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SUMMARY

Recent developments in intersectional strategies have greatly advanced our ability to precisely target brain
cell types based on unique co-expression patterns. To accelerate the application of intersectional genetics,
we perform a brain-wide characterization of 13 Flp and tTA mouse driver lines and selected seven for further
analysis based on expression of vesicular neurotransmitter transporters. Using selective Cre driver lines, we
created more than 10 Cre/tTA combinational lines for cell type targeting and circuit analysis. We then used
VGLUT-Cre/VGAT-Flp combinational lines to identify and map 30 brain regions containing neurons that
co-express vesicular glutamate and gamma-aminobutyric acid (GABA) transporters, followed by tracing their
projections with intersectional viral vectors. Focusing on the lateral habenula (LHb) as a target, we identified
glutamatergic, GABAergic, or co-glutamatergic/GABAergic innervations from ~40 brain regions. These data
provide an important resource for the future application of intersectional strategies and expand our under-

standing of the neuronal subtypes in the brain.

INTRODUCTION

The mammalian brain contains millions or billions of neurons
(70 million/mouse, 8.6 billion/human), which must be wired into
specific circuits to execute computations. Given these large
numbers, unsurprisingly, the precise number of cell types in
many brain regions remains unknown. While recent advances
in single-cell analysis (Cowan et al., 2020; Hodge et al., 2019;
Kim et al., 2020; Peng et al., 2019; Tasic et al., 2016, 2018;
Yaoetal., 2021; Yuste et al., 2020) provide gene expression pat-
terns that can be used for neuron type enumeration and selective
targeting, using single genes to target defined populations of
neurons can be problematic, insofar as Cre drivers controlled
by specific gene promoters can be expressed in multiple cell
types in a defined structure (Kim et al., 2017; Martersteck
et al., 2017; Taniguchi et al., 2011; Zhu et al., 2014). Thus, in
many cases, the expression patterns in Cre driver lines must
be further refined in order to segregate cell types. Intersectional
strategies that use two or more orthogonal binary systems such
as Cre/loxP, FIp/FRT (Broach et al., 1982; Dymecki et al., 2010),
and tTA/TRE (Gossen and Bujard, 1992) can increase targeting
specificity and lead to the identification of neuron types with
novel functions (Daigle et al., 2018; He et al., 2016; Jo et al.,
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2018; Madisen et al., 2015; Poulin et al., 2018; Ren et al.,
2019). The successful exploitation of intersectional genetics re-
lies on three recent and ongoing innovations: an increasing num-
ber of Flp and tTA driver lines, reporter/effector mouse lines for
Cre/Flp and Cre/tTA intersections (Daigle et al., 2018; He et al.,
2016; Madisen et al., 2015), and intersectional reporter viral vec-
tors (Fenno et al., 2014, 2020). Since the expression patterns of
relatively few Flp and tTA driver lines have been characterized
and viral and genetic reporters for intersections have only
recently been described, examples of studying neurons based
on intersectional expression patterns are still limited.

An important step towards the effective use of intersectional
strategies is the characterization of driver lines. This character-
ization not only can validate Flp and tTA expression patterns
but can also serve as an important reference to help design
appropriate intersections and discover novel cell types. Here,
we present a brain-wide characterization of 13 Flp and tTA driver
lines. We then selected seven of them and segregated the tar-
geted neurons based on their expression of either of the vesicu-
lar glutamate transporter genes VGLUT1, VGLUT2, VGLUT3 or
the vesicular gamma-aminobutyric acid (GABA) transporter
VGAT. Based on the characterization, we created Cre/tTA inter-
sections to boost efficiencies of reporters and effectors for

Cell Reports 40, 111036, July 5, 2022 © 2022 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yongling-zhu@northwestern.edu
https://doi.org/10.1016/j.celrep.2022.111036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111036&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

functional studies. These mouse lines expand existing intersec-
tional tools and provide useful resources for studying specific
cell types and circuits.

Many neurons can produce, store, and release multiple neuro-
transmitters. Intersectional strategies are particularly powerful in
the mapping of brain-wide distributions of these multi-trans-
mitter neurons based on the expression of genes needed to
establish neurotransmitter identity. In this study, we performed
a brain-wide mapping of neurons that are potentially capable
of co-releasing glutamate and GABA. By creating intersections
between VGLUT (VGLUT1, VGLUT2, or VGLUT3) and VGAT,
we identified ~30 brain regions containing VGLUT2/VGAT or
VGLUT3/VGAT co-expressing neurons in the adult. Viral tracing
further revealed ~70% of the regions containing VGLUT2/VGAT
co-expressing neurons innervated the lateral habenula (LHb)
with glutamate/GABA co-transmission. These results reveal an
unanticipated abundance of glutamate/GABA co-transmission
in the brain and add to our understanding of the afferent circuitry
to the LHb.

RESULTS

Expression patterns of Flp drivers and tTA drivers

We started by screening seven Flp drivers (SST-FIpO, VIP-FIpO,
Pvalb-FIpE, DIx5/6-FIpO, Rasgrf2-FIpO, Rorb-FIpO, and Nkx2-
FIpO) and six tTA drivers (Camk2a-tTA, Scg2-tTA, Rorb-tTA,
NEFH-tTA, DAT-tTA, and Rosa-LNL-tTA). We crossed each
line with a ubiquitous CMV-Cre driver and a reporter line (Ai65
for the Cre/Flp intersection, Ai62 for the Cre/tTA intersection).

All of the Flp drivers labeled isocortical neurons. Rorb-FIpO
and Rasgrf2-FIpO showed restricted labeling, while the other
five lines showed widespread labeling in all layers. Except for
Rorb-FIpO, every Flp driver labeled subcortical neurons. Pvalb,
SST, and VIP are major genetic markers for GABAergic neurons
in the cortex and could also be important markers for subcortical
neurons, thus we focused our follow-up analysis (see below) on
these three Flp driver lines.

The six tTA drivers can be separated into three groups: (1)
Rorb-tTA-labeled neurons were restricted to L4 of the primary
sensory cortex in line with expectation insofar as Rorb is an es-
tablished genetic marker for this area (Hawrylycz et al., 2010;
Zhuang et al., 2017). (2) DAT-tTA only labeled subcortical neu-
rons and avoided cortical regions and the hippocampus. (3)
Rosa-LNL-tTA, Camk2a-tTA, Scg2-tTA, and NEFH-tTA labeled
both cortical and subcortical neurons. We selected Camk2a-
tTA, Scg2-tTA, NEFH-tTA, and Rorb-tTA for further intersec-
tional analysis.

The results of Rorb-FIpO, Rasgrf2-FIpO, DIx5/6-FIpO, Nkx2-
FIpO, DAT-tTA, and Rosa-LNL-tTA are shown in Figures S1
and S2.

Segregation of glutamatergic and GABAergic neurons in
Flp driver lines and tTA driver lines

Based on the initial screen, three Flp lines (Pvalb, SST, and VIP)
and four tTA lines (CaMk2a-tTA, Scg2-tTA, NEFH-tTA, and
Rorb-tTA) were selected for further analysis. To further segre-
gate Flp* or tTA* neurons, we crossed each Flp or tTA line with
four neurotransmitter transporter Cre lines: VGLUT1-Cre,
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VGLUT2-Cre, VGLUT3-Cre, and VGAT-Cre. This strategy al-
lowed us to separate Flp- or tTA-labeled neurons into four cate-
gories based on the expression of the four neurotransmitter
transporters. Accordingly, we generated 28 intersectional Cre/
Flp and Cre/tTA mouse lines that were each crossed with appro-
priate reporter lines for target cell identification (Figures 1A
and 2A).

GABAergic and glutamatergic neurons in Flp driver lines
Isocortical regions. The results are summarized in Figures 1B-
1D and Table S2. As expected, the vast majority of neurons in
Pvalb-FIpE and SST-FIpO drivers, and all the neurons in the
VIP-FIpO driver, were GABAergic, as revealed by their intersec-
tions with VGAT-Cre. Against expectation, small subsets of glu-
tamatergic neurons were also revealed in several intersections.
We examined the expression of Pvalb, SST, or VIP in the labeled
cells with immunohistochemistry, and summarized the results in
Table S2.

The VGLUT1/Pvalb intersection labeled clusters of L5 neurons
in primary somatosensory cortex (SSp), as well as L5 and L2/3
neurons in the retrosplenial cortex (RSP) (Figure 1E). The
labeling was excluded from the primary visual cortex (VISp)
and was sparse in L5 of the anterolateral visual cortex (VISal)
(Figures 1E and S3A). The morphology of the cells in SSp sug-
gested they were pyramidal tract (PT) corticofugal neurons.
This suggestion is further supported by the labeled axonal pro-
jections in the striatum, thalamus, subthalamic nucleus (STN),
and superior colliculus (SC) (Figure S3A). Pvalb was likely ex-
pressed in these neurons only transiently during development
as immunohistochemistry showed no or very weak Pvalb
expression in the adult (Figure S4A). The VGLUT2 /Pvalb inter-
section showed the same labeling pattern as the VGLUT1/
Pvalb intersection, presumably due to a developmental switch
from VGLUT2 to VGLUT1 in the cortex (Boulland et al., 2004;
Fremeau et al., 2004).

