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A whole-brain map of long-range inputs to
GABAergic interneurons in the mouse medial
prefrontal cortex

Qingtao Sun'2¢, Xiangning Li'%*¢, Miao Ren'?, Mengting Zhao'?, Qiuyuan Zhong'?, Yugi Ren#,
Pan Luo'?, Hong Ni'?, Xiaoyu Zhang'?, Chen Zhang'?, Jing Yuan'?3, Anan Li"%3°, Minmin Luo©®4,
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The medial prefrontal cortex (mPFC) contains populations of GABAergic interneurons that play different roles in cognition and
emotion. Their local and long-range inputs are incompletely understood. We used monosynaptic rabies viral tracers in combi-
nation with fluorescence micro-optical sectioning tomography to generate a whole-brain atlas of direct long-range inputs to
GABAergic interneurons in the mPFC of male mice. We discovered that three subtypes of GABAergic interneurons in two areas of
the mPFC are innervated by same upstream areas. Input from subcortical upstream areas includes cholinergic neurons from the
basal forebrain and serotonergic neurons (which co-release glutamate) from the raphe nuclei. Reconstruction of single-neuron
morphology revealed novel substantia innominata-anteromedial thalamic nucleus-mPFC and striatum-anteromedial thalamic
nucleus-mPFC circuits. Based on the projection logic of individual neurons, we classified cortical and hippocampal input neurons

into several types. This atlas provides the anatomical foundation for understanding the functional organization of the mPFC.

regulating working memory, decision-making and emotion

associated with motivational and aversive behaviors'?, and
their dysfunction has been implicated in various diseases, includ-
ing major depression, schizophrenia and epilepsy’~. Subtypes of
GABAergic neurons in the mPFC include parvalbumin-expressing
(PV+), somatostatin-expressing (SST+) and vasoactive intestinal
peptide-expressing (VIP+) neurons, which have different func-
tions at the circuit and behavior levels*. To better understand
their specific functions, it is helpful to know the inputs to these
interneuron subtypes, especially the direct synaptic inputs at the
whole-brain level.

Conventional tracing studies using chemical neural tracers or
adeno-associated virus indicated that mPFC receives massive inputs
from cortical and subcortical nuclei’~’, but these tracing methods
are unable to demonstrate neural inputs to specific types of neurons.
Studies using paired recordings have indicated that PV+, SST+ and
VIP+ interneurons receive inputs from various cell types in local
circuits’, but such recordings can only resolve the connections
within local circuits or columns. Studies using optogenetic-assisted
circuit mapping found that PV+ neurons in the mPFC receive
direct PV+ inputs from the basal forebrain and dopaminergic
inputs from the ventral tegmental area (VTA)'*", as well as direct
inputs from the limbic thalamus to drive feed-forward inhibition'.
Although optogenetic technology can demonstrate the long-range
connectivity of specific neuron types, it cannot easily identify neu-
ral connections among multiple brain areas. The genetic modified
rabies virus (RV) tracing makes it possible to analyze the long-range
inputs of specific neurons'*", but detailed characterization of the

G ABAergic neurons in the mPFC play an important role in

long-range input neurons and, in particular, of the collateral projec-
tions of these input neurons requires precise imaging along with
cytoarchitectonic information in the whole brain.

With a fluorescence micro-optical sectioning tomography sys-
tem (fMOST)", we employed modified rabies virus tracing in Cre
driver mice to investigate the long-range inputs to PV+, SST+ and
VIP+ neurons in the prelimbic (PL) and infralimbic (ILA) areas,
which are two subregions of the mPFC with different functions'®.
We identified the distribution patterns of direct input neurons
that target different GABAergic neurons. By analyzing the neuro-
chemical properties and the morphology of individual neurons,
we uncovered several circuits and types of neurons that control
GABAergic neurons in the mPFC. To better present the raw data,
we also developed interactive online representations of the whole-
brain distribution, proportions of the input neurons and the recon-
structions of the input neurons in the neocortex and hippocampus
for readers to access and download (http://eai.brainsmatics.org/
brainsweb-simple/index.html). Overall, we have provided a com-
prehensive whole-brain atlas of direct long-range inputs to different
GABAergic neurons in the mPFC, which will lead to deep insights
into the structural and functional organization of prefrontal cortex.

Results

Whole-brain visualization of long-range input neurons with
RV and fMOST. To label the monosynaptic input neurons of
GABAergic neurons in the mPFC, we first injected two Cre-
dependent helper viruses, AAV-DIO-TVA-mCherry and AAV-
DIO-RG, into the prelimbic or infralimbic area of the mPFC
(Fig. 1a). These helper viruses provide the receptor that allows
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Fig. 1| Characterization of monosynaptic inputs to three types of interneurons in different subregions of the mPFC. a, AAV helper virus and genetically
modified rabies virus pseudotyped with EnvA. The RG gene is replaced by EGFP. The experimental strategy and time line are shown on the right and below.
b,c, Characterization of the injection site at the PL (b) and ILA areas (c). d, Enlarged image of boxed area in ¢ showing the starter cells (yellow) and local
input cells (green). e, Relationship between starter cell and long-range input cells; 28 mice were used for the analysis. Units indicate numbers of neurons.

f, Distribution of the starter cells in each cortical area when targeting the PL or ILA areas; 9 mice with PL targeting and 10 mice with ILA targeting were
used for the analysis. g, Layer distribution of starter cells. SST+, n=12 mice; PV+, n=8 mice; VIP+, n=8 mice. h, Main steps of data generation and
processing. The virus-labeled samples were imaged using a whole-brain imaging system, and the raw data were analyzed and registered to the Allen CCF
v.3.0. Scale bars, b,c, Tmm; d, 100 um. ACA, anterior cingulate area; DP, dorsal peduncular area.

EnvA-coated RV to enter the Cre-positive neurons and glycopro-
tein for RV to transfer to the monosynaptic input neurons. After
3-4weeks, SAD-AG-GFP (EnvA)-RV was injected into the same
site (Fig. 1a). After 10d, we identified massive green fluorescent
protein (GFP)-labeled neurons and dual-color-labeled neurons at
the injection site (Fig. 1b-d). The dual-color-labeled neurons were
defined as starter cells as in previous studies'”'®. Substantial num-
bers of neurons in different brain areas were also labeled by RV.
Although the numbers of labeled neurons were variable, there was
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a correlation between the number of input neurons and starter cells
(Fig. 1e and Supplementary Table 1).

To examine the specificity of the virus tracing, we performed
immunochemical staining against PV or SST at the injection site.
We found most of the mCherry-labeled neurons were PV+ (679
of 760, n=6) or SST+ (238 of 272, n=6) (Supplementary
Fig. 1a,b). To evaluate potential leakage expression of the virus,
we performed control experiments. When we only injected
SAD-AG-GFP (EnvA)-RV into the mouse brain, no neuron was
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labeled (Supplementary Fig. 1c—e). When we injected AAV-DIO-
TVA-mCherry and SAD-AG-GFP (EnvA)-RV into the mPFC
of PV-Cre mice, only neurons at the injection site were labeled
(Supplementary Fig. 1f). More than 92% of the labeled neurons
were PV+ (Supplementary Fig. 1g-k). When we injected AAV-
DIO-TVA-mCherry, AAV-DIO-RG and SAD-AG-GFP(EnvA)-RV
in wild-type mice, only a few neurons were labeled at the injection
site (101 +22, n=3, mean + s.e.m.) and no neuron was labeled out-
side the injection site (Supplementary Fig. 11-n). Here, when we cal-
culated the number of input neurons, we excluded neurons around
the injection site. To examine whether the virus was delivered into
the correct subregions of the mPFC, we counted the distribution
of the starter cells in the PL and ILA areas. Most of the starter cells
remained within the injection site and only a few cells spread into
the adjacent cortical areas (Fig. 1f and Supplementary Table 1).

We also analyzed the layer distribution of the starter cells to
examine whether there was layer-distribution bias of the starter
cells. Most starter cells in the PV-Cre and SST-Cre mice were
located in layers II, IIT and V, while the starter cells in the VIP-Cre
mice were mainly located in layers II and III and a few in layer V
and VI (Fig. 1g and Supplementary Table 1). The layer
distributions of these starter cells were similar to that of PV+,
SST+ and VIP+ neurons in the mPFC (Supplementary Fig. 2
and Supplementary Table 2).

To acquire the whole-brain distribution and the projectome of
theinputneurons,weperformedprecisewhole-brainimaging(Fig. 1h).
Briefly, the virus-labeled brain samples were embedded in resin
and imaged at a resolution of 0.32Xx0.32Xx2um?* (Supplementary
Fig. 3a,b). The raw data acquired from imaging were registered to
the Allen Common Coordinate Framework (CCF) (Fig. 1h). A data
set contained over 5,000 coronal slices. These submicrometer-reso-
lution images indicate the finely detailed, single-neuron morphol-
ogy of these input neurons.

Whole-brain distribution of monosynaptic inputs to PV+/
SST+/VIP+ neurons in the PL and ILA areas. Using the precise
imaging, we acquired the whole-brain data set of the neurons that
send monosynaptic inputs to GABAergic neurons in the mPFC.
Different GABAergic neurons in the PL and ILA areas received
inputs from similar brain areas (Supplementary Fig. 3a). To deter-
mine whether the same neuron can simultaneously innervate the PL
and ILA areas, we performed dual-color RV labeling. Three weeks
after the injection of the helper virus AAV-DIO-hBFP-TVA/AAV-
DIO-RG, we injected SAD-AG-GFP(EnvA)-RV and SAD-AG-
DsRed(EnvA)-RV into PL and ILA, respectively. We identified GFP
and DsRed-labeled neurons in individual brain areas. Only a few
neurons were dual-color-labeled (Fig. 2a and Supplementary Fig. 4),
indicating that the PL and ILA areas receive inputs from differ-
ent neurons within the same brain areas. However, the number of
dual-color RV-labeled neurons may be underestimated due to the
super-infection exclusion and low efficiency of the RV tracing".
To further examine whether the PL and ILA areas are innervated
by different neurons, we simultaneously injected conjugated ret-
rograde tracer cholera toxin subunit b (CTb) into the PL and ILA
areas (Supplementary Fig. 5a,b). Quantifying the number of CTb-
labeled neurons in some major brain areas, we found that less than
10% of the CTb-labeled neurons innervated the PL and ILA areas
simultaneously (Supplementary Fig. 5¢c-j and Supplementary Table
3). This result further demonstrated that the PL and ILA areas are
innervated by different neurons in the same brain areas.

