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8Present address: Blue Brain Project (BBP), École Polytechnique Fédérale de Lausanne (EPFL), Campus Biotech, 1202 Geneva, Switzerland
9These authors contributed equally
10Lead contact
*Correspondence: jikim220@unist.ac.kr

https://doi.org/10.1016/j.celrep.2023.113239
SUMMARY
Dopamine synapses play a crucial role in volitional movement and reward-related behaviors, while dysfunc-
tion of dopamine synapses causes various psychiatric and neurological disorders. Despite this significance,
the true biological nature of dopamine synapses remains poorly understood. Here, we show that dopamine
transmission is strongly correlated with GABA co-transmission across the brain and dopamine synapses
are structured and function like GABAergic synapses with marked regional heterogeneity. In addition,
GABAergic-like dopamine synapses are clustered on the dendrites, and GABA transmission at dopamine
synapses has distinct physiological properties. Interestingly, the knockdown of neuroligin-2, a key postsyn-
aptic protein at GABAergic synapses, unexpectedly does not weaken GABA co-transmission but instead
facilitates it at dopamine synapses in the striatal neurons. More importantly, the attenuation of GABA co-
transmission precedes deficits in dopaminergic transmission in animal models of Parkinson’s disease. Our
findings reveal the spatial and functional nature of GABAergic-like dopamine synapses in health and disease.
INTRODUCTION

Dopamine (DA) orchestrates essential brain functions including

voluntary movement, action selection, and reward-related be-

haviors via volume transmission.1,2 Due to its spatiotemporal

release properties, synaptic transmission through DA synapses

has been considered slow and diffuse in space, possibly causing

non-synapse-specific transfer of information to postsynaptic

neurons. In addition, DA acts through extrasynaptic G protein-

coupled receptors.3,4 Thus, the early idea that DA transmission

is slow, inaccurate, and non-synapse specific has been preva-

lent for a long time. However, recent studies highlighted the pos-

sibility that synaptic action via DA synapses can be rapid, syn-

apse specific, and far more complicated than we think. It

appears that there exist active zone-like release sites in some

populations of DA boutons that can potentially support spatially

and temporally precise coding.5 More interestingly, co-transmis-

sion of classical, fast-acting neurotransmitters such as gluta-

mate and g-aminobutyric acid (GABA) at DA synapses has

been found in the striatum.6–8 Given that DA release and its prop-

agation to neighboring synapses via volume transmission are not

strictly limited in space, such co-transmission of fast-acting neu-

rotransmitters at DA synapses and its synaptic effects would be
This is an open access article und
spatially more restricted and probably localized to individual syn-

apses, rendering the physiological actions of DA synapses more

synapse specific. Although potentially critical for realistic synap-

tic actions at DA synapses, the central question of whether this

co-transmission of DA, glutamate, and GABA at DA synapses

is ubiquitous throughout the brain or is just one of the distinctive

features of some specific DA projections remains not fully

explored.

In this study, we designated DA synapses as GABAergic-like

DA synapses where dopaminergic presynaptic boutons capable

of co-transmitting GABA are closely apposed to GABAergic

postsynaptic sites. GABA co-transmission at these DA synapses

is presumed to have essential functions in regulating neural cir-

cuits.9 To gain insights into the possible functions of GABA co-

transmission at DA synapses in the brain, we investigated spatial

and physiological features of GABAergic-like DA synapses.

RESULTS

GABA co-transmission co-exists with DA transmission
at DA synapses in the brain
To determine brain-wide heterogeneity of synaptic actions

at DA synapses caused by the co-transmission of multiple
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neurotransmitters, we first revisited regional variations of DA

axons by labeling tyrosine hydroxylase (TH) and dopamine trans-

porter (DAT), which are key molecular markers for DA neurons

and axons. Two DA axonal projections (nigrostriatal and meso-

corticolimbic) from DA neurons in the substantia nigra pars

compacta (SNc) and ventral tegmental area heavily innervate

striatum,10 which is the input region of basal ganglia (Figure 1A).

However, they also project to the cortex and other nuclei of basal

ganglia, including globus pallidus and subthalamic nucleus.11

Most of the striatal areas were occupied by highly dense arbor-

ization of DA axons (Figures 1A and 1B) and the areas of TH-pos-

itive axons were comparable among striatal regions (Figures 1B

and 1C). The amount of axonal projections to the cortex, howev-

er, was significantly less than DA projections in the striatum.

Extrastriatal basal ganglia nuclei showedmuch sparser axonal fi-

bers than the striatum, but TH-positive DA axons in these regions

were still denser than other cortical areas (Figures 1B, 1C, and

1E). The regional pattern of DAT-positive axons was largely

similar to the one of TH-positive axons except in cortical regions,

where less consistency was found between TH- and DAT-posi-

tive axons (Figures 1B, 1D, and 1F). Notably, although small,

regional heterogeneity and differences were found within the

striatum in DAT-positive axons.

We next questioned whether neurotransmitter co-transmis-

sion at DA synapses would follow the quantitative pattern of

axons across the brain. We selectively expressed channelrho-

dopsin 2 (ChR2) in DA neurons by crossing DAT-IRES-Cre

mice with Ai32 mice.7 The regional expression pattern of ChR2

in DAT-Cre;Ai32 mice was very similar to the ones obtained by

TH and DAT immunostaining (Figures S1A–S1C). We performed

fast-scanning cyclic voltammetry (FSCV) to compare brain-wide

DA transmission (Figure 1G). Similar to the previous reports on

electrically stimulated DA transmission,12,13 light-evoked DA

transmission was the highest in the dorsal striatum, and ventral

domains of the striatum exhibited relatively smaller DA release

than dorsal striatum (Figures 1H–1J and S1D–S1F). Photo-stim-

ulation of DA axons elicited very low DA release in the cortex as

well as extrastriatal basal ganglia nuclei.

We then sought to determine the regional heterogeneity in the

co-transmission of GABA and glutamate at DA synapses. To

measure inhibitory postsynaptic current (IPSC) and excitatory

postsynaptic current (EPSC), we performed whole-cell voltage-

clamp recording in various postsynaptic neurons of DA target

areas and recorded optogenetically induced IPSC (oIPSC) and

EPSC (oEPSC) from the same postsynaptic neuron. The stron-

gest GABAergic responses were observed in the dorsal striatum,

while the ventral striatum only displayed GABAergic responses

less than half of the dorsal striatum. GABA co-transmission at

DA synapses in both cortex and extracellular basal ganglia nuclei

was minimal (Figures 1K–1M, S1J, S1K, and S1O–S1Q). Unlike

GABA co-transmission, the highest responses by glutamatergic

co-transmission came from the nucleus accumbens (NAc) shell

in the ventral striatum (Figures S1G–S1I, S1L, S1M, and S1O–

S1Q). Glutamatergic oEPSCs in other striatal domains were

much smaller than that of the NAc shell and there were almost

no EPSCs from the cortex and extrastriatal basal ganglia nuclei.

The reason behind this marked heterogeneity in the glutamate

co-transmission at DA synapsesmight be a brain region-specific
2 Cell Reports 42, 113239, October 31, 2023
expression of VGlut2 (vesicular glutamate transporter 2) that is

essential for DA-glutamate co-transmission at DA synapses. Of

particular note, when this regional transmission of DA, GABA,

and glutamate at DA synapses was compared with each other,

we found a strong correlation between DA and GABA release,

whereas no pronounced correlations existed between glutamate

and other neurotransmitters (Figure 1N). In addition, when the

area of DA axons and neurotransmitters co-transmission were

compared, significant correlations were found between DA

axonal areas and GABA (or DA) transmission, while there was

no correlation between DA fibers and glutamate transmission

(Figures 1O and S1N). Interestingly, the correlation between

DAT-positive axons and GABA (or DA) transmission was stron-

ger than the one by TH-positive axons. Together, DA transmis-

sion reliably accompanies GABA transmission at DA synapses,

especially in striatal regions. Furthermore, regional heterogene-

ity of DAT-positive axons in the brain, although small, mirrors

regional differences in DA and GABA transmissions better than

TH-positive axons.

Spatial distribution and characteristics of GABAergic-
like DA synapses in the brain
DA axon terminals make synaptic contacts with neurons in

numerous brain areas, although the majority of these synapses

reside within the striatum. It is important to note that not all

TH-positive bouton-like structures can release DA5 and postsyn-

aptic DA receptors are typically at extrasynaptic sites.3,4,14 Thus,

unlike glutamatergic and GABAergic synapses, this mismatch

between presynaptic and postsynaptic sites, and our lack of

knowledge about presynaptic and postsynaptic molecular

markers defining functional DA synapses, have hampered the

comprehensive identification of spatial and functional features

of DA synapses throughout the brain. Recently, neuroligin-2

(NL2), a common postsynaptic cell adhesion molecule that has

been thought to be exclusively localized to inhibitory synapses,15

was found in the postsynaptic membrane specializations at

striatal DA synapses.4 Despite this finding, our understanding

of molecular components defining DA synapses in the brain is

still far from complete.

We investigated the brain-wide distribution and spatial char-

acteristics of DA synapses by labeling molecular markers for

both presynaptic and postsynaptic sites. We utilized NL2 as a

postsynaptic marker for DA synapse. We also considered the

co-localization of TH and vesicular monoamine transporter 2

(VMAT2) immunofluorescences as a putative marker for dopami-

nergic boutons that can co-transmit DA and GABA.6 In multi-co-

lor immunostaining and airyscan confocal microscopy, TH- and

VMAT2-positive presynaptic boutons, unlike TH-positive axons,

showed marked regional heterogeneity in their distribution

across the nigrostriatal and mesocorticolimbic pathways

(Figures 2A–2D). The dorsal striatum largely contained more

TH- and VMAT2-positive boutons than the ventral striatum.

Notably, the number of NL2-positive postsynaptic sites also ex-

hibited regional differences across the brain (Figure 2C). We then

regarded the co-localization of a TH- and VMAT2-positive pre-

synaptic bouton and an NL2-positive postsynaptic site as a po-

tential GABAergic-like DA synapse. When this triple co-localiza-

tion was compared, the regional heterogeneity in dopaminergic
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Figure 1. GABA co-transmission co-exists with DA transmission at DA synapses in the brain

(A) Schematic illustration and fluorescent image of dopaminergic pathways in the brain.

(B) Representative confocal images of TH+ and DAT+ DA fibers in the brain of DAT-Cre mice.

(C–F) Summary statistics of TH+ and DAT+ axonal areas in the brain (n = 24–34 images).

(G) Schematic illustration depicting electrophysiological recording of synaptic transmission at DA synapses in the multiple brain regions.

(H–J) Representative recording traces and summary statistics of DA transmission in the brain (n = 12–32 slices).

(K–M) Representative recording traces and summary statistics of GABA transmission at DA synapses (n = 7–17 cells).

(N) Relationships between DA, GABA, and glutamate transmission.

(O) Relationships between DAT+ area and neurotransmitters release. The blue bar indicates optogenetic light stimulation. Data are presented as box and whisker

plots or mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S1 and Table S1.
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presynaptic boutons was accentuated by variation in NL2-posi-

tive postsynaptic sites, leading to more prominent differences in

the number of GABAergic-like DA synapses across the brain

(Figure 2D).

It is likely that TH- and VMAT2-positive presynaptic boutons

may not represent functional DA terminals capable of releasing

neurotransmitters as VMAT2 can also exist outside synaptic

boutons. To confirm this, we examined the spatial properties

of GABAergic-like DA synapses by labeling the presynaptic pro-

tein Bassoon as a functional presynapticmarker at DA synapses.

