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Summary 32 

Dopaminergic axons originate in the midbrain and establish widely spread synapses throughout 33 

the brain1. Synaptic transmission at these synapses plays a crucial role for volitional movement 34 

and reward-related behaviors2,3, while dysfunction of dopamine (DA) synapses causes various 35 

psychiatric and neurological disorders. Despite this significance, the true nature of brain-wide 36 

spatial and functional features of DA synapses remains poorly understood due to difficulties 37 

defining functional DA synapses at the molecular and physiological levels. Here we show that DA 38 

synapses are structured and function like GABAergic synapses in the mouse brain with marked 39 

regional heterogeneity. DA transmission is strongly correlated with GABA co-transmission at DA 40 

synapses across the brain areas. In addition, functional DA synapses possess GABAergic 41 

postsynaptic markers and are unevenly distributed throughout the brain with distinct spatial 42 

clustering. In the dorsal striatum, GABAergic-like DA synapses are uniquely clustered on the 43 

dendrites and GABA transmission at DA synapses has disparate physiological properties. 44 

Remarkably, the attenuation of GABA co-transmission precedes deficits in dopaminergic 45 

transmission in animal model of Parkinsonism. Our findings unravel distinct spatial and functional 46 

nature of GABAergic-like DA synapses in health and disease. Furthermore, the broader 47 

implication of our results is that GABAergic-like features of DA synapses can be utilized to better 48 

understand the real complexity of synaptic actions at DA synapses in regulating neural circuits. 49 

 50 
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Modulatory neurotransmitter dopamine (DA) critically orchestrates essential brain functions 62 

including voluntary movement, action selection, and reward-related behaviors via volume 63 

transmission. Due to its spatiotemporal release properties, synaptic transmission through DA 64 

synapses has been considered as slow and diffuse one in space, possibly causing non-synapse-65 

specific transfer of information to postsynaptic neurons. In addition, DA acts mainly through 66 

extrasynaptic G protein-coupled receptors (GPCRs)4,5. Thus, the early idea that DA transmission 67 

employing volume transmission is slow, inaccurate, and non-synapse-specific has been prevalent 68 

for a long time. However, recent studies highlighted the possibility that synaptic action via DA 69 

synapses can be rapid, synapse-specific, and far more complicated than we think. It appears that 70 

there exist active zone-like release sites in some populations of DA boutons, which can potentially 71 

support spatially and temporally precise coding6. More interestingly, co-transmission of classical, 72 

fast-acting neurotransmitters such as glutamate and γ-aminobutyric acid (GABA) at DA synapses, 73 

along with DA, has been found in the striatum7-9. Given that DA release and its propagation to 74 

neighboring synapses via volume transmission are not strictly limited in space, such co-75 

transmission of fast-acting neurotransmitters at DA synapses and its synaptic effects would be 76 

spatially more restricted and probably localized to individual synapses, rendering the physiological 77 

actions of DA synapses more synapse-specific. Although potentially critical for realistic synaptic 78 

actions at DA synapses, the central question of whether this co-transmission of DA, glutamate, and 79 

GABA at DA synapses is ubiquitous throughout the brain or is just one of the distinctive features 80 

of some specific DA projections remains not fully explored. 81 

  82 

DA transmission is strongly correlated with GABA transmission at DA synapses in the brain 83 

To determine brain-wide heterogeneity of synaptic actions at DA synapses caused by co-84 

transmission of multiple neurotransmitters, we first investigated regional variations of DA axon 85 

fibers by carrying out double-immunostaining for tyrosine hydroxylase (TH) and dopamine 86 

transporter (DAT) that are key molecular markers for DA neurons and axon fibers. Two DA axonal 87 

projections (nigrostriatal and mesocorticolimbic) from midbrain DA neurons in the substantia 88 

nigra pars compacta (SNc) and ventral tegmental area (VTA) heavily innervate striatum, which is 89 

the input region of basal ganglia (Fig. 1a). However, they also project to cortex and other nuclei 90 

of basal ganglia, including globus pallidus (GPe and GPi) and subthalamic nucleus (STN)10. As 91 
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many of the previous studies reported, most of areas in the striatum were occupied by highly dense 92 

arborization of DA axons (Fig. 1a, b) and the areas of TH-positive axon fibers were comparable 93 

among striatal regions (Fig. 1b, c). The amount of axonal projections to cortex, however, was 94 

significantly less than DA projections in the striatum (Fig. 1b, c, e). Extrastriatal basal ganglia 95 

nuclei, such as GPe, GPi, and STN, showed much sparser axonal fibers than the striatum, but TH-96 

positive DA axons in these regions were still denser than other cortical areas (Fig. 1b, c, e). The 97 

regional pattern of DAT-positive axons projecting to different brain regions was largely similar to 98 

the one of TH-positive axons (Fig. 1b, d, f). Notably, although small, regional heterogeneity and 99 

differences were found within the striatum in DAT-positive axons (Fig. 1d, f). 100 

 We next questioned whether neurotransmitters co-transmission at DA synapses would 101 

follow the quantitative pattern of axon fibers across the brain. We selectively expressed 102 

channelrhodopsin 2 (ChR2) in DA neurons by crossing DAT-IRES-Cre mice (in which Cre 103 

recombinase is selectively expressed in DA transporter-expressing neurons) with transgenic mice 104 

containing a conditional floxed allele of ChR2 in the Rosa26 locus (Ai32 mice)8. We first 105 

performed fast-scanning cyclic voltammetry (FSCV) to measure and compare brain-wide DA 106 

transmission among each DA projection region (Fig. 1g). As documented before11,12, light-evoked 107 

(450 nm) DA transmission was the highest in the dorsal striatum and ventral domains of striatum 108 

exhibited relatively smaller DA release than dorsal striatum. Photo-stimulation of DA axons 109 

elicited very low DA release in the cortex as well as extrastriatal basal ganglia nuclei (Fig. 1h-j). 110 

 We then sought to determine the regional heterogeneity in the co-transmission of GABA 111 

and glutamate at DA synapses. To measure GABAergic inhibitory postsynaptic current (IPSC) and 112 

glutamatergic excitatory postsynaptic current (EPSC), we performed whole-cell voltage clamp 113 

recording in various postsynaptic neurons of DA target areas and recorded optogenetically induced 114 

IPSC (oIPSC) and EPSC (oEPSC) from the same postsynaptic neuron. The strongest GABAergic 115 

responses were observed from the spiny projection neurons (SPNs) in the dorsal striatum, while 116 

the SPNs in the ventral striatum only displayed GABAergic responses less than half of the mean 117 

amplitude in the dorsal striatum. GABA co-transmission at DA synapses in both cortex and 118 

extracellular basal ganglia nuclei was minimal, if not non-existent, and very few neurons only 119 

produced small amplitude of oIPSC (Fig. 1k-m, Extended Data Fig. 1a, b). Unlike GABA co-120 

transmission, the highest responses by glutamatergic transmission at DA synapses came from the 121 



5 

 

nucleus accumbens (NAc) shell in the ventral striatum (Fig. 1n-p, Extended Data Fig. 1c, d). 122 

Glutamatergic oEPSCs in other striatal domains were much smaller than that of NAc shell and 123 

there were almost no EPSC responses from the recorded neurons in the cortex and extrastriatal 124 

basal ganglia nuclei. Of particular note, when this regional transmission of DA, GABA, and 125 

glutamate at DA synapses was compared with each other, we found a strong correlation between 126 

DA and GABA release, whereas no pronounced correlations existed between glutamate and other 127 

neurotransmitters (Fig. 1q). In addition, when the area of DA axon fibers and neurotransmitters 128 

co-transmission were compared throughout DA target areas, significant correlations were found 129 

between DA axonal areas (TH- and DAT-positive) and GABA (or DA) transmission, while there 130 

was no meaningful correlation between DA fibers and glutamate transmission (Fig. 1r, Extended 131 

Data Fig. 2). Interestingly, the correlation between DAT-positive axonal area and GABA (or DA) 132 

transmission was stronger than the one by TH-positive axons both in the whole brain and in the 133 

striatal regions. Together, it is very likely that DA transmission reliably accompanies GABA 134 

transmission at DA synapses in the brain. Furthermore, regional heterogeneity of DAT-positive 135 

axons in the brain, although small, mirrors regional differences in DA and GABA transmissions 136 

better than TH-positive axonal areas. 137 

 138 

Spatial distribution and characteristics of GABAergic-like DA synapses in the brain 139 

DA axon terminals make synaptic contacts with neurons in numerous brain areas, although the 140 

majority of these synapses reside within the striatum. These multiple brain regions are implicated 141 

in diverse neural functions, which are critically mediated by synaptic transmission via DA 142 

synapses. It is important to note that not all TH-positive bouton-like structures are able to release 143 