To understand the distribution patterns of the neurons that
directly project to different types of GABAergic neurons in the
mPFC, we calculated the proportions of these input neurons in each
brain area (Fig. 2b and Supplementary Table 4). At the grouped
anatomical level, the upstream areas included the neocortex, olfac-
tory areas, claustrum, striatum, pallidum, amygdala, thalamus,

NATURE NEUROSCIENCE | VOL 22 | AUGUST 2019 | 1357-1370 | www.nature.com/natureneuroscience

RESOURCE

hypothalamus, hippocampal formation, midbrain and hindbrain
(Supplementary Fig. 6). These results are consistent with conven-
tional tracing studies’. The PV+ neurons in the mPFC (PV+  prc)
received more cortical inputs than the SST+ neurons in the mPFC
(SST+,,prc) (Supplementary Fig. 6, PV+,, versus SST+;, P=0.019;
PV+,,, versus SST+,, P=0.02), while SST+,;c received more
inputs from subcortical nuclei than did PV+ ;¢ (Supplementary
Fig. 6). The SST+ neurons in ILA (SST+,) received more inputs
from the striatum and pallidum than did PV+ neurons in ILA
(PV+,.,) (Supplementary Fig. 6, for striatum, PV+, , versus SST+ ,,
P <0.0001; for pallidum, PV+, versus SST+;,, P=0.027).

We found that many brain areas had biases towards different
GABAergic neurons in the mPFC. For example, the PV+, (PV+
neurons in the PL area) received more inputs from the frontal
association cortex (P=0.001) and retrosplenial granular cortex
(P=0.028) than did SST+;; (SST+ neurons in the PL area) (Fig. 2b
and Supplementary Fig. 7a,f). PV+, received more inputs from
the cingulate cortex than did VIP+,, (VIP+ neurons in the ILA
area) (Fig. 2b, P=0.038). The lateral orbital cortex preferentially
innervated VIP+ neurons in both the PL and ILA areas (Fig. 2b,
VIP+,, versus SST+,;, P<0.0001; VIP+,, versus PV+4,, P=0.002;
VIP+, wversus SST+ ,, P=0.015). The VIP+ ,zc (VIP+ neurons in
the mPFC) received more inputs from the secondary motor cor-
tex than did SST+ e (Fig. 2b and Supplementary Fig. 7¢c, VIP+,,
versus SST+,;, P=0.043; VIP+; , versus SST+; ,, P =0.047). In the
olfactory area, the SST+;, received more inputs from the anterior
olfactory nucleus compared with PV+,, (Fig. 2b and Supplementary
Fig. 7b). The VIP+,, (VIP+ neurons in the PL area) received more
inputs from the dorsal peduncular cortex than did SST+,, (Fig. 2b).
In striatum, the lateral septum preferentially innervated SST+
(Fig. 2b, PV+, versus SST+,;,, P=0.001; VIP+ , versus SST+ ,,
P=0.009). In pallidum, inputs from the nucleus of the diagonal
band to SST+ neurons were larger than those to PV+ and VIP+
neurons (Fig. 2b and Supplementary Fig. 7d; for the vertical limb of
the diagonal bands (VDB), PV+,, versus SST+;;, P=0.008, VIP+,,
versus SST+;, P=0.004, PV+;, versus SST+; ., P=0.045; for the
horizontal limb of the diagonal band (HDB), PV+,, versus SST+;,,
P=0.024, VIP+,, versus SST+;,, P=0.012). In both the PL and ILA
areas, PV+ neurons received the smallest input from the substantia
innominata (SI) (Fig. 2b, PV+;, versus SST+,, P=0.017, PV+,
versus VIP+;,, P=0.039). In the amygdala, RV-labeled neu-
rons mainly appeared in the basolateral amygdala (BLA). SST+;,
seemed to receive more inputs from the BLA than did PV+,
(Supplementary Fig. 7g); however, the variability across animals
prevented this observation from reaching significance (P=0.066).
In the thalamus, inputs from the mediodorsal thalamic nucleus to
VIP+ neurons were larger than those to SST+ neurons in both the
PL and ILA areas (Fig. 2b, VIP+,, versus SST+,;, P=0.012; VIP+,,
versus SST+,, P=0.046). In the hypothalamus, SST+,, received
the most inputs from the lateral hypothalamic area (Fig. 2b and
Supplementary Fig. 7e, PV+,, versus SST+,, P=0.005; VIP+,
versus SST+p, P=0.013). In the hippocampal formation, ventral
hippocampus preferentially innervated SST+;, rather than PV+,,
(Fig. 2b and Supplementary Fig. 7h, P=0.006).

As shown in Supplementary Fig. 8, several brain areas also differ-
ently innervated the PL and ILA areas. SST+;, received more inputs
from the medial orbital cortex (P=0.009), globus pallidus, exter-
nal part (P=0.004) and ventromedial thalamic nucleus (P=0.031).
The lateral septum (P=0.001) and the nucleus of the diagonal band
(P=0.033) preferentially innervated SST+,. The inputs from the
ventral tegmental area (P=0.047) and lateral hypothalamic area
(P=0.034) to VIP+,,, were larger than those to VIP+,.

Previous studies have shown that both the layer and the topo-
graphic location of starter cells dictates input distribution****. So a
major question is to what extent observed differences between cell
types were actually dictated by starter-cell location. To address this
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Fig. 2 | Visualization of the whole-brain input neurons to three types of interneurons in two subregions of the mPFC and quantification of the input
neurons in individual brain regions. a, AAV helper virus was injected into the PL and ILA areas, RV-EnvA-GFP (green dots) was injected into the PL, and
RV-EnvA-DsRed (red dots) was injected into the ILA area. The somas of RV-labeled neurons were extracted by NeuroGPS and registered to the Allen
CCF v.3.0. b. Proportions of long-range inputs to PV+, SST+ and VIP+ neurons in two subregions of the mPFC across individual brain areas. One-way
ANODRVA followed by Tukey's post hoc tests, *P < 0.05, **P< 0.01, ****P < 0.0001; SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice; for detailed
P values, see text. Data shown as mean +s.e.m. See the details in Supplementary Table 4. A list of abbreviations is provided in Supplementary Table 15.

issue, we mapped the three-dimensional (3D) distribution of starter ~ to the midline, brain surface and the coronal plane under bregma
cells along the anterior—posterior (AP) axis (Supplementary Fig. 9a).  point. The starter cells in VIP-Cre mice were closer to the midline
We also calculated the mean vertical distance of the starter cells than those in PV-Cre and SST-Cre mice (Supplementary Fig. 9b).
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Fig. 3 | Modulation of GABAergic neurons in the mPFC by multiple neurotransmitters. a, GABAergic neurons in the mPFC receive direct inputs from the
basal forebrain (SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice). b, GABAergic neurons in the mPFC receive direct inputs from raphe nuclei (S5T+,
n=18 mice; PV+, n=14 mice; VIP+, n=10 mice). ¢,d, Both PV+ neurons and cholinergic neurons in the basal forebrain form monosynaptic inputs to
GABAergic neurons in the mPFC, and most of the cholinergic neurons also express EAACT (PV and CHAT double immunostaining, SST+, n=6 mice; PV+,
n=28 mice; VIP+, n=8 mice; CHAT and EAAC1 double immunostaining, SST+, n=6 mice; PV+, n=>5 mice; VIP+, n=_8 mice). e, Serotonergic neurons

in raphe nuclei directly input to GABAergic neurons in the medial cortex, and most of them express EAAC1 (SST+, n=6 mice; PV+, n=6 mice; VIP+,
n=28 mice). f, Quantification of EGFP-labeled neurons that are cholinergic and PV+ (SST+, n=6 mice; PV+, n=8 mice; VIP+, n=8 mice, data shown as
mean + s.e.m.). g, Quantification of EGFP-labeled neurons that are cholinergic and EAAC1+ (SST+, n=6 mice; PV+, n=5 mice; VIP+, n=8 mice, data
shown as mean +s.e.m.). h, Quantification of EGFP-labeled neurons that are serotonergic and EAACT1+ (SST+, n=6 mice; PV+, n=6 mice; VIP+,n=8

mice, data shown as mean +s.e.m.). Scale bars, a,b, 200 um; c-e, 50 um.

We could also clearly see that starter cells in PL-targeting samples
and ILA-targeting samples were rather separated (Supplementary
Fig. 9a,c,d). To determine the relationship between the spatial dis-
tribution of starter cells and input patterns, we performed a linear
regression. Consistent with a previous study®, our results suggested
that the spatial distribution of starter cells is an important determi-
nant of input patterns (Supplementary Fig. 9e,f and Supplementary
Table 5); however, in the present study, the Cre line is another
important determinant of input patterns (Supplementary Fig. 9f and
Supplementary Table 5).