Bassoon is present in presynaptic active zones and has been

recently shown to mark functional DA boutons.5,16 When

VMAT2 was replaced by Bassoon, relative regional differences

in the numbers of both presynaptic boutons and GABAergic-

like DA synapses were largely maintained (Figures 2G–2J),

while the estimated numbers of dopaminergic boutons and

GABAergic-like DA synapses were considerably reduced. In

addition, when Bassoon was used as a presynaptic marker,

the difference in the number of GABAergic-like DA synapses

among brain regions, especially between the dorsal and ventral

striatum, became more pronounced (Figure 2J). To validate

whether GABAergic-like DA synapses were properly captured

by enhanced confocal microscopy, we performed expansionmi-

croscopy, which can visualize the synapses in a higher resolu-

tion.17 The number of GABAergic-like DA synapses measured

by airyscan imaging was similar to the number detected by

expansion microscopy (Figures S2A–S2C). We also utilized the

shuffling analysis to prove that the GABAergic-like DA synapses

we identified are not caused by non-specific labeling.5 The num-

ber of GABAergic-like DA synapses was significantly reduced

when shuffled NL2 was used in place of actual NL2

(Figures S2D–S2F). These results clearly verify that our imaging

method and analysis can properly capture GABAergic-like DA

synapses.

We further validated our findings by using Gephyrin as a post-

synaptic marker for DA synapses. Gephyrin is an assembly pro-

tein that anchors inhibitory neurotransmitter receptors to the

postsynaptic membrane and has been determined as a major

postsynaptic protein of GABAergic synapses.18,19 Spatial distri-

bution and regional disparity of GABAergic-like DA synapses, re-

vealed by Gephyrin, were also comparable with the pattern iden-

tified by NL2, supporting the distinct regional properties of

GABAergic-like DA synapses in the brain. Moreover, compared

with the co-localization of VMAT2 and Gephyrin, the identifica-

tion of GABAergic-like DA synapses by the co-localization of

Bassoon and Gephyrin made the regional difference between

dorsal and ventral striatum more obvious (Figures S2G–S2R).
Figure 2. Spatial distribution and characteristics of GABAergic-like DA

(A) Enhanced confocal (airyscan) images of brain-wide DA axons and synapses

localization).

(B–F) Summary statistics of brain-wide GABAergic-like DA synapses (n = 39–42 i

immunostained by TH, Bassoon, and NL2 antibodies.

(H–L) Summary statistics of brain-wide GABAergic-like DA synapses (n = 36–42

(M and N) Relationships between GABAergic-like DA synapses and neurotransm

(O) Relationships between GABAergic-like DA synapses and DA boutons (or GA

(P) Cumulative frequency for nearest neighbor distance among GABAergic-like

***p < 0.001, ****p < 0.0001. See also Figures S2 and S3 and Table S1.
Noticeably, when Bassoonwas used in place of VMAT2 as a pre-

synaptic marker, the proportion of GABAergic-like DA synapses

out of all the presynaptic boutons increased, whereas the ratio of

GABAergic-like DA synapses out of all the postsynaptic sites

significantly decreased (Figures 2E, 2F, 2K, 2L, S2K, S2L, S2Q,

and S2R).

We also found that the Bassoon-NL2 combination exhibited

the strongest correlation between GABAergic-like DA synapses

and dopaminergic boutons and the weakest correlation between

GABAergic-like DA synapses and GABAergic postsynaptic sites

when the correlations were separately calculated and compared

from each brain area (Figure 2O). More importantly, the correla-

tion between GABAergic-like DA synapses and GABA (or DA)

transmission was the highest and highly significant in the brain,

when both Bassoon and NL2 were simultaneously used as mo-

lecular markers for GABAergic-like DA synapses (Figures 2M

and 2N). No significant correlations were found between

GABAergic-like DA synapses and glutamate transmission. We

further performed nearest-neighbor analysis on the distribution

of GABAergic-like DA synapses across the brain. Among the

different combinations of presynaptic and postsynapticmarkers,

the Bassoon-NL2 combination showed a clear distinction in the

distribution of GABAergic-like DA synapses between the dorsal

and ventral striatum (Figure 2P). This Bassoon-NL2 combination

also displayed a significant separation of inter-synaptic dis-

tances between the striatum and other brain areas. Together,

these results indicate that, unlike just the area of DA axons,

GABAergic-like DA synapses are distributed throughout the

brain with significant regional and spatial heterogeneity, irre-

spective of synaptic markers used for analysis. Furthermore,

GABAergic-like DA synapses determined by Bassoon-NL2 com-

bination correlate best with GABA-DA transmission at DA

synapses.

Spatial clustering of GABAergic-like DA synapses in the
striatum
Spatial arrangement and clustering of synapses can exert com-

plex effects on the computation of neural circuits.20,21 We again

used triple co-localization of TH, Bassoon, and NL2 as a marker

for GABAergic-like DA synapses. To better capture region-spe-

cific spatial clustering of GABAergic-like DA synapses, the im-

age area per each brain region was expanded (Figure S3A).

For spatial clustering analysis, we utilized Ripley’s H function,

which is particularly sensitive to point pattern clustering.22,23

Owing to the limited number of GABAergic-like DA synapses in

other brain areas, we analyzed spatial clustering for only striatal

regions that contain the sufficient number of GABAergic-like DA
synapses in the brain

immunostained by TH, VMAT2, and NL2 antibodies (white arrow, triple co-

mages). (G) Enhanced confocal images of brain-wide DA axons and synapses

images).

itters release at DA synapses.

BAergic postsynaptic sites).

DA synapses. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01,
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Figure 3. Physiological differences between GABAergic-like DA synapses and conventional GABAergic synapses in the dorsal striatum

(A) Enhanced confocal images of GABAergic-like DA (or conventional GABAergic) synapses and sparsely labeled SPN dendrites in the dorsal striatum of DAT-Cre

and A2A-Cre mice (only GFP signal and synapses are shown for clarity).

(B) Summary statistics of synapse density on SPN dendrites (n = 14–42 images).

(C) Cumulative frequency of nearest neighbor distance for GABAergic-like DA synapses (DAT-Cre) or GABAergic synapses (A2A-Cre).

(legend continued on next page)
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synapses to perform Ripley’s H function. In the mean nearest

neighbor distance, the dorsomedial striatum (DMS) alone

showed significantly shorter inter-synaptic distances than the

null model (random distribution) (Figure S3B). However, accord-

ing to Ripley’s H function, all the striatal regions exhibited

marked differences in the clustering of GABAergic-like DA syn-

apses when compared with the simulated random arrangement

of synapses from the null models (Figures S3C and S3D).

To further compare the relative clustering of GABAergic-like

DA synapses between striatal regions, we analyzed the same

Ripley’s H function with one of the striatal regions pooled as a

null model. We found that significantly strong differences

were observed between the dorsolateral striatum (DLS) and

all the striatal regions when DLS was used as the null model

(Figures S3E and S3F). Both dorsal and ventral striatum showed

more than 60% of rejection rates calculated as the number

of samples for which the null model rejected on the Diggle-

Cressie-Loosmore-Ford (DCLF) test.24 Moreover, when the ol-

factory tubercle (OT) was used as the null model, these regional

differences in the clustering of GABAergic-like DA synapses

were preserved (Figures S3G and S3H). It is important to note

that GABAergic-like DA synapses in the DLS seem to be the

most dispersed among the striatal regions even though DLS

has the greatest number of GABAergic-like DA synapses. This

regional heterogeneity in the clustering of GABAergic-like DA

synapses might have functional implications for the regulation

of striatal microcircuits.

Physiological differences between GABAergic-like DA
synapses and conventional GABAergic synapses in the
dorsal striatum
Functional properties of GABAergic-like DA synapses have not

been explored previously in the brain. To address this, we chose

striatal collateral inhibition from indirect SPNs (iSPNs) to other

SPNs as a case of conventional GABAergic connection and first

compared the spatial clustering of GABAergic-like DA synapses

and conventional GABAergic synapses in the dorsal striatum. As

both DA and local GABAergic inputs form synapses on the den-

drites of SPNs, we sparsely labeled SPNs in the dorsal striatum

of both DAT-Cre and A2A-Cre mice (in which Cre recombinase is

selectively expressed in iSPNs) by expressing green fluorescent

protein (GFP) via virus injection. For selectively labeling conven-

tional GABAergic axons from iSPNs to other SPNs, we also in-

jected adeno-associated virus (AAV)-expressing red fluorescent

protein (RFP) upon exposure to Cre recombinase into the dorsal

striatum of A2A-Cre mice (Figure S4A). Triple co-localization of

TH, Bassoon, and NL2 on the GFP-positive postsynaptic

dendrite was considered as a GABAergic-like DA synapse, as

in Figure 2. In addition, we regarded the triple co-localization of
(D) Edge-corrected Ripley’s H function analysis of GABAergic synapses and GA

(E) Rejection rate of conventional GABAergic synapses from GABAergic-like DA

(F–H) Representative recording traces and summary statistics of optogenetically

during the bath-application of strontium (black arrowhead, asynchronous releas

(I and J) Enhanced confocal images of synaptotagmins (1, 7, 5/9) immunofluoresc

localized with synaptotagmins).

(K and L) Proportion of DA (or GABAergic) presynaptic boutons co-localized with

whisker plots or mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
RFP, VGAT (vesicular GABA transporter), and NL2 as a conven-

tional GABAergic synapse (Figure 3A). We found that the density

of GABAergic-like DA synapses on the single dendrite of SPNs

was markedly higher than that of conventional GABAergic syn-

apses made by local iSPNs. Furthermore, this difference in the

density of synapses was maintained irrespective of the specific

location on the dendrite (distal vs. proximal) (Figure 3B). Inter-

synaptic distances of GABAergic-like DA synapses were also

shorter than that of GABAergic synapses (Figure 3C). The spatial

clustering of synapses on a single dendrite matters since it can

critically affect the functional computation of dendrites.25,26

Hence, we employed Ripley’s H function to characterize the

spatial clustering of GABAergic-like DA synapses and

GABAergic synapses within a single dendrite. When considering

both Ripley’s H function analysis and DCLF test, conventional

GABAergic synapses made by iSPNs appeared to be more clus-

tered than GABAergic-like DA synapses, only at the distal

portion of dendrites (Figures 3D and 3E). Rejection rates of

more than 50% from the whole and proximal dendrites in the

DCLF test seem to be caused by the fact that the clustering pat-

terns of GABAergic synapses are more variable than that of

GABAergic-like DA synapses on the entire and proximal den-

drites of SPNs.

To better understand physiological differences between

GABAergic-like DA synapses and conventional GABAergic syn-

apses, we first examined whether GABA co-transmission at DA

synapses and GABA transmission at conventional GABAergic

synapses rely on distinct types of voltage-dependent Ca2+ chan-

nels for vesicular release. We evaluated the effects of three

different types of Ca2+ channels blockers on the amplitude of

oIPSCs in SPNs. We found that GABA release at DA terminals

is dependent on N-type as well as P/Q type Ca2+ channels in

the dorsal striatum, whereas T-type Ca2+ channels were not

implicated in vesicular release (Figures S4B, S4D, and S4F).

On the other hand, conventional GABAergic transmission, which

was examined at GABAergic synapses between iSPN and

dSPN, wasmediated by not only N- and P/Q-type Ca2+ channels

but also T-type channel (Figures S4C, S4E, and S4G).