DA6 and postsynaptic DA receptors are typically at extrasynaptic sites4,5,13. Thus, unlike 144 

glutamatergic and GABAergic synapses, this mismatch between presynaptic and postsynaptic sites, 145 

and our lack of knowledge about presynaptic and postsynaptic molecular markers defining 146 

functional DA synapses, have hampered so far the comprehensive identification of spatial and 147 

functional features of DA synapses throughout the brain. Recently, neuroligin-2 (NL2), a common 148 

postsynaptic cell adhesion molecule (CAM) that has been thought to be exclusively localized to 149 

inhibitory synapses14, was found in the postsynaptic membrane specializations at striatal DA 150 

synapses5. Despite this finding, however, our understanding of molecular components defining DA 151 
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synapses in the brain is still far from complete. 152 

 We investigated brain-wide distribution and spatial characteristics of DA synapses by 153 

labeling molecular markers for both presynaptic and postsynaptic sites. We utilized NL2 as a 154 

postsynaptic marker for DA synapse. We also considered the co-localization of TH and vesicular 155 

monoamine transporter 2 (VMAT2) immunofluorescences as a putative marker for dopaminergic 156 

presynaptic boutons that are able to co-transmit DA and GABA7. In multi-color immunostaining 157 

and enhanced confocal microscopy by airyscan, TH- and VMAT2-positive presynaptic boutons, 158 

unlike TH-positive DA axons, showed marked regional heterogeneity in their distribution across 159 

the nigrostriatal and mesocorticolimbic pathways (Fig. 2a-d, Extended Data Fig. 3a, c-e). Dorsal 160 

striatum largely contained more TH- and VMAT2-positive boutons than ventral striatum. As 161 

expected from our results (Fig. 1b-f), the number of TH- and VMAT2-positive boutons in cortical 162 

areas and extrastriatal basal ganglia was much smaller than that of striatal regions (Fig. 2b, 163 

Extended Data Fig. 3c). Notably, the number of NL2-positive postsynaptic sites also exhibited 164 

regional differences across the brain, although the relative difference among brain areas was 165 

smaller than that of dopaminergic presynaptic boutons (Fig. 2c, Extended Data Fig. 3d). We then 166 

regarded the co-localization of a TH- and VMAT2-positive presynaptic bouton and a NL2-positive 167 

postsynaptic site as a potential GABAergic-like DA synapse. When this triple co-localization of 168 

TH, VMAT2, and NL2 was compared, the regional heterogeneity in dopaminergic presynaptic 169 

boutons was accentuated by variation in NL2-positive postsynaptic sites, leading to more 170 

prominent differences in the number of GABAergic-like DA synapses across the brain (Fig. 2d, 171 

Extended Data Fig. 3e). 172 

 It is likely that TH- and VMAT2-positive presynaptic boutons may not represent 173 

exclusively functional DA terminals capable of releasing neurotransmitters as VMAT2 can also 174 

exist outside synaptic boutons. To confirm this, we examined the spatial properties of GABAergic-175 

like DA synapses by labeling presynaptic protein Bassoon as a functional presynaptic marker at 176 

DA synapses6. When VMAT2 was replaced by Bassoon, relative regional differences in the 177 

numbers of both presynaptic boutons and GABAergic-like DA synapses were largely maintained 178 

(Fig. 2g-j), while the estimated numbers of dopaminergic presynaptic boutons and GABAergic-179 

like DA synapses were considerably reduced (Extended Data Fig. 3b, f-h). In addition, when 180 

Bassoon was used as a presynaptic marker, the difference in the number of GABAergic-like DA 181 
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synapses among brain regions, especially between dorsal and ventral striatum, became more 182 

pronounced (Fig. 2j, Extended Data Fig. 3h). We further validated these findings and analyzed 183 

GABAergic-like DA synapses by using Gephyrin as a postsynaptic marker for DA synapses. 184 

Gephyrin is an assembly protein which anchors inhibitory neurotransmitter receptors to the 185 

postsynaptic membrane and has been determined as a major postsynaptic protein of GABAergic 186 

synapses15,16. Spatial distribution and regional disparity of GABAergic-like DA synapses 187 

throughout the brain, revealed by Gephyrin, were also comparable to the pattern identified by NL2, 188 

suggesting that regional properties of GABAergic-like DA synapses exist independent of the 189 

molecular markers used. Moreover, compared to the co-localization of VMAT2 and Gephyrin, the 190 

identification of GABAergic-like DA synapses by the co-localization of Bassoon and Gephyrin 191 

made the regional difference between dorsal and ventral striatum more obvious (Extended Data 192 

Fig. 4, 5). The proportion of GABAergic-like DA synapses out of TH- and VMAT2-positive 193 

presynaptic boutons ranged on average from 27.9 to 42.7 percent in the striatum. The percentage 194 

of GABAergic-like DA synapses in the cortex was comparable to the striatum, while this 195 

percentage was much lower (7.8 to 12.3 percent) in the extrastriatal basal ganglia (Fig. 2e). 196 

Meanwhile, the percentage of GABAergic-like DA synapses out of all the NL2-positive 197 

postsynaptic sites varied between 13 to 25.4 percent in the striatal areas and this ratio was relatively 198 

low in the cortical areas and extrastriatal basal ganglia (Fig. 2f). Noticeably, when Bassoon was 199 

used in place of VMAT2 as a presynaptic marker, the proportion of GABAergic-like DA synapses 200 

out of all the presynaptic boutons rose, whereas the ratio of GABAergic-like DA synapses out of 201 

all the postsynaptic sites significantly decreased (Fig. 2k, l, Extended Data Fig. 4k, l). 202 

 We then examined the correlation and found that the correlation between GABAergic-like 203 

DA synapses and dopaminergic presynaptic boutons was remarkably higher than the one between 204 

GABAergic-like DA synapses and GABAergic postsynaptic sites throughout the brain regions (Fig. 205 

2m, n, Extended Data Fig. 6). Of particular note, Bassoon-NL2 combination exhibited the 206 

strongest correlation between GABAergic-like DA synapses and dopaminergic presynaptic 207 

boutons and the weakest correlation between GABAergic-like DA synapses and GABAergic 208 

postsynaptic sites when the correlations were separately calculated and compared from each brain 209 

area (Fig. 2o). More importantly, the correlation between GABAergic-like DA synapses and 210 

GABA (or DA) transmission was the highest and highly significant in the whole brain as well as 211 
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in the striatum, when both Bassoon and NL2 were simultaneously used as molecular markers for 212 

GABAergic-like DA synapses (Fig. 2p, q, Extended Data Fig. 7). No significant correlations were 213 

found between GABAergic-like DA synapses and glutamate transmission both in the whole brain 214 

and in the striatum, regardless of the combinations between presynaptic and postsynaptic markers. 215 

We further performed nearest neighbor analysis on the distribution of GABAergic-like DA 216 

synapses across the brain, measuring inter-synaptic distances in the population of GABAergic-like 217 

DA synapses. Among the different combinations of presynaptic and postsynaptic markers, the 218 

Bassoon-NL2 combination showed a clear distinction in the distribution of GABAergic-like DA 219 

synapses between dorsal and ventral striatum (Fig. 2r, Extended Data Fig. 7g). This Bassoon-NL2 220 

combination also displayed a significant separation of inter-synaptic distances between the 221 

striatum and other brain areas, including cortex and extrastriatal basal ganglia (Fig. 2r). Together, 222 

these results indicate that unlike just the area of DA axons, GABAergic-like DA synapses are 223 

distributed throughout the brain with significant regional and spatial heterogeneity, irrespective of 224 

synaptic markers used for analysis. Furthermore, GABAergic-like DA synapses determined by 225 

Bassoon-NL2 combination do correlate best with GABA-DA transmission at DA synapses. 226 

 227 

Spatial clustering of GABAergic-like DA synapses in the striatum 228 

Spatial arrangement and clustering of synapses can exert complex effects on the computation of 229 

neural circuits17,18. To delve into the potential clustering of GABAergic-like DA synapses 230 

throughout the brain, we performed multi-color immunostaining and enhanced confocal imaging 231 

via airyscan. We used triple co-localization of TH, Bassoon, and NL2 as a marker for GABAergic-232 

like DA synapse. To better capture region-specific spatial clustering of GABAergic-like DA 233 

synapses, image area per each brain region was expanded (Fig. 3a). For spatial clustering analysis, 234 

we utilized Ripley’s H function that is particularly sensitive to point pattern clustering19,20. Owing 235 

to the limited number of GABAergic-like DA synapses in both cortical and extrastriatal basal 236 

ganglia areas, we analyzed spatial clustering for only striatal regions that contains sufficient 237 

number of GABAergic-like DA synapses to perform Ripley’s H function. In the mean NND 238 

(nearest neighbor distance), dorsomedial striatum (DMS) alone showed significantly shorter inter-239 

synaptic distances than the null model (random distribution) (Fig. 3b). However, according to 240 

Ripley’s H function, all the striatal regions exhibited marked differences in the clustering of 241 
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GABAergic-like DA synapses when compared to the simulated random arrangement of synapses 242 

from the null models (Fig. 3c, d), suggesting that significant clustering exists in each striatal region. 243 

 To further compare the relative clustering of GABAergic-like DA synapses between 244 

striatal regions, we analyzed the same Ripley’s H function with one of the striatal regions pooled 245 

as a null model. We found that a significantly strong differences were observed between 246 

dorsolateral striatum (DLS) and all the striatal regions when DLS was used as the null model (Fig. 247 

