TCB]; Weissbourd et al.,
2014) and rabies glycoprotein (RG) into the striatum of A2A-Cre
mice that express Cre recombinase specifically in iSPNs (Gong
et al., 2003). Subsequent injection of RG-deleted envelope pro-
tein from avian ASLV type A (EnvA)-pseudotyped rabies virus
(SADAG-EGFP(EnvA)) into the striatum resulted in transsynapti-
cally retrogradely labeled cells in the cortex (Figures S1E and
S1F). FISH for rabies virus-specific mRNA (RabV-gp1) and
Gad1/2 revealed double-positive neurons in the motor cortex
(7 cells in 34 slices from 4 hemispheres in 4 mice; Figure S1G).
The average number of labeled cells per slice was lower than after
CTB647 injections, suggesting that iSPNs were not the only striatal
target cells of GABAergic projecting neurons and/or reflecting
lower efficiency of transsynaptic tracing (Marshel et al., 2010).

To determine the electrophysiological and morphological
properties of SOM™* projecting neurons, we expressed TCB Cre-
dependently in the motor cortex (M1/M2) of SOM®™ mice and
injected SADAG-EGFP(EnvA) rabies virus into the striatum.
TCB" retrogradely labeled cells in the motor cortex had a classical
or burst accommodating firing pattern (n = 11 cells from 5 hemi-
spheres in 4 mice; Figures 1E and 1F; Figure S1H) similar to
non-retrogradely labeled TCB™ cells (Table S2). Reconstructed
cells had a Martinotti cell-like morphology (Wang et al., 2004)
with axonal projections extending over all cortical layers (three re-
constructions from three hemispheres in two mice; Figures 1G
and 1H; Figures S1I-S1K).

Motor Cortex Long-Range Projecting SOM* Neurons
Differentially Inhibit Striatal Neurons

We next tested whether SOM* projecting neurons form func-
tional synapses onto striatal neurons and whether the connec-

tivity exhibits target specificity. We injected AAV DIO ChR2-
mCherry into M1/M2 of SOM™ mice and combined optogenetic
stimulation of long-range projections with patch-clamp record-
ings of putative postsynaptic cells in the striatum (Figure 2A).
All injections (n = 36 hemispheres) resulted in labeled axons
that projected to the dorsal striatum. Patched neurons were
selected to be in close proximity to labeled axons. Of 305
patched neurons (in 27 mice), 50 responded with short-latency
postsynaptic currents (PSCs) to 5-ms photostimulation of
motor cortex SOM™ neuron projections (Figure 2B). As a speci-
ficity control, we repeated the experiment in wild-type mice in-
jected with AAV DIO ChR2-mCherry and found neither mCherry*
fibers in the dorsal striatum nor a response after photostimu-
lation (n = 58 cells in 2 mice). Responses in SOM®™ mice could
not be blocked with 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline
(CNQX) and D-2-Amino-5-Phosphonovaleric acid (D-AP5)
(165.6 + 32.7 pA baseline versus 169.5 + 31.1 pA with drugs
[mean + SEM], paired t test, t14y = 0.49, p =1, n = 15 cells in
11 mice; Figure S2A) but with gabazine (117.8 [134.3] pA versus
1.6 [1.6] pA [median interquartile range (IQR)], Wilcoxon signed-
rank test, W = 210, p = 0.0002, n = 20 cells in 15 mice; Figures
S2A and S2B). Responses reversed around the reversal potential
of GABAergic receptors (n = 14 cells in 9 mice; Figure 2B), thus
confirming the GABAergic nature of motor cortex SOM* neuron
projections.

To scrutinize target specificity, striatal neurons were sorted
into SPNs and cholinergic and GABAergic interneurons based
on their electrophysiological properties and cell soma shape
(Planert et al., 2013; Gertler et al.,, 2008; Kawaguchi, 1992;
Bennett and Wilson, 1999; Kawaguchi et al., 1995; Experimental
Procedures; Figures 2C-2E; Table S3). We found that 22.6% of
SPNs, 33.3% of cholinergic cells, and only 2% of GABAergic in-
terneurons responded to 5-ms photostimulation of motor cortex
SOM* neuron projections (Figure 2F; Figures S2C and S2D;
Table S3). Together, these data indicate that SPNs and cholin-
ergic cells are the main target of motor cortex SOM™ neuron
projections.

