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SUMMARY

Substantia nigra pars compacta (SNc) dopamine neurons play a key role in regulating the activity 

of striatal circuits within the basal ganglia. In addition to dopamine, these neurons release several 

other transmitters, including the major inhibitory neurotransmitter γ-aminobutyric acid (GABA). 

Both dopamine and GABA are loaded into SNc synaptic vesicles by the vesicular monoamine 

transporter 2 (VMAT2), and co-release of GABA provides strong inhibition to the striatum by 

directly inhibiting striatal medium spiny projection neurons (MSNs) through activation of GABAA 

receptors. Here, we found that despite both dopamine and GABA being co-packaged by VMAT2, 

the properties of transmission, including Ca2+ sensitivity, release probability, and requirement of 

active zone scaffolding proteins, differ between the two transmitters. Moreover, the extent by 

which presynaptic neuromodulators inhibit co-transmission also varied. Differences in modulation 

and the mechanisms controlling release allow for independent regulation of dopamine and GABA 

signals despite both being loaded via similar mechanisms.
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In brief

Zych and Ford uncover physiological differences in the modulation and release mechanisms 

of co-transmitted dopamine and GABA in the striatum. Despite dopamine and GABA being 

co-packaged by VMAT2 in SNc terminals, their transmission properties differed, including 

their release probability, calcium sensitivity, active zone scaffolding protein requirements, and 

presynaptic neuromodulation.

INTRODUCTION

Substantia nigra pars compacta (SNc) dopamine (DA) inputs to the dorsal striatum regulate 

a range of behavioral functions, including motor control, motivation, habit formation, and 

reward encoding, such that dysfunction of striatal DA signaling is thought to underlie several 

neurological and neuropsychiatric disorders, including Parkinson’s disease, addiction, 

depression, schizophrenia, and ADHD. Dopaminergic transmission in the striatum serves 

a neuromodulatory role by acting on metabotropic DA receptors expressed on glutamatergic 

terminals, striatal interneurons, and medium spiny neurons (MSNs), and causes circuit-

specific modulation by activating excitatory D1 and inhibitory D2 DA receptors on 

direct-pathway MSNs and indirect-pathway MSNs, respectively. DA neurons also shape 

striatal output through the co-transmission of other neurotransmitters, including glutamate, 

γ-aminobutyric acid (GABA), and neuropeptides (Chuhma et al., 2014; Hnasko et al., 2010; 

Joyce and Rayport, 2000; Sulzer et al., 1998; Tritsch et al., 2012; Zhang et al., 2015). 
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Although the functional and behavioral consequences of co-released GABA have yet to be 

well characterized, it has been found that co-released GABA inhibits MSN firing through 

GABAA receptors (Tritsch et al., 2012), and reducing GABA co-release enhances ethanol 

consumption and preference (Kim et al., 2015), suggesting an important role in rewarding 

behaviors.

Although midbrain DA neurons do not express glutamate decarboxylases or the vesicular 

GABA transporter VGAT (Slc32a1), they instead acquire GABA through presynaptic uptake 

via the plasma membrane GABA transporter mGAT1 (Slc6a1) (Tritsch et al., 2014; Poulin 

et al., 2014), as well as possibly synthesizing GABA via aldehyde dehydrogenase1A1 

(ALDH1A1) (Kim et al., 2015), but see (Melani and Tritsch, 2022). The expression 

of mGAT1 in 89% of midbrain DA neurons (Tritsch et al., 2014) and their broad 

axonal arborization in the striatum (Matsuda et al., 2009) suggests that striatal GABA 

co-transmission is likely widespread. GABA is loaded into vesicles in midbrain DA neurons 

by the vesicular monoamine transporter Slc18a2 (VMAT2), despite lacking the characteristic 

aromatic ring structure and positive charge of canonical VMAT2 substrates (Tritsch et al., 

2012; Yelin and Schuldiner, 1995). As VMAT2 is required for loading of both GABA 

and DA into vesicles in midbrain DA neurons, it follows that both may occupy the same 

synaptic vesicles and thus be co-released together. However, little is currently known about 

the mechanisms controlling DA and GABA co-release from DA neurons and if these two 

transmitters may be independently modulated.