VGLUT1/SST and VGLUT2 /SST intersections both labeled a
subset of neurons in the primary motor cortex (MOp). The somas
of these neurons were in L6, but their dendrites spanned across
L5 and L6 (Figure 1F). Their horizontal axons projected to L5 and
L6 of the somatosensory cortex (SSp and SSs) and the corpus
callosum. Based on the morphology and projection, they are
likely to be cortico-cortical (CC) pyramidal cells, but some claus-
trum projecting pyramidal cells might also be labeled. A popula-
tion of pyramidal neurons in the piriform cortex (PIR) was also
labeled in the VGLUT1/SST and VGLUT2/SST intersections (Fig-
ure S5A). However, immunohistochemistry showed no SST
expression in these MOp and PIR pyramidal cells in the adult,
suggesting SST was probably transiently expressed in these
cells during development.

VGLUT3/Pvalb and VGLUT3/SST intersections labeled L6 and
L5 neurons in isocortex (Figures S3C and S5B). Immunohisto-
chemistry revealed that a fraction of labeled neurons in the
VGLUT3/Pvalb intersection expressed Pvalb (Figure S4D), but
no SST expression was detected in the VGLUT3/SST
intersection.

Allocortical and subcortical regions. We summarize the results
inTable S2. GABAergic Pvalb or SST neurons were widely distrib-
uted in the subcortical regions, as revealed in the VGAT-Cre/
Pvalb-FIpE and VGAT-Cre/SST-FIpO intersections (Figures 1B,
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Figure 1. Analysis of Flp drivers with Cre/Flp intersectional strategy

(A) Left: Cre/Flp intersectional strategy. Right: triple transgenic breeding scheme for analyzing Flp drivers based on their expressions of different neurotransmitter
transporters.

(B-D) Distributions of VGLUT1 (red), VGLUT2 (green), VGLUT3 (orange), or VGAT (blue) expressing neurons labeled in Pvalb-FIpE (B), SST-FIpO (C), and VIP-FIpO
(D) drivers. See also Figures S3, S5, and Table S2 for more information.

(E) VGLUT1-Cre/Pvalb-FIpE intersection labeled a cluster of L5 neurons in the SSp and VISal, as well as L5 and L2/3 neurons in the RSP.

(F) VGLUT1-Cre/SST-FIpO labeled a subset of L6 and L5 neurons in the MOp. These neurons sent their horizontal axons to the corpus callosum (CC) and L6 of SS.
The orange box and green box in the left panel are enlarged in the middle panel right panel respectively.

(G) Pvalb-expressing glutamatergic neurons in selected regions. See also Figures S3B, S4B, and S4C for more information.

(H) Left: Ai65 labeled pyramidal neurons (blue arrow) and interneurons (orange arrow) in the CA3 of the hippocampus. Right: Ai65 labeled pyramidal neurons in the
CA1 of the hippocampus.

Scale bars: 200 um (E and F), 100 pm (G), 500 pm (H).
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1C, S3D, and S5C). The reticular nucleus (RT) showed the most
intense labeling in both intersections. Immunochemistry revealed
that most Pvalb neurons expressed Pvalb in the adult (Table S2).
GABAergic VIP neurons were scarce. The most intense labeling
was observed in the suprachiasmatic nucleus (SCN) and main ol-
factory bulb (MOB) (Figures 1D and S3F). The distributions of
GABAergic SST or VIP neurons were in agreement with their
mRNA expression patterns described in the in situ hybridization
Allen Mouse Brain Atlas (ABA-ISH, http://www.brain-map.org)
(Lein et al., 2007). These results suggest that subcortical
GABAergic Pvalb, SST, and VIP neurons express these marker
proteins in the adult.

As expected, a majority of the glutamatergic Pvalb neurons
were observed in VGLUT2/Pvalb intersections (Figures 1B and
S3B). With antibody staining, we detected Pvalb expression in
nine nuclei: LHb, lateral hypothalamic (LHA) parvafox nucleus,
another LHA nucleus next to the mtt tract, medial mammillary nu-
cleus (MM), olivary pretectal nucleus (OP), nucleus of Darksche-
witsch (ND), red nucleus (RN), rostral interpeduncular nucleus
(IPR), and sensory related SC (Figures 1G, S4B, and S4C).
Pvalb* plexuses were also visualized in the ventral posterome-
dial nucleus (VPM) and ventral posterolateral nucleus (VPL) of
the thalamus, although in these areas the somatic expression
of Pvalb was largely not detected (Figure S4B). We speculate
that the lack of somatic staining is caused by transport of Pvalb
from somas to axons and dendrites.

One surprising observation was that a subset of hippocampal
neurons in the dorsal CA3 and ventral CA1 were labeled in the
VGLUT1-Cre/SST-FIpO intersection (Figure 1H). While the
labeled neurons in the CA1 were exclusively pyramidal cells,
the cells in the CA3 included both pyramidal neurons and inter-
neurons. However, immunochemistry showed the labeled pyra-
midal neurons and interneurons did not express SST in the adult.

Additional SST neurons expressing VGLUT2 or VGLUT3 were
observed in the thalamus, hypothalamus, and midbrain
(Figures S5A and S5B; Table S2). However, except for the neu-
rons in the LHb (VGLUT2/SST), GPi (VGLUT2/SST), VTA
(VGLUT2/SST), and hippocampal CA3-so (VGLUT3/SST), most
of these neurons do not express SST in the adult (ABA-ISH
and immunochemistry in this study).

Glutamatergic and GABAergic neurons in tTA driver
lines

We summarize the labeling patterns in Table S3.

Isocortical regions. In contrast to the Flp drivers, the four tTA
drivers only labeled glutamatergic neurons in the cortex. As ex-
pected, the VGLUT1-Cre/Rob-tTA intersection exclusively
labeled L4 neurons of the primary sensory cortex (SS, VIS,
AUD, and GU) (Figures 2E). The VGLUT1-Cre (or VGLUT2-Cre)
intersections with CaMk2a-tTA and Scg2-tTA predominately
labeled L4 and L6 neurons in the primary sensory cortex
(Figures 2B, 2C, S6A, S6D, and S6E). NEFH-tTA labeled L4
and L6 neurons in the primary sensory cortex, along with L6 neu-
rons in other isocortical regions (Figures 2D, S7A, and S7B). Glu-
tamatergic neurons in the piriform cortex were labeled in all the
tTA drivers (Figures S6A, S6D, S6E, S7A, and S7B) except for
Rorb-tTA.

VGLUT3-Cre intersected with CaMk2a-tTA, Scg2-tTA, and
NEFH-tTA predominately labeled L4 and L6 neurons of the SS,
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L6 neurons of the AUD and VIS, as well as L2/3 and L6 neurons
of the MO (Figures 2B-2D, S6B, S6F, and S7C). No labeling was
observed in the VGLUT3-Cre/Rorb-tTA intersection.
Allocortical and subcortical regions. All three tTA lines labeled
glutamatergic neurons in the hippocampus, although labeling
patterns differed (Figures 2B-2D, S6A, S6D, S6E, S7A, and
S7B). CaMk2a-tTA and NEFH-tTA strongly labeled CA1, CA3,
and DG neurons (Figures S6A, S7A, and S7B), while Scg2-tTA
strongly labeled CA1 neurons but weakly labeled CA3 and DG
neurons (Figures S6D and S6E). They all labeled glutamatergic
neurons in the basolateral amygdala (BLA) (Figures S6A, S6D,
S7A, and S7B) and endopiriform nucleus (EP) (Figures S6A and
S6D). In addition, Scg2-tTA labeled the intralaminar nuclei of
the thalamus and SNc (Figures S6D and S6E), and NEFH-tTA
labeled the midline group of the dorsal thalamus, SNc, and
VTA (Figure S7B).

Most of the GABAergic neurons labeled in the 3 tTA drivers
were concentrated in the striatum, pallidum, amygdala, olfactory
bulb, and SCN (Figures S6C, S6G, and S7D). Scg2-tTA also tar-
geted GABAergic neurons in retinorecipient regions: the lateral
geniculate nucleus (LGN), medial pretectal area (MPT), nucleus
of the optic tract (NOT), OP, and SCs (Figure S6G).

NEFH-tTA labeled VGLUT3-expressing neurons in five nuclei

of the thalamus (Figures 2D and S7C) where VGLUT3 mRNA is
expressed (ABA-ISH). CaMk2a-tTA, Scg2-tTA, or NEFH-tTA
also labeled VGLUT3 neurons in the CLA and EP (Figures S6B,
S6F, and S7C) where VGLUT3 mRNA is absent (ABA-ISH), sug-
gesting VGLUT3 expression in these cells was discontinued in
the adult.
Cre/tTA intersections for restricted labeling and for more robust
functional studies. We developed ~20 Cre/tTA mouse lines
and selected 10 of them for further analysis based on reporter
expression patterns and levels. These lines were generated
with six Cre drivers crossed with either CaMk2a-tTA or Scg2-
tTA (Figure 2F). We found that these combinational lines can
be used to selectively target neuron populations in different sub-
regions of the cortex (Figure 2G), hippocampus (Figure 2H), and
amygdala (Figure 2l). The results are summarized in Table S4.