To answer whether dSPNs and iSPNs are differentially tar-
geted by motor cortex SOM™ projecting neurons, we cross-
bred SOM®™® mice to DRD1a-EGFP and DRD2-EGFP mice in
which dSPNs and iSPNs, respectively, are selectively labeled
(Gong et al., 2003; Figures 2G and 2H). Furthermore, we tested
for differential innervation from M1 and M2. We injected AAV
DIO ChR2-mCherry into M1 or M2 of SOM®™®/DRD1a-EGFP or
SOMC™/DRD2-EGFP mice (Figure 2G; Figure S2E) and com-
bined photostimulation of M1 or M2 SOM™ neuron projections
with patch-clamp recordings of striatal neurons (Figure S2F).
We found that M1 SOM* projecting neurons innervated a com-
parable proportion of dSPNs (29%), iISPNs (22%), and cholin-
ergic cells (40%) (Figures 2| and 2J; Fisher’'s exact test, p =
0.19). M2 SOM* projecting neurons targeted dSPNs (25%) and
iSPNs (16%) to a similar extent, whereas cholinergic cells tended
to be innervated less frequently (4%) (Figure 2J; Fisher’s exact
test, p = 0.08). Inhibition of cholinergic cells by M2 was signifi-
cantly less frequent than by M1 (Figure 2J; Fisher’s exact test,
M1 dSPNs versus M2 dSPNs: p = 1; M1 iSPNs versus M2 iSPNs:
p = 1; M1 cholinergic versus M2 cholinergic: p = 0.006). Re-
sponses had a latency of 2.5 (1.3) ms (median [IQR]; n = 47
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Figure 2. Motor Cortex SOM* Neuron Projections Form Functional Synapses on Striatal Output and Cholinergic Neurons

(A) Schematic drawing indicating the injection site (left) and location of an exemplary patched neuron in the striatum (right). AAV DIO ChR2-mCherry was injected
into the motor cortex of SOM®™ mice, and target cells were patched in the striatum (DIC image).

(B) PSCs recorded in a striatal neuron at the indicated holding potentials following 5-ms photostimulation (blue ticks) of motor cortex SOM™ neuron projections.
Responses were blocked with gabazine but not D-AP5/CNQX.

(C) Firing pattern (membrane potential upon —50-pA current injection and at the action potential [AP] threshold) of a representative SPN that was responsive to
photostimulation of motor cortex SOM™ neuron projections.

(D) Firing pattern (spontaneous activity and maximal firing frequency) and DIC image of a representative cholinergic interneuron (arrow) that was responsive to
photostimulation of motor cortex SOM™ neuron projections.

(E) Firing pattern of a striatal GABAergic interneuron that was responsive to photostimulation of motor cortex SOM* neuron projections (from top to bottom:
maximal firing frequency, AP threshold, and —50-pA current injection).

(F) Percentage of striatal neurons responding to photostimulation of motor cortex SOM™ neuron projections. The numbers in the bars indicate the total number of
patched cells. Number of mice: SPNs, 19; cholinergic, 11; GABAergic interneurons, 19.

(G) Schematic drawing indicating injection sites of AAV DIO ChR2-mCherry in SOM/DRD1a-EGFP and SOM“®/DRD2-EGFP mice.

(H) Confocal image of EGFP-immunostained sagittal sections of SOM™®/DRD1a-EGFP (left) and SOM®"®/DRD2-EGFP (right) mice exhibiting differential EGFP
expression in the globus pallidus (arrow) and substantia nigra (arrowhead).

(I) Exemplary traces of dSPN and iSPN responses to photostimulation (blue ticks) of M1 and M2 SOM™ neuron projections using Cs*-based low CI~ intracellular
solution (from top to bottom: 0 mV, reversal potential, and —95 mV holding potential).

(J) Percentage of striatal neurons responding to photostimulation of M1 and M2 SOM™ neuron projections. The numbers in the bars indicate the total number of
patched cells. Number of mice: M1-dSPNs, 7; M1-iSPNs, 16; M2-dSPNs, 8; M2-iSPNs, 17; M1-cholinergic, 19; M2-cholinergic, 13.

(K) Schematic drawing indicating the localization of responding cells in a coronal (left) and sagittal (right) cross-section. Color code: orange, M1 to dSPN; yellow,
M2 to dSPN; dark green, M1 to iSPN; light green, M2 to iSPN; purple, M1 to cholinergic interneuron; red, M2 to cholinergic interneuron.

HP, hippocampus; ACh, cholinergic interneuron. See also Figures S2 and S3 and Tables S3 and S4.
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Figure 3. M1 PV* Neuron Projections Preferentially Target dSPNs in
the Striatum

(A) Schematic drawing indicating the injection site of AAV DIO ChR2-mCherry
in PV°"*/DRD1a-EGFP and PV-"/DRD2-EGFP mice.

(B) Percentage of striatal neurons responding to photostimulation of M1 PV* neuron
projections. The numbers indicate the total numbers of patched cells. Number
of mice: dSPNs, 8; iSPNs, 7; cholinergic, 13; GABAergic interneurons, 9.

(C) Firing pattern (upon —50 pA current injection and at the AP threshold) of a
representative dSPN that was responsive to photostimulation of M1 PV*
neuron projections.