Next, we questioned whether GABA co-transmission and con-

ventional GABA transmission share similar or distinct quantal

properties. To compare the quantal properties of oIPSCs in the

dorsal striatum, Ca2+ was replaced with Sr2+ in the bath solution

to promote asynchronous release. Sr2+ facilitated asynchronous

vesicle release in both DAT-Cre;Ai32 and A2A-Cre;Ai32 mice,

while GABA co-transmission at DA synapses was less prone to

evoke asynchronous release than conventional GABAergic

transmission (Figures 3F and 3G). Furthermore, the quantal

amplitude of GABA co-transmission was markedly smaller than

that of conventional GABA transmission between the SPNs
BAergic-like DA synapses (null model; CE. confidence envelope).

synapses (null model) evaluated by DCLF test.

evoked asynchronous GABA release in DAT-Cre;Ai32 and A2A-Cre;Ai32 mice

e events) (n = 11–30 cells).

ence in DAT-Cre and A2A-Cre;Ai32 mice (white arrow, presynaptic boutons co-

synaptotagmin 1, 7, and 5/9 (n = 18 images). Data are presented as box and

See also Figure S4 and Table S1.
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(Figures 3G and 3H). To validate our quantal analysis at DA

synapses, we broadly suppressed the conventional GABAergic

transmission to SPNs by virally expressing Gi-coupled

designer receptors exclusively activated by designer drugs in

the striatum. Although the quantal frequency of GABA co-trans-

mission at DA synapses was slightly decreased possibly due to

the inhibition of cholinergic interneurons, we found that the

quantal properties of GABA co-transmission in this condition

are largely comparable with the ones in Figure 3 (Figures S4H

and S4I). These results were further confirmed by another Sr2+

experiment in which high chloride internal solution was used

(Figures S4J and S4K); a better signal-to-noise ratio is achieved,

and clamping conditions are enhanced by high chloride internal

solution.27

To search for the presynaptic molecular mechanisms behind

the differential susceptibility to asynchronous release by Sr2+,

we checked the individual isoforms of synaptotagmin enriched

at DA and GABAergic terminals (Figures 3I and 3J). DA terminals

were preferentially co-localized with synaptotagmin 1, followed

by synaptotagmin 7 and 5/9 in the dorsal striatum. In addition,

the relative expression levels of each synaptotagmin isoform at

conventional GABAergic terminals were similar to DA terminals

(Figures 3I–3K). However, the co-localization of synaptotagmin

1, which is critical for synchronous vesicular release,28–30 was

considerably higher at DA terminals than at GABAergic terminals

(Figure 3L), possibly accounting for the observed differential sus-

ceptibility to asynchronous release by Sr2+ at DA and GABAergic

terminals.

GABAergic synaptic contact and transmission may be
critical for the maintenance of DA synapses
NL2 has been known to be an essential molecule in the formation,

maintenance, and function of GABAergic synapses in various

brain regions.31,32 To determine the functional significance of

NL2 and GABA co-transmission at DA synapses, we performed

knockdown (KD) of NL2 by expressing a shRNAKD virus in striatal

neurons for 6 weeks (Figures S5A and S5B). We found that NL2

KD for 6 weeks significantly reduces the numbers of presynaptic

DA boutons, NL2-positive postsynaptic sites, and GABAergic-like

DA synapses, while the number of TH, VGlut2, and PSD-95 (post-

synaptic density protein 95)-positive glutamatergic synaptic con-

tactswas unchanged (Figures 4A–4H).Unlike the recent report us-

ing microRNA-based lentivirus for NL2 KD in the striatum of

newborn pups,4 NL2 KD also slightly diminished the number of

another GABAergic postsynaptic marker Gephyrin as well as
Figure 4. NL2 and GABA transmission can be crucial for the maintena
(A) Enhanced confocal images of GABAergic-like DA synapses in the dorsal stria

6 weeks) (blue arrowhead, quadruple co-localization).

(B–D) Summary statistics of GABAergic-like DA synapses (n = 24 images).

(E) Enhanced confocal images of glutamatergic synapses.

(F–H) Summary statistics of glutamatergic synapses (n = 24 images).

(I and J) Representative recording traces and summary statistics of DA transmis

(K and L) Representative recording traces and summary statistics of GABA trans

(M and N) Representative recording traces and summary statistics of glutamate

(O–Q) Representative recording traces and summary statistics for frequency and

asynchronous release event) (n = 18 cells).

(R and S) Representative recording traces and summary statistics for paired puls

whisker plots or mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. See also F
NL2, although the expression level of GABAARa1 was not altered

in striatal neurons (Figures S5C–S5J).

To investigate the physiological consequences of NL2 KD on

the synaptic transmission at DA synapses, we first evaluated

DA transmission. DA transmission was markedly attenuated by

NL2 KD in postsynaptic striatal neurons (Figures 4I and 4J). We

also confirmed that glutamate co-transmission is unaffected by

NL2 KD (Figures 4M and 4N). Strikingly and unexpectedly, how-

ever, NL2 KD in striatal neurons did not decrease but instead

significantly increased GABA co-transmission at DA synapses,

which is opposite to what was found in DA transmission

(Figures 4K and 4L). Given that the number of GABAergic-like

DA synapses was reduced by NL2 KD, we hypothesized that

GABA co-transmission might be functionally facilitated to

compensate for the reduction of GABAergic-like DA synapses.

NL2 KD in the striatum of A2A-Cre;Ai32 mice significantly

decreased conventional GABA transmission (Figures S6A and

S6B), as shown in previous literature.31–33

To search for potential mechanisms behind the upregulation of

GABA co-transmission, we first checked KD-induced alteration

of quantal properties of GABA transmission by examining Sr2+-

mediated asynchronous synaptic release. We found that NL2

KD in striatal neurons has no effect on the quantal amplitude of

GABA co-transmission at DA synapses (Figures 4O and 4P).

Spontaneous IPSC frequency was significantly reduced in NL2

KD mice, which was revealed by baseline spontaneous IPSC

rate before optogenetic stimulation. Upon light stimulation of

DA terminals, however, the frequencies of asynchronous

GABA release were comparable between control and NL2 KD

mice. Furthermore, the increase of quantal frequency by light

stimulation was approximately 6-fold higher in NL2 KD mice

than in control mice (Figures 4O–4Q). As reported by the previ-

ous study,34 the rate of occurrence of asynchronous release is

correlated with the probability of synchronous evoked release.

Thus, our results indicate that, although the number of

GABAergic-like DA synapses was markedly reduced by NL2

KD, GABA transmission at DA synapses was not decreased,

but rather increased via a presynaptic mechanism.

To confirm our findings, we examined the paired pulse ratio of

GABA co-transmission at DA synapses by delivering paired light

stimuli and found that the presynaptic release probability of

GABA transmission is substantially enhanced by NL2 KD

(Figures 4R and 4S). This enhancement in the release probability

of GABA co-transmission was corroborated by two additional

experiments. In the first experiment, we held the membrane
nce of DA synapses in the dorsal striatum
tum of DAT-Cre mice injected with NL2 control and KD viruses (expressed for

sion at DA synapses (n = 18 slices).

mission at DA synapses (n = 18–23 cells).

transmission at DA synapses (n = 16–18 cells).

amplitude of asynchronous GABA release at DA synapses (black arrowhead,

e ratio of oIPSC at DA synapses (n = 17 cells). Data are presented as box and

igures S5 and S6 and Table S1.
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potential of patched neurons at �30 mV and used weak light

stimulation to mitigate clamping errors. In the second experi-

ment, we utilized ChETA, a channelrhodopsin with faster kinetics

than ChR2-H134R. In these experiments, we further proved that

the presynaptic release probability of GABA transmission at DA

synapses is significantly enhanced by NL2 KD (Figures S6C–

S6F). Interestingly, we found that the size of TH- and Bassoon-

positive DA boutons that survived from NL2 KD is significantly

increased in NL2 KD mice (Figures S5K and S5L). To provide

more evidence of the contrasting effects of NL2 KD on DA and

GABA transmissions, we took advantage of the mGIRK2 by

which DA transmission can be translated into potassium current.

By expressing the mGIRK2 in striatal neurons, we could simulta-

neously monitor both DA transmission and GABA co-transmis-

sion from a single postsynaptic iSPN.35 In this experiment, D2

receptor-mediated IPSCs were diminished, whereas GABAA-

mediated IPSCs were markedly facilitated by NL2 KD, verifying

our findings in Figure 4 (Figures S6G–S6I).

To further validate our hypothesis, we observed the long-term

effects of NL2 KD (12 weeks) on DA synapses. As expected, the

number of presynaptic DA boutons, NL2-positive postsynaptic

sites, and GABAergic-like DA synapses were all significantly

decreased by long-term NL2 KD (Figures 5A–5D). Notably, the

long-term KD of NL2 greatly decreased the number of DA bou-

tons compared with short-term KD, indicating that NL2 in striatal

neurons is essential for the survival and maintenance of DA syn-

apses. Unlike short-term NL2 KD, the number of glutamatergic

contacts at DA synapses was also reduced by long-term NL2

KD (Figures 5E–5H), implying that both glutamatergic and dopa-

minergicmicrodomains at DA synapses eventually degenerate in

the absence of NL2 in striatal neurons.36 As we originally hypoth-

esized, the long-term NL2 KD finally weakened GABA co-trans-

mission at DA synapses, and glutamate co-transmission was

also diminished (Figures 5I–5N). Our findings collectively sug-

gest that not only NL2 at postsynaptic sites but also GABA co-

transmission may be necessary for the maintenance of DA

synapses in the striatum.

The weakening of GABA transmission precedes the
deficit of DA transmission at DA synapses in animal
models of Parkinson’s disease
Physiological changes such as altered neuronal firing in DA neu-

rons and the attenuation of DA transmission have been reported

to precede the degeneration of DA neurons in the course of Par-

kinson’s disease (PD).13,37 We questioned whether the co-trans-

mission of multiple neurotransmitters at DA synapses is equally

susceptible to the progression of PD. To unravel the potential

deficits of synaptic transmission at DA synapses, we induced

the animal model of PD by infusing 6-OHDA (6-hydroxydop-

amine) unilaterally into the medial forebrain bundle (MFB) of

DAT-Cre mice (Figure 6A). We first checked the degeneration

of GABAergic-like DA synapses in the dorsal striatum by simul-

taneously labeling TH, Bassoon, and NL2 (Figure 6B). We found

that GABAergic-like DA synapses in the ipsilateral striatum

are largely intact 1 day after 6-OHDA injection. However,

when compared with the contralateral striatum, GABAergic-like

DA synapses began to decrease substantially 3 days after

6-OHDA injection. The number of GABAergic-like DA synapses
10 Cell Reports 42, 113239, October 31, 2023
was significantly reduced 7 days after 6-OHDA injection (Fig-

ure 6C). In addition, the spatial distribution of GABAergic-like

DA synapses became sparser as 6-OHDA-induced pathology

progressed (Figure 6D).

We then examined the time-dependent alteration of DA trans-

mission 1, 3, and 7 days after 6-OHDA injection. To identify DA

synapse-specific physiological changes, we unilaterally injected

6-OHDA into the MFB of DAT-Cre;Ai32 mice (Figure 6E). As with

the number of GABAergic-like DA synapses over time, DA trans-

mission in the ipsilateral striatum was not affected 1 day after

6-OHDA injection, while the release of DA was dramatically

reduced 3 and 7 days after 6-OHDA injection (Figures 6F and

6G). Most interestingly, however, GABA transmission at DA syn-

apses began to significantly diminish even one day after 6-OHDA

injection (Figures 6H, 6I, and S7A). Like DA transmission, GABA

transmission measured 3 and 7 days after 6-OHDA injection was

also considerably weakened when compared with the contralat-

eral striatum. In the case of glutamate transmission at DA

synapses, no attenuation of oEPSC was observed 1 day after in-

jection. Since the magnitude of glutamate co-transmission at

DA synapses was relatively small when compared with DA or

GABA co-transmission, glutamate transmission was almost

abolished 3 and 7 days after 6-OHDA injection (Figures 6J, 6K,

and S7B). Our results were further supported by an additional

experiment using a genetically encodable fluorescent DA sensor

dLight1.3b.38 As in the FSCV experiment, the fluorescent signals

that represent DA transmission captured by postsynaptic neu-

rons also began to decrease 3 and 7 days after 6-OHDA injection

(Figures S7C and S7D). These results strongly suggest that,

although GABA transmission co-exists with DA transmission at

DA synapses in the normal brain, DA and GABA transmission

may change over the course of PD with differential temporal

susceptibility.

It has been reported that alterations of aldehyde dehydroge-

nase 1a1 (ALDH1a1) in midbrain DA neurons are associated

with PD.39–41 In addition, it was recently shown that ALDH1a1

can synthesize GABA in midbrain DA neurons.7 Hence, we

checked whether the timing of a reduction in ALDH1a1 expres-

sion is commensurate with time-dependent attenuation of

GABA transmission at DA synapses by 6-OHDA injection. We

confirmed that most of TH-positive DA axons also express

ALDH1a1 in the dorsal striatum (Figure S7E). Then we found

that the expression of ALDH1a1 in the ipsilateral striatum already

begins to decrease 1 day after 6-OHDA injection, as in the case

of time-dependent attenuation of GABA transmission (Figures 6L

and 6M). Notably, the level of TH expression was not affected

1 day after 6-OHDA injection, and the expression of both

ALDH1a1 and TH was similarly reduced to a large extent 3 and

7 days after 6-OHDA injection (Figures 6L, 6M, S7F, and S7G).