Here, we directly compared the co-release of GABA and DA from midbrain dopamine 

neurons by simultaneously measuring D2 and GABAA receptor-mediated synaptic events 

in D2-MSNs. We found that the release of DA and GABA from SNc terminals was 

differentially regulated, exhibiting distinct sensitivity to extracellular calcium, divergent 

release probabilities, and different requirements for scaffolding proteins. Additional 

functional specializations could be seen in the extent by which neuromodulators were 

able to differentially inhibit release. Examining the actions of neuromodulators revealed 

that presynaptic GABAB receptors, kappa opioid receptors (κORs), and D2 autoreceptors 

had different effects in the extent of inhibition on striatal DA and GABA co-release. 

These results suggest a heterogeneity in transmitter release properties, which may enable 

fine-tuning of the actions of neuromodulators across different striatal synapses and circuits.

RESULTS

Photoactivation of SNc terminals drives DA and GABA co-transmission in D2-MSNs

To compare the co-release of DA and GABA from striatal DA terminals, we recorded D2 

receptor and GABAA receptor-mediated synaptic events in D2 receptor-expressing medium 

spiny neurons (D2-MSNs) in response to selective photoactivation of DA axons in the dorsal 

striatum. Channelrhodopsin (ChR2) was expressed in midbrain DA neurons by injecting 

a Cre-dependent AAV encoding ChR2 (AAV.DIO.ChR2.eYFP) bilaterally into the SNc of 

DAT-IRES-Cre mice (DAT-Cre+/−). Mice also received unilateral striatal injection of an 

AAV encoding G-protein-coupled inwardly rectifying K+ channels (KIR3.2; GIRK2) and 

a tdTomato fluorophore (AAV.GIRK2.tdTomato) to drive de novo expression of GIRK2 

channels in MSNs (Figure 1A). As D2 receptors in MSNs signal via second-messenger 
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cascades that modulate activity instead of directly activating postsynaptic conductances, the 

viral overexpression of GIRK2 was used to provide a functional readout of D2 receptor 

activation in D2-MSNs (Marcott et al., 2014). In the presence of antagonists to block 

NMDA, AMPA, GABAB, muscarinic, nicotinic, and D1 receptors, optogenetic stimulation 

of ChR2-expressing DA axons (1 ms) evoked GABAA- and D2- inhibitory postsynaptic 

currents (IPSCs) in dorsal striatal D2-MSNs (Figure 1B). As D2-IPSCs can be evoked 

in D2-MSNs but not in D1-MSNs (Gong et al., 2021; Marcott et al., 2018), D2-MSNs 

were identified by the presence of D2-IPSCs. GABAA-IPSCs were present in 97.4% of 

MSNs (371 out of 381 cells). To simultaneously resolve both D2- and GABAA-IPSCs, 

a high-chloride internal recording solution was used, producing inward GABAA receptor 

currents and outward D2 receptor-mediated currents. Stimulating DA terminals once per 

minute revealed no reduction in D2 and GABAA-IPSC amplitude for at least 30 min 

(Figure 1B). Optogenetically evoked D2- and GABAA-IPSCs were abolished by sulpiride 

(1 μM) and picrotoxin (100 μM), respectively (Figures 1C and 1D). Although D2 and 

GABAA currents were recorded simultaneously from the same D2-MSN, the slower kinetics 

of G-protein-coupled receptor (GPCR)-mediated D2-IPSCs provides temporal separation 

between the peak of D2- and GABAA-IPSCs. To verify that GABAA- and D2-IPSCs can be 

accurately recorded simultaneously and that activation of both receptors does not shunt the 

opposing conductance, sulpiride was bath applied to isolate GABAA-IPSCs, and picrotoxin 

was applied to isolate D2-IPSCs. Application of sulpiride (1 μM) had no effect on the 

amplitude of GABAA-IPSCs (Figure 1C) and picrotoxin (100 μM) had no effect on the 

amplitude of D2-IPSCs (Figure 1D). To confirm that D2 receptor signaling in D2-MSNs 

was not saturated during synaptic events, we compared the amplitude of D2-IPSCs evoked 

by optogenetic stimulation with the amplitude of D2 receptor-mediated currents evoked 

by a prolonged application of exogenous DA via iontophoresis (50 ms). Normalizing the 

amplitude of D2-IPSCs to the maximal current evoked by DA iontophoresis revealed that D2 

receptor activation during D2-IPSCs was only 56.9% of that compared with iontophoresis 

(Figure 1E). Finally, we confirmed that the IPSCs were monosynaptic as they were blocked 

by tetrodotoxin (500 nM; TTX) yet restored by subsequent application of 4-aminopyridine 

(4-AP) (100 μM) (Figure 1F). Together these results confirm that DA and GABA are 

monosynaptically released from DA terminals upon optogenetic stimulation and that this 

release can be simultaneously measured by recording D2- and GABAA-IPSCs.