(D) Responses of the dSPN shown in (C) at —70 mV holding potential using
high CI™ intracellular solution. Responses were blocked with gabazine but not
D-AP5/CNQX.

(E) Schematic drawing indicating the localization of responding cells in a
coronal (left) and sagittal (right) cross-section. Color code: orange, M1 to
dSPN; yellow, M1 to iSPNs; gray, unidentified responding neurons.

(F and G) Epifluorescent images of a retrogradely labeled TCB* neuron in
the motor cortex (arrow) (F) with the corresponding firing pattern (G) identified
by retrograde tracing with SADAG-EGFP(EnvA) rabies virus. TCB was ex-
pressed Cre-dependently in the motor cortex of PV mice, and rabies virus
was injected into the striatum.

(H) Dot plot of the action potential half-width for retrogradely labeled SOM*
(n = 11 cells from 5 hemispheres in 4 mice) and PV* neurons (n = 3 cells from
3 hemispheres in 2 mice).

See also Figure S3 and Tables S2 and S4.

responding cells; see Figure S3A and Table S4 for more details)
and a reversal potential of —58.0 + 1.4 mV (mean + SEM; n = 22
responding cells; see Figure S3B and Table S4 for more details).

The strength of M1 and M2 SOM™* neuron connections to
SPNs was similar (Table S4). However, when comparing inputs
with dSPNs and iSPNs both from M1 and M2, the response
amplitudes were significantly larger for iSPNs (amplitudes at
0 mV with cesium [Cs*] internal solution: 15.7 [29] pA versus
44.0 [36.5] pA [median (IQR)] in dSPNs and iSPNs respectively;
Mann-Whitney U test, U = 102, p = 0.02, n = 14 and 26 respond-
ing cells, respectively; Figure S3C). Detected target cells were
located preferentially in the ventro-lateral part of the dorsal stria-
tum (Figure 2K; Figures S3D-S3F; Table S4). Targeted dSPNs
and iSPNs were intermingled and localized 2.4 (0.7) mm lateral,
0.1 (0.7) mm posterior to the bregma and 4 (0.7) mm deep (me-
dian [IQR]). SPNs targeted by M1 projections were more lateral
than SPNs targeted by M2 projections (Mann-Whitney U test,
U =142, p = 0.04; Table S4).

Motor Cortex Long-Range Projecting PV* Neurons
Differentially Inhibit Striatal Neurons

The retrograde labeling experiments suggested that SOM™ neu-
rons are not the only M1 GABAergic population projecting to
the striatum. PV* neurons appeared to be attractive candidates
because we identified them before as a major class of neurons
providing long-range inhibition in the entorhinal cortex-hippo-
campal formation (Melzer et al., 2012). Testing for the presence
of GABAergic long-range projecting PV* cells based on virus
tracing in PV“™ mice may be complicated by the fact that a frac-
tion of cortical PV* cells are glutamatergic (Jinno and Kosaka,
2004). Hence, we first tested the GABAergic nature of PV* cells
in M1/M2 by counting the number of double-positive cells in in-
jected PVC®/GADE7EC P mice. 99.5% of PV* cells were GADB7*
(759 of 763 PV* cells from 9 slices in 3 mice). This result is in
agreement with previous evidence showing the absence of
PV* glutamatergic neurons in the motor cortex (Jinno and Ko-
saka, 2004). In the mouse neocortex, PV* and SOM* neurons
constitute two non-overlapping neuronal entities (Xu et al,
2010; Tasic et al., 2016). Thus, we injected AAV DIO ChR2-
mCherry into M1 of PV mice, and, indeed, we detected
labeled axons in the dorsal striatum that branched preferentially
ventro-laterally (in 12 of 17 injected hemispheres). In contrast, in-
jections into M2 of PV°"® mice were less likely to result in labeled
striatal projections (5 of 12 injections), and projections—when
present—were sparser than the ones detected after M1 injec-
tions. Thus, for a more detailed analysis of innervation patterns,
we focused on projections from M1. We injected AAV DIO ChR2-
mCherry into M1 of PV“"*/DRD1a-EGFP or PV“"*/DRD2-EGFP
mice (Figure 3A) and found that 31% of dSPNs, 6% of iSPNs,
and 6% of cholinergic and 0% of GABAergic interneurons re-
sponded to photostimulation of M1 PV* neuron projections (Fig-
ures 3B and 3C). Thus, PV* projecting neurons preferentially
innervated dSPNs (Fisher's exact test; dSPNs versus iSPNs:
p = 0.009, dSPNs versus cholinergic: p = 0.04, iSPNs versus
cholinergic: p = 1; Figure 3B). SPNs targeted by M1 PV* projec-
ting neurons had a response amplitude comparable with that
following stimulation of M1 SOM™ projections (Figure S3C;
Table S4). We verified the GABAergic nature of PV* projections
to the dorsal striatum pharmacologically. Although responses
could not be blocked by CNQX/D-APS5 (although one of five cells
showed a clear decrease in amplitude), subsequent application
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of gabazine led to a significant amplitude decrease (68.9 [147.3]
pA baseline versus 70.3 [86.1] pA with CNQX/D-AP5 versus 0.5
[3.2] pA with gabazine, Friedman test, p = 0.02, post hoc Con-
over’s test with Bonferroni correction, baseline versus CNQX/
D-AP5: p = 1, baseline versus gabazine: p = 0.004, CNQX/
D-APS5 versus gabazine: p = 0.009, n = 5 cells in 4 mice; Fig-
ure 3D; Figures S3G and S3H). The reversal potential of the
responses was —60.3 = 2.5 mV (mean = SEM, n = 4 cells in
4 mice; Figure S3B; Table S4), reconfirming the GABAergic na-
ture. SPNs targeted by M1 PV"* projecting neurons were located
0.6 (0.7) mm posterior to the bregma, 3.0 (0.6) mm lateral, and
3.7 (0.8) deep (median [IQR]) (Figure 3E; Figures S3D-S3F;
Table S4).