3e, f). Both dorsal and ventral striatum showed more than 60% of rejection rates calculated as the 248 

number of samples for which the null model rejected on the Diggle-Cressie-Loosmore-Ford 249 

(DCLF) test21. Especially, olfactory tubercle (OT) displayed 100% rejection rate, implicating that 250 

in terms of synapse clustering pattern, OT appears to be the most different from DLS. Moreover, 251 

when OT was used as the null model, these regional differences in the clustering of GABAergic-252 

like DA synapses were preserved (Fig. 3g, h). It is important to note that GABAergic-like DA 253 

synapses in the DLS seem to be the most dispersed among the striatal regions even though DLS 254 

has the greatest number of GABAergic-like DA synapses. Interestingly, despite the similar number 255 

of GABAergic-like DA synapses, DMS showed more clustered patterns of synapses than DLS. 256 

NAc shell and OT also exhibited strongly clustered patterns of GABAergic-like DA synapses 257 

compared to other regions, which might stem from the specific structures of neural circuit in NAc 258 

shell and OT, including cell layers. 259 

 260 

Physiological differences between GABAergic-like DA synapses and conventional 261 

GABAergic synapses in the dorsal striatum 262 

Spatial and functional properties of GABAergic-like DA synapses have not been explored 263 

previously in the brain and many fundamental questions remain, such as to what extent spatial and 264 

functional differences exist between GABAergic-like DA synapses and classical GABAergic 265 

synapses. To address this question, we chose striatal collateral inhibition from indirect SPNs 266 

(iSPNs) to other SPNs as a case of conventional GABAergic projection and first compared the 267 

spatial clustering of GABAergic-like DA synapses and conventional GABAergic synapses in the 268 

dorsal striatum. As both DA and local GABAergic inputs form synapses on the dendrites of SPNs, 269 

we sparsely labeled SPNs in the dorsal striatum of both DAT-Cre and A2A-Cre mice (in which Cre 270 

recombinase is selectively expressed in iSPNs) by expressing GFP via virus injection. For 271 
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selectively labeling conventional GABAergic axons from iSPNs to other SPNs, we also injected 272 

AAV virus expressing RFP upon exposure to Cre recombinase, into the dorsal striatum of A2A-273 

Cre mice (Extended Data Fig. 8a). Then we conducted multi-color immunostaining and enhanced 274 

confocal imaging to quantify and compare the distributions of GABAergic-like DA synapses and 275 

conventional GABAergic synapses. Triple co-localization of TH, Bassoon, and NL2 on the GFP-276 

positive postsynaptic dendrite was considered as a GABAergic-like DA synapse, as in figure 3. In 277 

addition, we regarded the triple co-localization of RFP, VGAT (vesicular GABA transporter), and 278 

NL2 as a conventional GABAergic synapse (Fig. 4a). We found that the density of GABAergic-279 

like DA synapses on the single dendrite of SPNs was markedly higher than that of conventional 280 

GABAergic synapses made by local iSPNs. Furthermore, this difference in the density of synapses 281 

was maintained irrespective of the specific location on the dendrite (distal vs. proximal) (Fig. 4b). 282 

Inter-synaptic distances of GABAergic-like DA synapses (DAT-Cre mice) were also shorter than 283 

that of GABAergic synapses (A2A-Cre mice) (Fig. 4c). Spatial clustering of synapses on a single 284 

dendrite matters since it can critically affect functional computation of dendrites22,23. Hence, we 285 

employed Ripley’s H function to characterize the spatial clustering of GABAergic-like DA 286 

synapses and GABAergic synapses within a single dendrite. Importantly, when considering both 287 

Ripley’s H function analysis and DCLF test, conventional GABAergic synapses made by iSPNs 288 

appeared to be more clustered than GABAergic-like DA synapses, only at the distal portion of 289 

dendrites (Fig. 4d, e). Although conventional GABAergic synapses observed from the whole and 290 

proximal dendrites also exhibited more than 50% rejection rate in DCLF test, this seemed to be 291 

caused by the fact that the clustering patterns of GABAergic synapses are more variable than that 292 

of GABAergic-like DA synapses on the entire and proximal dendrites of SPNs. 293 

 Meanwhile, the functional properties of synaptic transmission by DA-containing synaptic 294 

vesicles have never been investigated in detail by whole-cell patch clamp recording, which have 295 

been mostly studied either by extracellular DA recording through FSCV or by overexpression of 296 

G protein-coupled inwardly-rectifying potassium channel (GIRK) to SPNs. Taking advantage of 297 

GABA co-transmission at DA synapses, we first examined whether GABA co-transmission at DA 298 

synapses and GABA transmission at conventional GABAergic synapses rely on distinct types of 299 

voltage-dependent Ca2+ channels for vesicular release. We recorded GABA co-transmission at DA 300 

synapses by stimulating ChR2-expressing DA axons from DAT-Cre;Ai32 mice and evaluated the 301 
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effects of 3 different types of Ca2+ channels blockers on the amplitude of oIPSC in SPNs. We found 302 

that GABA release at DA terminals is dependent on N-type as well as P/Q type Ca2+ channels in 303 

the dorsal striatum, whereas T-type Ca2+ channels were not implicated in vesicular release (Fig. 4f, 304 

g, Extended Data Fig. 8b). On the other hand, conventional GABAergic transmission that were 305 

examined at GABAergic synapses between iSPN and dSPN by using A2A-Cre;Ai32 mice, was 306 

mediated by not only N- and P/Q-type Ca2+ channels but also T-type channel (Fig. 4h, i, Extended 307 

Data Fig. 8c). 308 

 Next, we questioned whether GABA co-transmission at DA synapses and conventional 309 

GABA transmission share similar or distinct quantal properties in the striatum. To analyze and 310 

compare the quantal properties of oIPSC between dopaminergic GABA co-transmission and 311 

conventional GABA transmission in the dorsal striatum, Ca2+ was replaced with Sr2+ in the bath-312 

solution to promote asynchronous release (Fig. 4j). Sr2+ facilitated asynchronous vesicle release 313 

both in DAT-Cre;Ai32 and A2A-Cre;Ai32 mice, while GABA co-transmission at DA synapses was 314 

less prone to evoke asynchronous release than conventional GABAergic transmission (Fig. 4j, k). 315 

Furthermore, the quantal amplitude of GABA co-transmission at DA synapses was markedly 316 

smaller than that of conventional GABA transmission between the SPNs (Fig. 4k, l). To search for 317 

the presynaptic molecular mechanisms behind the differential susceptibility to asynchronous 318 

release by Sr2+, we checked the individual isoforms of synaptotagmin enriched at DA and 319 

GABAergic terminals, respectively (Fig. 4m, n). We found that DA terminals were preferentially 320 

co-localized with synaptotagmin 1, followed by synaptotagmin 7 and 5/9 in the dorsal striatum. In 321 

addition, the relative expression levels of each synaptotagmin isoform at conventional GABAergic 322 

terminals were similar to DA terminals (Fig. 4m-o). However, the co-localization of synaptotagmin 323 

1 that is critical for synchronous vesicular release at various synaptic terminals24-26, was 324 

considerably higher at DA terminals than at GABAergic terminals (Fig. 4p), possibly accounting 325 

for the observed differential susceptibility to asynchronous release by Sr2+ at DA and GABAergic 326 

terminals. 327 

 328 

Weakening of GABA transmission precedes the deficit of DA transmission at DA synapses in 329 

an animal model of Parkinsonism 330 

Physiological changes such as altered neuronal firing in DA neurons and the attenuation of DA 331 
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transmission have been reported to precede the degeneration of DA neurons in the course of 332 

Parkinson’s disease12,27. We questioned whether the co-transmission of multiple neurotransmitters 333 

at DA synapses is equally susceptible to the progression of Parkinsonism. To unravel the potential 334 

deficits of synaptic transmission at DA synapses, we induced the animal model of Parkinsonism 335 

by infusing 6-OHDA (6-hydroxydopamine) unilaterally into the medial forebrain bundle (MFB) 336 

of DAT-Cre mice (Fig. 5a). We first checked the degeneration of GABAergic-like DA synapses in 337 

the dorsal striatum by simultaneously labeling TH, Bassoon, and NL2 (Fig. 5b). We found that the 338 

number of GABAergic-like DA synapses in the ipsilateral striatum was largely intact one day after 339 

6-OHDA injection (Fig. 5c). However, when compared with the contralateral striatum, 340 

GABAergic-like DA synapses have begun to decrease substantially 3 days after 6-OHDA injection. 341 

The number of GABAergic-like DA synapses was significantly reduced 7 days after 6-OHDA 342 

injection (Fig. 5c). In addition, the spatial distribution of GABAergic-like DA synapses became 343 

sparser as 6-OHDA-induced Parkinsonism progressed (Fig. 5d). 344 

 We then examined the temporal alteration of DA transmission 1, 3, and 7 days after 6-345 

OHDA injection. To identify DA synapse-specific physiological changes, we unilaterally injected 346 