To further corroborate our findings, we examined another an-

imal model of PD where AAVs expressing a mutated form (A53T)

of a-synuclein were injected into the SNc of DAT-Cre and DAT-

Cre;Ai32 mice. In this alternative form of the PD mouse model,

PD-related pathophysiological changes progress over a longer

period of time (Figures 7A and 7D). As in the 6-OHDA-induced

PD model, comparable findings were obtained from the a-synu-

clein-induced PD model, and GABA co-transmission alone

started to decrease 2 weeks after AAV injection (Figures 7G
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Figure 5. Long-term depletion of NL2 leads to the downregulation of DA synapses and GABA co-transmission in the dorsal striatum

(A) Enhanced confocal images of GABAergic-like DA synapses in the dorsal striatum of DAT-Cre mice injected with NL2 control and KD viruses (expressed for

12 weeks) (blue arrowhead, quadruple co-localization).

(B–D) Summary statistics of GABAergic-like DA synapses (n = 18 images).

(E) Enhanced confocal images of glutamatergic synapses.

(F–H) Summary statistics of glutamatergic synapses (n = 18 images).

(I and J) Representative recording traces and summary statistics of DA transmission at DA synapses (n = 18 slices).

(K and L) Representative recording traces and summary statistics of GABA transmission at DA synapses (n = 22–27 cells).

(M and N) Representative recording traces and summary statistics of glutamate transmission at DA synapses (n = 22–27 cells). Data are presented as box and

whisker plots or mean ± SEM. *p < 0.05, ****p < 0.0001. See also Table S1.
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Figure 6. Theweakening of GABAco-transmission precedes the deficit of DA transmission at DA synapses in the 6-OHDA-inducedPDmodel

(A) Schematic illustration describing the injection of 6-OHDA into the MFB (left hemisphere) of DAT-Cre mice.

(B) Enhanced confocal images of GABAergic-like DA synapses (1-, 3-, and 7-day 6-OHDA incubation).

(C) Summary statistics for the number of GABAergic-like DA synapses (n = 18 images).

(legend continued on next page)
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and 7H). However, the number of GABAergic-like DA synapses,

DA transmission, and glutamate co-transmission decreased at a

later time point (4 weeks after AAVs injection) (Figures 7B–7F and

7I–7J). Taken together, our findings reveal that the weakening of

GABA transmission at DA synapses can precede other physio-

logical and cellular changes including DA transmission and the

number of GABAergic-like DA synapses in animal models of

PD, which may be caused by the rapid reduction of ALDH1a1

in DA neurons.

DISCUSSION

Electron microscopy studies have shown that DA terminals

immunoreactive for TH make symmetrical contacts with striatal

SPNs.36,42 NL2 and Gephyrin, major postsynaptic proteins

exclusively found at inhibitory synapses, were recently reported

to exist at postsynaptic sites of striatal DA synapses.4 In addi-

tion, it appears that GABA along with DA is co-transmitted

at striatal DA synapses from DA terminals,6,7 and we previously

showed that dopaminergic GABA can be synthesized in

midbrain DA neurons via non-canonical GABA synthesis

pathway.7 Here, we demonstrate that there exist structurally

and functionally GABAergic-like DA synapses in the brain. Our

results first show the strong correlation between DA and GABA

transmission at DA synapses in both nigrostriatal and mesocor-

ticolimbic pathways. GABA in DA neurons can be loaded into

dopaminergic synaptic vesicles through VMAT2, a vesicular

membrane protein for transporting DA from the cytosol into syn-

aptic vesicles.6,43 As such, it is reasonable to think that DA and

GABA can be co-transmitted together from a considerable pop-

ulation of DA synapses in the brain. Our results are also roughly

consistent with the previous observation that about 30% of DA

varicosities, which contain Bassoon, can release DA in the stria-

tum.5 Notably, both DA and GABA transmission at DA synapses

exhibit a much higher correlation with the number of GABAergic-

like DA synapses identified by Bassoon than with that of

GABAergic-like DA synapses by VMAT2. These results indicate

that Bassoon is a more reliable presynaptic marker for

GABAergic-like DA synapses that can co-transmit DA and

GABA. However, it bears mentioning that there still remain

many portions of dopaminergic presynaptic boutons that are

not co-localized with inhibitory postsynaptic markers such as

NL2 and Gephyrin. Those DA boutons may (or may not) release

DA, glutamate, or both.36

Unlike DA axons immunoreactive for TH and DAT, these

GABAergic-like DA synapses exhibit marked regional and spatial

heterogeneity in the brain, especially within the striatum.

GABAergic-like DA synapses also show region-specific clus-

tering in the striatal subregions. This spatial heterogeneity
(D) Cumulative frequency for the nearest neighbor distance of GABAergic-like D

(E) Schematics illustrating the injection of 6-OHDA into the MFB (left hemisphere

(F and G) Representative recording traces and summary statistics of DA transmi

(H and I) Representative recording traces and summary statistics of GABA trans

(J and K) Representative recording traces and summary statistics of glutamate t

(L) Confocal images of ALDH1a1 in the DLS of 6-OHDA-injected mice.

(M) Summary statistics of ALDH1a1 intensity (n = 16 images). Data are presented

****p < 0.0001. See also Figure S7 and Table S1.
is well suited to provide regionally distinct functions of DA synap-

ses throughout the brain. Importantly, the density of GABAergic-

like DA synapses is the highest in the DLS within the striatum,

while OT and DMS display a relatively higher degree of clustering

than DLS. Although the region-specific structure of neural cir-

cuits may partly underlie the high degree of clustering of

GABAergic-like DA synapses in the OT, the relative difference

of spatial clustering of GABAergic-like DA synapses between

DLS and DMS might have physiological implications in diverse

functions mediated by DLS and DMS. Furthermore, the spatial

distribution of GABAergic-like DA synapses on the dendrite

and the distinct physiological features of GABA co-transmission

at DA synapses might contribute to the functional specificity of

these synapses in regulating postsynaptic neurons.

Our data suggest that DA transmission in the brain, if not al-

ways, may accompany GABA transmission with high fidelity at

GABAergic-like DA synapses. Although DA transmission under

certain conditions can also provide spatially and temporally pre-

cise coding,5,44 the co-transmission of GABA at DA synapses, in

conjunction with glutamate, can reliably convey not only fast, but

also synapse-specific and more precise signals to postsynaptic

neurons. GABA co-transmission can be utilized to mark salient

events with high temporal resolution.9 On the other hand, de-

pending on the intracellular concentration of Cl� in postsynaptic

neurons, GABA co-transmission may also confer on DA synap-

ses the ability to subtly modulate the excitation of subcellular

regions of a postsynaptic neuron. Therefore, a distinct combina-

tion of DA and GABA transmission, and region-specific spatial

distribution of GABAergic-like DA synapses, may provide critical

repertoire to finely tune various types of target neurons for the

appropriate movements and reward-related behaviors.

In the recent study by Uchigashima et al.,4 the authors exam-

ined the effect of NL2 KD on striatal neurons by injecting micro-

RNA-based lentivirus in the striatum of newborn pups. They re-

ported that DA synapses identified by the co-localization of

TH, Gephyrin, and GFP, are decreased in striatal SPNs by NL2

KD. Aside from differences in experimental details, however,

this study underestimated the existence of GABA co-transmis-

sion at DA synapses, emphasizing only the identification of

GABAergic postsynaptic molecules at DA synapses, and did

not examine the physiological consequences of NL2 KD at DA

synapses. Interestingly, we found that, although the expression

level of NL2 is significantly reduced by short-term KD (6 weeks)

of NL2 in striatal neurons, GABA transmission is highly elevated

at DA synapses, while both DA transmission and GABAergic-like

DA synapses are considerably diminished. Previous studies

have demonstrated that the inhibitory neurotransmitter GABA it-

self is necessary for maintaining GABAergic synapses in the

brain.45–47 Thus, our findings raise the intriguing possibility that
A synapses.

) of DAT-Cre;Ai32 mice.

ssion at DA synapses (n = 9 slices).

mission at DA synapses (n = 8–15 cells).

ransmission at DA synapses (n = 7–14 cells).

as box and whisker plots or mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

Cell Reports 42, 113239, October 31, 2023 13



Con
tra Ips

i

3

2

1

0o
IP

SC
 a

m
pl

itu
de

 (n
A)

Con
tra Ips

i

300

200

100

0oI
PS

C
 (%

 c
on

tra
la

te
ra

l)

1 week

Con
tra Ips

i

3

2

1

0o
IP

SC
 a

m
pl

itu
de

 (n
A) *

Con
tra Ips

i

300

200

100

0oI
PS

C
 (%

 c
on

tra
la

te
ra

l)

*

2 weeks

DLS - GABA transmission

DLS - Glutamate transmission

W0 W4W1 W2

Injection
FSCV
oIPSC
oEPSC

FSCV
oIPSC
oEPSC

FSCV
oIPSC
oEPSC

AAV-DJ-CMV-a-syn A53T

DAT-Cre;Ai32

SNc (L hemi)

Con
tra Ips

i

600

400

200

0oE
PS

C
 a

m
pl

itu
de

 (p
A )

Con
tra Ips

i

400

200

0oE
PS

C
 (%

 c
on

tra
la

te
ra

l)

300

100

1 week

Con
tra Ips

i

600

400

200

0oE
PS

C
 a

m
pl

itu
de

 (p
A)

Con
tra Ips

i

400

200

0oE
PS

C
 (%

 c
on

tra
la

te
ra

l)

300

100

2 weeks

Con
tra Ips

i

300

200

100

0oE
PS

C
 a

m
pl

itu
de

 (p
A) *

Con
tra Ips

i

400

200

0oE
PS

C
 (%

 c
on

tra
la

te
ra

l)

300

100

*

4 weeks

Contra

Ipsi

200 pA

200 ms

1 week

Contra

Ipsi

200 pA
200 ms

2 weeks

200 pA

200 ms

Contra

Ipsi

4 weeks

Contra

Ipsi

100 pA

200 ms

1 week

Contra

Ipsi

100 pA

200 ms

2 weeks

Contra

Ipsi

100 pA

200 ms

4 weeks

Con
tra Ips

i

1.5

1

0

∆[
D

A]
 (μ

M
)

0.5

2

Con
tra Ips

i

200

150

100

0∆[
D

A]
 (%

 c
on

tra
la

te
ra

l)

50

1 week

Con
tra Ips

i

1.5

1

0

∆[
D

A]
 (μ

M
)

0.5

2

Con
tra Ips

i

200

150

100

0∆[
D

A]
 (%

 c
on

tra
la

te
ra

l)

50

2 weeks

W0 W4W1 W2

Injection
IHCIHC IHC

AAV-DJ-CMV-a-syn A53T

DAT-Cre

SNc (L hemi)

4 weeks

Con
tra Ips

i

6

4

2

0o
IP

SC
 a

m
pl

itu
de

 (n
A) *

Con
tra Ips

i

300

200

100

0oI
PS

C
 (%

 c
on

tra
la

te
ra

l)

*

4 weeks

Con
tra Ips

i

2

1

0

∆[
D

A]
 (μ

M
)

3
****

Con
tra Ips

i

200

150

100

0∆[
D

A]
 (%

 c
on

tra
la

te
ra

l)

50

****

2 weeks

Contra (R)

Ipsi (L)

4 weeks

Contra (R)

Ipsi (L)

1 week

Contra (R)

Ipsi (L)

10 μm

TH

NL2

Bassoon

Merge

DLS (Bassoon-NL2)

R hemi: contra (control)
L hemi: ipsi (lesion)

10 μm

A B

C D

F

G

H

I J

DLS - DA transmission

0.5 μM
2 s

Contra

Ipsi

2 weeks

Contra

Ipsi

0.5 μM
2 s

1 week
E

0.5 μM
2 s

Contra

Ipsi

4 weeks

1 week

Con
tra Ips

i

150

0G
AB

Ae
rg

ic
-li

ke
 D

A 
sy

na
ps

es

100

200

300

200

0

Sy
na

ps
e 

nu
m

be
r 

(%
 c

on
tra

la
te

ra
l)