The different innervation patterns of SOM* and PV* projecting
neurons suggested that the two cell types represent distinct
subpopulations in the motor cortex. We hence analyzed whether
the firing pattern of PV projecting neurons differed from that of
SOM* projecting neurons and resembled that of “classical”
PV* interneurons. The detection of projecting neurons was assis-
ted by retrograde tracing with SADAG-EGFP(EnvA) rabies virus
injections into the striatum of PVE™ mice expressing Cre-depen-
dent TCB in motor cortex neurons. Indeed, all TCB*/RbV-EGFP*
non-pyramidal neurons in the motor cortex exhibited a fast
spiking firing pattern with faster action potentials than SOM*
projecting neurons (Figures 3F-3H; Figure S3l; Table S2).

Motor Cortex Long-Range Projecting SOM* and PV*
Neurons Modulate Locomotor Activity

To investigate the behavioral effect of activating the newly
discovered motor cortex SOM* and PV* projecting neurons
(striatal targeting is summarized in Figure 4A), we implanted op-
tic fibers bilaterally into the dorsal striatum of PV°"® and SOM®"®
mice that were injected with AAV DIO ChR2-mCherry into the
motor cortex (Figures 4B-4D). We compared the performance
of four groups of animals: PV“™ mice injected in M1 (PV-M1),
SOMC™ mice injected in M1 (SOM-M1), SOM®™ mice injected
in M2 (SOM-M2), and control mice (PV°"™® and SOM®™ mice
injected in M1 or M2 with AAV DIO eYFP and wild-type mice
injected in M1 or M2 with AAV Tomato). We first asked
whether activation of motor cortex PV* and SOM* neuron pro-
jections in the striatum modulated spontaneous locomotion.
Mice were allowed to explore a circular arena, and locomotion
was measured before and during light stimulation of cortico-
striatal projections (5-ms pulses at 20 Hz; power, 3 mW). We
next calculated the difference between motion (defined as the

distance moved in 5 s) during and before light stimulation on
four epochs of different durations; i.e., 10, 30, 60, and 120 s,
starting at light stimulation onset. The performance of control
mice was similar before and during light stimulation (Figures
4E-4G) (the slight increase observed during the 10-s epoch
was not significantly different from zero; one-sample t test (null
hypothesis [Hg] = 0), t;12 = 2.1, p = 0.06). Conversely, the perfor-
mance of SOM-M1, PV-M1, and SOM-M2 changed upon photo-
stimulation (Figures 4E and 4F). During the 10-, 30-, and 60-s
epochs, SOM-M1 mice showed a significant motion increase,
whereas PV-M1 and SOM-M2 mice showed a significant motion
decrease with respect to control mice (Figures 4E and 4F; one-
way ANOVA followed by post hoc comparisons, 10 s: Fg a1y =
7.71, p =0.0005, control versus PV-M1: p = 0.03, control versus
SOM-M1: p = 0.02, control versus SOM-M2: p = 0.04; 30 s:
F(s, 31y=10.48, p = 0.0001, control versus PV-M1: p = 0.04, con-
trol versus SOM-M1: p = 0.002, control versus SOM-M2: p =
0.05; 60 s: F(3, 31y = 12.52, p = 0.0001, control versus PV-M1:
p = 0.002, control versus SOM-M1: p = 0.01, control versus
SOM-M2: p = 0.008). For the 120-s epoch, only PV-M1 mice still
showed a motion decrease with respect to control mice,
whereas SOM-M1 and SOM-M2 performance could not be
distinguished from that of control mice (Figures 4E and 4F;
one-way ANOVA followed by post hoc comparisons, Fiz 31) =
3.96, p = 0.01, control versus PV-M1: p = 0.01, control versus
SOM-M1: p = 0.42, control versus SOM-M2: p = 0.13).