Neurochemical characterization of the subcortical input
neurons. To characterize the neurochemical properties of the
input neurons, we employed double immunochemical staining
against several biological markers. GABAergic neurons in the
mPFC express acetylcholine and serotonin receptors and can
be activated by acetylcholine and serotonin****. We found that
RV-labeled input neurons were distributed in several brain areas,
including the basal forebrain, ventral tegmental area and raphe
nuclei (Fig. 3a,b and Supplementary Fig. 10). All three types of
GABAergic neurons in the mPFC were directly innervated by
PV+ projection neurons, cholinergic neurons in the basal fore-
brain and serotoninergic neurons in raphe nuclei (Fig. 3c-e and
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Supplementary Fig. 10a,c). These PV+ projection neurons did
not express choline acetyltransferase (Fig. 3c) and were only a
small part (5%) of input neurons in the basal forebrain (Fig. 3f
and Supplementary Table 6).

Approximately 30-40% of the input neurons in the basal
forebrain were cholinergic (Fig. 3g, Supplementary Fig. 10a
and Supplementary Table 6), consistent with previous studies®.
Over 80% of these cholinergic neurons also expressed gluta-
mate transporter EAAC1 (ref. * Fig. 3d and Supplementary
Fig. 10h). Less than 20% of these cholinergic neurons expressed
choline acetyltransferase alone (Supplementary Fig. 10a,h),
while approximately 50% of the input neurons in the basal fore-
brain expressed EAACI alone (Fig. 3g, Supplementary Fig. 10b
and Supplementary Table 6). These data showed that SST+ neu-
rons in the mPFC received more inputs from the basal forebrain
than did PV+ neurons (Fig. 2b), indicating that the SST+,ppc
receive more modulation from cholinergic neurons in the
basal forebrain.

In raphe nuclei, approximately half of the RV-labeled neurons
expressed tryptophan hydroxylase, the biomarker for serotoniner-
gic neurons (Fig. 3h). More than 70% of these serotoninergic input
neurons also expressed EAAC1 (Fig. 3e, Supplementary Fig. 10i),
consistent with a recent study”. Approximately 40% of the input
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Fig. 4 | Characterization of the functional inputs from cholinergic neurons in basal forebrain and serotonin neurons in raphe nuclei to GABAergic neurons
in the mPFC. a, Experimental designs for recordings of GABAergic neurons in the mPFC following AAV-DIO-ChR2 injections in VDB and HDB of chat-
Cre:GAD67-GFP mice. b, Experimental designs for recordings of GABAergic neurons in the mPFC following AAV-DIO-ChR2 injections in raphe nuclei of
sert-Cre:GAD67-GFP mice. ¢,d, Immunostaining against CHAT and TPH2, respectively, to validate the specificity of ChR2 expression. Enlarged images are
given in the boxes in ¢ and d (chat-Cre:GAD67-GFP, n=6 mice; sert-Cre:GAD67-GFP, n=6 mice). e, Example traces of GABAergic neuron recordings with
paired-pulse laser-evoked stimulation of cholinergic terminals in the mPFC. The EPSCs can be blocked by Mec + MHT (7 of 34 cells in 6 mice). f, Effects

of Mec and HMT on EPSCs evoked by blue-light stimulation of chat + fibers when recording GABAergic neurons in the mPFC (7 cells in 6 mice, two-tailed
paired t-test, *P < 0.05, aCSF versus Mec + HMT, P=0.014, Mec + HMT versus Wash, P=0.038). g, Example traces of GABAergic neuron recordings with
paired-pulse laser-evoked stimulation of cholinergic terminals or serotoninergic terminals in the mPFC. The EPSCs can be blocked by DNQX (2 of 34 cells

in 6 Chat-Cre:GAD67-GFP mice, 3 of 63 cells in 6 sert-Cre:GAD67-GFP mice). h, Effect of DNQX on EPSCs evoked by blue-light stimulation of chat fibers or
5-hydroxytryptamine fibers when recording GABAergic neurons in the mPFC (5 cells in 6 mice). Scale bars, ¢,d, 50 um (two-tailed paired t-test, *P < 0.05,
ACSF versus DNQX, P=0.038, DNQX versus Wash, P=0.019). aCSF, artificial cerebrospinal fluid; wash, antagonists are washed out with aCSF.

neurons in the raphe nuclei expressed EAAC1 alone (Fig. 3h,
Supplementary Fig. 10d and Supplementary Table 6).

To examine whether cholinergic neurons and serotoninergic neu-
rons can release other neural transmitters as previously reported**,
we performed optogenetic-assisted circuit mapping to assess the
functional connectivity among cholinergic neurons, serotoninergic
neurons and GABAergic neurons in the mPFC. Briefly, the chat-Cre
or sert-Cre driver lines were crossed with the GAD67-GFP line*
to label GABAergic neurons in the mPFC. A Cre-dependent AAV
that expressed channelrhodopsin (ChR2) was injected into the VDB
and HDB of chat-Cre mice or the raphe nuclei of sert-Cre mice
(Fig. 4a,b). The ChR2 was strictly expressed in cholinergic neu-
rons or serotoninergic neurons (Fig. 4c,d). We subsequently per-
formed whole-cell recordings paired with blue-light stimulation on
GABAergic neurons in the mPFC. A single train of light stimulation
could elicit fast-latency excitatory postsynaptic currents (EPSCs)
in GABAergic neurons in the mPFC. These EPSCs could be com-
pletely blocked by the ACh receptor (nAChR) antagonist Mec and
the mACHR antagonist HMT (Fig. 4e,f and Supplementary Table 7).
The result indicated that cholinergic neurons of the basal forebrain
activated GABAergic neurons in the mPFC by ACh. Surprisingly,
some EPSCs elicited by stimulating cholinergic fibers were blocked
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by the AMPA antagonist DNQX (Fig. 4g, h and Supplementary
Table 7), indicating that cholinergic axons also released glutamate to
activate GABAergic neurons in the mPFC. We repeated this experi-
mental procedure in sert-Cre:GAD67-GFP mice and found that a
single train of light stimulation could also elicit fast-latency EPSCs
in GABAergic neurons in the mPFC. These EPSCs could be blocked
by the AMPA antagonist DNQX (Fig. 4g, h and Supplementary
Table 7), indicating that serotoninergic neurons could release glu-
tamate onto GABAergic neurons in the mPFC. These patch results
confirmed that cholinergic neurons in the basal forebrain and sero-
toninergic neurons in the raphe nuclei can release glutamate to acti-
vate GABAergic neurons in the mPFC.

Although it is known that PV+ .. can be directly modulated by
dopaminergic neurons in the VTA", we found that only a small part
(approximately 5%) of the VTA neurons that project to PV+, . and
VIP+,prc Were dopaminergic; however, no dopaminergic VTA neu-
rons directly projected to SST+prc (Supplementary Fig. 10e-g and
Supplementary Table 6).

Neural circuits among the SI, anteromedial thalamic nucleus
and mPFC. To certify the organization pattern of input neurons,
we analyzed the upstream circuits in precise whole-brain data
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sets. The results showed that neurons in the SI and anterome-
dial thalamic nucleus (AM) could directly project to three types
of GABAergic neurons in the mPFC (Fig. 2b and Fig. 5a,b). In a
3D view, neurons in the SI clearly sent enormous axon arbors to
the mPFC and the AM, which itself also generated dense projec-
tions to the mPFC (Fig. 5b). Reconstructing the morphology of
the neurons in the SI that project to the mPFC showed that some
of these neurons indeed generated collateral projections to the
AM (Fig. 5¢). We wondered whether neurons in the SI that proj-
ect to the mPFC could form synaptic connections with neurons
in the AM that target mPFC. First, to confirm that the neurons
in the AM that project to the mPFC receive direct inputs from
the SI, we employed cTRIO (cell-type-specifically tracing the
relationship between input and output) technology’'. Briefly, we
injected CAV-Cre into the mPFC of C57 mice and Cre-dependent
AAV helper virus into the AM. After 3 weeks, we injected SAD-
AG-DsRed(EnvA)-RV into the mPFC (Fig. 5d,e). There were
RV-labeled neurons in the SI (Fig. 5f). Unexpectedly, we found
that the AM also received direct inputs from the dorsal striatum
(Fig. 5g and Supplementary Fig. 11).

To confirm that neurons in the SI project to the mPFC and simul-
taneously form synaptic connections with the AM that itself projects
to the mPFC, we applied cTRIO technology and injected CAV-Cre
into the mPFC of Ail4 mice; Cre-dependent AAV helper virus was
simultaneously injected into the AM (Fig. 5h). After 3 weeks, SAD-
AG-GFP(EnvA)-RV was also injected into the AM (Fig. 5h). In the
SI, we found three types of neurons: those labeled by GFP, labeled
by tdTomato and dual-color labeled by GFP and tdTomato, respec-
tively (Fig. 5i, j and Supplementary Fig. 12a,b). This indicated that
these neurons could send their axons to the mPFC and directly con-
nected with neurons in the AM that project to the mPFC. About
18% of the labeled neurons were dual-color labeled (Supplementary
Fig. 12¢ and Supplementary Table 8). Immunohistochemical stain-
ing against choline acetyltransferase showed that about 70% of dual-
color-labeled neurons were choline acetyltransferase negative and
30% were choline acetyltransferase-positive (Fig. 5j, Supplementary
Fig. 12a,b d and Supplementary Table 8).

Moreover, we found that several brain areas, such as the limbic
cortex, secondary motor cortex, associative cortex, basal forebrain,
several thalamic nuclei, lateral hypothalamic area, hippocampus
and several midbrain nuclei, could project to these two areas simul-
taneously (Fig. 5k,l, Supplementary Fig. 11 and Supplementary
Table 9). The AM also received inputs from several brain areas that
do not project to the mPFC, such as the reticular thalamic nucleus,
the substantia nigra/reticular part and the mammillary nuclei (Fig.
51). In most brain areas, such as the MOs, HDB, LHA and CA1, dis-
tinct neurons innervated mPFC and AM (Fig. 5k, Supplementary
Fig. 12e-h and Supplementary Table 8). Based on our viral tracing
results, we updated the circuit connectivity among mPFC, SI and
AM, as shown in Fig. 5m. We found three types of neurons in the SI
based on their projection targets, as well as a dorsal striatum-AM-
mPFC circuit.