400

100

Con
tra Ips

i

50

Con
tra Ips

i

150

0G
AB

Ae
rg

ic
-li

ke
 D

A 
sy

na
ps

es

100

200

300

200

0

Sy
na

ps
e 

nu
m

be
r 

(%
 c

on
tra

la
te

ra
l)

400

100

Con
tra Ips

i

2 weeks

50

4 weeks

Con
tra Ips

i

****

Con
tra Ips

i

****
300

200

0

Sy
na

ps
e 

nu
m

be
r 

(%
 c

on
tra

la
te

ra
l)

400

100

150

0G
AB

Ae
rg

ic
-li

ke
 D

A 
sy

na
ps

es

100

200

50

(legend on next page)

14 Cell Reports 42, 113239, October 31, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
persistent GABA transmission per se might be essential for

maintaining and stabilizing DA synapses by playing a trophic

role. In addition, it is conceivable that GABA transmission at

DA synapses may be enhanced to compensate for the loss of

GABAergic-like DA synapses by short-term KD of NL2.48

Notably, short-term NL2 KD did not seem to alter the postsyn-

aptic expression of GABAAR or the quantal amplitude of GABA

transmission at DA synapses. Instead, it increased the presyn-

aptic release of GABA and the size of the remaining presynaptic

boutons at GABAergic-like DA synapses, indicating that the

compensatory effects at DA synapses caused by short-term

KD of NL2 in striatal neurons are presynaptic, not postsyn-

aptic.49 Our findings further showed that these compensatory

effects are temporary and long-term (12 weeks) KD of NL2 even-

tually downregulates not only GABA co-transmission but also

glutamate co-transmission at DA synapses. Therefore, these re-

sults strongly support the importance of NL2 and GABA co-

transmission in maintaining GABAergic-like DA synapses.

In mouse models of PD, the attenuation of GABA transmission

precedes the impairments of DA and glutamate transmission

at DA synapses. GABA transmission begins to alter when

GABAergic-like DA synapses are intact by 6-OHDA injection or

a-synuclein-expressing AAV injection. These results strongly

suggest that GABA co-transmission at DA synapsesmay tempo-

rally undergo different pathological processes in the degenera-

tion of the DA system. Moreover, it might be more susceptible

to PD, potentially due to the early reduction of ALDH1a1, which

is caused by PD-related neurotoxicity and oxidative stress.50–52

GABA transporter 1 (GAT1) is also reported to contribute to

GABA co-transmission at DA synapses, and future studies are

needed to reveal the potential role of GAT1 in the early attenua-

tion of GABA co-transmission at DA synapses in mouse models

of PD.53 Considered together, our results establish a compre-

hensive landscape of GABAergic-like DA synapses throughout

the brain. In addition, our findings that a significant population

of DA synapses is structurally and functionally GABAergic in

the brain open numerous doors to a deeper mechanistic under-

standing of synaptic actions at DA synapses in health and

disease.

Limitations of the study
Although we tried to maximize the image resolution by using

enhanced airyscan confocal microscopy, this method still has

optical limitations in fully identifying the localization of synaptic

molecules at GABAergic-like DA synapses. Future studies em-

ploying super-resolution imaging such as expansionmicroscopy

or stochastic optical reconstruction microscopy might help give
Figure 7. The consistent early decline of GABA co-transmission in a-s

(A) Schematic illustration describing the injection of a-synuclein (A53T) virus into

(B) Enhanced confocal images of GABAergic-like DA synapses from the DLS i

4 weeks).

(C) Summary statistics for the number of GABAergic-like DA synapses (n = 16–1

(D) Schematics illustrating the injection of a-synuclein virus (A53T) into the SNc (

(E and F) Representative recording traces and summary statistics of DA transmi

(G and H) Representative recording traces and summary statistics of GABA tran

(I and J) Representative recording traces and summary statistics of glutamate t

whisker plots or mean ± SEM. *p < 0.05, ****p < 0.0001. See also Table S1.
better insights into the molecular determinants of GABAergic-

like DA synapses. In this study, we reconfirmed that NL2 exists

at the postsynaptic sites of GABAergic-like DA synapses, and

demonstrated that NL2 is critical for maintaining the structure

and function of GABAergic-like DA synapses. However, there

are more proteins including cell adhesion molecules, scaffolding

proteins, and ion channels that comprise the pre- and post-syn-

aptic compartments of conventional GABAergic synapses.

Therefore, in case other GABAergic synaptic proteins are also

present at DA synapses, the functional roles of these proteins

at DA synapses should be further investigated to fully delineate

the molecular mechanisms maintaining DA synapses. Finally,

we found that short-term (6 weeks) KD of NL2 in striatal SPNs

transiently facilitates GABA co-transmission through the poten-

tial increase in presynaptic release probability and hence

reasoned that this enhanced GABA co-transmission might be a

compensatory mechanism to attenuate the degeneration of DA

synapses caused byNL2KD. However, much remains to be clar-

ified about how the postsynaptic short-term KD of NL2 in SPNs

leads to selective facilitation of GABA co-transmission at DA ter-

minals. Further investigation into the mechanisms behind this

finding will be crucial to understand how DA synapses are func-

tionally maintained in health and disease.
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Antibodies

Rabbit polyclonal anti-tyrosine hydroxylase Abcam Cat# ab112; RRID: AB_297840

Chicken polyclonal anti-tyrosine

hydroxylase

Abcam Cat# ab76442; RRID: AB_1524535

Rat monoclonal anti-dopamine transporter Abcam Cat# ab5990; RRID: AB_305226

Rabbit polyclonal anti-VMAT2 Nittobo Medical Cat# VMAT2-Rb-Af720; RRID: AB_2571857

Mouse monoclonal anti-gephyrin Synaptic Systems Cat# 147 111; RRID: AB_887719

Mouse monoclonal anti-RFP Thermo Fisher Scientific Cat# MA5-15257; RRID: AB_10999796

Chicken polyclonal anti-GFP Aves Labs Cat# GFP-1010; RRID: AB_2307313

Guinea pig polyclonal anti-bassoon Synaptic Systems Cat# 141 004; RRID: AB_2290619

Mouse monoclonal anti-bassoon Enzo Life Sciences Cat# ADI-VAM-PS003-D; RRID:

AB_2038857

Guinea pig polyclonal anti-neuroligin 2 Nittobo Medical Cat# Nlgn2-GP-Af760; RRID: AB_2571609

Rabbit polyclonal anti-VGAT Synaptic Systems Cat# 131 003; RRID: AB_887869

Guinea pig polyclonal anti-VGAT Synaptic Systems Cat# 131 005; RRID: AB_1106810

Mouse monoclonal anti-synaptotagmin 1 Synaptic Systems Cat# 105 011; RRID: AB_887832

Rabbit polyclonal anti-synaptotagmin 7 Synaptic Systems Cat# 105 173; RRID: AB_887838

Rabbit polyclonal anti-synaptotagmin 5/9 Synaptic Systems Cat# 105 053; RRID: AB_2199639

Rabbit polyclonal anti-ALDH1a1 Sigma-Aldrich Cat# HPA002123; RRID: AB_1844722

Rabbit polyclonal anti-VGLUT2 Synaptic Systems Cat# 135 403; RRID: AB_887883

Mouse monoclonal anti-PSD95 Millipore Cat# MAB1596; RRID: AB_2092365

Rabbit polyclonal anti-GABAARa1 Nittobo Medical Cat# GABAARa1-Rb-Af660; RRID:

AB_2571571

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 405

Invitrogen Cat# A-31556; RRID: AB_221605

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 488

Invitrogen Cat# A-11008; RRID: AB_143165

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen Cat# A-11012; RRID: AB_2534079

Goat anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen Cat# A-21245; RRID: AB_2535813

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 488

Invitrogen Cat# A-11001; RRID: AB_2534069

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen Cat# A-11005; RRID: AB_2534073

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen Cat# A-21235; RRID: AB_2535804

Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 594

Invitrogen Cat# A-11007; RRID: AB_10561522
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Goat anti-Chicken IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 405

Abcam Cat# ab175674; RRID: AB_2890171

Goat anti-Chicken IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 488

Invitrogen Cat# A-11039; RRID: AB_2534096

Goat anti-Guinea pig IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen Cat# A-11076; RRID: AB_2534120

Goat anti-Guinea pig IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen Cat# A-21450; RRID: AB_2735091

Bacterial and virus strains

AAV-hSyn-GFP UNC Vector Core AV5075E

AAV-hSyn-DIO-mCherry Addgene 50459-AAV5

AAV-U6-scrambled RNA-hSyn-mCherry Korea Institute of Science and

Technology (KIST) Virus Facility

N/A

AAV-U6-mNLGN2-shRNA-hSyn-mCherry Korea Institute of Science and

Technology (KIST) Virus Facility

N/A

AAV-Ef1a-DIO ChETA-EYFP Addgene 26968-AAV5

AAV-hSyn-hM4D(Gi)-mCherry Addgene 50475-AAV5

AAV-syn-dLight1.3b Addgene 135762-AAV9

AAV9.hSyn.tdTomato.T2A.m.GirK2-1-

A22A.WPRE.bGH

Upenn V8414S

Chemicals, peptides, and recombinant proteins

Zoletil Virbac Korea N/A

Rompun Bayer Korea N/A

Paraformaldehyde Sigma-Aldrich Cat# 441244

PBS Fisher Scientific Cat# BP399-500

Normal goat serum Gibco Cat# 16210064

Bovine serum albumin Sigma-Aldrich Cat# A7030

ProLongTM Gold Antifade Mountant Invitrogen Cat# P10144

Isoflurane Piramal Critical Care N/A

NNC 55-0396 Alomone Labs Cat# N-206

u-conotoxin Alomone Labs Cat# C-300

u-agatoxin Alomone Labs Cat# STA-500

CNQX Tocris Cat# 0190

D-AP5 Tocris Cat# 0106

SR 95531 hydrobromide (Gabazine) Tocris Cat# 1262

Strontium chloride hexahydrate Sigma-Aldrich Cat# 255521

Dopamine hydrochloride Tocris Cat# 3548

RNA extraction kit Intron Bio Cat# 17221

In-Fusion� HD cloning kit Clontech Cat# 639648

6-((acryloyl)amino)hexanoic Acid,

Succinimidyl Ester

Invitrogen Cat# A20770

Sodium acrylate Sigma-Aldrich Cat# 408220

Acrylamide Sigma-Aldrich Cat# A9099

N,N0-Methylenebis(acrylamide) Sigma-Aldrich Cat# 146072

Tetramethylethylenediamine (TEMED) Biorad Cat# 1610801
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Ammonium persulfate Sigma-Aldrich Cat# 248614

Triton X-100 Sigma-Aldrich Cat# X100

Ethylenediaminetetraacetic acid Sigma-Aldrich Cat# E9884

Tris (1M) aqueous solution, pH 8 Intron bio Cat# IBS-BT019

Proteinase K Thermo Scientific Cat# EO0491

Poly-L-lysine solution Sigma-Aldrich Cat# P8920

Clozapine N-oxide dihydrochloride Tocris Cat# 6329

Experimental models: Organisms/strains

Mouse: DAT-Cre: B6.SJL-

Slc6a3tm1.1(cre)Bkmn/J

The Jackson Laboratory JAX: 006660

Mouse: Ai32: B6.Cg-Gt(ROSA)

26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

The Jackson Laboratory JAX: 024109

Mouse: A2A-Cre: B6.FVB(Cg)-Tg(Adora2a-

cre)KG139Gsat/Mmucd

MMRRC Stock #: 036158-UCD

Recombinant DNA

pSicoR-mCh-empty Addgene Cat# 21907

pAAV-minCMV-mCherry Addgene Cat# 27970

Software and algorithms

Zen software Carl Zeiss RRID: SCR_013672

ImageJ NIH RRID: SCR_002285

MATLAB MathWorks RRID: SCR_001622

WinWCP Strathclyde software RRID: SCR_014713

Clampfit 10.7 Molecular Devices RRID: SCR_011323

OriginPro 2017 OriginLab RRID: SCR_014212

Mini Analysis Synaptosoft RRID: SCR_002184

GraphPad Prism version 10 GraphPad software RRID: SCR_002798

Analysis codes This paper Zenodo: https://doi.org/10.5281/zenodo.