We characterized the photostimulation-induced motion
changes occurring during the 60-s epoch in more detail. We
first analyzed the cumulative frequency distribution of running
speed 60 s before and for 60 s during photostimulation (Figures
4G-4J). As expected, in control mice, no difference was found
between the cumulative distribution curves before and during
photostimulation (Figure 4G, top; Wilcoxon matched-pairs
signed-rank test, W =193, p = 0.15). In SOM-M1 mice, the curve
during photostimulation was shifted to the right, and, accord-
ingly, the median running speed increased significantly upon
photostimulation (Figure 4H, top; Wilcoxon matched-pairs
signed-rank test, W = 215, p = 0.01). In PV-M1 and SOM-M2
mice, the cumulative distribution curve during photostimulation
was shifted to the left, and the median running speed was signif-
icantly lower during than before photostimulation (Figures 4l
and 4J, top; Wilcoxon matched-pairs signed-rank test, PV-M1:
W = —113, p = 0.005; SOM-M2: W = —90, p = 0.02). Finally,
based on running speed, we defined mobility and immobility
bouts (Experimental Procedures) and measured their number,

Figure 4. Motor Cortex SOM™* and PV* Projecting Neurons Mediate Locomotion Change

(A) Schematic drawing summarizing the newly identified corticostriatal GABAergic projections. Line thickness reflects the abundance of the distinct connections.
M1 SOM™ neurons innervate dSPNs, iSPNs, and cholinergic interneurons (blue); M2 SOM™ neurons preferentially innervate dSPNs and iSPNs (green); M1 PV*
neurons preferentially innervate dSPNs (pink); M2 PV* neuron projections are scarce (purple). D1, dSPNs; D2, iSPNs; IN, GABAergic interneuron.

(B) Schematic drawing indicating sites of AAV DIO ChR2-mCherry injection in SOM®™ and PV°™ mice (top) and of optic fiber implantation in the striatum (bottom).
(C and D) Bright-field images of DAB-stained sections showing M1 and M2 injection sites (C), optic fiber position, and mCherry-labeled axons in the striatum (D).
(E) Exemplary locomotion traces (in cm/40 ms) of control, SOM-M1, PV-M1, and SOM-M2 mice before (black) and during light stimulation (blue) (5-ms pulses
delivered at 20 Hz; light power, 3 mW).

(F) Mean + SEM difference between motion levels (in cm/5 s) during and before light stimulation for 10-, 30-, 60-, and 120-s epochs, starting at light stimulation
onset.

(G-J) Mean + SEM cumulative relative frequency of running speed (top), and mean + SEM number, speed (in cm/s), and duration (in seconds) of mobility and
immobility bouts 60 s before (black lines and white bars) and during 60-s light stimulation (blue lines and bars) for control mice (G) and SOM-M1 (H), PV-M1 (1), and
SOM-M2 (J) mice. Control, n = 13 mice; SOM-M1, n = 7 mice; PV-M1, n = 9 mice; SOM-M2, n = 6 mice.
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speed, and duration before and during photostimulation. In con-
trol mice, the properties of mobility and immobility bouts did not
change upon photostimulation (Figure 4G; paired t test, number
of bouts (nr) mobility: t12) = 0.76, p = 0.46; speed mobility: t(z) =
1.33, p = 0.21; nrimmobility: t12) = 0.51, p = 0.62; speed immo-
bility: tq2) = 0.64, p = 0.53; Wilcoxon matched-pairs signed-rank
test: duration mobility: W = —19, p = 0.54; duration immobility:
W = —6, p = 0.83). In SOM-M1 mice, photostimulation elicited
significant changes in mobility bouts: the number decreased,
whereas the speed and duration increased (Figure 4H; paired
ttest:nritg =3.17, p=0.02; speed: t = 2.97, p = 0.02; Wilcoxon
matched-pairs signed-rank test, duration: W = —21, p = 0.03).
Immobility bouts remained unaffected (Figure 4H; paired t test:
nr: tg = 1.46, p = 0.19; speed: tg = 0.97, p = 0.37; Wilcoxon
matched-pairs signed-rank test, duration: W = 9, p = 0.44).
In PV-M1 mice, the duration of mobility bouts decreased signifi-
cantly, and the duration of immobility bouts increased signifi-
cantly upon photostimulation (Figure 41; Wilcoxon matched-pairs
signed-rank test, duration mobility: W = 35, p = 0.04, duration
immobility: W = —39, p = 0.02), whereas their number and speed
remained unchanged (Figure 4l; paired t test: nr mobility: tg) =
0.97, p = 0.36; speed mobility: tg = 1.57, p = 0.14; nrimmobility:
tg = 1.62, p = 0.19; speed immobility: tg = 0.78, p = 0.46). In
SOM-M2 mice, the speed of mobility bouts was significantly
reduced upon photostimulation (Figure 4J; paired t test: g =
3.48, p = 0.02), whereas all other variables remained unchanged
(paired t test: nr mobility: ts = 0.14, p = 0.89; nrimmobility: ts) =
0.03, p = 0.97; speed immobility: ts, = 0.26, p = 0.8; Wilcoxon
matched-pairs signed-rank test, duration mobility: W =1, p =
0.99; duration immobility: W = 11, p = 0.31). In sum, we conclude
that stimulation of striatal long-range projections of M1 SOM™
neurons increased locomotion by increasing the duration and
speed of mobility bouts, that stimulation of striatal long-range
projections of M1 PV* neurons reduced locomotion by increasing
the duration of immobility bouts, and that stimulation of striatal
long-range projections of M2 SOM* neurons reduced locomotion
by decreasing the speed of mobility bouts.