RESOURCE

Classification of individual cortical input neurons. As the major
upstream area of GABAergic neurons in the mPFC (Fig. 2b and
Supplementary Fig. 6), the cortex contains input neurons with
the most varied distribution and morphology. Many cortical neu-
rons in the limbic cortex, motor cortex, sensory cortex and asso-
ciative cortex projected to PV+, SST+ and VIP+ neurons in the
mPFC (Fig. 6a,b). The limbic cortex contained the most cortical
input neurons (Fig. 6¢). Most of these neurons were located in lay-
ers I and III, some in layer V and only a few neurons in layer VI
(Fig. 6d). The layer distribution of the cortical input neurons was
region dependent; input neurons in the limbic cortex, motor cor-
tex and associative cortex mainly were located in layers II and III,
whereas input neurons in the sensory cortex were mainly located
in layer V (Fig. 6e-g). The distribution of cortical input neurons
in each individual cortical area is plotted in Fig. 6h (also refer to
Supplementary Table 10).

To better understand how long-range cortical input neurons
control different GABAergic neurons in the mPFC, we recon-
structed the fine morphology of single cortical input neurons in
different layers of the neocortex to characterize their axonal and
dendritic arborizations (Fig. 7a,b). Eighty-six cortical input neurons
were reconstructed at different layers of the different cortical areas
(Fig. 7c,d and Supplementary Table 11). Cortical neurons in layers
IT and III that project to the mPFC had typical broad-tufted den-
drites and their axons projected to the ipsilateral cortex, ipsilateral
striatum and contralateral cortex (Fig. 7e,f, Supplementary Fig. 13
and Supplementary Table 11).

Cortical input neurons in layer Va comprise at least three types
that project to GABAergic neurons in the mPFC: callosal pyramidal
neurons, associative pyramidal neurons and stellate cells. Callosal
pyramidal neurons had sparse apical dendrites, and their axons
could project to the ipsilateral cortex, ipsilateral striatum, entorhi-
nal cortex, contralateral cortex and contralateral striatum (Fig. 7e,f,
Supplementary Fig. 13 and Supplementary Table 11). Associative
pyramidal neurons also had slender apical dendrites but more api-
cal dendritic branches (Fig. 7f). This type of neuron could send
its axons to the ipsilateral striatum but not the contralateral cor-
tex (Fig. 7e, Supplementary Fig. 13 and Supplementary Table 11).
The callosal pyramidal neurons and associative pyramidal neurons
that target GABAergic neurons in the mPFC have similar dendritic
morphologies to cortical neurons previously described as tall simple
layer V pyramidal neurons™. The stellate cells did not have apical
dendrites (Fig. 7f). Their axons could project to the contralateral
cortex (Fig. 7e, Supplementary Fig. 13 and Supplementary Table 11).
This type of neuron has a similar morphology to the recently
reported callosal PV+ neurons in the cortex”. Moreover, this type
of neuron was only observed in SST-Cre mice but not in PV-Cre
mice or VIP-Cre mice when monosynaptic tracing was performed
in the mPFC (Supplementary Fig. 13).

We also found two types of cortical input neurons in layer Vb
that project to GABAergic neurons in the mPFC: corticofugal
non-spinal cord projection pyramidal neurons and corticospinal

>
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Fig. 5 | A neural circuit among mPFC, Sl and AM. a, Labeling direct input neurons in AM and Sl to different GABAergic neurons in the mPFC with
monosynaptic RV tracing. b, 3D view of the RV-labeled somas and axons in Sl and AM. The boxed image in b shows a neuron in the AM and axons

from SI (SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice). The arrowhead indicates the axon terminals. ¢, The morphology of neurons in Sl that
innervated mPFC and AM (n=2 mice). d, Labeling direct inputs to neurons in AM that project to the mPFC using the cTRIO strategy. e, The starter cells
(yellow) and local input neurons (red) at the RV injection site; n=6 mice. f,g, Neurons in Sl and CPu can directly project to neurons in AM that project to
the mPFC, n=6 mice. h, Strategy for labeling neurons that directly project to the mPFC and indirectly project to the mPFC through AM. i,j, Neurons in Sl
can directly project to the mPFC and send collateral projections to neurons in AM that project to the mPFC, and a non-cholinergic neuron labeled by GFP
and tdTomato is shown in j (n=4 mice). k, Within MOs, HDB, LHA and CA1, distinct neurons project to the mPFC and AM (MOs, HDB, n=4 mice; LHA,
CA1, n=3 mice). |, Quantification of inputs to neurons in AM that project to the mPFC, n=6 mice, data shown as mean +s.e.m. m, An updated circuitry
model among the mPFC, S| and AM. The conventional circuits are shown in black and the circuits revealed in this study are shown in other colors. Scale
bar, boxed image in b, 20 um; i, Tmm; e-g,k, 100 um; j, 50 um. CA1, CA1 area of the hippocampus; CPu, caudoputamen; MO, motor area; LHA, lateral

hypothalamic area; L, left; R, right; D, dorsal; V, ventral.
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pyramidal neurons. The two types of neurons shared similar pat-
terns of dendritic arborization, which are consistent with tall tufted
layer V pyramidal neurons in previous studies* (Fig. 7f); however,
their axons targeted different brain areas. They both had tufted
apical dendrites and enormous oblique side branches; one type of
neuron could send their axons to the tegmental areas and pons but
not the medulla (Fig. 7e, Supplementary Fig. 13, and Supplementary
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d
CAV

Ai14

30 40

Proportion (%)

1364

Table 11), while the other type of neurons could send their axons
to the medulla and spinal cord (Fig. 7e, Supplementary Fig. 13 and
Supplementary Table 11). The latter was only observed in PV-Cre
mice and not in SST-Cre mice or VIP-Cre mice (Supplementary
Fig. 13). The corticospinal pyramidal neurons found in the pres-
ent study have similar morphology and projection patterns to the
medulla projecting neurons described in a recent report™.
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Fig. 6 | Distribution of input neurons in the neocortex to three types of GABAergic neurons in the mPFC. a, The distribution of cortical input neurons in
different cortical regions in a horizontal view. b, The flattened view of the mouse cortex in the reference atlas showed the anatomical locations of the input
neurons in different cortical areas that target GABAergic neurons in the mPFC. The limbic cortex includes the orbital cortex, agranular insular cortex and
cingulate cortex. The motor cortex consists of the frontal association cortex, secondary motor cortex and primary motor cortex. The primary somatosensory
cortex, primary visual cortex and secondary visual cortex comprise the sensory cortex. The associative cortex mainly includes the retrosplenial granular
cortex. The limbic areas are shown in red, the motor areas are shown in blue, the sensory areas are shown in green and the associative areas are shown in
yellow. ¢, Cortical input neurons were mainly located in the limbic areas of the cortex (SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice, data shown
as mean=+s.e.m.). d, Cortical input neurons were mainly located in layers |1/11l of the cortex (S5T+, n=8 mice; PV+, n=_8 mice; VIP+, n=_8 mice, data
shown as mean=+s.e.m.). e, The distribution of cortical input neurons in RSP and SSp. There are differences in the layer distribution of cortical input neurons
between RSP and SSp (SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice). f.g, Quantification of cortical input neurons to the PL (f) and ILA (g) areas in
grouped cortical areas (SST+, n=8 mice; PV+, n=8 mice; VIP+, n=8 mice, data shown as mean +s.e.m.). The cortical input neurons in the limbic cortex,
motor cortex and associative cortex were mainly located in layers 1I/11l, while the cortical input neurons in the sensory cortex were mainly located in layer V.
h, Quantification of cortical input neurons to the PL and ILA areas in each individual cortical area (SST+, n=_8 mice; PV+, n=_8 mice; VIP+, n=_8 mice, data
shown as mean +s.e.m.). Scale bar, e, 500 um. A, anterior; P, posterior; L, left; R, right; RSP, retrosplenial area; SSp, primary somatosensory area.
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In layer VI, we found that a few cortical neurons could also proj-
ect to GABAergic neurons in the mPFC. This type of neuron had
very short apical dendrites, which terminated at layer V (Fig. 7f),
resembling the small cortical neuron in previous reports®. Their
axons projected to the contralateral cortex (Fig. 7e, Supplementary
Fig. 13 and Supplementary Table 11).

To certify the morphological differences among different layer V
pyramidal neurons, we quantified the dendritic morphology of four
different pyramidal neurons in layer V. Among the four types of
pyramidal neurons, the corticospinal pyramidal neurons possessed
the most dendritic branches and dendritic length, while the callosal
pyramidal neurons possessed the least dendritic branches and den-
dritic length (Fig. 7g, Supplementary Fig. 14a and Supplementary
Table 12). Compared with the callosal pyramidal neurons, the
associative neurons possessed more apical dendritic branches
and apical dendritic length (Fig. 7h, Supplementary Fig. 14b and
Supplementary Table 12). Finally, we identified seven different
types of cortical neurons in the neocortex projecting to GABAergic
neurons in the mPFC with different axonal and dendritic arboriza-
tions (Fig. 71).