8260324

Other

SM2010 R Microtome Leica N/A

FV1000 confocal laser scanning

microscope

Olympus RRID: SCR_016840

LSM780N multi-photon confocal laser

scanning microscope

Carl Zeiss N/A

LSM880 multi-photon confocal laser

scanning microscope

Carl Zeiss N/A

LSM980 multi-photon confocal laser

scanning microscope

Carl Zeiss N/A

VT1200S Vibratome Leica RRID: SCR_018453

Fixed Stage Microscopes BX51WI Olympus N/A

Multiclamp 700B Molecular Devices RRID: SCR_018455

NI PCIe-6259 Multifunction I/O Device National Instruments N/A

Blue diode laser Opto Engine LLC Cat# MDL-III-450

Neutral density filter U-25ND6 Olympus N/A

Stereotaxic system Stoelting Cat# 51730

P-1000 Micropipette puller Sutter RRID: SCR_021042

ORCA-Flash4.0 V3 Digital CMOS camera Hamamatsu Cat# C13440-20CU

High-power LED for microscopy,

470nm (blue)

Thor labs Cat# SOLIS-470C
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jae-Ick

Kim (jikim220@unist.ac.kr).

Materials availability
All plasmids and viral vectors generated for the study can be obtained from the lead contact upon request.

Data and code availability
All data will be shared by the lead contact upon request. All original code has been deposited at Zenodo and is publicly available as of

the date of publication. DOIs are listed in the key resources table. Any additional information or code required to reanalyze the data

reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Adult (8–16 weeks, male and female) mice were used for this study. To generate dopaminergic neuron-specific ChR2 expressing

mice, DAT-Cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J, Jackson stock number: 006660) mice were crossed with Ai32 (B6.Cg-Gt(ROSA)

26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, Jackson stock number: 024109) mice, producing DAT-Cre; Ai32 mice. These mice were used

for optogenetic stimulation of dopaminergic terminals in whole-cell patch clamp recording and fast-scanning cyclic voltammetry

(FSCV) experiments. DAT-Cre mice (and DAT-Cre; Ai32) were primarily used in immunohistochemistry and fluorescence imaging ex-

periments. To generate indirect pathway spiny projection neuron (iSPN)-specific ChR2 expressing mice, A2A-Cre (B6.FVB(Cg)-

Tg(Adora2a-cre)KG139Gsat/Mmucd, MMRRC stock number: 036158-UCD) mice were crossed with Ai32 mice, producing A2A-

Cre; Ai32. These mice were used in whole-cell patch clamp recording and immunohistochemistry experiments. A2A-Cre mice

were also used for immunohistochemistry and fluorescence imaging experiments. All mice were maintained in C57BL/6J back-

ground. The experiment was not blind to the genotypes of mice. Mice were group-housed (up to 5 mice per cage) and bred under

standard pathogen-free housing conditions in the animal facility of Ulsan National Institute of Science and Technology (UNIST) on a

12-h light/dark cycle (lights on from 7 a.m. to 7 p.m.). Food and water were available ad libitum. All experimental procedures were

conducted in accordance with protocols approved by the Institutional Animal Care and Utilization Committee of UNIST.

METHOD DETAILS

Immunohistochemistry and confocal (enhanced confocal) imaging
For immunofluorescence staining, mice were anesthetized by intraperitoneal injection of zoletil (60 mg/kg, Virbac Korea) and rompun

(15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20) and perfused transcardially with phosphate buffer (PB),

followed by 4%paraformaldehyde (PFA). Brains were rapidly removed andmaintained in 4%PFA at 4�C for overnight.54 Fixed brains

were transferred to 30% sucrose in 0.01 M PB for cryoprotection. Brain sections containing striatum, cortex, and extrastriatal basal

ganglia were made (20 mm thick) using the frozen section technique (Microtome SM2010, Leica). Obtained brain sections were

washed with PBS, PBST (0.5% Triton X-100), and blocked with PBST containing 10% normal goat serum (NGS) and 2% bovine

serum albumin (BSA). After blocking, brain sections were incubated with anti-tyrosine hydroxylase antibody (rabbit polyclonal,

1:1000, ab112), anti-tyrosine hydroxylase antibody (chicken polyclonal, 1:1000, ab76442), anti-dopamine transporter antibody (rat

monoclonal, 1:500, ab5990), anti-vmat2 antibody (rabbit polyclonal, 1:1000, VMAT2-Rb-Af720), anti-gephyrin antibody (mouse

monoclonal, 1:500, 147 111), anti-RFP antibody (mouse monoclonal, 1:1000, MA5-15257), anti-GFP antibody (chicken polyclonal,

1:1000, GFP-1010), anti-bassoon antibody (guinea pig polyclonal, 1:500, 147 004), anti-bassoon antibody (mouse monoclonal,

1:500, ADI-VAM-PS003-D), anti-neuroligin 2 antibody (guinea pig polyclonal, 1:1000, Nlgn2-GP-Af760), anti-vgat antibody (rabbit

polyclonal, 1:500, 131 003), anti-synaptotagmin 1 antibody (mousemonoclonal, 1:500, 105 011), anti-synaptotagmin 7 antibody (rab-

bit polyclonal, 1:200, 105 173), anti-synaptotagmin 5/9 antibody (rabbit polyclonal, 1:500, 105 053), anti-ALDH1a1 (rabbit polyclonal,

1:1000, HPA002123), anti-VGLUT2 antibody (rabbit polyclonal, 1:500, 135 403), anti-PSD95 antibody (mouse monoclonal, 1:500,

MAB1596), anti-GABAARa1 antibody (rabbit polyclonal, 1:1000, GABAARa1-Rb-Af660) in blocking solution at 4�C overnight, fol-

lowed by secondary antibodies (goat anti-rabbit, goat anti-rat, goat anti-mouse, goat anti-chicken, goat anti-guinea pig, Invitrogen,

1:1000) conjugated to Alexa 405, Alexa 488, Alexa 594, and Alexa 647 fluorophores in blocking solution at room temperature for 2 h.

After washing with PBST and PBS, brain slices were mounted to slides using mounting medium (P36934 or P36935, Invitrogen).

For quantitative analysis, images were captured by FV1000 confocal laser scanning microscope (Olympus) using a 60x/1.35 NA oil

immersion objective (image size: 5123 512 pixels), LSM780N multi-photon confocal laser scanning microscope with airyscan (Carl

Zeiss) using a 63x/1.46 NA oil immersion objective (zoom factor: 3, image size: 912 3 912 pixels), and LSM880 multi-photon

confocal laser scanning microscope with airyscan (Carl Zeiss) using a 63x/1.4 NA oil immersion objective (zoom factor: 3, image

size: 6972 3 6972 pixels for stitched images or 1248 3 1248 pixels) and a 40x/1.2 NA water immersion objective (zoom factor: 3,
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image size: 1248 3 1248 pixels). Imaging areas were randomly selected and then images were captured from each target brain re-

gion. Acquired images were further analyzed by Zen software (Carl Zeiss), ImageJ program (NIH, measure function), and MATLAB

(MathWorks, custom codes). For dendritic synapse clustering analysis, the whole dendrite was divided into two compartments (prox-

imal and distal). The half of the dendritic compartment close to the somawas analyzed as a proximal dendrite and the other half of the

dendrite away from the soma was considered a distal dendrite.

Expansion microscopy
For expansion microscopy, we referred to the expansion microscopy methods.17 The expansion factor was measured as a 5-fold

linear expansion. Images were captured by LSM980 multi-photon confocal laser scanning microscope (Carl Zeiss) using a 40x/

1.2 NA water immersion objective (image size: 48953 4895 pixels with 2 3 2 stitching). Acquired images were further analyzed by

Zen software (Carl Zeiss), ImageJ program (NIH, measure function), and MATLAB (MathWorks, custom codes).

dLight dopamine imaging
For dLight dopamine imaging, we referred to the evokedGRABDA imagingmethods.55 Fluorescence imagingwas performed using an

Olympus BX51WI epifluorescence microscope. Fluorescent signals were excited by a 470 nm LED (Thor labs, SOLIS-470C),

collected through a 43 objective, and digitized with a scientific complementary metal-oxide-semiconductor camera (Hamamatsu,

Orca-Flash4.0 V3). Evoked responses were acquired at 512 3 512 pixels/frame, 40 frames/s, with an exposure time of 10 ms.

Each pixel represents a physical area of 3.3 3 3.3 mm2.

Brain slice preparation for electrophysiology
Coronal brain slices containing striatal regions (DLS, DMS, NAc core, NAc shell, OT), cortex (ACC,M1), and extrastriatal basal ganglia

(GPe, GPi, STN) were obtained (300 mm thick) for whole-cell patch clamp recording and FSCV.54 Mice were anesthetized with iso-

flurane (Piramal Critical Care), decapitated, and the brain was taken out, briefly exposed to ice-chilled artificial cerebrospinal fluid

(ACSF) containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM MgCl2, 2mM CaCl2 and 15 mM glucose

oxygenatedwith 95%O2 and 5%CO2. Acute brain slices were prepared using a tissue vibratome (Leica, VT 1200S) in ice-cold ACSF.

Brain sliceswere firstmaintained in ACSF for 30min at 34�Cand then another 30min at room temperature. After recovery, sliceswere

transferred to a submerged recording chamber perfused with ACSF at a rate of 2–3 mL/min at 30�C–31�C. Brain slices were used for

electrophysiological recording within 4 h after recovery.

Electrophysiology, optogenetic stimulation, and pharmacology
Neurons in striatal regions, cortex, and extrastriatal basal ganglia were visually identified by conventional IR-DIC optics (BX51WI,

Olympus).54 Whole-cell voltage-clamp recordings were made with borosilicate glass pipettes (2.5–3.5 MU) filled with Cs+ based

low Cl� internal solution containing 135 mM CsMeSO3, 10 mM HEPES, 1 mM EGTA, 3.3 mM QX-314, 0.1 mM CaCl2, 4 mM Mg-

ATP, 0.3 mM Na3-GTP, 8 mM Na2-phosphocreatine (290–300 mOsm, pH 7.3 with CsOH). To measure inhibitory and excitatory

synaptic currents from the same neuron, membrane potential was first held at +0 mV (reversal potential of ionotropic glutamate re-

ceptors) to measure inhibitory synaptic currents and then continuously held at �70 mV (reversal potential of chloride) to measure

excitatory synaptic currents under the voltage clamp mode (liquid junction potential corrected). Access resistance was 10–20 MU

and only cells with a change in access resistance <20% were included in the analysis. Whole-cell patch clamp recordings were

performed using Multiclamp 700B (Molecular Devices) and signals were filtered at 2 kHz and digitized at 10 kHz (NI PCIe-6259, Na-

tional Instruments). Recording data were monitored and acquired byWinWCP (Strathclyde software, http://spider.science.strath.ac.

uk/sipbs/software_ses.htm), further analyzed offline using Clampfit 10.7 software (Molecular Devices) and OriginPro 2017

(OriginLab). To stimulate ChR2-expressing dopaminergic or intra-striatal collateral axons, blue laser light (450 nm, 1 msec pulses

with 60 s intervals, 50% of saturation power under the objective less than 10 mW) from a diode laser (MDL-III-450, Opto Engine

LLC) was focused on the back focal plane of the objective to generate wide-field illumination. GABA and glutamate co-transmission

from DA axon terminals were recorded from striatal regions (DLS, DMS, NAc core, NAc shell, OT), cortex (ACC, M1), and extrastriatal

basal ganglia (GPe, GPi, STN) by optogenetically activating DA terminals. For the experiments demonstrating the oIPSCs and

oEPSCs in our data are exclusively mediated by GABAA and glutamate receptors, we bath-applied GABAA receptor antagonist (Ga-

bazine, Tocris, #1262) or glutamate receptors antagonists (CNQX + D-AP5, Tocris, #0190, #0106) during the recording session.