Neurons co-expressing VGLUT and VGAT

Although intersectional strategies can be used in many ways, an
immediate and significant application is to map neurons con-
ducting neurotransmitter co-release (Granger et al., 2017;
Tritsch et al., 2016; Yang et al., 2021). Recent studies have pre-
sented evidence for glutamate and GABA co-release (Hashimo-
todani et al., 2018; Pedersen et al., 2017; Root et al., 2014, 2018;
Shabel et al., 2014; Sonoda et al., 2020; Yoo et al., 2016). Dual
excitatory and inhibitory fast transmitter release allows
neurons to send opposite signals to different target, or to provide
simultaneous excitation and inhibition to the same target.
To examine the prevalence of neurons with the capability of
co-releasing glutamate and GABA, we intersected VGAT-FIpO
with VGLUT1-Cre, VGLUT2-Cre, or VGLUT3-Cre. Using these
intersectional VGLUT/VGAT lines, we examined the distribution
of VGLUT/VGAT double-positive neurons, evaluated the co-
expression of VGLUTs and VGAT in the adult, and mapped their
projections.
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Figure 2. Characterization of tTA drivers with Cre/tTA intersectional strategy

(A) Left: Cre/tTA intersectional strategy. Right: triple transgenic breeding scheme for analyzing tTA drivers based on their expressions of neurotransmitter trans-
porters.

(B-E) Distributions of VGLUT1 (red), VGLUT2 (green), VGLUT3 (orange), or VGAT (blue) expressing neurons labeled in Camk2a-tTA (B), Scg2-tTA (C), NEFH-tTA
(D), and Rorb-tTA (E) drivers. See also Figures S6, S7, and Table S3 for more information.

(F-1) Cre/tTA intersections (F) allowed for selective targeting of neuron populations in the isocortex (G), hippocampus (H), and amygdalar (l). See also Table S4 for
more information.

Scale bars: 200 pm (G), 500 pm (H and ).
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VGLUT1/VGAT intersections

In VGLUT1-Cre;VGAT-FIpO;Ai65 mice, the strongest labeling
was observed in the pyramidal layer of the PIR and EPd
(Figures 3B and 3C, left). Additional labeled neurons were
observed in the pyramidal layer of the CA1 and in the granule
cell layer of the DG in the hippocampus (Figures 3B and 3C,
right).

Like many transgenic reporters, Ai65 can mark Cre/Flp inter-
sections even if the recombinase only expresses transiently dur-
ing development. Thus, we examined whether neurons reported
by Ai65 continued to express Cre and Flp in the adult by injecting
two sets of AAVs to VGlut1-Cre;VGAT-FIpO mice. In the first set,
we injected INTRSECT AAV9-C,./Fon-EYFP, which requires
both Cre and Flp for expression of EYFP (Fenno et al., 2014).
In the second set, we injected a mixture of AAV9-DIO-EGFP
(Cre-dependent EGFP expression)/AAV9-fDIO-tdTomato (Flp-
dependent tdTomato expression) and searched for neurons
co-labeled with EGFP/tdTomato.

We found that AAV9-C,./Fon-EYFP did not label any neurons
in the PIR, EPd, CA1, and DG (data not shown). In the case of
co-injection of AAV9-DIO-EGFP and AAV9-fDIO-tdTomato, all
the four regions showed abundant EGFP-labeled VGLUT1-ex-
pressing neurons, but they showed no (Figures 3D, 3F, and
3G) or very few tdTomato-labeled cells (Figure 3E). Therefore,
although VGLUT1 and VGAT were once expressed in the same
neurons in these regions, VGAT was no longer expressed in
the adult.

VGLUT2/VGAT intersections

In VGLUT2-Cre;VGAT-FIpO;Ai65 mice, tdTomato-labeled neu-
rons were observed in ~37 brain regions (Figure 4B). Labeled
neurons were densely packed in the globus pallidus internal
segment (GPi), VTA, supramammillary nucleus (SUM), Edinger-
Westphal nucleus (EW), substantia innominate (Sl), and
dorsomedial nucleus of the hypothalamus (DMH) (Figure 4C).
Remarkably, in the LHb and DG (Figure 4D), we saw intense sig-
nals originating from axonal terminals, indicating these areas
were heavily innervated by VGLUT2/VGAT co-expressing
neurons, as previously reported (Hashimotodani et al., 2018;
Pedersen et al., 2017; Root et al., 2014; Shabel et al., 2014).

To identify neurons that continued to co-express VGLUT2 and
VGAT in the adult, we performed RNAScope dual in situ hybrid-
ization to detect both VGLUT2 and VGAT mRNAs simultaneously
(Figure 4E). We found that among the 37 regions reported by
Ai65, 19 regions contained neurons co-expressing VGLUT2
and VGAT, whereas the other 18 regions did not show any co-
expression (Figure 4F). Eight of the co-expressing regions (GPi,
IF, PN, PBP, RLi, SUM, DR, and CLi) have already been reported
(Huang et al., 2019; Root et al., 2018; Soussi et al., 2010; Wallace
etal., 2017), while the other 11 regions (SI, MA, LPO, MEA, COA,
PAA, SCs, SCm, MPT, EW, and ENTI) (Figure 4E) have not. We
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also confirmed VGLUT2/VGAT co-expression in these 19 re-
gions by EYFP expression mediated by AAV9-C,/Fon-EYFP in-
jected into VGLUT2-Cre/VGAT-FIpO mice (data not shown). A
summary of the regions that continued to co-express VGLUT2/
VGAT versus those that no longer express is presented in
Figure 4F.

Given the intense labeling of axonal terminals in the LHb and
DG, we decided to map the neurons of origin in the whole brain.
We injected two sets of retrograde AAVs in the LHb or DG of
VGLU2-Cre;VGAT-FIpO mice (Figure 5A): (1) AAV2-retro-C,,/
Fon-EYFP that labels VGLUT2/VGAT projecting neurons with a
single color (EYFP); and (2) a mixture of AAV2-retro-DIO-EGFP/
AAV2-retro-fDIO-tdTomato that labels VGLUT2 projecting neu-
rons with EGFP, VGAT projecting neurons with tdTomato, and
VGLUT2/VGAT projecting neurons with EGFP and tdTomato.
In agreement with previous reports (Root et al., 2014; Shabel
et al., 2014), retrograde tracing from the LHb with AAV2-retro-
Con/Fon-EYFP identified a large number of VGLUT2/VGAT neu-
rons in the GPi and VTA (Figure 5B). Although AAV2-retro-C,,/
Fon-EYFP worked effectively to map VGLUT2/VGAT neurons,
we reasoned co-injection of AAV2-retro-DIO-EGFP/AAV2-
retro-fDIO-tdTomato may be even better for this application
because a single injection would label three populations of pro-
jecting neurons.

This was indeed the case. We made two discoveries with co-
injection of AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdTomato
into the LHb. First, in addition to the GPi and VTA (IF, PN, PBP,
RLi, CLi), eight more structures contained VGLUT2/VGAT neu-
rons projecting to the LHb. These structures include EW (data
not shown) and the seven structures shown in Figure 5C: SI
and magnocellular nucleus (MA) of the ventral pallidum (PALv),
sublayer a of posterodorsal medial amygdala nucleus (MEApd-
a), cortical amygdala area (COA), lateral preoptic area (LPO), op-
tic layer of sensory related SC (SCs-op), and MPT. Therefore, the
LHb received glutamatergic/GABAergic co-innervation from
broader regions of the brain than expected. Second, these 14 re-
gions marked by retro-AAV not only provided glutamatergic/GA-
BAergic co-innervation but also contained neurons providing
sole glutamatergic innervation or sole GABAergic innervation
to the LHb (Figure 5C). Among these regions, projections from
the EW, MEA, and COA to the LHb have not been demonstrated
before. We estimated the fractions of sole glutamatergic innerva-
tion, sole GABAergic innervation, and glutamatergic/GABAergic
co-innervation from each projecting area and present the results
in Figure 5D and Table S5. The results revealed four features of
LHb projection from these areas. First, ~90% of projecting neu-
rons from the GPi and IF innervated the LHb with glutamate/
GABA co-transmission. This fraction was the highest among all
regions that project of LHb. Second, within the VTA, the innerva-
tion pattern varied significantly from subregion to subregion.

Figure 3. Intersectional strategy for probing neurons co-expressing VGLUT1 and VGAT

(F), and DG (G) in adults.
Scale bars: 200 pm (C), 50 um (D-G).

A) Triple transgenic breeding scheme for labeling neurons co-expressing VGLUT1 and VGAT.

B) Distributions of labeled neurons in VGLUT1-Cre;VGAT-FIpO;Ai65 mice at different coronal planes.

C) Representative images of tdTomato (tdT) labeling in the PIR and EPd (left), CA1 and DG (right).

D-G) Co-injection of AAV9-DIO-EGFP/AAV9-fDIO-tdT in VGLUT1-Cre;VGAT-FIpO mice revealed no EGFP/tdT co-labeled neurons in the PIR (D), EPd (E), CA1
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(D) Selective images of labeled axonal terminals in the LHb and DG.
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Third, six regions (GPi, IF, RLi, CLi, SCs, MPT) innervated the
LHb with either glutamate transmission or glutamate/GABA co-
transmission, exclusive of GABA transmission. Fourth, other re-
gions (PN, PBP, MEApd-a, LPO, posterior SI, MA, COA, EW)
used all three types of transmission (glutamate transmission,
GABA transmission, glutamate/GABA co-transmission), without
a dominant type.

In addition to the 14 regions conducting glutamate/GABA co-
transmission (Figure 5E), co-injection of AAV2-retro-DIO-EGFP/
AAV2-retro-fDIO-tdTomato also revealed 23 LHb-projecting
regions exclusive of VGLUT2/VGAT projecting neurons (Fig-
ure 6A). These regions provided glutamatergic innervations
alone (six regions), GABAergic innervations alone (11 regions),
or mixed innervations originated from sole glutamatergic and
sole GABAergic neurons (six regions). Twelve regions (mPFC,
LS, MS, NDB, BST, CEA, SCN, PVT, LHA, MRN, LGN, and
IGL) (Figure S8) have been identified in previous studies (Hu
et al., 2020), and the other 11 regions (AHN, VMH, ZI, RE,
BLAa, MGN, NOT, OP, PPT, PAG, and ND) have not been re-
ported (Figure 6).