Input from hippocampal neurons. The hippocampal formation is
another major area that regulates the activity of the mPFC**¥. To
verify the heterogeneity of hippocampal input neurons that target
different GABAergic neurons in the mPFC, we reconstructed the
morphology of 33 hippocampal pyramidal neurons. We found that
SST+, PV+ and VIP+ neurons in the mPFC received direct inputs
from hippocampal pyramidal neurons (Fig. 8a-c). Hippocampal
pyramidal neurons are more heterogeneous than previously
thought™. Indeed, we found that some hippocampal pyramidal
neurons that target different GABAergic neurons had unique axon
collateral projections (Fig. 8d). Some hippocampal pyramidal neu-
rons that target SST+ neurons in the mPFC could also project to
the contralateral CA1, while the hippocampal pyramidal neurons
that target PV+ neurons in the mPFC tended to send their col-
lateral projections to the accumbens nucleus (ACB). To confirm
this projection bias, we performed double RV labeling. Briefly, the
Cre-dependent AAV helper virus was injected into the mPFC of
SST-Cre, PV-Cre or VIP-Cre mice. After 3 weeks, the EnvA-coated
RV expressing GFP and the RG-coated RV expressing DsRed were
injected into the mPFC and ACB, respectively (Fig. 8e-g). After
10days, we found GFP-labeled pyramidal neurons (mPFC pro-
jecting), DsRed-labeled pyramidal neurons (ACB projecting) and
dual-color-labeled pyramidal neurons (double projecting) in the
hippocampus (Fig. 8h). However, in PV-Cre mice, approximately
15% of the GFP-labeled pyramidal neurons were colocalized with
the DsRed-labeled pyramidal neurons, while in VIP-Cre mice
only 5% of the GFP-labeled pyramidal neurons were colocalized
with the DsRed-labeled pyramidal neurons (Fig. 8i, P<0.001, and
Supplementary Table 13). Thus, based on our tracing and double

RV-labeling results, we designed a model of hippocampal pyrami-
dal neurons regulating GABAergic neurons in the mPFC (Fig. 8j):
most of the hippocampal pyramidal neurons that target GABAergic
neurons have similar a projection pattern, but a few have unique
axon projections.

Discussion

In the present study, we employed RV-tracing and whole-brain
precise imaging to obtain a comprehensive atlas of the long-range
inputs to PV+, SST+ and VIP+ neurons in the mPFC. We demon-
strated that the upstream brain areas that project to different sub-
types of interneurons in both subregions of the mPFC are similar
but with quantitative differences. To characterize the input neurons
and input circuits, we studied the neurochemical properties of the
subcortical input neurons and the morphology of cortical and hip-
pocampal input neurons. Notably, by combining whole-brain pre-
cise imaging with state-of-the-art viral genetic tools, we identified
different types of cortical and hippocampal neurons and novel neu-
ral circuits among the mPFC and the upstream input brain areas.

Monosynaptic inputs of PV+, SST+ and VIP+ neurons in the
mPFC. Consistent with a previous study’, we found that PV+, SST+
and VIP+ neurons in both subregions of the mPFC receive inputs
from similar brain areas. However, the PL and ILA area were inner-
vated by different neurons in these brain areas (Supplementary
Figs. 4 and 5). Previous studies demonstrated that PL-innervating
and ILA-innervating neurons in BLA have different molecular
markers and functions'®. It is possible that this is also the case for
neurons in the other brain areas identified here.

There are also several differences among the long-range input
patterns of different subtypes of GABAergic neuron. SST+ neurons
receive the least inputs from the cortex, while some subcortical areas
preferentially innervate SST+ neurons in the mPFC, such as the
lateral septum, diagonal band, lateral hypothalamic area and CA1,
which are known to be involved in hippocampal-PFC circuitry®.
These biased inputs suggest that SST+ neurons in the mPFC may
play a key role in the hippocampal-PFC circuitry*.

The most significant difference between the input patterns of
PV+ and VIP+ neurons is that PV+ neurons receive more inputs
from the cingulate cortex (involved in decision-making and goal-
directed actions), while VIP+ neurons receive more inputs from the
lateral orbital cortex (involved in processing sensory stimuli*). This
suggests that PV+ neurons and VIP+ neurons in the mPFC may
process cognitive and sensory receiving functions, respectively.

Previous studies have demonstrated that the spatial distribu-
tion of starter cells can greatly affect the input patterns**~*>. Our
results also showed that the spatial distribution of starter cells is an
important determinant to the input patterns (Supplementary Fig. 9).
However, the Cre lines also contributed to the input patterns
(Supplementary Fig. 9), possibly because in the VTA (investigated
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Fig. 7 | Characterization of the morphological properties of the cortical neurons that directly input to GABAergic neurons in the mPFC. a, GABAergic
neurons in the mPFC receive inputs from other cortical areas. b, Enlarged image of boxed area in a showing the input cortical neurons in layers Il/1ll and
V (SST+, n=18 mice; PV+, n=14 mice; VIP+, n=10 mice). ¢, Eighty-six traced neurons were registered to the Allen CCF v.3.0. Neurons in layers II/11l are
shown in red, neurons in layer V are shown in blue, and neurons in layer VI are shown in green. d, Neurons that target SST+, PV+ and VIP+ neurons are
shown in different brain frameworks. e, Seven different types of cortical neurons that target GABAergic neurons in the mPFC. f, The dendritic morphologies
of seven different types of cortical neurons that target GABAergic neurons in the mPFC. Layer II/Ill neurons are shown in red. Layer V associative
neurons, callosal neurons, corticofugal non-SP neurons, corticospinal neurons and stellate neurons are shown in blue, while layer VI neurons are shown
in green. g h, Quantitative comparison of the fine morphology of four types of different pyramidal neurons in layer V that target GABAergic neurons

in the mPFC. Histograms of the dendrite branch numbers (g) and the apical dendrite branch numbers (h) (g, one-way ANOVA followed by Tukey's

post hoc tests, callosal neurons, n=19, associative neurons, n=16, corticofugal neurons, n=17, corticospinal neurons, n=5, **P<0.01, ***P < 0.001,
****P < 0.00001, callosal neurons versus corticofugal neurons, P=0.0016, callosal neurons versus corticospinal neurons, P< 0.0001, corticofugal neurons
versus corticospinal neurons, P=0.0007, corticospinal neurons versus associative neurons, P<0.0001, data shown as mean +s.e.m.; h, callosal neurons,
n=19, associative neurons, n=16, two-tailed unpaired t-test, P=0.0042, data shown as mean+s.e.m.). i, A model of different cortical neuron inputs to
GABAergic neurons in the mPFC. Scale bar, a, 500 um; b, 100 um. CON, contralateral; A, anterior; P, posterior; M, medial; L, lateral; D, dorsal; V, ventral.
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in ref. ) neurons with different biomarkers largely overlap, whereas
this is not the case for PV+, SST+ and VIP+ neurons in the cortex.

Neurochemical properties of subcortical inputs. The release
mechanisms of acetylcholine and serotonin in the cortex have been
a long-lasting point of dispute*’. The release of 5-hydroxytrypta-
mine and glutamate by serotoninergic neurons that project to the

RESOURCE

VTA and ACB has been reported”, and serotoninergic terminals
in the mPFC express vglut2 (ref. **). The release of glutamate by
cholinergic neurons of the basal forebrain has been demonstrated
in cultured neurons*. Our results showed that cholinergic neurons
in the basal forebrain and serotoninergic neurons in raphe nuclei
that project to the mPFC express excitatory amino acid carrier 1
and release glutamate to activate GABAergic neurons in the mPFC
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Fig. 8 | Characterization of the morphological properties of the hippocampal pyramidal neurons that directly input to GABAergic neurons in the
mPFC. a, A 50-um projection image showing input cells in thehippocampus and midbrain. b,c, Enlarged images of the boxed areas in a (SST+, =18
mice; PV+, n=14 mice; VIP+, n=10 mice). d, Thirty-three traced hippocampal pyramidal neurons that target GABAergic neurons in the mPFC. Neurons
targeting SST+ neurons in the mPFC are shown in orange, neurons targeting PV+ neurons in the mPFC are shown in blue, and neurons targeting VIP+
neurons in the mPFC are shown in green. Neurons targeting SST+ neurons in the mPFC can send collateral projections to the contralateral CAT region,
while neurons targeting PV+ neurons in the mPFC can simultaneously project to the ACB. e, The strategy for labeling hippocampal pyramidal neurons
that simultaneously target GABAergic neurons in the mPFC and ACB. f,g, The injection sites of the PL area and ACB. h, The neurons in the hippocampus
that target GABAergic neurons in the mPFC are labeled by GFP, and the neurons in the hippocampus that project to the ACB are labeled by DsRed.

The arrowhead shows the dual-color-labeled neurons in the hippocampus (SST+, n=3 mice; PV+, n=3 mice; VIP+, n=8 mice). i, Neurons in the
hippocampus that target PV+ neurons in the mPFC tend to project to the ACB simultaneously (one-way ANOVA followed by Tukey's post hoc tests,
*P<0.05, ***P<0.001, SST+, n=3 mice; PV+, n=3 mice; VIP+, n=8 mice, PV+ versus VIP+, P=0.0003, SST+ versus VIP+, P=0.025, data shown as
mean +s.e.m.) j, A model of hippocampal pyramidal neurons targeting different GABAergic neurons in the mPFC. Scale bars, a,f.g, 1mm; b,c,h, 100 um.

(Figs. 3 and 4). The direct inputs from PV+ neurons in the basal
forebrain to PV+_,rc have been shown to be related to the modu-
lation of gama oscillations'® and the exact role of the connectivity
Of PV+basal forebrain_)SST+mPFC or PV+basal forebrain ~ VIP+mPFC must be
further investigated.

More cholinergic inputs to SST+ neurons in the mPFC imply
that acetylcholine release may preferentially drive SST inhibition.
However, there was no difference in serotoninergic inputs between
different cell types or subregions, which indicates cholinergic neu-
rons modulate in a modality-specific manner and serotoninergic
neurons modulate in a divergent manner®.