To test the physiological effects of acute inhibition of calcium channels on GABAergic transmission from DA and GABAergic neu-

rons, we used selective T-type calcium channel blocker (NNC 55–0396, 1 mM, alomone labs, N-205), N-type calcium channel blocker

(u-conotoxin, 100 nM, alomone labs, C-300), P/Q-type calcium channel blocker (u-agatoxin, 200 nM, alomone labs, STA-500) and

these blockers were bath-applied during the recording session. For the experiment measuring strontium-induced asynchronous

GABA release from DA and GABAergic terminals, another ASCF which contained strontium chloride hexahydrate (4 mM, Sigma-

Aldrich, Cat. No. 255521) in place of calcium was made and after recording oIPSC with normal ACSF, this calcium-containing

ACSF was replaced by strontium-containing ACSF. Asynchronous GABA release at DA and GABAergic (iSPN to dSPN) synapses

were recorded from SPNs in DLS by optogenetically activating DA and GABAergic axon terminals. The amplitude and frequency

of strontium-induced asynchronous IPSC were analyzed by using Mini Analysis software (Synaptosoft). To measure strontium-

induced asynchronous GABA release using high chloride internal solution, we used a Cs+ based high Cl� internal solution containing
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126 mM CsCl, 8 mM NaCl, 10 mM HEPES, 0.2 mM MgCl2, 2 mM QX-314, 1 mM EGTA, 0.1 mM CaCl2, 4 mM Mg-ATP, 0.3 mM

Na3-GTP, 8 mM Na2-phosphocreatine (290–300 mOsm, pH 7.3 with CsOH). We used glutamate receptors antagonists (CNQX +

D-AP5, Tocris, #0190, #0106) to block glutamatergic currents and held the membrane potential at �70 mV. To measure

strontium-induced asynchronous GABA release with the inhibition of nearby neurons with DREADDs, 5 mMClozapine N-oxide dihy-

drochloride (Tocris, #6329) was bath-applied during the recording session. To measure the paired pulse ratio (PPR) of GABA trans-

mission at DA synapses in the dorsal striatum, we optogenetically stimulated DA terminals by using a paired light stimulus (100 ms

interval). The calcium concentration of ACSFwas reduced to 1mM in order to easily visualize the second oIPSCpeak. Tomaintain the

concentration of divalent cations in ACSF, the magnesium concentration was increased to 2 mM. To measure the PPR of GABA

transmission at DA synapses in the dorsal striatum using weak stimulation, we optogenetically stimulated DA terminals by using a

paired light stimulus (100 ms interval). We used glutamate receptors antagonists (CNQX + D-AP5, Tocris, #0190, #0106) to block

glutamatergic currents and held the membrane potential at �30 mV. We also reduced the optogenetic stimulation to 10% of satu-

ration power under the objective less than 10 mWwith a 6% ND filter (U-25ND6, Olympus). To measure the PPR of GABA transmis-

sion at DA synapses in the dorsal striatum using ChETA, we optogenetically stimulated DA terminals by using a paired light stimulus

(100 ms interval). All PPR experiments were carried out under normal ACSF conditions unless otherwise noted. To simultaneously

measure DA transmission and GABA co-transmission in a single SPN, we used a K+ based high Cl� internal solution containing

66 mM KMeSO3, 70 mM KCl, 10 mM HEPES, 1 mM EGTA, 0.1 mM CaCl2, 4 mM Mg-ATP, 0.3 mM Na3-GTP, 8 mM Na2-phospho-

creatine (290–300 mOsm, pH 7.3 with KOH). We used glutamate receptors antagonists (CNQX + D-AP5, Tocris, #0190, #0106) to

block glutamatergic currents and held the membrane potential at �60 mV.

Fast-scanning cyclic voltammetry (FSCV)
Extracellular DA release was recorded by FSCV using carbon-fiber microelectrodes (7 mmdiameter carbon fiber sealed by glass, 50–

100 mm exposed tip length beyond the tapered glass seal) from striatal regions (DLS, DMS, NAc core, NAc shell, OT), cortex (ACC,

M1), and extrastriatal basal ganglia (GPe, GPi, STN).54 To detect DA release, a triangular scanning waveform was applied to the car-

bon fiber electrode from�0.4 V (vs. AgCl reference electrode) to +1.3 V and back (8.5msec waveformwidth) at a scan rate of 400 V/s

(repeated at 10 Hz). The carbon fiber electrode was held at �0.4 V between scans. Cyclic voltammograms were background-sub-

tracted by averaging 10 background scans. To evoke DA release from DA synapses, ChR2-expressing DA axon terminals were

stimulated by blue laser light (450 nm, 2 ms pulse width). Oxidation current by optogenetically evoked DA release was detected

andmonitored using the TarHeel CV system. Changes in dopamine concentration were quantified by plotting the peak oxidation cur-

rent of the voltammogram over time. The carbon fiber electrode was calibrated at the end of each experiment to convert oxidation

current to DA concentration using DA (10 mM, Tocris, Cat. No. 3548) in ACSF.

Virus purchase
AAV-hSyn-GFP (AV5075E, UNC), AAV-hSyn-DIO-mCherry (50459-AAV5, Addgene), AAV-Ef1a-DIO ChETA-EYFP (26968-AAV5,

Addgene), AAV-hSyn-hM4D(Gi)-mCherry (50475-AAV5), AAV-syn-dLight1.3b (135762-AAV9, Addgene), AAV9.hSyn.tdTomato.

T2A.m.GIRK2-1-A22A.WPRE.bGH (V8414S, Upenn) were purchased from UNC vector core, Addgene, and Upenn, respectively.

The production titer was 5.6 3 1012 viral genomes/ml for AAV-hSyn-GFP, 7 3 1012 viral genomes/ml for AAV-hSyn-DIO-mCherry,

2 3 1013 viral genomes/ml for AAV-Ef1a-DIO ChETA-EYFP, 7 3 1012 viral genomes/ml for AAV-hSyn-hM4D(Gi)-mCherry, 2.4 3

1013 viral genomes/ml for AAV-syn-dLight1.3b, and 5.37 3 1013 viral genomes/ml for AAV9.hSyn.tdTomato.T2A.m.GIRK2-1-

A22A.WPRE.bGH.

shRNA expression and verification of shRNA-mediated knockdown of NLGN2 (NL2)
NLGN2-specific and control shRNAs were expressed in the pSicoR vector (#21907, Addgene).56 We tested three different pSicoR

vectors encoding NLGN2-specific shRNA expression cassettes for their ability to knockdown NLGN2 expression in HEK293T

(ATCC CRL3216) cells; the pSicoR-control served as a nontarget control shRNA containing nonhuman or mouse shRNA

(500-TCGCATAGCGTATGCCGTT-30). Three kinds of shRNAwere synthesized by the followingmethod: Two kinds of oligos were pur-

chased (Sequence of oligos; [phos]50-t [sense sequence of target] ttcaagaga [reverse complement sequence of target] ttttttc-30 and
[phos]50-tcgagaaaaaa [sense sequence of target] tctcttgaa [reverse complement sequence of target] a-30). The sequence information

of the three candidates for the shRNA is as follows: mNlgn2-sh1: 50-CAATCCGCCAGACACAGATAT-30, mNlgn2-sh2: 50-TCTGC

CACCTGAGTCTGATAT-30, mNlgn2-sh3: 50-GACCCTGAACGCATCACTATC-30. The two oligos were annealed with annealing buffer

(in mM; 200 potassium acetate, 60 HEPES-KOH, 4 Mg-acetate, pH 7.3 was adjusted by KOH) and incubated at 95�C for 5 min and

70�C for 10 min. The annealed double-stranded oligo was inserted into HpaI-XhoI restriction enzyme sites within the pSicoR vector

and verified by sequencing.

a-synuclein-expressing AAV generation
We used a pHM6-a-synuclein-A53T (Addgene #40825) construct to generate AAV-a-synuclein-A53T and AAV-a-synuclein-A53T-

mediated mouse model of Parkinson’s disease.54 The a-synuclein-A53T cDNA was generated into BamHI/XhoI restriction enzyme

sites of AAV-MCS (multi cloning site) expression vector (Cell Biolabs Inc., Cat. No. VPK-410) by in-Fusion cloning scheme.57 This

vector was created by expression under cytomegalovirus (CMV) immediate-early enhancer and promoter. This plasmid construct
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was verified by nucleotide sequencing. This viral vector was pseudo-typed where the transgene was flanked by inverted terminal

repeats of AAV2 packaged in an AAV-DJ capsid. AAV-DJ was engineered using a DNA family shuffling technology to create a hybrid

capsid from eight AAV serotypes. Additionally, AAV-DJ-CMV-a-synuclein (A53T) vector was purified by iodixanol gradient ultracen-

trifugation by the Korea Institute of Science and Technology (KIST) Virus Facility. The production titer was 2.83 1013 viral genomes/

ml for AAV-DJ-CMV-a-synuclein (A53T).

Quantitative real-time PCR
Gene silencing assays using shRNAs targeting NLGN2 candidates were tested by quantitative real-time PCR (qRT-PCR). All shRNAs

were transfected into HEK293T cells. Approximately 24 h after transfection, total RNAwas isolated fromHEK293T cells using an RNA

extraction kit (Intro, #17221) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from 1 mg

total RNA, and reverse transcription was performed using a SuperScript cDNA synthesis kit (Bioneer, AccuPower CycleScript RT

PreMix & Master Mix (K-2044)) according to the manufacturer’s instructions. qRT-PCR was performed using an SYBR Green

expression assay (Thermo Fisher Scientific, Power SYBR Green Master Mix (4367659)). Primer sets for NLGN2 were purchased

from Macrogen; mNlgn2-qRT-F: TTCCCACCACTCAGAAGGAC, mNlgn2-qRT-R: GTGCTGTCTTCTCGGTCACA. GAPDH was

used as a housekeeping gene. The delta-delta Ct method was used to calculate fold changes in gene expression.58 Among the 3

shRNA candidates, mNlgn2-sh1 was the most effective to knockdown NLGN2 and was chosen for AAV production.

AAV cloning and production
For adeno-associated-virus (AAV)-based shRNA expression, pSicoR-shRNA vectors with XbaI/HindIII-containing enzymatic site

were inserted into the pAAV-minCMV-mCherry (#27970, Addgene) vector by the same enzymatic site. The CMV promoter in these

vectors was replaced with the hSyn promoter by infusion cloning (Clontech, In-Fusion HD Cloning Kit). AAV-U6-scrambled RNA-

hSyn-mCherry and AAV-U6-mNLGN2-shRNA-hSyn-mCherry were thereafter purified by iodixanol gradient ultracentrifugation by

the KIST Virus Facility. The production titer was 6.56 3 1013 viral genomes/ml for AAV-U6-scrambled RNA-hSyn-mCherry and

3.9 3 1013 viral genomes/ml for AAV-U6-mNLGN2-shRNA-hSyn-mCherry.

Stereotaxic viral injection for sparse labeling
Stereotaxic virus injection was conducted on over 8–10 weeks old male and female mice (DAT-Cre, A2A-Cre) and performed using a

stereotaxic system (51730, Stoelting).54 Before surgery, mice were deeply anesthetized by intraperitoneal injection of zoletil (60 mg/

kg, Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20). A total volume of 300 nL

virus solution (1:50 dilution of AAV-hSyn-GFP for DAT-Cre, 1:50 dilution of AAV-hSyn-GFPmixed with 1:2 dilution of AAV-hSyn-DIO-

mCherry for A2A-Cre) was injected into DLS (coordinates used, AP: +1.3 mm, ML: ±2.25 mm from bregma, DV: �2.2 mm from

exposed dura mater) to achieve sparse labeling of neurons. A glass micropipette with a long narrow tip (size: 10–20 mm) was

made using a micropipette puller (P-1000, Sutter Instrument) to deliver the virus. The glass pipette was slowly reached to the target

area and left for 5 min before virus injection. Virus solution (300 nL) was injected at an infusion rate of 100 nL/min and withdrawn

10min after the end of the injection. After injection, the scalp was sutured andmice were returned to their home cages. Virus-injected

mice were used for immunohistochemistry experiments 3 weeks after injection.