Unlike the LHb, the DG received glutamatergic/GABAergic co-
innervation from only a few brain regions. The SUM is a major
source (Figure 5F), consistent with previous reports that gluta-
mate/GABA co-releasing neurons in the SUM innervate granule
cells and GABAergic interneurons in the DG (Hashimotodani
et al., 2018; Soussi et al., 2010). Meanwhile, a subset of L2 neu-
rons in the dorsal one-third of the lateral entorhinal cortex (ENTI)
also innervated the DG with axonal terminals co-expressing
VGLUT2/VGAT (Figure 5G). Retrograde labeling with AAV2-
retro-DIO-EGFP/AAV2-retro-fDIO-tdTomato  co-injection re-
vealed that ~56% of the SUM projections and ~30% of the
ENTI L2 projections from the dorsal one-third innervate the DG
with glutamate/GABA co-transmission (Figure 5H).
VGIut3/VGAT intersections
In VGLUT3-Cre;VGAT-FIpO;Ai65 mice, tdTomato-labeled neu-
rons were distributed in ~21 brain structures (Figures 7B and
7J). Most of these structures were located in the midbrain and
thalamus, but the CA3, amygdala, and L6 of the isocortex also
contained labeled neurons. Interestingly, a fraction of L6 neurons
were positive for Pvalb antibody staining (data not shown), sug-
gesting these neurons might be the same ones observed in the
VGLUT3-Cre/Pvalb-FIpO intersection (Figures S3C and S4D).

AAV9-Cyn/Fon-EYFP injection or AAV9-DIO-EGFP/AAV9-
fDIO-tdTomato co-injection revealed that 11 structures,
including CA3 (Figures 7D and 7E), VTA (PN, IF) and IPN (IPR,
IPA, IPDL, IPC, IPI, IPL) (Figures 7F and 71), MEApd-c (Figure 7H),
and BST (Figure 7G) continued to co-express VGLUT3 and VGAT
in the adult. Other regions were not labeled with AAV9-C,/Fon-
EYFP and only showed VGAT expression, but not VGLUT3
expression, with AAV9-DIO-EGFP/AAV9-fDIO-tdTomato co-in-
jection. Thus, these regions may only express VGLUT3 tran-
siently during development. The results are summarized in
Figure 7J.
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DISCUSSION

The past few years have seen the creation of increasing numbers
of Flp and tTA driver lines, a trend that is expected to continue. A
growing number of driver lines will increase the likelihood that
many laboratories will adopt and exploit intersectional strategies
in the future. Characterization of existing Cre, Flp, and tTA driver
lines combined with transcriptome studies and protein expres-
sion profiling to generate new lines are prerequisites for wide-
spread adoption. The intersectional mouse lines created and
characterized here provide a common basis and useful resource
for elucidating new cell types and circuits in the brain.

Glutamatergic neurons expressing GABAergic markers
Pvalb, SST, and VIP are prominent markers for GABAergic neu-
rons in the cortex. To our surprise, we were able to find
numerous glutamatergic neurons that express GABAergic
markers either transiently or permanently. Pvalb was transiently
expressed in a subset of L5 PT corticofugal neurons. In the
subcortical regions, Pvalb-expressing glutamatergic neurons
were discovered in nine structures. Except for the parvafox nu-
cleus (Girard et al., 2011), functional studies of Pvalb-expressing
glutamatergic neurons are largely lacking. A brain-wide
knockout of VGLUT2 in Pvalb neurons led to several behavior
changes, including locomotion, vocalization, pain sensitivity,
and social dominance (Roccaro-Waldmeyer et al., 2018), sug-
gesting important roles for Pvalb-expressing (or transiently ex-
pressing) glutamatergic neurons in various behaviors. Future
studies targeting specific brain regions will deepen our under-
standing of the circuit and behavior roles of these neurons in
each structure.

Neurotransmitter co-release during development

Neurons can change their neurotransmitter content dramatically
during development stages, including switching from dual gluta-
mate/GABA during development to either glutamate or GABA
later in life (Spitzer, 2017). Coexistence of glutamate and GABA
transmissions during development would allow a neuron to
establish precisely organized circuit connectivity. For example,
glutamate transmission is crucial for refinement of inhibitory cir-
cuits in the developing lateral superior olive (LSO), a nucleus of
the sound-localization system (Gillespie et al., 2005; Noh et al.,
2010). Interestingly, under some conditions, the “disappeared
neurotransmitter” may come back later in life to correct disrup-
ted balance of excitation and inhibition. For instance, during
development, glutamate and GABA were produced in dentate
gyrus granule cells and they were co-released from mossy fiber
synapses. In the adult, GABAergic transmission disappeared but
can be transiently re-installed after seizures to counteract hyper-
excitability (Gutierrez, 2005; Gutierrez et al., 2003; Leinekugel
et al., 1997; Romo-Parra et al., 20083). Our results suggest that
transient co-expression of glutamate/GABA is more widespread
than previously anticipated. Evidence of transient co-expression

(E) Expression of VGLUT2 mRNA (red) and VGAT mRNA (green) probed with in situ hybridization. VGLUT2/VGAT co-expressing neurons are marked with blue

arrows.

(F) Summary of Ai65 reported regions containing (green) or not containing (red) VGLUT2/VGAT co-expressing neurons as revealed by AAV9-Con/Fon-EYFP. The
VTA region includes the PBP, PN, IF, RLi, and CLi. *Regions that have not been reported by previous studies. Scale bars: 200 um (C and D), 20 um (E).
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was observed in 32 brain regions, including four regions from
VGLUT1/VGAT intersections, 18 regions from VGLUT2/VGAT in-
tersections, and 10 regions from VGLUT3/VGAT intersections. In
the current study, we were unable to trace the time of VGLUT and
VGAT expression. In the future, replacing Cre and Flp drivers
with Cre-ER (Feil et al., 1996; Metzger et al., 1995) and Flp-ER
(Hunter et al., 2005) drivers would allow one to trace the expres-
sion of glutamate and GABA at each developmental stage and
target specific time periods to investigate the functional implica-
tions of neurotransmitter co-expression.

Neurons co-expressing excitatory and inhibitory
neurotransmitter transporters in adults

Our results show that most adult dual glutamatergic/GABAergic
neurons are projection neurons that use VGLUT2, while the other
neurons are likely to be interneurons expressing VGLUT3. In
contrast, neurons expressing VGLUT1 are exclusive of VGAT.
Altogether, we identified 19 regions containing VGLUT2/VGAT
co-expressing neurons. Interestingly, except for five regions
(SUM, ENTI, SCm, PAA, DR), all of these regions send VGLUT2/
VGAT co-expressing axonal terminals to the LHb. Thus, the
LHb appears to be a primary target for glutamatergic/GABAergic
co-innervation in the brain. Second to the LHb, the dentate gyrus
also receives substantial co-innervation from the SUM and ENTI.
The brain regions receiving co-innervations from the SCm, PAA,
and DR need to be determined in the future.

The function of co-innervation in the LHb is not completely un-
derstood. A disruption of the balance between glutamatergic
and GABAergic inputs from GPi or VTA has been linked to
depression, anxiety, and addiction (Li et al., 2011; Meye et al,,
2016; Shabel et al., 2014; Yang et al., 2018). The LHb lacks
GABAergic interneurons (Brinschwitz et al., 2010; Wallace
et al., 2020), so GABA co-released with glutamate could provide
a fast feed-forward inhibition of glutamatergic excitation without
recruiting the typical disynaptic inhibition that involves inhibitory
interneurons. In addition to the GPi and VTA, we discovered that
eight more structures contained VGLUT2/VGAT neurons projec-
ting to the LHb. Thus, co-innervation is used by more brain struc-
tures to communicate with the LHb than previously reported. Our
mapping of LHb-projecting neurons (Figures 5E and 6A) largely
agrees with previous work (Hu et al., 2020; Namboodiri et al.,
2016) and adds 14 more regions (COA, MEA, EW, and 11 regions
in Figure 6) to the category. The LHb appears to act as a hub to
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integrate different inputs of value representation, sensory, and
experience information. Here, we discovered three more ret-
ino-recipient areas (OP, PPT, and NOT) along with the medial
geniculate complex (MGN), the major auditory nucleus of the
thalamus that innervates the LHb (Figures 6B and 6E). Therefore,
the LHb appears to integrate even more sensory information
than originally thought. A recent study described four transcrip-
tionally different neuron subtypes in the LHb that are organized
into anatomical subregions and project to distinct downstream
targets (Wallace et al., 2020). It will be interesting to know how
the axonal terminals from different brain areas are arranged in
the LHb, perhaps contacting different cell types within this struc-
ture, and how the LHb decodes information carried by these
axonal terminals and communicates with downstream targets.
Addressing these questions will greatly advance our under-
standing of signal processing in the LHb.

VGLUT3/VGAT co-expression has been described in the
CCK interneurons in hippocampal CA3, where the VGLUT3-
mediated glutamate release can regulate GABAergic
transmission onto CA1 principal cells through an autoreceptor
pre-synaptic mechanism shifting the synaptic plasticity (Fasano
et al., 2017; Pelkey et al., 2020). Here, we also observed
VGLUT3/VGAT co-expression neurons in the VTA (PN, IF),
IPN (IPR, IPA, IPDL, IPC, IPI, IPL), MEApd-c, and BST. These
neurons are likely interneurons, although future experiments
will be required for verification. Meanwhile, it is important to
examine if indeed VGLUT3 mediates glutamate release in these
neurons. Although challenging, technical advances in optical
sensors for glutamate (Marvin et al., 2018) and GABA (Marvin
et al., 2019) release may allow direct monitoring of glutamate/
GABA co-release from these neurons. Intersectional mouse
lines such as VGLUT3-Cre;VGAT-FIpO set the stage for a
greater understanding of the roles of co-release in circuit,
behavior, and diseases.