1368

Neural circuits between mPFC and upstream input areas. In this
study we identified several neural connections that, to our knowl-
edge, have not been reported previously. First, both cholinergic and
non-cholinergic neurons in the SI can project to the mPFC and
simultaneously form synaptic connections with neurons in the AM
that project to the mPFC (Fig. 5). We previously reported a group
of cholinergic neurons that simultaneously projects to the mPFC
and limbic thalamus®. The collateral projection pattern could be
a common pattern of the cholinergic neurons and non-cholinergic
neurons in the basal forebrain, in which case neurons in the basal
forebrain can precisely regulate neurons in the mPFC and the
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upstream neurons in the thalamus to control the synchronous dis-
charge of two brain areas.

Second, many upstream brain areas of the mPFC also project to
the AM. Specifically, neurons in the AM targeting mPFC can receive
direct inputs from the dorsal striatum (Fig. 5g). In the canoni-
cal basal ganglia circuits, the information from the cortex passes
through the dorsal striatum and flows all the way to the reticular
part of the substantia nigra via the direct and indirect pathways;
the substantia nigra, reticular part subsequently sends projections
to the thalamus and the information is ultimately transmitted back
to the cortex through the thalamic nuclei”. Our findings suggest
that information can also be transmitted through an mPFC-dorsal
striatum-thalamus—-mPFC hyper-direct pathway.

Single-neuron projections from cortical and hippocampal areas.
The neocortex provides the most long-range inputs to SST+, PV+
and VIP+ neurons in the mPFC. The distribution of input neu-
rons in the neocortex is area-dependent. In the agranular cortex,
such as the limbic cortex, motor cortex and associative cortex, the
input neurons predominantly reside in layers II and III, while in
the granular cortex, such as the sensory cortex, the input neurons
are mainly found in layer V. This finding suggests that there may
be a fundamental difference in the mechanism of information flow
between the agranular cortex to the mPFC and the granular cortex
to the mPFC, and differences between layers II and III neurons in
the agranular cortex and the granular cortex.

We reconstructed the morphology and projectome of 86 corti-
cal neurons and 33 hippocampal neurons. Based on the projection
logic, we identified several types of cortical and hippocampal input
neurons. Most mPFC-proiecting neurons have collaterals to differ-
ent brain areas in non-random combinations, indicating that when
the information flows from one brain area to the mPFC, other brain
areas may receive the same information in parallel.

In cortical areas, we identified at least seven types of cortical neu-
rons in layers II, ITI, V and VI that project to GABAergic neurons in
the mPFC (Figs. 6 and 7). Each type of cortical neuron has unique
dendritic and axonal arborizations. Our data provide insights into the
diversity of cortical neurons. It is well known that other cortical areas
connect with the prefrontal cortex through bottom-up and top-down
modulation®. The diversity of the cortical neurons that project to dif-
ferent GABAergic neurons in the mPFC implies that each type of neu-
ron may transfer different information to carry out different functions.

Similarly, we found that some hippocampal pyramidal neurons
that target different GABAergic neurons in the mPFC also display
unique collateral projection patterns (Fig. 8). The different pro-
jection patterns of the upstream hippocampal pyramidal neurons
suggest that the hippocampus-PV+ ¢ circuitry and the hippo-
campus-SST+ pyc circuitry may have different functions.

Limitations of the present study. This study has several poten-
tial limitations. First, we used the two helper virus system, which
may result in overestimation of the number of true starter cells®,
as some dual-color-labeled neurons may only express TVA but
not RG. Second, we used the original version of the TVA recep-
tor. This may cause wider spreading of the starter cells and some
non-specific expression of the TVA receptor at the injection site'?,
making it difficult to analyze local circuits. However, analysis of
the starter-cell center of mass (COM) suggested that starter cells
in PL-targeting samples and ILA-targeting samples were mostly
separated. In future studies, using the modified version of the TVA
receptor (TC66T) may be more effective at restricting starter cells
to individual regions and specific cell types'®. However, our control
experiments showed that the long-range input labeling was never-
theless cell-type specific, indicating that the conclusions drawn in
the present study are robust. Third, our immunochemical results
showed that 8-10% of starter cells are not restricted to specific cell
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types, which was similar to previous studies™. There are maybe two
reasons for these unrestricted neurons: the low immunogenicity of
a few starter cells® and a few Cre-positive neurons expressing the
specific markers during development but not in adulthood.

A recent report also mapped the whole-brain afferent distribu-
tions of four neuron types in the mPFC*. The overall patterns and
respective weights of input neurons in the main brain areas were
similar across our studies. However, in some brain areas, the input
biases we found were not present in the previous study. These dif-
ferences were probably caused by the variability of RV labeling and
the different distributions of the starter cells. Furthermore, in the
previous study, a single helper virus was used for monosynaptic
RV tracing, which made the analysis of local connectivity available.
In the present study we took advantage of the precise whole-brain
imaging system and provided a more comprehensive analysis of the
long-range input neurons.

In general, our study provides an atlas of long-range inputs to
PV+, SST+ and VIP+ neurons in the mPFC. This atlas contains
information regarding not only the distribution but also the neu-
rochemical properties and fine morphology of input neurons. This
atlas can facilitate the modeling and understanding of the func-
tional differences of different GABAergic neurons in the mPFC,
which may, in turn, shed light on the treatment of mental disorders
associated with mPFC dysfunction.
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Methods

Animals. In the RV-tracing experiments, C57BL/6], PV-Cre*, SST-Cre, VIP-
Cre™ and Ail4 reporter line’' adult male mice (2-6 months) were used. In the
electrophysiology experiments, chat-Cre®' and sert-Cre*> mice were crossed
with GAD67-GFP mice”. Three-month hybrid F1 male mice were used in the
experiments. Mice were housed under conditions of 22 +1°C and 55 +5%
humidity with food and water ad libitum. Animal experiments were conducted
in accordance with the Institutional Animal Ethics Committee of Huazhong
University of Science and Technology.

Virus. The AAV8-CAG-FLEx-glycoprotein'” (3.3 X 10'* genome copies (gc) ml™')
and AAV8-EFla -FLEx-TVA-mCherry'” (8 X 10'?gcml™) were purchased

from the UNC Vector Core. The CAV2-Cre’ (3 X 10gc ml™) were purchased
from Montpellier vectorology. The AAV2/9-EF1a-DIO-histone-BFP-2A-TVA
(4.2x 102 geml™), AAV2/9-EF1a-DIO-GEP-TVA® (3% 102 geml™), AAV2/9-
EFla-DIO-hCHR2(H134R)-YFP (2x 10”2 gcml™), SAD-AG-GFP(EnvA)-

RV (5x 10%international units (IU) ml™') and SAD-AG-DsRed(EnvA)-RV**

(5% 10°TU ml™') were purchased from BrainVTA.

Stereotactic injections. For retrograde monosynaptic tracing, 150 nl of viral
cocktail (1:2) containing AAV8-EF1a-FLEx-TVA-mCherry (this formula is also
used with other AAV helper viruses expressing GFP or blue fluorescent protein
(BFP)) and AAV8-CAG-FLEx-glycoprotein was injected into either the PL
(bregma 1.9 mm, lateral 0.3 mm, depth 2.3 mm from skull surface) or the ILA area
(bregma 1.4 mm, lateral 0.3 mm, depth 2.8 mm from skull surface) of PV-Cre, SST-
Cre and VIP-Cre mice. Three weeks later, 300-400 nl of SAD-AG-GFP(EnvA)-RV
or SAD-AG-DsRed(EnvA)-RV was injected into the same site. For cTRIO tracing
related to Fig. 5h-j, 150nl of viral cocktail (1:2) containing AAV2/9-EF1la-DIO-
GFP-TVA and AAV8-CAG-FLEx-glycoprotein was injected into the AM (bregma
0.6 mm, lateral 0.5 mm, depth 3.75mm from skull surface) of C57 mice, and 300nl
of CAV2-Cre was injected into the prelimbic area (bregma 1.9 mm, lateral 0.3 mm,
depth 2.3 mm from skull surface) at the same time. Three weeks later, SAD-AG-
dsRed(EnvA)-RV was injected into the prelimbic area. For cTRIO tracing related to
Fig. 51-n, 150 nl of viral cocktail (1:2) containing AAV8-EF1la-FLEx-TVA-mCherry
and AAV8-CAG-FLEx-glycoprotein was injected into the AM (bregma 0.6 mm,
lateral 0.5 mm, depth 3.75 mm from skull surface) of Ail4 mice, and 300 nl of
CAV2-Cre was injected into the prelimbic area (bregma 1.9 mm, lateral 0.3 mm,
depth 2.3 mm from skull surface) at the same time. Three weeks later, SAD-AG-
GFP(EnvA)-RV was injected into the AM. For electrophysiology experiments,
300nl of AAV2/9-EF1a-DIO-hCHR2(H134R)-YFP was injected into the diagonal
band nucleus (VDB, bregma 0.86 mm, lateral 0 mm, depth 4.75 mm from skull
surface; HDB, bregma 0.3 mm, lateral 1.2 mm, depth 5.3 mm from skull surface)
of chat-Cre:GAD67-GFP mice or the raphe nuclei (dorsal nucleus raphe (DR),
bregma 4.8 mm, lateral 0 mm, depth 3 mm from skull surface; superior central
nucleus raphe (CS), bregma 4.8 mm, lateral 0 mm, depth 4.5 mm from skull
surface) of sert-Cre:GAD67-GFP mice. After 3-4 weeks, the electrophysiology
experiments were performed. For CTB retrograde studies, 200-300nl of
conjugated CTb (Life Technologies) was injected unilaterally in the PL area
(bregma 1.9 mm, lateral 0.3 mm, depth 2.3 mm from skull surface) or the ILA area
(bregma 1.4 mm, lateral 0.3 mm, depth 2.8 mm from skull surface) of C57 mice.
All the viruses were delivered by a sharp micropipette mounted on a Nanoject

II (Drummond Scientific) attached to a micromanipulator and then injected at

a speed of 60 nl min™". The glass micropipette was held for an extra 10 min after
the completion of the injection and then slowly retreated. After the surgery, the
incisions were stitched and lincomycin hydrochloride and lidocaine hydrochloride
gel was applied to prevent inflammation and alleviate pain for the animals. The
mice injected with RV or CTb were killed for analysis 1 week after the injection.