6-OHDA into the MFB of DAT-Cre;Ai32 mice (Fig. 5e). As with the number of GABAergic-like 347 

DA synapses over time, DA transmission in the ipsilateral striatum was not affected one day after 348 

6-OHDA injection, while the release of DA was dramatically reduced 3 and 7 days after 6-OHDA 349 

injection (Fig. 5f, g). Most interestingly, however, GABA transmission at DA synapses in the 350 

ipsilateral striatum begun to significantly diminish even one day after 6-OHDA injection (Fig. 5h, 351 

i, Extended Data Fig. 9a). Like DA transmission, GABA transmission measured 3 and 7 days after 352 

6-OHDA injection was also considerably weakened when compared with the contralateral striatum. 353 

In case of glutamate transmission at DA synapses, no attenuation of oEPSC was observed one day 354 

after injection at the ipsilateral side of striatum. Since the magnitude of glutamate co-transmission 355 

at DA synapses was relatively small when compared with DA or GABA co-transmission, 356 

glutamate transmission measured by oEPSC from SPNs was almost abolished 3 and 7 days after 357 

6-OHDA injection (Fig. 5j, k, Extended Data Fig. 9b). These results strongly suggest that although 358 

GABA transmission is highly correlated with DA transmission at DA synapses in the normal brain, 359 

DA and GABA transmission may change over the course of Parkinsonism with differential 360 

temporal susceptibility. 361 
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 362 

Discussion 363 

Electron microscopy (EM) studies have shown that DA terminals immunoreactive for TH make 364 

symmetrical contacts with striatal SPNs28,29. NL2 and Gephyrin, major postsynaptic proteins 365 

exclusively found at inhibitory synapses in the brain, were recently reported to exist at postsynaptic 366 

sites of striatal DA synapses5. In addition, it appears that GABA along with DA is co-transmitted 367 

at striatal DA synapses from DA terminals7,8 and we previously showed that dopaminergic GABA 368 

can be synthesized in midbrain DA neurons via non-canonical GABA synthesis pathway8. Here, 369 

we for the first time demonstrate that there exist structurally and functionally GABAergic-like DA 370 

synapses in the brain, establishing the comprehensive landscape of GABAergic-like DA synapses 371 

throughout the brain. Our results first show the strong correlation between DA and GABA 372 

transmission at DA synapses in both nigrostriatal and mesocorticolimbic pathways. GABA in DA 373 

neurons can be loaded into dopaminergic synaptic vesicles through VMAT2, a vesicular membrane 374 

protein for transporting DA from cytosol into synaptic vesicles7,30. As such, it is reasonable to think 375 

that DA and GABA can be co-transmitted together from a considerable population of DA synapses 376 

(26.30% to 50.96% by Bassoon-NL2 combination) in the brain. Our results are also roughly 377 

consistent with the previous observation that about 30% of DA varicosities, which contain Bassoon, 378 

can release DA in the striatum6. Notably, both DA and GABA transmission at DA synapses exhibit 379 

much higher correlation with the number of GABAergic-like DA synapses identified by Bassoon 380 

than with that of GABAergic-like DA synapses by VMAT2. These results indicate that Bassoon is 381 

a more reliable presynaptic marker for GABAergic-like DA synapses that can co-transmit DA and 382 

GABA. However, it bears mentioning that there still remain many portions of dopaminergic 383 

presynaptic boutons that are not co-localized with inhibitory postsynaptic markers such as NL2 384 

and Gephyrin. Those DA boutons may (or may not) release DA, glutamate, or both29. 385 

 Unlike DA axons immunoreactive for TH and DAT, these GABAergic-like DA synapses 386 

exhibit marked regional and spatial heterogeneity in the brain, especially within the striatum. 387 

GABAergic-like DA synapses also show region-specific clustering in the striatal subregions. 388 

GABAergic-like DA synapses are more dispersed in DLS and NAc core, whereas DMS, NAc shell, 389 

and OT seem to exhibit more clustered pattern of theses synapses. This spatial heterogeneity is 390 

well suited to provide regionally distinct functions of DA synapses throughout the brain. 391 
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Importantly, the density of GABAergic-like DA synapses is the highest in the DLS within the 392 

striatum, while OT and DMS display a relatively higher degree of clustering of these synapses than 393 

DLS. Although the region-specific structure of neural circuits may partly underlie the high degree 394 

of clustering of GABAergic-like DA synapses in OT, the relative difference of spatial clustering 395 

of GABAergic-like DA synapses between DLS and DMS might have physiological implications 396 

in diverse functions mediated by DLS and DMS. Furthermore, GABAergic-like DA synapses in 397 

DLS show relatively even distribution on the dendrite of SPN and exist in higher density than 398 

conventional GABAergic synapses made by local iSPNs. On the other hand, GABAergic inputs 399 

projected from neighboring iSPNs are likely to be more clustered at the distal part of dendrites. 400 

Given the distinct physiological features of GABA co-transmission at DA synapses, spatial 401 

distribution of GABAergic-like DA synapses on the dendrite might further contribute to functional 402 

specificity of these synapses in regulating postsynaptic neurons. 403 

 Our data suggest that DA transmission in the brain, if not always, may accompany GABA 404 

transmission with high fidelity at GABAergic-like DA synapses. Although DA transmission under 405 

certain conditions can also provide spatially and temporally precise coding6,31, the co-transmission 406 

of GABA at DA synapses, in conjunction with glutamate, can reliably convey not only fast, but 407 

also synapse-specific and more precise signals to postsynaptic neurons. GABA co-transmission 408 

can be utilized to mark salient events with high temporal resolution32. On the other hand, 409 

depending on the intracellular concentration of Cl- in postsynaptic neurons, GABA co-410 

transmission may also confer on DA synapses the ability to subtly modulate the excitation of 411 

subcellular regions of a postsynaptic neuron. Therefore, distinct combination of DA and GABA 412 

transmission, and region-specific spatial distribution of GABAergic-like DA synapses may 413 

provide critical repertoire to finely tune various types of target neurons for the appropriate 414 

movements and reward-related behaviors. In 6-OHDA-lesioned mice, the attenuation of GABA 415 

transmission precedes the impairment of DA and glutamate transmission at DA synapses. In 416 

addition, GABA transmission begins to alter when GABAergic-like DA synapses are intact by 6-417 

OHDA injection. These results strongly suggest that GABA co-transmission at DA synapses may 418 

temporally undergo different pathological processes in the degeneration of DA system and might 419 

be more susceptible to Parkinsonism. Considered together, our findings that a significant 420 

population of DA synapses are structurally and functionally GABAergic in the brain open 421 
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numerous doors to a deeper mechanistic understanding of synaptic actions at DA synapses in health 422 

and disease. 423 

 424 
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Figures and figure legends 542 

 543 
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Fig. 1 | DA transmission is strongly correlated with GABA transmission at DA synapses in 544 

the brain. a, Schematic illustration and fluorescent image of dopaminergic pathways in the brain. 545 

b, Representative confocal images of TH+ and DAT+ DA fibers in the brain of DAT-Cre mice. c-546 

f, Summary statistics of TH+ and DAT+ axonal areas in the brain. g, Schematic illustration 547 

depicting electrophysiological recording of synaptic transmission at DA synapses in the multiple 548 

brain regions. h, Representative recording traces of DA transmission in the brain, evoked by 549 

optogenetic stimulation. i, j, Summary statistics of DA transmission in the brain. k, Representative 550 

recording traces of GABA transmission at DA synapses. l, m, Summary statistics of brain-wide 551 

GABA transmission at DA synapses. n, Representative recording traces of glutamate transmission 552 

at DA synapses. o, p, Summary statistics of brain-wide glutamate transmission at DA synapses. q, 553 

Relationships between DA, GABA, and glutamate transmission. r, Relationships between DAT+ 554 

area and neurotransmitters release. Blue bar indicates optogenetic light stimulation. Abbreviations 555 

(DLS: dorsolateral striatum, DMS: dorsomedial striatum, NAc c: nucleus accumbens core, NAc 556 

sh: nucleus accumbens shell, OT: olfactory tubercle, ACC: anterior cingulate cortex, M1: primary 557 

motor cortex, GPe: external globus pallidus, GPi: internal globus pallidus or entopeduncular 558 

nucleus, STN: subthalamic nucleus). Statistical significance is determined by one-way ANOVA 559 

with post hoc Sidak’s multiple comparison test, one-way ANOVA with post hoc Sidak’s multiple 560 

comparison test (DLS as a control group), and unpaired t-test. Data are presented as box and 561 

whisker plot or mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 562 
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Fig. 2 | Spatial distribution and characteristics of GABAergic-like DA synapses in the brain. 565 

a, Enhanced confocal (airyscan) fluorescence images of brain-wide DA terminals and synapses 566 

immunostained by TH, VMAT2, and NL2 antibodies (white arrow: triple co-localization). b-f, 567 

Summary statistics of brain-wide GABAergic-like DA synapses labeled by TH, VMAT2, and NL2. 568 

g, Enhanced confocal fluorescence images of brain-wide DA terminals and synapses 569 

immunostained by TH, Bassoon, and NL2 antibodies. h-l, Summary statistics of brain-wide 570 