Limitations of the study

At the technical level, confining viral infections to the LHb and DG
can be challenging. Spillover of AAV2-retro-C,./Fon-EYFP or
AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdTomato to surround-
ing structures can cause contamination of the presented results.
We verified injection sites and examined spillover with immunohis-
tochemistry for each brain before data collection. We found that
projection patterns from multiple brains were rather consistent

Figure 5. VGLUT2 and VGAT co-expressing neurons projecting to the LHb or DG

(A) LHb was injected with AAV2-retro-Con/Fon-EYFP (left), or AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdT (right).

(B) Representative images of EYFP+ neurons labeled with AAV2-retro-Con/Fon-EYFP injected in the LHb.

(C) Representative images of neurons labeled with AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdT co-injected in the LHb. Blue dots: neurons double positive for

EGFP and tdTomato.

(D) Fractions of neurons innervating the LHb with sole glutamatergic transmission, sole GABAergic transmission, and glutamatergic/GABAergic co-transmission
in different projecting areas. *A/p = 0.13 mm, **A/p = —0.77 mm. n = 5 brains, data are presented as mean + SEM. See also Table S5 for more information.
(E) Summary of LHb-projecting regions sending VGLUT2/VGAT co-expressing axonal terminals. The VTA includes the PBP, PN, IF, RLi, and CLi. *Regions that

have not been reported by previous studies.

(F and G) Retrograde labeling of SUM-projecting neurons (F) and ENTI-projecting neurons (G) co-expressing VGLUT2/VGAT from the DG. Blue dots in (G): neu-

rons co-labeled with EGFP and tdTomato.

(H) Fractions of neurons innervating the DG with sole glutamatergic transmission, sole GABAergic transmission, and glutamatergic/GABAergic co-transmission in
the SUM and ENTI (dorsal 1/3), as determined by AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdT co-injection in the DG. n = 6 brains, data are presented as mean +

SEM. Experiments were performed on VGLUT2-Cre;VGAT-FIpO mice.
Scale bars: 100 um (A, C, F, and G), 200 um (B).
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(A) Summary of LHb-projecting regions providing glutamatergic innervations alone (blue), GABAergic innervations alone (pink), or mixed innervations originated
from sole glutamatergic and sole GABAergic neurons (orange). *Regions that have not been reported by previous studies.

(B-E) Representative images of labeled structures that have not been reported by previous studies. See Figure S8 for regions that have been reported. Ex-
periments were performed on VGLUT2-Cre;VGAT-FIpO mice with AAV2-retro-DIO-EGFP/AAV2-retro-fDIO-tdT mix injected into the LHb.

Scale bars: 200 um (B and C), 100 um (D and E).

with each other. However, we cannot completely rule out the
possibility that weak off-target infections occurred but were not
detected under our analysis. Future functional studies such as
ChR2 and/or electrophysiological recordings need to be per-
formed to validate the projections discovered in this study, along
with the neurotransmitters used for these transmissions. Mean-
while, the strengths of glutamatergic and GABAergic projections
from the VGLUT2/VGAT co-expressing neurons have not been ac-
cessed in this study. It is important to determine whether the two
projections are well balanced or one projection dominates the
other. Finally, the viral infection was not restricted to the subre-
gions within the LHb or the DG. As projection patterns to the
LHb or the DG can vary significantly from subregion to subregion,
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future studies should be directed to expand this work to a sub-
regional level.
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Figure 7. VGLUT3 and VGAT co-expressing neurons in the brain

(A) Triple transgenic breeding scheme for labeling neurons co-expressing VGIut3 and VGAT.

(B) Distributions of labeled neurons in VGLUT3-Cre;VGAT-FIpO;Ai65 mice at different coronal planes.

(C) Representative images of tdT labeling in VGLUT3-Cre;VGAT-FIpO;Ai65 mice.

(D-1) Intersectional AAVs confirmed VGLUT3/VGAT co-expression in neurons of the CA3 (D, E), IF (F, I), PN (F, I), IPN (F, I), MEApd-c (H), and BST (G). Experiments
were performed in VGLUT3-Cre;VGAT-FIpO mice.

(J) Summary of Ai65 reported regions that contain VGLUT3/VGAT co-expressing neurons (blue) and regions that only contain VGAT-expressing neurons (red).
Scale bars: 100 um (C-l, top), 20 um (I, middle, bottom).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-GFP Abcam ab5450; RRID:AB_304897
Rabbit anti-RFP Rockland 600-401-379; RRID:AB_2209751
Mouse anti-parvalbumin Swant PV235; RRID:AB_10000343

Rat anti-SST Millipore MAB354; RRID:AB_2255365
Rabbit anti-VIP ImmunoStar 20077; RRID:AB_572270

Alexa Fluor 488 donkey anti-goat IgG
Alexa Fluor 488 donkey anti-mouse IgG
Alexa Fluor 488 donkey anti-rat IgG
Alexa Fluor 488 donkey anti-rabbit IgG
Cy3 donkey anti-rabbit IgG

Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch

705-545-003; RRID:AB_2340428
715-545-150; RRID:AB_2340846
712-545-150;RRID:AB_2340683

711-545-152; RRID:AB_2313584
711-165-152; RRID:AB_2307443

Bacterial and virus strains

PAAV-hSyn-Con/Fon-EYFP-WPRE
pAAV-Ef1a-fDIO- EYFP-WPRE

Fenno et al., 2014
Fenno et al., 2014

Addgene: 55650
Addgene: 55641

pAAV-CBA-Con/Fon-EYFP-WPRE This study Addgene: 186752
pAAV-Ef1a-DIO-EGFP -WPRE This study Addgene: 187103
pPAAV-Ef1a-fDIO- tdTomato-WPRE This study Addgene: 187112
AAV9-CBA-Con/Fon-EYFP-WPRE This study N/A
AAV9-EF1a-DIO-EGFP-WPRE This study N/A
AAV9-EF1a-fDIO-tdTomato-WPRE This study N/A
AAV2-retro-CBA-Con/Fon-EYFP-WPRE This study N/A
AAV2-retro-EF1a-DIO-EGFP-WPRE This study N/A
AAV2-retro-EF1a-fDIO-tdTomato-WPRE This study N/A

Cell lines

HEK 293T/17 ATCC CRL-11268
Chemicals, peptides, and recombinant proteins

DMEM Corning 10-013-CM

Fetal bovine serum Corning 35-011-CV
Penicillin-Streptomycin (100x) Gibco 15140122
Trypsin-EDTA Gibco 25300-054

Deposited data

Allen Mouse Brain Reference Atlas

Allen Mouse Brain in situ hybridization Atlas

Allen Mouse Brain Connectivity Atlas/
Transgenic Characterization

Allen Institute

Allen Institute
Allen Institute

https://mouse.brain-map.
org/static/atlas

https://mouse.brain-map.org/

http://connectivity.brain-map.
org/transgenic

Experimental models: Organisms/strains

Mouse: Ccktm1:1.cre/Zjh/J
CCK-Cre

Mouse: B6.CTg(CMVcre)1Cgn/J
CMV-Cre

Mouse: B6(Cg)-CrhTM1.cre/Zjh/J
CRH-Cre

Mouse: B6.129-Tg(Pcp2-cre)2Mpin/J
L7-Cre

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

JAX: 012706
JAX: 006054
JAX: 012704
JAX: 004146

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: B6;129SPenktm2.cre/Hze/J The Jackson Laboratory JAX: 025112
Penk-Cre

Mouse: B6;129P2-Pyalpi™!(cre)Arbry The Jackson Laboratory JAX: 008069
Pvalb-Cre

Mouse: B6;C3-Tg(Scnn1a-cre)3Aibs/J The Jackson Laboratory JAX: 009613
Scnnia-Cre

Mouse: Sst tm2.1(cre)Zjh/J The Jackson Laboratory JAX: 013044
SST-Cre

Mouse: B6;129S-Slc17a7!™!-1creHze The Jackson Laboratory JAX: 023527
VGLUT1-Cre

Mouse: Slc17a6tm2.cre/Lowl/J The Jackson Laboratory JAX: 016963
VGLUT2-Cre

Mouse: B6;129S-Slc17agm!-1¢creHzey The Jackson Laboratory JAX: 028534
VGLUT3-Cre

Mouse: SIc32a1tm2.cre/Lowl!/J The Jackson Laboratory JAX: 016962
VGAT-Cre

Mouse: B6;129S-Tac 1™ 1CrolHze; The Jackson Laboratory JAX: 021877
Tac1-Cre

Mouse: Tg(mlI56iflpe)39Fsh/J The Jackson Laboratory JAX: 010815
DIx5/6-FIpE

Mouse: Nkx2-1tm2:1.flpo/Zjh/J The Jackson Laboratory JAX: 028577
Nkx2-FIpO

Mouse: B6.Cg-Pvalbtm2:1.FLPe/Hze/J The Jackson Laboratory JAX: 021191
Pvalb-FIpE

Mouse: B6.Cg-Rasgrf2im?-1(eW/ipoHze, The Jackson Laboratory JAX: 029589
Rasgrf2-FIpO