Stereotaxic viral injection for NLGN2 (NL2) knockdown
Stereotaxic virus injection was conducted on over 6–10 weeks old male and female mice (DAT-Cre, DAT-Cre; Ai32, A2A-Cre; Ai32)

and performed using a stereotaxic system (51730, Stoelting). Before surgery, mice were deeply anesthetized by intraperitoneal in-

jection of zoletil (60 mg/kg, Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20). A

total volume of 1 mL virus solution (AAV-U6-scrambled RNA-hSyn-mCherry for control, AAV-U6-mNLGN2-shRNA-hSyn-mCherry for

NL2 KD) was injected bilaterally into DLS (coordinates used, AP: +1.3 mm, ML: ±2.25 mm from bregma, DV:�2.2 mm from exposed

dura mater). A glass micropipette with a long narrow tip (size: 10–20 mm) was made using a micropipette puller (P-1000, Sutter In-

strument) to deliver the virus. The glass pipette was slowly lowered to the target area and left for 5 min before virus injection. Virus

solution was injected at an infusion rate of 100 nL/min and withdrawn 10 min after the end of injection. After injection, the scalp was

sutured and mice were returned to their home cages. Virus-injected mice were used for electrophysiology and immunohistochem-

istry experiments 6, and 12 weeks after injection. For the PPR experiment with the ChETA virus, an additional injection was conduct-

ed 2 weeks after the NL2 KD virus injection. A total volume of 1 mL ChETA virus solution (AAV5-Ef1a-DIO ChETA-EYFP) was injected

bilaterally into the SNc (coordinates used, AP:�3.1 mm, ML: +1.2 mm from bregma, DV:�4.0 mm from exposed dura mater). Other

conditions were similar to the previous injections. For DA transmission and GABA co-transmission measurements using the mGIRK2

virus, an additional injection was conducted 2 weeks after the NL2 KD virus injection. A total volume of 1 mL mGIRK2 virus solution

(AAV9.hSyn.tdTomato.T2A.m.GirK2-1-A22A.WPRE.bGH) was injected bilaterally into the DLS (coordinates used, AP: +1.3 mm,

ML: ±2.25 mm from bregma, DV: �2.2 mm from exposed dura mater). Other conditions were similar to the previous injections.

Stereotaxic 6-OHDA injection
Stereotaxic 6-OHDA injection was conducted on over 8–14 weeks old male and female mice (DAT-Cre, DAT-Cre; Ai32) and per-

formed using a stereotaxic system (51730, Stoelting). Before surgery, mice were deeply anesthetized by intraperitoneal injection
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of zoletil (60 mg/kg, Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20). A total

volume of 300 nL 6-OHDA solution (1.25 mg/mL, dissolved in 0.9% sterile saline with 0.02% ascorbic acid) was injected unilaterally

into left MFB (coordinates used, AP:�1.2 mm, ML: +1.2 mm from bregma, DV:�4.75 mm from exposed dura mater). A glass micro-

pipette with a long narrow tip (size: 10–20 mm) was made using a micropipette puller (P-1000, Sutter Instrument) to deliver 6-OHDA.

The glass pipette was slowly reached to the target area and left for 5 min before the 6-OHDA injection. 6-OHDA solution was injected

at an infusion rate of 100 nL/min and withdrawn 10 min after the end of the injection. After injection, the scalp was sutured and mice

were returned to their home cages. 6-OHDA-injected mice were used for electrophysiology and immunohistochemistry experiments

1, 3, and 7 days after injection. For dLight dopamine imaging, themice were injectedwith the dLight virus 4 weeks before the injection

of 6-OHDA. A total volume of 1 mL dLight virus solution (AAV-syn-dLight1.3b) was injected bilaterally into the DLS (coordinates used,

AP: +1.3 mm, ML: ±2.25 mm from bregma, DV: �2.2 mm from exposed dura mater). Other conditions were similar to the previous

injections.

Stereotaxic a-synuclein-expressing AAV injection
Stereotaxic a-synuclein virus (AAV) injection was conducted on over 6–10weeks oldmale and femalemice (DAT-Cre, DAT-Cre; Ai32)

and performed using a stereotaxic system (51730, Stoelting). Before surgery, mice were deeply anesthetized by intraperitoneal in-

jection of zoletil (60 mg/kg, Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20). A

total volume of 1 mL a-synuclein virus solution (AAV-DJ-CMV-a-synuclein A53T) was injected unilaterally into left SNc (coordinates

used, AP:�3.1 mm,ML: +1.2 mm from bregma, DV:�4.0 mm from exposed dura mater). A glass micropipette with a long narrow tip

(size: 10–20 mm) was made using a micropipette puller (P-1000, Sutter Instrument) to deliver the virus. The glass pipette was slowly

reached to the target area and left for 5 min before virus injection. Virus solution was injected at an infusion rate of 100 nL/min and

withdrawn 10 min after the end of the injection. After injection, the scalp was sutured and mice were returned to their home cages.

Virus-injected mice were used for electrophysiology and immunohistochemistry experiments 1, 2, and 4 weeks after injection.

Stereotaxic viral injection for DREADDs
Stereotaxic virus injection was conducted on over 8–12 weeks old male and female mice (DAT-Cre; Ai32) and performed using a ste-

reotaxic system (51730, Stoelting). Before surgery, mice were deeply anesthetized by intraperitoneal injection of zoletil (60 mg/kg,

Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil: rompun: saline = 4 : 1: 20). A total volume of 1 mL virus

solution (AAV-hSyn-DIO-hM4D(Gi)-mCherry) was injected bilaterally into the DLS (coordinates used, AP: +1.3 mm, ML: ±2.25 mm

from bregma, DV: �2.2 mm from exposed dura mater). A glass micropipette with a long narrow tip (size: 10–20 mm) was made using

a micropipette puller (P-1000, Sutter Instrument) to deliver the virus. The glass pipette was slowly lowered to the target area and left

for 5 min before virus injection. Virus solution was injected at an infusion rate of 100 nL/min and withdrawn 10 min after the end of the

injection. After injection, the scalp was sutured and mice were returned to their home cages. Virus-injected mice were used for elec-

trophysiology experiments 4 weeks after injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spot detection and synapse extraction analysis (used for synapse analysis)
To extract synapses from the acquired image, we implemented a general method for spot detection.59–61 The method exploits math-

ematical morphological processing based on set theory. By considering objects in the acquired images as sets, signal enhancement

and spot detection can be accomplished exploiting combinations of logical operators in set theory. This method is divided into three

parts: denoising, signal enhancement, and spot extraction. At the denoising step, the acquired images are processed by Gaussian

filter with s = 0.5. For signal enhancement, three combined thresholding algorithms with top-hat transform, hard thresholding, and

Otsu thresholding are applied to the resulting images. Top-hat transform of an image IðmÞ is represented as:

TðIðmÞÞ = IðmÞ � IðmÞ+sðmÞ
where � denotes the opening operator in morphological processing and sðmÞ denotes the structuring element. Our structuring

element sðmÞ for applying top-hat transform is circular shape with size of 10 X 10. Hard thresholding is expressed as:

HðIðmÞÞ =

�
IðmÞ if IðmÞ> threshold
0 if IðmÞ< threshold

Threshold value of hard thresholding is 40000. After applying top-hat transform and hard thresholding to the acquired images,

Otsu’s thresholding method is exploited to the processed images to enhance the fluorescent signal from the actual object and sup-

press the background signal. From the signal-enhanced images, spots are extracted using combined morphological filters, consist-

ing of two morphological operations: filling and opening. Filling is employed to fill out holes in fluorescent spots, and opening is per-

formed to smooth the contour of spots and remove irrelevant fluorescent signals to the synaptic structure. The extracted spots are

clustered within the set of images (presynaptic and postsynaptic) corresponding to the distance among the spots, which allows the

images to delineate presynaptic structures (colocalization between TH and presynaptic marker Bassoon or VMAT2 in case of

GABAergic-like DA synapses, colocalization between RFP and VGAT in case of conventional GABA synapses, and colocalization
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between TH and VGlut2 in case of glutamatergic presynaptic sites on DA boutons) and postsynaptic structures (postsynaptic marker

NL2 or gephyrin in case of GABAergic-like DA synapses, colocalization between GFP and NL2 in case of GABAergic-like DA synap-

ses on a single dendrite or conventional GABA synapses on a single dendrite, colocalization between RFP and NL2 or gephyrin or

GABAARa1 in case of GABAergic-like DA synapses in NL2 control and KD virus injected mice, and colocalization between RFP and

PSD95 in case of glutamatergic postsynaptic sites at DA synapses). By calculating the distance between presynaptic and postsyn-

aptic clusters, the clusters with less than 0 pixel in distance were combined to constitute synapses. For shuffled NL2 analysis, we

referred to the shuffling analysis methods and randomly shuffled NL2 signals to analyze the formation of GABAergic-like DA

synapses.5

dLight dopamine analysis
For the analysis of dLight signals, we referred to the evoked GRABDA analysis methods.55 For image analysis, regions of interest

(ROIs) containing the striatum were manually selected in each image stack, and the backgrounds were estimated from the cortical

regions where no sensor was expressed. For the quantification of evoked release, F0 was estimated as the average fluorescence

signal over 0.5 s immediately before stimulation. DF/F0 was then calculated for each pixel, and pixels with a DF/F0 > 0.1 in response

to electrical stimulation were considered as part of a release event.

Point pattern analysis
The spatial analysis of GABAergic-like DA synapses was performed using Ripley’s analysison both single group and group vs. group

scale.62,63 Ripley’s function describes spatial characteristics of the sample (clustering or dispersion) over a range of distances. The

edge corrected Ripley’s function is defined as:

KðrÞ = l� 1
X
isj

ki;j Iðdi;j % rÞ
,

N

where l is the density of a point pattern; ki;j is the inverse of a portion of circumferencewith center at point i and radius r, that lies within

the boundary and passes through point j; function I is an indicator function; d is the Euclidean distance between points i and j; N is the

number of points in the pattern. A variance stabilized version of the Ripley’s K function was used in this study64:

Hr =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðrÞ
p

� r

r

Ripley’s function was computed for each observed point pattern. Group vs. group analysis was also performed to establish

whether point patterns from one group shared similar spatial characteristics with patterns from another (null) group. We assume

that all m (the total number of generated patterns) patterns in the null group are generated by the same point process.

Diggle-Cressie-Loosmore-Ford (DCLF) test
Diggle-Cressie-Loosmore-Ford (DCLF) test is based on the quantification of the difference between the H function of the observed

pattern and the H function for the null group at the given spatial scale. We computedHðrÞ for the test patternHobsðrÞ and each pattern

in the null group HiðrÞ, then we estimated the summary function �HðrÞ for the null group as follows:

�HðrÞ =
1

m+1
ðH1ðrÞ + H2ðrÞ + . + HmðrÞ + HobsðrÞÞ

Then, the maximum vertical separation between HðrÞ and �HðrÞ is:

Tobs =

Z R

0

ðHobsðrÞ � �HðrÞÞ2dr

whereR ismaximum value of the interaction distance. To compute p value, the following formula can be used: p =

Pm

1
IðTobs > TiÞ
m+1 , where

IðTobs > TiÞ =
�

1;Tobs > Ti

0;otherwise
and Ti is computed between the observed pattern and each pattern in the test group ði = 1;mÞ.

Statistics
All data were analyzed using Clampfit 10.7 (Molecular Devices), Mini Analysis (version 6.0.7, Synaptosoft), OriginPro 2017

(OriginLab), Zen software (version 2.5, Carl Zeiss), ImageJ (version 1.53c, NIH), and MATLAB (version R2017a, MathWorks). Statis-

tical analysis was performed using GraphPad Prism software (version 10, GraphPad software). Summary statistics were all shown

with box andwhisker plot ormean ±SEM.Unpaired and paired student t-tests, one-way ANOVAwith post-hoc Sidak’smultiple com-

parison test, two-way repeated measures ANOVA with post-hoc Sidak’s multiple comparison test, linear regression, Kolmogorov-

Smirnov test were used to determine statistical differences (two-sided) between the groups. p < 0.05 was considered statistically

significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Measured values and the details of statistical analysis were presented

in Table S1.
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