GABAergic-like DA synapses labeled by TH, Bassoon, and NL2. m-o, Relationships between 571 

GABAergic-like DA synapses and DA presynaptic boutons (or GABAergic postsynaptic sites) in 572 

the brain. p, q, Relationships between GABAergic-like DA synapses and neurotransmitters release 573 

at DA synapses. r, Brain-wide cumulative frequency for nearest neighbor distance among 574 

GABAergic-like DA synapses. Statistical significance is determined by one-way ANOVA with 575 

post hoc Sidak’s multiple comparison test (DLS as a control group). Data are presented as mean ± 576 

SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 577 
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Fig. 3 | Spatial clustering of GABAergic-like DA synapses in the striatum. a, Representative 580 

enhanced confocal images of GABAergic-like DA synapses in the striatum, analyzed by custom 581 

MATLAB codes (Bassoon and NL2 fluorescence signals are not shown for clarity). b, Cumulative 582 

distribution for mean NND of GABAergic-like DA synapses and null model (generated from 1000 583 

simulated images). c, Edge-corrected Ripley’s H function analysis of GABAergic-like DA 584 

synapses and null model (generated from 1000 simulated images, CE: confidence envelope). d, 585 

Rejection rates of striatal regions from null models. e, Edge-corrected Ripley’s H function analysis 586 

of GABAergic-like DA synapses when DLS is set as a null model. f, Rejection rates of striatal 587 

regions from DLS (null model). g, Edge-corrected Ripley’s H function analysis of GABAergic-588 

like DA synapses when OT is set as a null model. h, Rejection rates of striatal regions from OT 589 

(null model). Kolmogorov-Smirnov test is used to determine statistical differences between two 590 

groups in cumulative probability graphs. Rejection rates are evaluated by DCLF test. *P < 0.05. 591 
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Fig. 4 | Physiological differences between GABAergic-like DA synapses and conventional 594 

GABAergic synapses in the dorsal striatum. a, Enhanced confocal images of GABAergic-like 595 

DA (or conventional GABAergic) synapses and sparsely labeled SPN dendrites in the dorsal 596 

striatum of DAT-Cre (immunostained with TH, Bassoon, NL2, and GFP antibodies) and A2A-Cre 597 

(immunostained with RFP, VGAT, NL2, and GFP antibodies) mice, analyzed by custom MATLAB 598 

codes (only GFP signal and synapses are shown for clarity). b, Summary statistics of synapse 599 

density on SPN dendrites. c, Cumulative frequency of nearest neighbor distance for GABAergic-600 

like DA synapses (DAT-Cre) or GABAergic synapses (A2A-Cre) in DLS. d, Edge-corrected 601 

Ripley’s H function analysis of GABAergic synapses (A2A-Cre) and GABAergic-like DA 602 

synapses (DAT-Cre) (null model, CE: confidence envelope). e, Rejection rate of conventional 603 

GABAergic synapses from GABAergic-like DA synapses (null model) evaluated by DCLF test. f, 604 

g, Representative recording traces and summary statistics of GABA transmission at GABAergic-605 

like DA synapses, showing the effects of calcium channel blockers on GABA release. h, i, 606 

Representative recording traces and summary statistics of GABA transmission at conventional 607 

GABAergic synapses (iSPN to dSPN). j-l, Representative recording traces and summary statistics 608 

(quantal properties) of optogenetically evoked asynchronous GABA release in DAT-Cre;Ai32 and 609 

A2A-Cre;Ai32 mice during the bath-application of strontium. m, Enhanced confocal images of 610 

TH, Bassoon, and Synaptotagmins (1, 7, 5/9) immunofluorescence from DLS in DAT-Cre mice 611 

(white arrow: presynaptic boutons co-localized with Synaptotagmins). n, Enhanced confocal 612 

images of GFP, VGAT, and Synaptotagmins (1, 7, 5/9) immunofluorescence from DLS in A2A-613 

Cre;Ai32 mice. o, p, Proportion of DA (or GABAergic) presynaptic boutons colocalized with 614 

Synaptotagmin 1, 7, and 5/9 in DAT-Cre and A2A-Cre;Ai32 mice. Blue bar indicates optogenetic 615 

light stimulation. Statistical significance is determined by unpaired t-test, one-way ANOVA with 616 

post-hoc Sidak’s multiple comparison test, one-way ANOVA with post hoc Sidak’s multiple 617 

comparison test (vehicle as a control group), two-way repeated measures ANOVA with post-hoc 618 

Sidak’s multiple comparison test, and Kolmogorov-Smirnov test. Data are presented as box and 619 

whisker plot or mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 620 
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Fig. 5 | Weakening of GABA co-transmission precedes the deficit of DA transmission at DA 623 

synapses in an animal model of Parkinsonism. a, Schematic illustration describing the injection 624 

of 6-OHDA into MFB (left hemisphere) of DAT-Cre mice. b, Enhanced confocal fluorescence 625 

images of GABAergic-like DA synapses (immunostained with TH, Bassoon, and NL2 antibodies) 626 

from DLS in DAT-Cre mice injected with 6-OHDA (1-, 3-, and 7-day incubation). c, Summary 627 

statistics for the number of GABAergic-like DA synapses after 6-OHDA lesion. d, Cumulative 628 

frequency for the nearest neighbor distance of GABAergic-like DA synapses in 6-OHDA-lesioned 629 

mice. e, Schematics illustrating the injection of 6-OHDA into MFB (left hemisphere) of DAT-630 

Cre;Ai32. f, g, Representative recording traces and summary statistics of DA transmission at DA 631 

synapses in 6-OHDA-injected mice. h, i, Representative recording traces and summary statistics 632 

of GABA transmission at DA synapses in 6-OHDA-injected mice. j, k, Representative recording 633 

traces and summary statistics of glutamate transmission at DA synapses in 6-OHDA-injected mice. 634 

Blue bar indicates optogenetic light stimulation. Statistical significance is determined by unpaired 635 

t-test and Kolmogorov-Smirnov test. Data are presented as box and whisker plot or mean ± SEM. 636 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 637 
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Methods 653 

Animals  654 

Adult (8 – 16 weeks, male and female) mice were used for this study. To generate dopaminergic 655 

neuron-specific ChR2 expressing mice, DAT-Cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J, Jackson stock 656 

number: 006660) mice were crossed with Ai32 (B6.Cg-Gt(ROSA)26Sortm32(CAG-
657 

COP4*H134R/EYFP)Hze/J, Jackson stock number: 024109) mice, producing DAT-Cre;Ai32. These mice 658 

were used for optogenetic stimulation of dopaminergic terminals in whole-cell patch clamp 659 

recording and fast-scanning cyclic voltammetry (FSCV) experiments. DAT-Cre mice were used in 660 

immunohistochemistry experiments. To generate indirect pathway spiny projection neuron 661 

(iSPN)-specific ChR2 expressing mice, A2A-Cre (B6.FVB(Cg)-Tg(Adora2a-662 

cre)KG139Gsat/Mmucd, MMRRC stock number: 036158-UCD) mice were crossed with Ai32 663 

mice, producing A2A-Cre;Ai32. These mice were used in whole-cell patch clamp recording and 664 

immunohistochemistry experiments. A2A-Cre mice were also used for immunohistochemistry 665 

experiments. All mice were maintained in C57BL/6J background. The experiment was not blind 666 

to the genotypes of mice. Mice were group-housed (up to 5 mice per cage) and bred under standard 667 

pathogen-free housing conditions in the animal facility of Ulsan National Institute of Science and 668 

Technology (UNIST) on 12-hour light/dark cycle (lights on from 7 AM to 7 PM). Food and water 669 

were available ad libitum. All experimental procedures were conducted in accordance with 670 

protocols approved by Institutional Animal Care and Utilization Committee of UNIST. 671 

 672 

Immunohistochemistry and confocal imaging 673 

Immunohistochemistry experiments were performed similarly as previously described33. For 674 

immunofluorescence staining, mice were anesthetized by intraperitoneal injection of zoletil (60 675 

mg/kg, Virbac Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil : rompun : 676 

saline = 4 : 1 : 20) and perfused transcardially with phosphate buffer (PB), followed by 4% 677 

paraformaldehyde (PFA). Brains were rapidly removed and maintained in 4% PFA at 4°C for 678 

overnight. Fixed brains were transferred to 30% sucrose in 0.01 M PB for cryoprotection. Brain 679 

sections containing striatum, cortex, and extrastriatal basal ganglia were made using frozen section 680 

technique (Microtome SM2010, Leica). Obtained brain sections were washed with PBS, PBST 681 

(0.5% Triton X-100) and blocked with PBST containing 10% normal goat serum (NGS) and 2% 682 
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bovine serum albumin (BSA). After blocking, brain sections were incubated with anti-tyrosine 683 

hydroxylase antibody (rabbit polyclonal, 1:1000, ab112), anti-tyrosine hydroxylase antibody 684 