Mouse: B6.Cg-RorbTM3:1.flpo/Hze/J The Jackson Laboratory JAX: 029590
Rorb-FIpO

Mouse: Ssttm3:1.flpo/Zjh/J The Jackson Laboratory JAX: 028579
SST-FIpO

Mouse: VipTM2:1.flpo/Zjh/J The Jackson Laboratory JAX: 028578
VIP-FIpO

Mouse: B6.Cg-Slc32a1TM1:1.flpo/Hze/J The Jackson Laboratory, Hongkui Zeng JAX: 029591
VGAT-FIpO

Mouse: B6.Cg-Tg(Camk2a tTA)1Mmay/DboJ The Jackson Laboratory JAX: 007004
Camk2a-tTA

Mouse: B6;129S-Slc6a3™™*1TAXz/ The Jackson Laboratory JAX: 027178
DAT-tTA

Mouse: B6;C3-Tg(NEFH-tTA)8Vle/J The Jackson Laboratory JAX: 025397
NEFH-tTA

Mouse: B6.Cg-Tg(Scg2-tTA)1Jt/J The Jackson Laboratory JAX: 008284
Scg2-tTA

Mouse: B6;129S-Rorb!™-1crelHize; The Jackson Laboratory JAX: 023526
Rorb-tTA

Mouse: B6.129P2(Cg)-Gt(ROSA)26Sor ™! ({TARcos The Jackson Laboratory JAX: 011008
ROSA-LNL-tTA

Mouse: B6.Cg-GT(ROSA)26Sor-tm9 The Jackson Laboratory JAX: 007909
(CAG-tdTomato)Hze/JAi9

Mouse: B6;129S-Gt(ROSA)26Sortm65.1 The Jackson Laboratory JAX: 021875
(CAG-tdTomato)Hze/JAi65

Mouse: B6.Cg-lgs 762 1tetO-tdTomato)Hze / The Jackson Laboratory JAX: 022731

Ai62

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: B6.Cg-lgs 7m0 1(tet0-COP4TEGFP)Hze The Jackson Laboratory JAX: 024100

Ai90

Mouse: B6;129S6-/gs7m931(tet0-GCaMP6iHze | The Jackson Laboratory JAX: 024103

Ai93

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/download.html
Fiji software GPL v2, Fiji http://fiji.sc/Fiji

OriginPro2021 OriginLab https://www.originlab.com/2021

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yongling
Zhu (yongling-zhu@northwestern.edu).

Materials availability
Plasmids generated in this study have been deposited to Addgene. Please see key resources table for unique identifiers.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care and use

Adult mice (8-12 weeks old) of either sex maintained in C57BL/6 congenic background were used for experiments. All animal pro-
cedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by
the US National Institutes of Health. All procedures for testing and handling were approved by the Institutional Animal Care and Use
Committee of Northwestern University. Animals were group housed with 14-hr light /10-hr dark Light/Dark cycle. Food and water
were provided ad libitum.

HEK 293T cells culture

HEK-293T cells were purchased from ATCC (CRL-11268). They were maintained in CO2 incubator at 37°C with 5% CO2. The cell
culture media contains Dulbecco’s modified Eagle’s medium (DMEM) (Corning, 10-013-CM) supplied with 10% fetal bovine serum
(Corning, 35-011-CV) and Penicillin-Streptomycin (Gibco 15140122, 100 units/mL of penicillin and 100 pg/mL of streptomycin). Cell
passage was performed by trypsinization with 0.050% trypsin-EDTA (Gibco, 25300-054). After trypsinization, cells were seeded onto
15-cm dishes and grew in adherent condition.

METHOD DETAILS

Molecular cloning

Standard molecular cloning methods were used to construct AAV plasmids. pAAV-CBA-C,,F.,-EYFP-WPRE was constructed by
subcloning BamHI/Xhol fragment from Addgene #55650 into AAV backbone containing CBA promoter (cytomegalovirus/chicken
beta-actin hybrid promoter). The CBA promoter, also named CAG promoter, was initially cloned from Addgene #11160. The
pAAV-EF1a-DIO-EGFP-WPRE was constructed on the backbone of pAAV-Ef1a-DIO eNpHR 3.0-EYFP (Addgene #26966). The
pAAV-EF1a-fDIO-tdtomato-WPRE was made based on pAAV-Ef1a-fDIO-EYFP (Addgene #55641) by replacing EYFP with tdTomato.

Viral packaging and titering

AAVs were produced in-house using Polyethylenimine (PEI) transfection of HEK293 cells in adherent cell culture with AAV cis, AAV
trans, and adenovirus helper plasmid pAdAF6 (Gray et al., 2011). AAVs from cells pellets and media were collected 72 h post trans-
fection and purified by iodixanol (Optiprep, Sigma; D1556) gradient ultracentrifugation as previously described (Zolotukhin et al.,
1999). Viruses were concentrated and formulated in PBS. GelGreen® dye (Biotium, Fremont, CA) was used to titer AAV preparations
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(Xuetal., 2020). This method provides a fast (~30 min) and reliable strategy for AAV titration. Fluorescence was read with plate reader
(Cytation 3).

Stereotaxic injections

Sterotaxic injection was performed on adult mice using Neurostar Robot Stereotaxic system (Tubingen, Germany). Animals remained
anesthetized with isoflurane provided through nose cone during the whole surgical procedure. A micropipette connected to a Nano-
ject lll Injector was used to inject AAV viral vectors at speed of 0.1 uL/min into the different brain regions. AAV9-C,,./Fo,-EYFP (5-8 x
10'2 ge/mL, 0.2 ul-0.3 pl/injection) or a mixture of AAV9-DIO-EGFP/AAV9-fDIO-tdTomato (1 x 10'® gc/mL for each, equal volume
mix, 0.2 pL-0.3 pl/injection) was injected into 44 brain structures with their stereotaxic coordinates listed in Table S6. For retrograde
labeling from the LHb or DG, AAV2-retro-Con/Fon-EYFP (5 X 10'2 go/mL, 0.1 pL/injection) or a mixture of AAV2-retro-DIO-EGFP/
AAV2-retro-fDIO-tdTomato (3 X 102 gc/mL for AAV2-retro-DIO-EGFP, 5 x 102 gc/mL for AAV2-retro-fDIO-tdTomato, equal
volume mix, 0.1 pl/injection) was injected to the LHb (AP:-1.6; ML:+/—0.3; DV:3.0) and DG (AP:-2.1; ML:+/—1.1; DV:2.2).
21-28 days after injection, animals were euthanized and the brains were fixed for immunohistochemistry and imaging analysis.

Immunohistochemistry and imaging
Mice were euthanized, and brains were fixed with 4% paraformaldehyde. After fixation, coronal brains were sectioned with a vibra-
tome at 80-um thick sections, and washed with a modified phosphate buffer (PB) containing 0.5% Triton X-100 and 0.1% NaN3, pH
7.4, and then blocked for 1 day in modified PB containing 5% donkey serum. Brain slices were then incubated with primary antibody
overnight at 4°C. After wash, brain slices were incubated with donkey secondary antibody for another night at 4°C. The primary an-
tibodies used were as follows: goat anti-GFP (1:500, Abcam ab5450), rabbit anti-RFP (1:500, Rockland 600-401-379), mouse anti-
Pvalb (1:250, Swant 235), rat anti-SST (1:10, Millipore MAB354), rabbit anti-VIP (1:1000, ImmunoStar, 20,077). Secondary antibodies
were conjugated to Alexa Fluor 488 or Cy3 (Jackson ImmunoResearch). All secondary antibodies were used at a dilution of 1:200.
Brains sections were mounted on glass slides (25 x 50 mm) with fluoroshield mounting medium with DAPI (EMS 17989). Epifluor-
escence images of brain sections were captured with KEYENCE BZ-X710 microscope (KEYENCE CORPORATION, Itasca, IL) with
4x or 10x objectives. A Zeiss LSM-510 Meta confocal microscope (25x objective) were used when higher magnification is required for
cell morphology analysis.

In situ Hybridization/RNAscope

In situ hybridization was performed using the RNAScope. Multiplex Fluorescent Reagent kit v2 (Advanced Cell Diagnostics). Briefly,
brains from adult mice (3 months old) were fixed in 4% PFA for 1 day, embedded in paraffin and then sectioned at 5 um thickness onto
glass slides. Brain sections were then deparaffinized in xylene, rehydrated in ethanol, and processed for RNA in situ hybridization
following manufacturer’s recommendations. The following probes were used in this study. 1) ACD Cat# 319171-C2 Mm-Sic17a6-
C2 - Mus musculus solute carrier family 17, member 6, VGLUT2. 2) ACD Cat# 319191 Mm-SIc32a1- Mus musculus solute carrier
family 32, member 1, VGAT.

QUANTIFICATION AND STATISTICAL ANALYSIS

At least 3 brains were examined for each combinational mouse line. Epifluorescence images of brain series acquired by KEYENCE
system were individually registered to their closest corresponding Allen Mouse Brain Reference Atlas (https://mouse.brain-map.org/
static/atlas) level. Afterwards, each brain image was matched to Allen brain diagram of corresponding levels, with anatomical land-
marks and DAPI stain as guides to determine the identity of nucleus of interest. Brain regions were defined with reference to the Allen
Mouse Brain Reference Atlas, with the Paxinos and Franklin atlas (Paxinos and Franklin, 2004) as a secondary resource. Cell counting
was performed manually using Adobe Photoshop or Image J.