It has been proposed that movement control and reinforce-
ment coding are mediated by common corticostriatal circuits
(Kravitz and Kreitzer, 2012). Thus, we next asked whether
stimulation of motor cortex PV* and SOM* neuron projections
in the striatum also affect reinforcement/punishment coding.
We tested the mice in a place preference task (Figure S4). The
task lasted 3 days, during which we recorded the time mice
spent in each compartment. During the first and second days
(habituation and baseline, respectively), place preference was
measured without photostimulation. During the third day (test),
one of the compartments (stimulation side) was paired with pho-
tostimulation (5-ms pulses at 20 Hz; power, 3 mW), and place
preference was measured. We calculated a difference score as
the percentage of time spent on the “stimulation” side during
baseline minus the percentage of time spent on the same side
during the test. We found that the difference score obtained for
PV-M1, SOM-M1, and SOM-M2 mice was similar to that of con-
trol mice (Figure S4B; one-way ANOVA: F(3 51y = 0.67, p = 0.58).
Hence, stimulation of striatal long-range projections of motor
cortex PV* and SOM* neurons did not elicit place preference
by employing this paradigm.
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DISCUSSION

Here we show that distinct long-range GABAergic neurons con-
nect M1 and M2 with the dorsal striatum. The newly identified
long-range GABAergic neurons express either SOM or PV and
differ with respect to target cell preference and the modulatory
effect on motor activity.

Our results indicate that both M1 and M2 harbor long-range
GABAergic neurons that target the dorsal striatum and thus
extend recent findings by Rock et al. (2016). Furthermore, we
report the following new findings. First, M1 and M2 contribute
differentially to GABAergic corticostriatal projections. Second,
we identified and characterized an additional projection formed
by PV* neurons that differs significantly from that formed by
SOM™* neurons. And third, we demonstrate that these cortico-
striatal GABAergic projections modulate behavior. Multiple rea-
sons can explain why these connections have not been noticed
until recently (Rock et al., 2016). First, the scarcity of long-range
GABAergic neurons constitutes a challenge as to their detection
by anterograde or retrograde labeling, considering the high
number of excitatory neurons that are also labeled in the same
area with their axons extending along a similar path. Second,
most studies focused on more dorso-anterior areas of the stria-
tum. Hence, retrograde tracer injections are unlikely to reveal
GABAergic projecting neurons in motor cortices because their
axons target preferentially more lateral, posterior, and ventral
parts of the dorsal striatum. However, Jinno and Kosaka (2004)
did not detect motor cortical long-range GABAergic neurons
even though injections included target areas that were inner-
vated in our study. A possible reason may be low uptake effi-
ciency and transport of the tracer FluoroGold in GABAergic
neurons.

We confirmed the existence of GABAergic corticostriatal
projections employing several approaches. First, there was
robust axon labeling in the striatum even with regionally restricted
minimal anterograde injections. Second, long-range GABAergic
neurons were retrogradely labeled with CTB from the striatum.
Third, long-range GABAergic neurons were transsynaptically
retrogradely labeled with rabies virus that infected only striatal
starter cells. Finally, the electrophysiological and pharmacolog-
ical results provide strong evidence for the GABAergic nature of
PV* and SOM™ projecting neurons. Although we have no indica-
tion for any glutamatergic inputs deriving from SOM™ cells, based
on our immunocytochemistry, pharmacology, and rabies virus
tracing, we cannot exclude that glutamatergic transmission has
a minor contribution to the behavioral effects seen upon stimula-
tion of striatal long-range projections from M1 PV* neurons.