(chicken polyclonal, 1:1000, ab76442), anti-dopamine transporter antibody (rat monoclonal, 1:500, 685 

ab5990), anti-vmat2 antibody (rabbit polyclonal, 1:1000, VMAT2-Rb-Af720), anti-gephyrin 686 

antibody (mouse monoclonal, 1:500, 147 111), anti-RFP antibody (mouse monoclonal, 1:1000, 687 

MA5-15257), anti-GFP antibody (chicken polyclonal, 1:1000, GFP-1010), anti-bassoon antibody 688 

(guinea pig polyclonal, 1:500, 147 004), anti-bassoon antibody (mouse monoclonal, 1:500, ADI-689 

VAM-PS003-D), anti-neuroligin2 antibody (guinea pig polyclonal, 1:1000, Nlgn2-GP-Af760), 690 

anti-vgat antibody (rabbit polyclonal, 1:500, 131 003), anti-synaptotagmin1 antibody (mouse 691 

monoclonal, 1:500, 105 011), anti-synaptotagmin7 antibody (rabbit polyclonal, 1:200, 105 173), 692 

anti-synaptotagmin5/9 antibody (rabbit polyclonal, 1:500, 105 053) in blocking solution at 4℃ 693 

overnight, followed by secondary antibodies (goat anti-rabbit, goat anti-rat, goat anti-mouse, goat 694 

anti-chicken, goat anti-guinea pig, Invitrogen, 1:1000) conjugated to Alexa 405, Alexa 488, Alexa 695 

594, and Alexa 647 fluorophores in blocking solution at room temperature for 2 hours. After 696 

washing with PBST and PBS, brain slices were mounted to slides using mounting medium 697 

(P36934 or P36935, Invitrogen).  698 

 For quantitative analysis, images were captured by FV1000 confocal laser scanning 699 

microscope (Olympus) using a 60x/1.35 NA oil immersion objective (image size: 512 x 512 pixels), 700 

LSM780N multi-photon confocal laser scanning microscope with airyscan (Carl Zeiss) using a 701 

63x/1.46 NA oil immersion objective (zoom factor: 3, image size: 912 x 912 pixels), and LSM880 702 

multi-photon confocal laser scanning microscope with airyscan (Carl Zeiss) using a 63x/1.4 NA 703 

oil immersion objective (zoom factor: 3, image size: 6972 x 6972 pixels) and a 40x/1.2 NA water 704 

immersion objective (zoom factor: 3, image size: 1248 x 1248 pixels). Imaging areas were 705 

randomly selected and then images were captured from each target brain region. Acquired images 706 

were further analyzed by Zen software (Carl Zeiss), ImageJ program (NIH, measure function), and 707 

MATLAB (MathWorks, custom codes). For dendritic synapse clustering analysis, the whole 708 

dendrite was divided into two compartments (proximal and distal). The half of the dendritic 709 

compartment close to the soma was analyzed as proximal dendrite and the other half of the dendrite 710 

away from the soma was considered as distal dendrite. 711 

 712 
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Brain slice preparation for electrophysiology  713 

Acute brain slices were similarly prepared as previously described33. Coronal brain slices 714 

containing striatal regions (DLS, DMS, NAc core, NAc shell, OT), cortex (ACC, M1), and 715 

extrastriatal basal ganglia (GPe, GPi, STN) were obtained (300 μm thick) for whole-cell patch 716 

clamp recording and FSCV. Mice were anesthetized with isoflurane (Piramal Critical Care), 717 

decapitated, and the brain was taken out, briefly exposed to ice-chilled artificial cerebrospinal fluid 718 

(ACSF) containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM 719 

MgCl2, 2mM CaCl2 and 15 mM glucose oxygenated with 95% O2 and 5% CO2. Acute brain slices 720 

were prepared using a tissue vibratome (Leica, VT 1200S) in ice-cold ACSF. Brain slices were 721 

first maintained in ACSF for 30 min at 34°C and then another 30 min at room temperature. After 722 

recovery, slices were transferred to a submerged recording chamber perfused with ACSF at a rate 723 

of 2 – 3 ml/min at 30 – 31°C. Brain slices were used for electrophysiological recording within 4 724 

hours after recovery. 725 

 726 

Electrophysiology, optogenetic stimulation, and pharmacology  727 

Electrophysiological recording was performed similarly as previously described33. Neurons in 728 

striatal regions, cortex, and extrastriatal basal ganglia were visually identified by conventional IR-729 

DIC optics (BX51WI, Olympus). Whole-cell voltage clamp recordings were made with 730 

borosilicate glass pipettes (2.5 – 3.5 MΩ) filled with Cs+ based low Cl- internal solution containing 731 

135 mM CsMeSO3, 10 mM HEPES, 1 mM EGTA, 3.3 mM QX-314, 0.1 mM CaCl2, 4 mM Mg-732 

ATP, 0.3 mM Na3-GTP, 8 mM Na2-phosphocreatine (290 – 300 mOsm, pH 7.3 with CsOH). To 733 

measure inhibitory and excitatory synaptic currents from the same neuron, membrane potential 734 

was first held at +0 mV (reversal potential of ionotropic glutamate receptors) to measure inhibitory 735 

synaptic currents and then continuously held at -70 mV (reversal potential of chloride) to measure 736 

excitatory synaptic currents under the voltage clamp mode (liquid junction potential corrected). 737 

Access resistance was 10 – 20 MΩ and only cells with a change in access resistance < 20% were 738 

included in the analysis. Whole-cell path clamp recordings were performed using Multiclamp 739 

700B (Molecular Devices) and signals were filtered at 2 kHz and digitized at 10 kHz (NI PCIe-740 

6259, National Instruments). Recording data were monitored and acquired by WinWCP 741 

(Strathclyde software, http://spider.science.strath.ac.uk/sipbs/software_ses.htm), further analyzed 742 
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offline using Clampfit 10.7 software (Molecular Devices) and OriginPro 2017 (OriginLab).  743 

 To stimulate ChR2-expressing dopaminergic or intra-striatal collateral axons, blue laser 744 

light (450 nm, 1 msec pulses with 60 sec intervals, 50% of saturation power under the objective 745 

less than 10 mW) from diode laser (MDL-III-450, Opto Engine LLC) was focused on the back 746 

focal plane of the objective to generate wide-field illumination. GABA and glutamate co-747 

transmission from DA axon terminals were recorded from striatal regions (DLS, DMS, NAc core, 748 

NAc shell, OT), cortex (ACC, M1), and extrastriatal basal ganglia (GPe, GPi, STN) by 749 

optogenetically activating DA terminals. ChR2 stimulation of DA terminals induced fast, 750 

monosynaptic, optogenetically-evoked excitatory postsynaptic currents (oEPSCs) and inhibitory 751 

postsynaptic currents (oIPSCs) in all neurons. To test the physiological effects of acute inhibition 752 

of calcium channels on GABAergic transmission from DA and GABAergic neurons, we used 753 

selective T-type calcium channel blocker (NNC 55-0396, 1 µM, alomone labs, N-205), N-type 754 

calcium channel blocker (ω-conotoxin, 100 nM, alomone labs, C-300), P/Q-type calcium channel 755 

blocker (ω-agatoxin, 200 nM, alomone labs, STA-500) and these blockers were bath-applied 756 

during the recording session. For the experiment measuring strontium-induced asynchronous 757 

GABA release from DA and GABAergic terminals, another ASCF which contained strontium 758 

chloride hexahydrate (4 mM, Sigma-Aldrich, Cat. No. 255521) in place of calcium was made and 759 

after recording oIPSC with normal ACSF, this calcium-containing ACSF was replaced by 760 

strontium-containing ACSF. Asynchronous GABA release at DA and GABAergic (iSPN to dSPN) 761 

synapses were recorded from SPNs in DLS by optogenetically activating DA and GABAergic axon 762 

terminals. The amplitude and frequency of strontium-induced asynchronous IPSC were analyzed 763 

by using Mini Analysis software (Synaptosoft).  764 

 765 

Fast-scanning cyclic voltammetry (FSCV)  766 

FSCV was performed similarly as previously described33. Extracellular DA release was recorded 767 

by FSCV using carbon-fiber microelectrodes (7 μm diameter carbon fiber sealed by glass, 50 – 768 

100 μm exposed tip length beyond the tapered glass seal) from striatal regions (DLS, DMS, NAc 769 

core, NAc shell, OT), cortex (ACC, M1), and extrastriatal basal ganglia (GPe, GPi, STN). To detect 770 

DA release, a triangular scanning waveform was applied to carbon fiber electrode from -0.4 V (vs. 771 

AgCl reference electrode) to +1.3 V and back (8.5 msec waveform width) at a scan rate of 400 772 
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V/sec (repeated at 10 Hz). Carbon fiber electrode was held at -0.4 V between scans. Cyclic 773 

voltammograms were background-subtracted by averaging 10 background scans. To evoke DA 774 

release from DA synapses, ChR2-expressing DA axon terminals were stimulated by blue laser light 775 

(450 nm, 2 ms pulse width). Oxidation current by optogenetically evoked DA release was detected 776 

and monitored using TarHeel CV system. Changes in dopamine concentration were quantified by 777 

plotting the peak oxidation current of the voltammogram over time. Carbon fiber electrode was 778 

calibrated at the end of each experiment to convert oxidation current to DA concentration using 779 