Histology. Mice were deeply anesthetized with sodium pentobarbital (1% wt/
vol) and subsequently intracardially perfused with 0.01 M PBS (Sigma-Aldrich),
followed by 4% paraformaldehyde (Sigma-Aldrich) and 2.5% sucrose in 0.01 M
PBS. The brains were excised and post-fixed in 4% paraformaldehyde at 4°C
for 12 h. For whole-brain imaging'*, the intact brain was embedded in glycol
methacrylate (GMA) resin. The embedding protocol has been previously
described™; briefly, each intact brain was rinsed overnight at 4°C in a 0.01 M PBS
solution and subsequently dehydrated in a graded ethanol series (50, 70 and 95%
ethanol, changing from one concentration to the next every 1h at 4°C). After
dehydration, the brains were immersed in a graded GMA series (Ted Pella Inc.),
including 0.2% SBB (Sudan black B) (70, 85 and 100% GMA for 2h each and
100% GMA overnight at 4°C). Subsequently, the samples were impregnated in
a prepolymerization GMA solution for 3d at 4°C and embedded in a vacuum
oven at 48 °C for 24h. Each 100 g of GMA solution (100%) consisted of two resin
components (A component, 67 g; B component, 29.4g), 2.8 g of deionized water,
0.2g of SBB, and 0.6 g of AIBN (2,2'-azo-bis-butyronitrile) as an initiator. The 70
and 85% GMA solutions (wt/wt) were prepared from 95% ethanol and 100% GMA.
For double immunohistochemistry, the fixed brains were embedded by
oxidized agarose and the embedding protocol has been described elsewhere™.
Briefly, agarose type I (Sigma) was oxidized by stirring in 10mM sodium
periodate (NalO,, Sigma) solution for 2h at room temperature (20-25°C); then
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the oxidized agarose was washed three times in 0.01 M PBS (Sigma-Aldrich Inc.)
and resuspended in 0.01 M PBS to bring the final concentration to 5%. The mouse
brain was pat-dried and embedded in melted oxidized agarose using a cube-shaped
mold and put in a 4 °C refrigerator for solidification. Then the mouse brain was
sectioned at 50 um on a vibration microtome (Leica, VT1200S). The sections of
interest were blocked with 5% (wt/vol) BSA containing 0.3% Triton-X 100 (vol/vol)
in 0.01 M PBS for 1h, and then incubated with the following primary antibodies
(12h at 4°C): anti-PV (1:1,000, mouse, Millipore, MAB1572), anti-SST (1:200,
goat, Santa Cruz, sc-7819), anti-chat (1:500, goat, Millipore, AB144P), anti-chat
(1:500, rabbit, Millipore, AB143), anti-PV (1:1,000, mouse, Millipore, MAB1572),
anti-chat (1:500, rabbit, Millipore, AB143), anti-EAACI1 (1:500, goat, Millipore,
AB1520), anti-TH (1:1,000, rabbit, Sigma-Aldrich, T8700-1VL), anti-EAAC1
(1:500, goat, Millipore, AB1520), anti-TPH2 (1:1,000, rabbit, Thermo, PA1-778)
and anti- EAACI (1:500, goat, Millipore, AB1520). After rinsing, sections were
incubated with the following fluorophore-conjugated secondary antibody for 2h at
room temperature (1:500; Invitrogen): Alexa Fluor 405, Gt-Anti-Mouse, H; Alexa
Fluor 647, Rb-Anti-Gt, H+L; Alexa Fluor 594, Gt-Anti-Rabbit, H and Alexa Fluor
405, Gt-Anti-Mouse, H; Alexa Fluor 568, Donkey-Anti-Rabbit, H and Alexa Fluor
647, Donkey-Anti-Goat, H. Antibodies were diluted in the same block solution.
See also Supplementary Table 14 for detailed antibody information.

Slice physiology. The methods of slice preparation, whole-cell patch recording and
photostimulation were similar to those described elsewhere”**. AAV-DIO-ChR2-
YFP virus was injected into the raphe nuclei of Gad67-GFP::Sert-Cre mice and
the basal forebrain of Gad67-GFP::Chat-Cre. After 3 weeks of recovery, the mice
were deeply anesthetized with pentobarbital (100 mgkg™ intraperitoneal) and then
transcardially perfused with ice-cold oxygenated perfusion solution (5ml, 0.5mls™).
The perfusion solution contained the following (in mM): 225 sucrose, 119 NaCl,
2.5KCl, 1 NaH,PO,, 4.9 MgCl,, 0.1 CaCl,, 26.2 NaHCO;, 1.25 glucose, 3 kynurenic
acid, and 1 sodium ascorbate. After perfusion, the mouse brain was dissected out
and placed into ice-cold oxygenated slicing solution. The slicing solution contained
the following (in mM): 110 choline chloride, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.3
NaH,PO,, 25 NaHCOj, 10 glucose, 1.3 sodium ascorbate and 0.6 sodium pyruvate.
Coronal sections (200 pm) were cut with vibratome (VT1200s, Leica). The slices
were incubated for 1h at 34°C in oxygenated artificial cerebrospinal fluid (aCSF)
saturated with 95% O,/5% CO, that contained the following (in mM): 125 NaCl,
2.5KCl, 2 CaCl,, 1.3 MgCl,, 1.3 NaH,PO,, 1.3 sodium ascorbate, 0.6 sodium
pyruvate, 10 glucose and 25 NaHCO;. The brain slices were transferred to a
recording chamber at room temperature for recordings. All chemicals used in the
slice preparation were purchased from Sigma (St Louis).

Neurons in the mPFC were recognized based on the expression of GFP
fluorescence in somata. The internal solution within whole-cell recording
pipettes (3-5M€) contained (in mM): 130 potassium gluconate, 10 HEPES,
0.6 EGTA, 5 KCl, 3 Na,ATP, 0.3 Na,GTP, 4 MgCl, and 10 Na, phosphocreatine
(pH 7.2-7.4). Voltage-clamp and current-clamp recordings were performed using
a MultiClamp700B amplifier (Molecular Devices). For voltage-clamp recordings, the
neurons were held at —65mV. Traces were low-pass filtered at 2.6 kHz and digitized
at 10kHz (DigiData 1440, Molecular Devices). The data were acquired and
analyzed using Clampfit v.10.0 software (Molecular Devices). For light stimulation,
the tip of an optical fiber (200 pm core diameter, 0.22 numerical aperture (NA))
coupled to a 473-nm laser was submerged in aCSF and placed ~300 pm from
the recording site. The delivery of light pulses (5ms, 0.2-20 mW mm™2) was
controlled through digital commands from the Digidata 1440 digitizer. For drug
application, DNQX (10 uM, Sigma), hexamethonium-Cl (HMT, 50 pM; Sigma)
and mecamylamine (Mec, 5 pM; Sigma) were added to the superfusion medium
through the dilution of stock solutions.

Microscopy. For starter-cell counting, the sections containing starter cells were
mounted with 50% glycerol (vol/vol) and imaged at multiple focal planes using

a x10, 0.45 NA objective (Zeiss 710). For immunohistochemistry imaging, the
sections were mounted with 50% glycerol (vol/vol) and imaged using a x20,

0.75 NA objective (Zeiss 710). For whole-brain soma counting, all 50-um sections
obtained from mouse brains were collected and mounted with 50% glycerol
containing propidium iodide (PI, 1 ug ml™!, wt/vol), then scanned using a x4,

0.2 NA objective (Nikon Ni-E). For the dual-color RV imaging shown in Fig. 8,
the sections were mounted with 50% glycerol (vol/vol) and imaged using a X10,
0.45 NA objective (Olympus versus 120 virtual microscopy slide scanning
system, Olympus). For dual-color CTb imaging, all 50-um sections obtained from
mouse brains were collected and mounted with 50% glycerol. Every third section
was imaged using a x10, 0.45 NA objective (Zeiss 710). For whole-brain precise
imaging, the GMA embedded mouse brains were imaged by our home-made
fMOST system. The imaging system has been described previously*. Briefly, the
system used a mercury lamp (X-Cite exacte, Lumen Dynamics) as light source,

a digital micro-mirror device (DMD, XD-EDO1N, X-digit) to generate the
illumination grid pattern and a water immersion objective (1.0 NA, XLUMPLFLN
20XW, Olympus) for imaging. Two scientific complementary metal-oxide
semiconductor cameras (ORCA-Flash 4.0, Hamamatsu Photonics K.K.) were
used for signal detection. A piezoelectric translational stage (P-725 PIFOC Long-
Travel Objective Scanner, E-753 Digital Piezo Controller, PI GmbH) moved the
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objective for axial scanning. The sample box was screwed onto a high-precision 3D
translation stage (ABL20020-ANT130-AVL125, Aerotech Inc.). The 3D translation
stage moved the sample for mosaic scanning and sectioning. A diamond knife
(Diatome AG) was used for sample sectioning. During imaging, the sample was
immersed in a water bath containing PI (1 ugml™, wt/vol) and 0.05M Na,CO,.
The objective scanned the surface of the sample in mosaic mode at a step of 2 um.
After one surface was finished, the diamond knife removed the imaged surface and
exposed the smooth fresh surface for imaging. The mosaic imaging process was
repeated until the entire coronal section was acquired.