All data are expressed as the mean + SEM. Data collection and analysis were not performed blind to the conditions of the exper-
iments. No statistical analysis was performed in this study. No data points were excluded. No statistical methods were used to pre-
determine sample sizes, but our sample sizes are similar to those reported in previous publication.
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Figure S1. Flp expression patterns in Rorb-FIpO and Rasgrf2-FIpO drivers. Related to
Figure 1.

(A) Distributions of Flp-expressing cells in Rorb-FIpO driver.

(B) Distributions of Flp-expressing cells in Rasgrf2-Flp driver.

Each Flp driver was crossed with CMV-Cre and Ai65 mice.

Scale bars: 500um.
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Figure S2. Flp expression patterns in DIx5/6-FIpO and Nkx2-FlpO drivers, and tTA
expression patterns in DAT-tTA and Rosa-LNL-tTA drivers. Related to Figures 1, 2.

(A, B) Distributions of Flp-expressing cells in DIx5/6-FIpO (A) and Nkx2-FIpO (B) drivers.

(C) Summary of Flp expression patterns.

(D, E) Distributions of tTA-expressing cells in DAT-tTA (D) and Rosa-LNL-tTA (E) drivers.

(F) Summary of tTA expression patterns.

Each Flp driver was crossed with CMV-Cre and Ai65 mice. Each tTA driver was crossed with
CMV-Cre and Ai62 mice.

Scale bars: 500um (A, B, and E), 200um (D).
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Figure S3. Distributions of Pvalb and VIP neurons probed with intersectional strategies.
Related to Figure 1.

(A-D) Representative images of labeled neurons in VGLUT1-Cre;Pvalb-FIpE;Ai65 (A), VGLUT2-Cre;
Pvalb-FIpE;Ai65 (B), VGLUT3-Cre;Pvalb-FIpE;Ai65 (C), and VGAT-Cre;Pvalb-FIpE;Ai65 (C) mice.
(E, F) Representative images of labeled neurons in VGLUT2-Cre;VIP-FIpO;Ai65 (E) and VGAT-Cre;
VIP-FIpO;Ai65 (F) mice.

Scale bars: 200pm (A, B, C, and E), 500um (D and F).
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Figure S4. Glutamatergic Pvalb neurons probed with intersectional strategies. Related to Figure 1.
(A) The L5 cortical neurons labeled in VGLUT1-Cre;Pvalb-FIpE;Ai65 intersection showed no or low Pvalb

expression.

(B) Pvalb-expressing glutamatergic neurons in the thalamus and hypothalamus probed with VGLUT2-Cre;
Pvalb-FIpE;Ai65.

(C) Pvalb-expressing glutamatergic neurons in the midbrain probed with VGLUT2-Cre;Pvalb-FIpE;Ai65.
(D) VGLUT3-Cre;Pvalb-FIpE;Ai65 labeled Pvalb-expressing neurons in L5, L6 of the isocortex, and in the
hippocampal CA3.

White stars: cells co-labeled with tdTomato (Ai65) and antibody against Pvalb. Blue star: cells labeled with
tdTomato (Ai65), but not with Pvalb antibody.

Scale bars: 20um (A), 50um (B, C, and D).
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Figure S5. Distributions of SST neurons probed with intersectional strategies. Related
to Figure 1.

Representative images of labeled neurons in VGLUT2-Cre;SST-FIpO;Ai65 (A), VGLUT3-Cre;
SST-FIpO;Ai65 (B) and VGAT-Cre;SST-FIpO;Ai65 (C) mice.

Scale bars: 500um (A, B, and C top), 250um (C middle and bottom).
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Figure S6. Distributions of labeled neurons in CaMk2a-tTA and Scg2-tTA. Related to
Figure 2.

(A-C) Representative images of labeled neurons in VGLUT1-Cre;CaMk2a-tTA (A), VGLUT3-
Cre;CaMk2a-tTA (B), and VGAT-Cre;CaMk2a-tTA (C) intersections.

(D-G) Representative images of labeled neurons in VGLUT1-Cre;Scg2-tTA (D), VGLUT2-
Cre;Scg2-tTA (E), VGLUT3-Cre;Scg2-tTA (F), and VGAT-Cre;Scg2-tTA (G) intersections.
Scale bars: 500um (A, B, C, D, E, F, and G).
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Figure S7. Distributions of labeled neurons in NEFH-tTA. Related to Figure 2.
Representative images of labeled neurons in VGLUT1-Cre;NEFH-tTA (A), VGLUT2-Cre;
NEFH-tTA (B), VGLUT3-Cre;NEFH-tTA (C), and VGAT-Cre;NEFH-tTA (D) intersections.
Scale bars: 500um (A, B, and C), 250um (D).
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Figure S8. LHb-projecting regions provided glutamatergic innervations alone, GABAergic
innervations alone or mixed innervations originated from sole glutamatergic and sole
GABAergic neurons. Related to Figure 6.

Retrograde labeling of LHb-projecting neurons was performed by injecting AAV2-retro-DIO-EGFP
IAAV2-retro-fDIO-tdT mix into the LHb of VGLUT2-Cre;VGAT-FIpO mice. Representative images
of labeled structures that have been reported by previous studies.

Scale bars: 500pm (A), 100pm (B, C, and D).

Striatum, pallidum
thalamus
Hypothalamus
Midbrain




Table S2. GABAergic and glutamatergic neurons in Pvalb-FlpE, SST-FIpO, VIP-FIpO drivers.

Related to Figure 1B-D.

Claustrum,

(L2/3)*

Striatum & .. Hippocampal | Olfactor . .
Cerebral cortex Pallidum Amygdala | Endopirifor frc))r:matio'r: areas ¥ Thalamus Hypothalamus midbrain
m nucleus
VGLUT1- SSp (L5), VISal (L5),
B AON AD, LD
Cre/Pvalb-FlpE RSP (L2/3, L5) SU © !
*
/EE ’ gg’ é'f MPO, LPO, VMH, 'ITEE; PSPCT; ?gp* ’
VGLUT2- SSp (L5), VIsal (L5 P STN, MM* P
Cre/Pvalb-FIpE p(RS)IF‘(LSE; () SF, SI, MS, GPi SUB AON PCN, LGNv, arvafé)x nucI(Iaus 5Cs-0p*, SCm,
P LHb*, Ve, | PO ND*, RN*,
VPL ’ MRN
VGLUT3-
Cre/Pvalb-FIpE L5, L6 of all regions* CA3*,SUB LGNv SNc, ZI APN, RN, IlI
CP*, FS* APN*, SNr*
SR LA*, BLA*, CA1*, CA2¥, MOB¥*, RT*, AD¥, ’ ’
VGAT-Cre/Pvalb- Pan* GPe*, GPi*, BMA* cOn* | EPA* Epy* CA3* DG* AON* LD* AV* ADP*, MPO*, ND*, SCs*,
FIpE MS*, NDB*, ’ ’ SUB* PIR* TR LG’NV* ’ MA*, STN*, ZI* | SCm*, MRN¥,
OT*, SI* ’ IPC*, RN*
CAl-sp
VGLUT1-Cre/SST- BLA, PAA, MOB,
FIpO MOp (L6) COA (ventral), CA3 AON
sp (dorsal)
CAL-sp PVT, RE,CM, | MPO, PVH, PVa,
VGLUT2-Cre/SST- . MEA, COA . PCN, LHb* SBPV, RCH PRC, MRN
MOp (L LSc, LSr, GPi* Atk ), CA3- AON ’ ’ R ’ ’
FlpO Op (L6) S¢, L1, GPi PAA (V‘:”t(:;”o);sgl)g © VPL, VM, SPF, | DMH, VMH, TU, | SCm, VTA*
P PIL, PP PH, TMv
CM, VM, SPA
VGLUT3-Cre/SST- P ST
; (;e/ L5, L6 of all regions CA3-so* SPF, LGNy, PVH MRN, PN, SCs
P IGL, PIL, PP
CP*, FS*, SI* CEA*, LA* RT*, SPF*
T Pt EPv*, EPd* | CAl-so*, CA2- MOB*, ’ | ZI*, LHA*, PVp*, | IPR*, MPT¥*,
VGAT-Cre/SST- Pan* OT*, LSc*, BLA*, BMA*, <o* CA3so* AON* LGNV*, IGL* TNIV* ARH* NPC* SCs*
FlpO LSr*, LSv* MEA*, COA* ’ ’ ’ ’ ’ ’ !
BST*" Gpi; PAA;’ e ’ DG-po*, SUB* | TR*, PIR* TU* SCm*, VTA*
VGLUTFZH'OCc;e/ VIP- BST CEA, LA PVpo, PVH, SCN VTA
MO (L2/3)*; SS*, CEA* LA*
VGAT-Cre/VIP- VIS*, AUD (L2/3, . ek . CA1*, DG*, MOB*, .
FIpO L4)*; ACA*, RSP CP%, BST BPL:A;C(::*' SUB* AON* SCN

*Regions containing labeled neurons expressing Pvalb, SST, or VIP, determined with immunochemistry.




Table S3. GABAergic and glutamatergic neurons in CaMk2a-tTA, Scg2-tTA, NEFH-tTA drivers. Related to Figure 2B-D.