DA (10 μM, Tocris, Cat. No. 3548) in ACSF. 780 

 781 

Virus production  782 

AAV-hSyn-GFP (AV5075E, UNC) and AAV-hSyn-DIO-mCherry (50459-AAV5, Addgene) were 783 

purchased from UNC vector core and Addgene, respectively. The production titer was 5.6 × 1012 784 

virus molecules/ml for AAV-hSyn-GFP and > 7 × 1012 viral genomes/ml for AAV-hSyn-DIO-785 

mCherry. 786 

 787 

Stereotaxic viral injection for sparse labeling  788 

Stereotaxic injection was performed similarly as previously described33. Stereotaxic virus injection 789 

was conducted on over 8 – 10 weeks old male and female mice (DAT-Cre, A2A-Cre) and 790 

performed using a stereotaxic system (51730, Stoelting). Before surgery, mice were deeply 791 

anesthetized by intraperitoneal injection of zoletil (60 mg/kg, Virbac Korea) and rompun (15 792 

mg/kg, Bayer Korea) mixture solution (zoletil : rompun : saline = 4 : 1 : 20). A total volume of 300 793 

nl virus solution (1:50 dilution of AAV-hSyn-GFP for DAT-Cre, 1:50 dilution of AAV-hSyn-GFP 794 

mixed with 1:2 dilution of AAV-hSyn-DIO-mCherry for A2A-Cre) was injected into DLS 795 

(coordinates used, AP: +1.3 mm, ML: ±2.25 mm from bregma, DV: -2.2 mm from exposed dura 796 

mater) to achieve sparse labeling of neurons. A glass micropipette with a long narrow tip (size: 10 797 

– 20 μm) was made using a micropipette puller (P-1000, Sutter Instrument) to deliver the virus. 798 

The glass pipette was slowly reached to target area and left for 5 min before virus injection. Virus 799 

solution (300 nl) was injected at an infusion rate of 100 nl/min and withdrawn 10 min after the end 800 

of injection. After injection, the scalp was sutured and mice were returned to their home cages. 801 

Virus-injected mice were used for immunohistochemistry experiment 3 weeks after injection. 802 
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 803 

Stereotaxic 6-OHDA injection  804 

Stereotaxic 6-OHDA injection was conducted on over 8 – 14 weeks old male and female mice 805 

(DAT-Cre, DAT-Cre; Ai32) and performed using a stereotaxic system (51730, Stoelting). Before 806 

surgery, mice were deeply anesthetized by intraperitoneal injection of zoletil (60 mg/kg, Virbac 807 

Korea) and rompun (15 mg/kg, Bayer Korea) mixture solution (zoletil : rompun : saline = 4 : 1 : 808 

20). A total volume of 300 nl 6-OHDA solution was injected unilaterally into left MFB 809 

(coordinates used, AP: -1.2 mm, ML: +1.2 mm from bregma, DV: -4.75 mm from exposed dura 810 

mater). A glass micropipette with a long narrow tip (size: 10 – 20 μm) was made using a 811 

micropipette puller (P-1000, Sutter Instrument) to deliver 6-OHDA. The glass pipette was slowly 812 

reached to target area and left for 5 min before 6-OHDA injection. 6-OHDA solution (300 nl) was 813 

injected at an infusion rate of 100 nl/min and withdrawn 10 min after the end of injection. After 814 

injection, the scalp was sutured and mice were returned to their home cages. 6-OHDA-injected 815 

mice were used for experiment 1, 3, 7 days after injection. 816 

 817 

Spot detection and synapse extraction analysis 818 

To extract synapses from the acquired image, we implemented a general method for spot 819 

detection34-36. The method exploits mathematical morphological processing based on set theory. 820 

By considering objects in the acquired images as sets, signal enhancement and spot detection can 821 

be accomplished exploiting combinations of logical operators in set theory. This method is divided 822 

into three parts: denoising, signal enhancement, and spot extraction. At the denoising step, the 823 

acquired images are processed by Gaussian filter with σ = 0.5. For signal enhancement, three 824 

combined thresholding algorithms with top-hat transform, hard thresholding, and Otsu 825 

thresholding are applied to the resulting images. Top-hat transform of an image 𝐼𝐼(𝑚𝑚)  is 826 

represented as: 827 Τ(𝐼𝐼(𝑚𝑚)) = 𝐼𝐼(𝑚𝑚) − 𝐼𝐼(𝑚𝑚) ∘ 𝑠𝑠(𝑚𝑚) 828 

where °  denotes the opening operator in morphological processing and 𝑠𝑠(𝑚𝑚)  denotes the 829 

structuring element. Our structuring element 𝑠𝑠(𝑚𝑚)  for applying top-hat transform is circular 830 

shape with size of 10 X 10. Hard thresholding is expressed as: 831 Η�𝐼𝐼(𝑚𝑚)� = �𝐼𝐼(𝑚𝑚) 𝑖𝑖𝑖𝑖 𝐼𝐼(𝑚𝑚) > 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜
0       𝑖𝑖𝑖𝑖 𝐼𝐼(𝑚𝑚) < 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜  832 
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Threshold value of hard thresholding is 40000. After applying top-hat transform and hard 833 

thresholding to the acquired images, Otsu’s thresholding method is exploited to the processed 834 

images to enhance fluorescent signal from the actual object and suppress background signal. From 835 

the signal-enhanced images, spots are extracted using combined morphological filters, consisting 836 

of two morphological operations: filling and opening. Filling is employed to fill out holes in 837 

fluorescent spots, and opening is performed to smooth contour of spots and remove irrelevant 838 

fluorescent signal to synaptic structure. The extracted spots are clustered within the set of images 839 

(presynaptic and postsynaptic) corresponding to distance among the spots, which allows the 840 

images to delineate presynaptic and postsynaptic structure. By calculating the distance between 841 

presynaptic and postsynaptic clusters, the clusters with less than 2 pixels in distance (80 nm) were 842 

combined to constitute synapses. 843 

 844 

Point pattern analysis 845 

The spatial analysis of GABAergic-like DA synapses was performed using Ripley’s analysis37,38 846 

on both single group and group vs. group scale. Ripley’s function describes spatial characteristics 847 

of the sample (clustering or dispersion) over a range of distances. The edge corrected Ripley’s 848 

function is defined as: 849 𝐾𝐾(𝑟𝑟) = 𝜆𝜆−1�𝑘𝑘𝑖𝑖,𝑗𝑗𝐼𝐼(𝑜𝑜𝑖𝑖,𝑗𝑗 ≤ 𝑟𝑟)/𝑁𝑁𝑖𝑖≠𝑗𝑗  850 

where 𝜆𝜆 is the density of a point pattern; 𝑘𝑘𝑖𝑖,𝑗𝑗 is the inverse of a portion of circumference wi851 

th center at point 𝑖𝑖 and radius 𝑟𝑟, that lies within the boundary and passes through point 852 𝑗𝑗; function I is an indicator function; d is the Euclidean distance between points i and j; N is the 853 

number of points in the pattern. A variance stabilized version of the Ripley’s K function39 was used 854 

in this study: 855 

𝐻𝐻𝑟𝑟 =  �𝐾𝐾(𝑟𝑟)𝜋𝜋 − 𝑟𝑟 856 

Ripley’s function was computed for each observed point pattern. Group vs. group analysis was 857 

also performed to establish whether point patterns from one group shared similar spatial 858 

characteristics with patterns from another (null) group. We assume that all m (the total number of 859 

generated patterns) patterns in the null group are generated by the same point process. 860 
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 861 

Diggle-Cressie-Loosmore-Ford (DCLF) test 862 

Diggle-Cressie-Loosmore-Ford (DCLF) test is based on the quantification of the difference 863 

between the H function of the observed pattern and the H function for the null group at the given 864 

spatial scale. We computed 𝐻𝐻(𝑟𝑟) for the test pattern 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑟𝑟) and each pattern in the null group 865 𝐻𝐻𝑖𝑖(𝑟𝑟), then we estimated the summary function �́�𝐻(𝑟𝑟) for the null group as follows: 866 �́�𝐻(𝑟𝑟) =
1𝑚𝑚 + 1

�𝐻𝐻1(𝑟𝑟) + 𝐻𝐻2(𝑟𝑟) + ⋯+ 𝐻𝐻𝑚𝑚(𝑟𝑟) + 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑟𝑟)� 867 

Then, the maximum vertical separation between 𝐻𝐻(𝑟𝑟) and �́�𝐻(𝑟𝑟) is: 868 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 = � (𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜(𝑟𝑟) − �́�𝐻(𝑟𝑟))2𝑅𝑅
0 𝑜𝑜𝑟𝑟  869 

where R is maximum value of the interaction distance. To compute p-value, the following formula 870 

can be used: 𝑝𝑝 =
∑ 𝐼𝐼(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜>𝑇𝑇𝑖𝑖)𝑚𝑚1 𝑚𝑚+1 , where 𝐼𝐼(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 > 𝑇𝑇𝑖𝑖) = � 1,𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 > 𝑇𝑇𝑖𝑖  