Itisimportant to note that the number of long-range GABAergic
neurons presented in this study remains an underestimation
because quantitative evaluations are currently hampered by a
number of technical constraints. First, experiments entail “con-
servative/limited” virus injection to prevent viral spread beyond
the target area. Second, labeling by retrograde tracing is strongly
dependent on the tracer and cell type; e.g., PV* neurons could be
detected following transsynaptic virus-mediated tracing but not
by CTB labeling. For quantitative studies, it would be highly desir-
able to identify markers/promoters for long-range GABAergic
neurons.



Characterization of motor cortex GABAergic projecting neu-
rons revealed that M1 and M2 SOM™ and PV* cells differentially
innervate striatal neurons. Moreover, bilateral stimulation of cor-
ticostriatal long-range GABAergic projections modulates motor
activity in spite of the scarcity of GABAergic corticostriatal neu-
rons and the relatively small amplitude responses of targeted
striatal neurons. Thus, stimulation of M1 SOM* neuron pro-
jections, targeting dSPNs, iSPNs, and cholinergic cells, leads
to an increase in locomotion. In contrast, stimulation of M2
SOM* neuron projections, targeting preferentially dSPNs and
iSPNs, and of M1 PV* neuron projections, targeting preferentially
dSPNs, leads to a decrease in locomotion. Decreased locomo-
tion upon preferential inhibition of dSPNs (PV-M1) is in line with
previous studies showing either bradykinesia upon deletion of
dSPNs (Drago et al., 1998) or increased locomaotion upon stimu-
lation of dSPNs (Kravitz et al., 2010). Notably, there was a similar
effect on locomotion upon preferential inhibition of dSPNs
(PV-M1) or of both dSPNs and iSPNs (SOM-M2). Comparable
effects were also reported when optogenetically silencing either
dSPN or both dSPNs and iSPNs (Tecuapetla et al., 2014).
Increased locomotion upon stimulation of M1 SOM* neuron pro-
jections most likely reflects the participation of a larger fraction of
cholinergic cells. These striatal interneurons, constituting 1%-—
3% of all striatal neurons, are tonically active and provide power-
ful feedforward inhibition to SPNs (English et al., 2011; Nelson
et al., 2014), modulate corticostriatal synapses (Calabresi
et al., 1998; Higley et al., 2009), and enhance dopamine release
(Threlfell et al., 2012). Direct activation or inhibition of cholinergic
striatal interneurons in the dorsal anterior striatum had no effect
on locomotor activity (Maurice et al., 2015). However, based on
our results, it is tempting to speculate that cholinergic cells in
more ventral and posterior striatal areas receiving input from
M1 SOM™* neurons are involved in motor control. At present,
we cannot resolve whether the observed change in locomotor
activity results from long-range axon activation in the striatum
only or whether activation of putative collaterals via back-prop-
agating action potentials also plays a role. In either case, our re-
sults show that the activity of SOM* and PV* projecting neurons
in the motor cortex differentially modulates locomotor activity.
This study is also relevant when interpreting data regarding
silencing of cortical areas by manipulating GABAergic neurons
because the effects may also involve long-distance targets.

It has been proposed that motor control and reward coding are
mediated by common corticostriatal circuits (Kravitz and Kreit-
zer, 2012). Our data indicate that, although activation of motor
cortex PV* and SOM™ neuron projections in the dorsal striatum
affected locomotor activity, it did not affect place preference,
although we cannot exclude their implication in reward coding
more generally. On the other hand, stimulation of GABAergic
projections from the prefrontal cortex to the ventral striatum in-
duces avoidance behavior, suggesting that they are involved in
the coding of punishment (Lee et al., 2014). Locomotion modu-
lation was not addressed in the latter study. Further experiments
will be required to elucidate whether, and, if so, which, cortico-
striatal GABAergic projections mediate both locomotion and
reward coding.

This study adds to the increasing evidence that long-range
GABAergic neurons are more frequent than previously thought.

The heterogeneity of long-range GABAergic neurons described
here is in line with previous studies indicating neurochemical
diversity of long-range GABAergic neurons in the cortex and hip-
pocampus (Jinno et al., 2007; Higo et al., 2007; Lee et al., 2014;
Tomioka et al., 2005; Tomioka and Rockland, 2007). Notably, we
demonstrate that distinct long-range GABAergic neurons exhibit
specific functional properties and differential connectivity.

Finally, it will be of interest to study long-range GABAergic
neurons in the context of movement disorders that are thought
to be caused by an imbalance of dSPN and iSPN activity.
Thus, parkinsonian-like movements can be reproduced by
increased iSPN activity (Kravitz et al., 2010) and can be reduced
by selective inhibition of striatal cholinergic interneurons (Maur-
ice et al,, 2015). Huntington’s disease is marked by an early
degeneration of iSPNs (Vonsattel et al., 1985; Mitchell et al.,
1999) and an imbalance of excitation and inhibition of dSPNs
and iSPNs (André et al., 2011). In light of our findings, it is
tempting to speculate that motor cortex GABAergic projec-
tions to the striatum might be a potential target for restoring
the balance of striatal output.