Claustrum,

tTA

NDB, BST, FS

Striatum & .. Hippocampal | Olfactor ) )
Cerebral cortex . Amygdala | Endopiriform PP . P y Thalamus | Hypothalamus | midbrain
Pallidum formation areas
nucleus
VGLUT1- MO(L2/3, L6), SS, AUD(L2/3,
Cre/CaMk2a-tTA L4, L6), VIS(L4, L6), ACA, BLA, COA EP pan AON, PIR
RSP(L2/3, L6)
VGLUT2- MO(L2/3, L6), SS, AUD(L2/3,
Cre/CaMk2a-tTA L4, L6), VIS(L4, L6), ACA, BLA, COA EP pan AON, PIR
RSP(L2/3, L6)
VGLUT3- MO(L2/3, L6), SS(L4, L5, L6),
Cre/CaMk2a-tTA VIS, AUD(L6), ORB(L2/3, L5), CLA, EP ENTI TR
ACA, RSP(L2/3, L6)
CP, ACB, LS,
VGAT- SI, OT, BST, CEA, LA, MO8, SCN, LHA
Cre/CaMk2a-tTA FS BLA AOB
MO(L2/3, L5, L6), SS(L2/3, L4,
VGLUT1- L5, L6), VIS,AUD(L4, L6), BLA Ep C):EJIBCAP?(;;GI AON, PIR, MHb, CM,
Cre/Scg2-tTA ORB(L2/3, L5), ACA(L2/3, L5, PRE P"AR El\;TI TR PCN, CL
L6), RSP(L2/3, L6) , PAR,
Vo | L5 ey VG AUDMA LS
Cre/Scg2-tTA ORB(L2/3, L5), ACA(L2/3, L5, CLA PPOASRT’EPNR_;’ AOB, PIR MHb SNe
L6), RSP(L2/3, L6) '
MO(L2/3, L6), SS(L4, L5, L6), CLA, EP
CrZ/GSI;U;—?tTA VIS, AUD(L6), ORB(L2/3, L5), M
& ACA, RSP(L2/3, L6)
LGNd OP, MPT
VGAT-Cre/Scg2- CP, LS, SI, CEA, MEA, ! ! !
TA FS, OT, BST AAA EP MOB LGNy, SCN NOT, SCs,
SPF, SNc
VGLUT1- MOs(L2/3, L6), MOp (L6), SS, AOB,
Cre/NEFH-tTA VIS, AUD (L4, L6), ORB(L5), BLA EP pan AON, PIR, MHb
ACA, RSP (L2/3, L6) TR
MO(L2/3, L6), SS, VIS, AUD
VGLUT2- AON, PIR, PVT, IMD,
Cre/NEFH-tTA (L4, L6), ORB(L5), ACA, RSP BLA EP pan R CM, RE,PF STN VTA, SNc
(L2/3, L6)
VGLUT3- MO (L2/3, L6), SS(L4, L5, L6), IMD, CM,
Cre/NEFH-tTA VIS, AUD (L6), ORB(L2/3, L5), CLA, EP SMT,
ACA(L2/3, L6), RSP(L6) VPMpc,PF
CP, ACB,
VGAT-Cre/NEFH- GPe, LS, MS, | CEA, MEA MOB RT SCN VTA, SNc




Table S4. Neurons labeled in Cre/tTA lines. Related to Figure 2F-I.

Striatum Claustrum, Hibpocampal Olfactor
Cerebral cortex & Amygdala | Endopiriform PP . P y Thalamus | Hypothalamus | midbrain
. formation areas
Pallidum nucleus
MO(L2/3, L6), SS,
ccK C“z ia'v'kza VIS(L4, L6), AUD(L6), cP LAC'SXA' EP CAL sté_iM | PR, TR
ACA, RSP(L2/3, L6) &
MO(L®6), SS, VIS(L4,
CCK-Cre/Scg2-tTA L6), AUD(LS), Cgé'_zp' g/gs_-ss, PIR
RSP(L2/3) & YuP
CA3-sp, CAl-sp
SST-Cre/CaMk2a- CP, LSc, LA, CEA, ’
TA MOp(L6) BST, FS, OT MEA, COA (ventral), SUB, PIR, TR
ENTI
CP, LSc,
SST-Cre/Scg2-tTA MOp(L6) BST. FS MEA SUBv-sp, ENTI AON, PIR SCs
MO(L4, L6), SSp(L4. SUBv-sp, POST,
Tac1-Cre/Scg2-tTA L6), RSP(L2/3) CpP CEA PRE MHb SCs
Scnnla- SS, VIS, AUD(L4),
Cre/CaMk2a-tTA RSP(L2/3)
SSp (L4, L5), SSs, AUD, CA1-sp, SUB-sp,
Scnnlatg\e/ 82" | \isp(La), ACA (L2/3), BST MCEQ;\BF'\,/A'\A' POST(L2), PRE(L2), RE
RSP (L2/3, L6) ’ PAR(L2), ENTI
Penk-Cre/CaMk2a- BLA, CEA,
TA RSP (L2/3, L5) CP, BST MEA CAl-sp, SUB MOB
MO(L2/3, L6), SS,
Penk-Cre/Scg2-tTA AUD, VIS, ACA, CAl-sp PIR
RSP(L2/3, L6)
MO(L2/3), SSp(L2/3,
L7-Cre/CaMk2a- | |4/L5 border), AUD, CA1-sp, DG-sg,
TA VIS(L2/3, L4), ACA SUB. ENTI
(L2/3), RSP(L2/3, L5, ’
L6)




Table S5. Fractions of LHb-projecting neurons expressing VGLUT2 only, VGAT only, or
VGLUT2 and VGAT. Related to Figure 5D.

VGLUT2 only VGAT only VGLUT2 and VGAT
GPi 5%+ 1% 1% + 0% 94% + 6%
IF 14% + 2% 0+0% 86% t 9%
PN 29% + 3% 28% £ 2% 43% = 3%
PBP 50% + 4% 18% + 2% 32% £ 3%
RLi 53% + 6% 4% + 1% 43% = 5%
CLi 32% £ 3% 1% £+ 0% 67% £ 7%
SCs 70% + 8% 7% £ 1% 23% £ 2%
MPT 77% £ 8% 0+0% 23% £ 2%
MEApd-a 40% + 5% 23% £ 3% 37% £ 4%
LPO 41% + 4% 27% £ 3% 32% £ 3%
S| 15% + 1%* 73% + 8%* 12% + 2%*
20% + 3%** 32% £ 3%** 48% + 5%**
MA 32+4% 45 + 5% 23+3%
EW 38% £ 5% 24% £ 3% 38+4%

N= 5 brains. Shown are means + SEM.

*A/P=0.13mm,
** A/P=-0.77 mm




Table S6. Brain structures and their stereotaxic coordinates for AAV9-C,n/Fon-EYFP injection and AAV9-DIO-EGFP/AAV9-fDIO-
tdTomato injection. Related to: STAR METHODS/Method details/Stereotaxic Injections

ACA AP:-0.5; ML:+/-0.3; DV:1.4 MPO AP:0; ML:+/-0.7; DV:5.0
AHN AP:-0.7; ML:+/-0.5; DV:5.1 MPT AP:-2.7; ML:+/-0.4; DV:2.1
AUD AP:-2.7; ML:+/-4.0; DV:2.4 MRN AP:-3.1; ML:+/-0.6; DV:3.1
BST AP:0.10; ML:+/-0.9; DV:4.1 PAA AP:-1.3; ML:+/-3.1; DV:5.7
CA1 2;’;2 %t:ﬁg A PALV AP:0.10; ML:+/-15; DV:5.5
CA3 2;’;2 %t:ﬁgg A PIR AP:1.8; ML:+/-2.2; DV:4.5
CLi AP:-3.7; ML:+/-0; DV:3.7 PMv AP:-2.2; ML:+/-0.5; DV:5.3
COA AP:-1.3; ML:+/-2.5; DV:5.7 PP AP:-3.1; ML:+/-2.3; DV:3.8
DG 2;’;3 %t:ﬁz gggé PPT AP:-2.9; ML:+/-0.7; DV:2.0
DMH AP:-1.7; ML:+/-0.4; DV:5.0 PVH AP:-0.7; ML:+/-0; DV:4.8
DR AP:-4.0; ML:+/-0; DV:3.6 RN AP:-3.1; ML:+/-0.8; DV:3.7
ENTI AP:-3.1; ML:+/-4.0; DV:4.6 RSP AP:-3.1; ML:+/-0.4; DV:1.1
EPd AP:-0.5; ML:+/-3.4; DV:4.4 SBPV AP:-0.7; ML:+/-0; DV:5.1
EW AP:-3.7; ML:+/-0; DV:3.0 SCm AP:-3.6; ML:+/-1.0; DV:2.2
GPi AP:-1.4; ML:+/-1.8; DV:4.3 SCs AP:-3.6; ML:+/-0.5; DV:1.3
IGL AP:-2.3; ML:+/-2.2; DV:3.0 SNc AP:-3.1; ML:+/-1.3; DV:4.3
IPN AP:-3.5; ML:+/-0; DV:4.7 SPFp AP:-3.1; ML:+/-1.8; DV:3.6
LHA AP:-2.2; ML:+/-0.9; DV:4.9 SSp AP:-0.5; ML:+/-3.0; DV:2.0
LPO AP:0.3; ML:+/-0.8; DV:5.2 SUM AP:-2.6; ML:+/-0; DV:5.0
MEAav AP:-1.3; ML:+/-1.8; DV:5.5 VISp AP:-3.0; ML:+/-2.4; DV:1.0
MEApd AP:-2.0; ML:+/-2.0; DV:4.9 LGNv AP:-2.3; ML:+/-2.5; DV:3.3
MO AP:-0.5; ML:+/-0.8; DV:1.1 VTA AP:-3.1; ML:+/-0.4; DV:4.3
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