0, 𝑜𝑜𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑒𝑒𝑖𝑖𝑠𝑠𝑟𝑟 
 and 𝑇𝑇𝑖𝑖 is computed between 871 

the observed pattern and each pattern in the test group � 𝑖𝑖 = 1,𝑚𝑚�. 872 

 873 

Statistics 874 

All data were analyzed using Clampfit 10.7 (Molecular Devices), Mini Analysis (version 6.0.7, 875 

Synaptosoft), OriginPro 2017 (OriginLab), Zen software (version 2.5, Carl Zeiss), ImageJ (version 876 

1.53c, NIH), and MATLAB (version R2017a, MathWorks). Statistical analysis was performed 877 

using GraphPad Prism software (version 7, GraphPad software). Summary statistics were all 878 

shown with box and whisker plot or mean ± SEM. Unpaired and paired student t-tests, one-way 879 

ANOVA with post-hoc Sidak’s multiple comparison test, two-way repeated measures ANOVA 880 

with post-hoc Sidak’s multiple comparison test, linear regression, Kolmogorov-Smirnov test were 881 

used to determine statistical differences (two-sided) between the groups. P < 0.05 was considered 882 

as statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Measured values 883 

and the details of statistical analysis were presented in the supplementary table. 884 

 885 

Data availability 886 

All data generated and analyzed in the current study are available from the corresponding author 887 

upon reasonable request. 888 

 889 
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Code availability 890 

Custom code used for performing synapse extraction and analyzing spatial distributions of 891 

synapses is available from the corresponding author upon reasonable request. 892 
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Figures

Figure 1

DA transmission is strongly correlated with GABA transmission at DA synapses in the brain. a, Schematic
illustration and �uorescent image of dopaminergic pathways in the brain. b, Representative confocal
images of TH+ and DAT+ DA �bers in the brain of DAT-Cre mice. c-f, Summary statistics of TH+ and



DAT+ axonal areas in the brain. g, Schematic illustration depicting electrophysiological recording of
synaptic transmission at DA synapses in the multiple brain regions. h, Representative recording traces of
DA transmission in the brain, evoked by optogenetic stimulation. i, j, Summary statistics of DA
transmission in the brain. k, Representative recording traces of GABA transmission at DA synapses. l, m,
Summary statistics of brain-wide GABA transmission at DA synapses. n, Representative recording traces
of glutamate transmission at DA synapses. o, p, Summary statistics of brain-wide glutamate
transmission at DA synapses. q, Relationships between DA, GABA, and glutamate transmission. r,
Relationships between DAT+ area and neurotransmitters release. Blue bar indicates optogenetic light
stimulation. Abbreviations (DLS: dorsolateral striatum, DMS: dorsomedial striatum, NAc c: nucleus
accumbens core, NAc sh: nucleus accumbens shell, OT: olfactory tubercle, ACC: anterior cingulate cortex,
M1: primary motor cortex, GPe: external globus pallidus, GPi: internal globus pallidus or entopeduncular
nucleus, STN: subthalamic nucleus). Statistical signi�cance is determined by one-way ANOVA with post
hoc Sidak’s multiple comparison test, one-way ANOVA with post hoc Sidak’s multiple comparison test
(DLS as a control group), and unpaired t-test. Data are presented as box and whisker plot or mean ± SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Figure 2

Spatial distribution and characteristics of GABAergic-like DA synapses in the brain. a, Enhanced confocal
(airyscan) �uorescence images of brain-wide DA terminals and synapses immunostained by TH, VMAT2,
and NL2 antibodies (white arrow: triple co-localization). b-f, Summary statistics of brain-wide GABAergic-
like DA synapses labeled by TH, VMAT2, and NL2. g, Enhanced confocal �uorescence images of brain-
wide DA terminals and synapses immunostained by TH, Bassoon, and NL2 antibodies. h-l, Summary



statistics of brain-wide GABAergic-like DA synapses labeled by TH, Bassoon, and NL2. m-o, Relationships
between GABAergic-like DA synapses and DA presynaptic boutons (or GABAergic postsynaptic sites) in
the brain. p, q, Relationships between GABAergic-like DA synapses and neurotransmitters release at DA
synapses. r, Brain-wide cumulative frequency for nearest neighbor distance among GABAergic-like DA
synapses. Statistical signi�cance is determined by one-way ANOVA with post hoc Sidak’s multiple
comparison test (DLS as a control group). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001.

Figure 3

Spatial clustering of GABAergic-like DA synapses in the striatum. a, Representative enhanced confocal
images of GABAergic-like DA synapses in the striatum, analyzed by custom MATLAB codes (Bassoon



and NL2 �uorescence signals are not shown for clarity). b, Cumulative distribution for mean NND of
GABAergic-like DA synapses and null model (generated from 1000 simulated images). c, Edge-corrected
Ripley’s H function analysis of GABAergic-like DA synapses and null model (generated from 1000
simulated images, CE: con�dence envelope). d, Rejection rates of striatal regions from null models. e,
Edge-corrected Ripley’s H function analysis of GABAergic-like DA synapses when DLS is set as a null
model. f, Rejection rates of striatal regions from DLS (null model). g, Edge-corrected Ripley’s H function
analysis of GABAergic-like DA synapses when OT is set as a null model. h, Rejection rates of striatal
regions from OT (null model). Kolmogorov-Smirnov test is used to determine statistical differences
between two groups in cumulative probability graphs. Rejection rates are evaluated by DCLF test. *P <
0.05.



Figure 4

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 (immunostained with TH,
Bassoon, NL2, and GFP antibodies) and A2A-Cre (immunostained with RFP, VGAT, NL2, and GFP
antibodies) mice, analyzed by custom MATLAB codes (only GFP signal and synapses are shown for
clarity). b, Summary statistics of synapse density on SPN dendrites. c, Cumulative frequency of nearest



neighbor distance for GABAergic-like DA synapses (DAT-Cre) or GABAergic synapses (A2A-Cre) in DLS. d,
Edge-corrected Ripley’s H function analysis of GABAergic synapses (A2A-Cre) and GABAergic-like DA
synapses (DAT-Cre) (null model, CE: con�dence envelope). e, Rejection rate of conventional GABAergic
synapses from GABAergic-like DA synapses (null model) evaluated by DCLF test. f, g, Representative
recording traces and summary statistics of GABA transmission at GABAergic-like DA synapses, showing
the effects of calcium channel blockers on GABA release. h, i, Representative recording traces and
summary statistics of GABA transmission at conventional GABAergic synapses (iSPN to dSPN). j-l,
Representative recording traces and summary statistics (quantal properties) of optogenetically evoked
asynchronous GABA release in DAT-Cre;Ai32 and A2A-Cre;Ai32 mice during the bath-application of
strontium. m, Enhanced confocal images of TH, Bassoon, and Synaptotagmins (1, 7, 5/9)
immuno�uorescence from DLS in DAT-Cre mice (white arrow: presynaptic boutons co-localized with
Synaptotagmins). n, Enhanced confocal images of GFP, VGAT, and Synaptotagmins (1, 7, 5/9)
immuno�uorescence from DLS in A2A-Cre;Ai32 mice. o, p, Proportion of DA (or GABAergic) presynaptic
boutons colocalized with Synaptotagmin 1, 7, and 5/9 in DAT-Cre and A2A-Cre;Ai32 mice. Blue bar
indicates optogenetic light stimulation. Statistical signi�cance is determined by unpaired t-test, one-way
ANOVA with post-hoc Sidak’s multiple comparison test, one-way ANOVA with post hoc Sidak’s multiple
comparison test (vehicle as a control group), two-way repeated measures ANOVA with post-hoc Sidak’s
multiple comparison test, and Kolmogorov-Smirnov test. Data are presented as box and whisker plot or
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Figure 5

Weakening of GABA co-transmission precedes the de�cit of DA transmission at DA synapses in an
animal model of Parkinsonism. a, Schematic illustration describing the injection of 6-OHDA into MFB (left
hemisphere) of DAT-Cre mice. b, Enhanced confocal �uorescence images of GABAergic-like DA synapses
(immunostained with TH, Bassoon, and NL2 antibodies) from DLS in DAT-Cre mice injected with 6-OHDA
(1-, 3-, and 7-day incubation). c, Summary statistics for the number of GABAergic-like DA synapses after
6-OHDA lesion. d, Cumulative frequency for the nearest neighbor distance of GABAergic-like DA synapses
in 6-OHDA-lesioned mice. e, Schematics illustrating the injection of 6-OHDA into MFB (left hemisphere) of
DAT-Cre;Ai32. f, g, Representative recording traces and summary statistics of DA transmission at DA



synapses in 6-OHDA-injected mice. h, i, Representative recording traces and summary statistics of GABA
transmission at DA synapses in 6-OHDA-injected mice. j, k, Representative recording traces and summary
statistics of glutamate transmission at DA synapses in 6-OHDA-injected mice. Blue bar indicates
optogenetic light stimulation. Statistical signi�cance is determined by unpaired t-test and Kolmogorov-
Smirnov test. Data are presented as box and whisker plot or mean ± SEM. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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