EXPERIMENTAL PROCEDURES

More detailed information is available in the Supplemental Experimental
Procedures.

All experiments were performed in 8- to 20-week-old male mice and were
approved by the Regierungsprasidium Karlsruhe in compliance with the Euro-
pean Guidelines for the Care and Use of Laboratory Animals (licenses G74/13
and G248/14).

Intracranial Injections and Optic Fiber Implantation

For anterograde tracing experiments, in vitro patch-clamp recordings, and
behavioral experiments, AAV DIO ChR2-mCherry was injected into the primary
and/or secondary motor cortex of SOMC™ (Melzer et al., 2012), PVC™ (Hippen-
meyer et al., 2005), PV°"®/GAD67-EGFP (Tamamaki et al., 2003), SOMC"®/
DRD1a-EGFP, PVC®/DRD1a-EGFP, SOMC™/DRD2-EGFP (Gong et al,
2003), and PV°"®/DRD2-EGFP mice with a C57BL/6 background. For retro-
grade tracing experiments, CTB 647 was injected into the dorsal striatum of
wild-type mice. For retrograde transsynaptic rabies virus tracing, AAV-CAG-
Flex-TCB, AAV-CAG-Flex-RG, and SADAG-EGFP(EnvA) were injected into
the dorsal striatum of A2A-Cre mice. For monosynaptic retrograde rabies virus
tracing, AAV-CAG-Flex-TCB was injected into the motor cortex of SOMS™
(Sstm2-1€re)zh - Jackson Laboratory) and PVE™ mice, followed by SADAG-
EGFP(EnvA) injection into the dorsal striatum. In all cases, anesthesia was
induced and maintained with isoflurane (1%-2.5%), and the virus was deliv-
ered through a small craniotomy at the appropriate coordinates by a glass
micropipette. For behavioral experiments, optic fiber cannulas were bilaterally
implanted into the striatum after viral injections.

Immunohistochemistry

Mice were transcardially perfused with 4% paraformaldehyde (PFA). Immuno-
fluorescence and DAB staining were performed on sagittal and coronal brain
sections using standard protocols.

FISH

Mice were deeply anesthetized with isoflurane and decapitated. Fresh-frozen
20-um sections were stained with FISH using the RNAscope Fluorescent
Multiplex kit (Advanced Cell Diagnostics).

In Vitro Patch-Clamp Recordings

Mice were deeply anesthetized with isoflurane, transcardially perfused with
~30 mL ice-cold sucrose solution, and 300-um-thick brain sections were
cut. ChR2-expressing long-range axonal fibers were stimulated with 5-ms
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photostimulation (473 nm, 120 mW/mm? laser intensity). PSCs were measured
at 0-mV holding potential (using Cs*-based intracellular solution) or at —70-mV
holding potential (using K™-based, high CI~ intracellular solution). For firing
pattern analysis, incrementally increasing currents of 1-s duration were in-
jected in current clamp mode starting at —50 or —200 pA. Series resistances
of 37 megohm were accepted for analysis of PSCs. Stimulus delivery and
data acquisition were performed using Pulse software. Data analysis was
performed with MATLAB.

Behavioral Experiments

Mice were video-tracked at 25 frames/s, and their movements were subse-
quently analyzed using a position tracking system (Ethovision XT9, Noldus).
The implanted optic fiber cannulas were connected to two optic fibers attached
to a rotary joint (Doric Lenses). A patch cord connected the optic fibers to
a diode-pumped, solid-state, 473-nm laser (CrystalLaser). We used a pulse
generator (Master 8) and a transistor-transistor logic (TTL) control box (univer-
sal serial bus input/output [USB-10] box, Noldus) to automatically control the
photostimulation (5-ms pulses delivered at 20 Hz; laser power, 3 mW). Evalua-
tion of locomotor activity was performed in a circular arena (40 x 40 cm) placed
in a dimly lit room where mice were allowed to run freely for 21 min. After an
initial 5-min acclimation phase, photostimulation started. It lasted 2 min and
was repeated three times with an inter-stimulation period of 4 min.

Statistics

The Shapiro-Wilk test was used to test for normal distribution. Brown-Forsythe
and F tests were used to test the homogeneity of variances. For non-pair-
wise comparisons, unpaired t tests (either for equal or unequal variance) or
Mann-Whitney U tests were used. For pairwise comparisons, paired t tests
or Wilcoxon matched-pairs signed-rank tests were used. Proportions were
compared using Fisher's exact tests. For multiple pairwise comparisons,
Friedman test followed by post hoc Conovor's tests was used. One-way
ANOVA followed by Tukey’s multiple comparisons tests was used to compare
motion differences.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2017.04.024.
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