Image preprocessing. The raw data acquired by the brain positioning system
needed image preprocessing for mosaic stitching and illumination correction. This
process has been described before'. Briefly, the mosaics of each coronal section
were stitched to obtain an entire section based on accurate spatial orientation and
adjacent overlap. Lateral illumination correction was performed section by section.
Image preprocessing was implemented in C++ and optimized in parallel using

the Intel MPI Library (v.3.2.2.006, Intel). The whole data sets were executed on a
computing server (72 cores, 2 GHz per core) within 6h.

Visualization and reconstruction. We visualized the data set using Amira
software (v.5.2.2, FEI) to generate the figures and videos. The data set acquired by
the dual-color precise imaging system was separated into the GFP channel and PI
channel. The PI-labeled data set was sampled to 3.2 X 3.2 X 50 pum® and imported
into Amira to generate the outline of the mouse brain. To trace the morphology

of the input neurons, we transformed the data format of GFP-labeled data from
TIFF to LDA type via Amira and applied the filament editor module to trace the
morphology of GFP-labeled neurons at the whole-brain level by human-machine
interaction. Briefly, we loaded the data block of interests into Amira and assigned
the initial and terminal points of the fibers in the block, so that Amira could
automatically calculate the pathway between initial and terminal points. We
repeated this procedure until the reconstruction was finished. The reconstructed
neurons were checked back-to-back by three persons. The tracing results was saved
in SWC format. We loaded the outline of the mouse brain and the tracing results
into Amira simultaneously and used the moviemaker module of Amira to generate
figures and videos.

Cell counting and registration. For starter-cell counting, the starter cells were
manually counted using the Cell Counter Image] plug-in. For whole-brain input
neuron counting, the input neurons were either manually counted using the Cell
Counter Image] plug-in with reference to the Allen brain atlas or automatically
identified by NeuroGPS**. The distribution of the input neurons in 41 discrete
brain regions across the entire extent of the whole brain were quantified. The
methods of the registration have been described elsewhere””. Briefly, to align our
map with the existing atlas, the data set was rotated and resampled at a voxel
resolution of 10X 10X 10 pm? for registering in the template data set of Allen CCF
v3.0 (ref. *%; Supplementary Table 15). Then, we manually segmented several brain
regions as landmarks. Finally, we registered our results in the Allen CCF v.3.0 and
loaded the outline of the mouse brain and the results into Amira simultaneously to
generate figures.

Starter-cell COM and regression analysis. The determination of starter-cell
COM was similar to that in a previous study*. The mean vertical distance of the
starter cells to the midline, brain surface and the coronal plane under the bregma
point were manually measured in Image] and according to the Allen brain CCE
Linear regression analysis with mean vertical distance to the midline, brain surface
and the coronal plane under the bregma point was processed by Graphpad Prism
v.6.01. Linear regression analysis with COM and Cre lines was performed in
MATLAB, where input site percentages were dependent variables, COMs were

predictors and driver strains were categorical predictors. The fitted models were
then analyzed using ANOVA to report the R* values to indicate how well the
percentage for each input site could be explained by each combination of
predictor variables.

Statistics. All statistical graphs were generated using Graphpad Prism v.6.01. The
two-tailed Student’s ¢-test and one-way ANOVA followed by Tukey’s post hoc tests
were also performed using Graphpad Prism v.6.01 and SPSS (IBM SPSS Statistics 23).
The confidence level was set to 0.05 (P value) and all results were presented as

the means +s.e.m. All the individual data points were shown in the histograms and
no data points were excluded from the analyses. The data distribution was assumed
to be normal but this was not formally tested.

Sample sizes statement. No statistical methods were used to predetermine sample
size; however, the sample size was similar to previous studies™*".

Replication. Results described throughout the paper were reproduced. Multiple
rounds of experimentation were required, that is, from multiple mice. No results
were included that were not observed in multiple animals. No issues were
identified in replicating any of the reported findings.

Randomization. Animals were not randomized due to the necessity of a genetic
construct (PV-Cre, SST-Cre, VIP-Cre mice).

Blinding. Investigators were not blind to subject groups because knowledge of
experimental conditions was required during data collection and evaluation.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available in the Supplementary
Tables and from the corresponding author upon reasonable request. Data including
the whole-brain distribution of the input neurons and the reconstructions of the
neural morphology in the neocortex and hippocampus can be accessed at http://
atlas.brainsmatics.org/a/sun1903.
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Software and code

Policy information about availability of computer code

Data collection The softwares and codes used for imaging, image preprocessing, visualization, reconstruction and registration in this study were similar
to previous studies(Gong et al. 2016. Nat. Communications) and described in Supplementary Materials and Methods. The softwares and
codes used for slice physiology were described elsewhere(Liu et al. 2014. Neuron; Zhang et al. 2016. Cell). Cell counting was performed
by Imagel 2.0 or NeuroGPS(Quan et al. 2013. Scientific Reports). Amira software (v 5.2.2, FEI, Me rignac Cedex, France) was used for data
visualization and neuron reconstruction.

Data analysis Matlab (2018a) was used for regression analysis. Statistical analysis was performed using preset algorithms in Graphpad Prism (v.6) and
SPSS (IBM SPSS Statistics 23).. Figures were prepared in Adobe lllustrator CS7. The online sunburst diagrams were created using the open
online resource available at the Allen Institute for Brain Science (Lein, E.S., et al. Genome-wide atlas of gene expression in the adult
mouse brain. Nature 445, 168-176 (2007)), and part of the computer code adapted from Zhang, S., et al. Organization of long-range
inputs and outputs of frontal cortex for top-down control. Nature neuroscience 19, 1733-1742 (2016)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available in Supplementary tables and from the corresponding author upon reasonable request. The data can
also be accessed on http://atlas.brainsmatics.org/a/sun1903.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size, however the sample size was similar to previous studies(Laura A DeNardo et
al. 2015. Nat. Neuroscience; Siyu Zhang et al. 2016. Nat. Neuroscience.)

Data exclusions  No animals were excluded from analysis.

Replication Results described throughout the paper were reproduced. Multiple rounds of experimentation were required, i.e., from multiple mice. No
results are included that were not observed in multiple animals. No issues were identified in replicating any of the reported findings.

Randomization  Animals were not randomized due to the necessity of a genetic construct (PV-Cre, SST-Cre, VIP-Cre mice).

Blinding Investigators were not blind to subject groups because knowledge of experimental conditions was required during data collection and
evaluation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
[ ] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology |:| MRI-based neuroimaging

Animals and other organisms
[ ] Human research participants

[] Cclinical data
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Antibodies

Antibodies used All antibodies used in this work were described in Supplementary Materials and listed in Supplementary Table 14.
Primary antibodies
Host Target Company Catalogue # Dilution Manufacture Validation
mouse Parvalbumin Millipore MAB1572 1:1000 "http://www.merckmillipore.com/CN/zh/product/Anti-Parvalbumin-
Antibody, MM_NF-MAB1572"
Goat "CholineAcetyltransferase" Millipore AB144P 1 : 500 "http://www.merckmillipore.com/CN/zh/product/Anti-Choline-
Acetyltransferase-Antibody, MM_NF-AB144pP"
rabbit "CholineAcetyltransferase" Millipore AB143 1 : 500 "http://www.merckmillipore.com/CN/zh/product/Anti-Choline-
Acetyltransferase-ChAT-Antibody, MM_NF-AB143"
Goat "Neuronal Glutamate Transporter" Millipore AB1520 1 : 500 "http://www.merckmillipore.com/CN/zh/product/Anti-
Glutamate-Transporter-Antibody-neuronal, MM_NF-AB1520"
Goat Somatostatin Santa Cruz sc-7819 1:200 "https://www.scbt.com/scbt/product/somatostatin-antibody-d-20?
requestFrom=search"
rabbit Tyrosine Hydroxylase Sigma-Aldrich T8700-1VL 1 : 1000 "https://www.sigmaaldrich.com/catalog/product/sigma/t87007?
lang=zh&region=CN"
rabbit tryptophan hydroxylase 2 Thermo PA1-778 1 : 1000 "https://www.thermofisher.com/antibody/product/TPH2-Antibody-
Polyclonal/PA1-778"
Secondary antibodies
Host Target Company Fluorophore Catalogue # Dilution Manufacture Validation
Goat mouse Invitrogen Alexa Fluor 405 A-31553 1 : 500 "https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-
1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-31553"
rabbit Goat Invitrogen Alexa Fluor 647 A-21446 1 : 500 "https://www.thermofisher.com/antibody/product/Rabbit-anti-Goat-
1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21446"
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Goat rabbit Invitrogen Alexa Fluor 594 R37117 1 & 500 "https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-
1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/R37117"

Donkey rabbit Invitrogen Alexa Fluor 568 A10042 1 : 500 "https://www.thermofisher.com/antibody/product/Donkey-anti-
Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A10042"

Donkey Goat Invitrogen Alexa Fluor 647 A-21447 1 © 500 "https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-
1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21447"

Validation These are all well characterized commercial antibodies.The specificity of the primary and secondary antibodies was validated by
the manufacturers. Validation profiles for all primary antibodies can be found in the links provided.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals RV tracing experiments, C57BL/6J, PV-Cre, SST-Cre, VIP-Cre and Ail4 reporter line adult male mice(2-6 months) were used.
Inelectrophysiology experiments, chat-Cre and sert-Cre mice were crossed with GAD67-GFP mice. The hybrid F1 male mice(2-3
months) were used in the experiments
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Wild animals No wild animals were used in this study.
Field-collected samples No field samples were collected for analysis in this study.
Ethics oversight Animal experiments were conducted in accordance with the Institutional Animal Ethics Committee of Huazhong University of

Science and Technology.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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