Since DA and co-released GABA are both loaded into synaptic vesicles by VMAT2, DA and 

GABA may occupy the same vesicles and be released from the same vesicle pools at all 

release sites. To examine whether the physiological release of DA and GABA are correlated, 

we plotted the ratio of D2:GABAA-IPSC amplitudes recorded from the same D2-MSNs 

but found no correlation across neurons (Figure 1G). As an alternative approach, we also 

crossed Ai32 mice with DAT-Cre mice to genetically express ChR2 in midbrain DA neurons 

(Figure 3C). In this case, when ChR2 was expressed more uniformly, we again found a lack 

of correlation between D2 and GABAA amplitudes (Figure 1H). We centered recordings in 

regions of the dorsal striatum with the highest levels of tdTomato expression, which we have 

previously found limits the variability in GIRK2 expression across cells such that dopamine 

evokes consistent D2 receptor-mediated GIRK2 currents (Gong et al., 2021). As such the 

Zych and Ford Page 4

Cell Rep. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



distribution of D2-IPSCs is unlikely to be due to cellular variability in the expression of 

GIRK2.

Manipulating vesicular loading differentially affects DA and GABA release

The vesicular neurotransmitter transporter, VMAT2, is known for its substrate promiscuity, 

loading dozens of reported substrates, including monoamines, histamine, amphetamines, and 

GABA (Tritsch et al., 2012; Yelin and Schuldiner, 1995). As the presynaptic distribution 

of vesicular GABA and the efficiency of VMAT2 loading is not well characterized in 

SNc neurons, the extent of co-storage and proportion of agonist within vesicles remains 

unknown. To explore this, we compared the effect of inhibiting vesicular loading or agonist 

synthesis on the relative amount of DA and GABA in the readily releasable vesicle pool. We 

reduced DA synthesis with the competitive tyrosine hydroxylase (TH) inhibitor α-methyl 

tyrosine (AMPT) (250 mg/kg i.p. 2 h before brain slice preparation followed by incubation 

in 30 μM). As expected, AMPT treatment reduced the average amplitude of D2-IPSCs by 

half, but increased the average amplitude of GABAA-IPSCs compared with untreated mice 

(Figures 2A and 2B). This could occur from increased vesicular loading of GABA as DA 

concentration is reduced, or from increased release of GABA vesicles opposing GABAA 

receptors.

As midbrain DA neurons may utilize ALDH1A1 for GABA synthesis (Kim et al., 2015), we 

next incubated slices in the aldehyde dehydrogenase inhibitor, DEAB (20 μM). Compared 

with untreated slices from the same animal, DEAB-treated slices showed a reduction in 

GABAA-IPSCs, whereas D2-IPSCs were unchanged (p > 0.05, Mann-Whitney, data not 

shown) (Table S1). It is unclear, however, how much this pathway contributes to the 

synthesis of co-released GABA as recent work suggests that co-released GABA is acquired 

exclusively through reuptake by mGAT1 in SNc dopamine neurons (Melani and Tritsch, 

2022), suggesting that DEAB may have off-target effects or that inhibition of ALDH1A1 

may alter other physiological processes.

We next inhibited VMAT2-dependent loading of synaptic vesicles by disrupting voltage and 

proton gradients driving active transport of DA and GABA with the vacuolar H+ ATPase 

inhibitor, bafilomycin A1 (BafA1). Pre-incubation of slices with BafA1 (500 nM, 1 h) 

similarly reduced the amplitude of D2- and GABAA-IPSCs compared with untreated slices 

obtained from the same animal (Figures 2C and 2D), suggesting that the loading of DA 

and GABA rely similarly on gradients derived from the vacuolar H+ ATPase. Next, we 

directly blocked VMAT2 by treating animals with reserpine (5 mg/kg, i.p.) 24 h before 

experiments (Figures 2E and 2F). As expected, reserpine treatment completely abolished 

D2-IPSCs and GABAA-IPSCs (Figure 2G) (Tritsch et al., 2012). To test the sensitivity of 

DA and GABA loading by VMAT2, we incubated slices in a low concentration of reserpine 

(1 μM) for 1 h before experiments. Interestingly, shorter exposure to reserpine completely 

abolished D2-IPSCs, while GABAA-IPSCs were still present, albeit with reduced amplitude 

compared with paired control slices from the same animal (Figure 2H). To further examine 

if reserpine may have differential effects on transmission, we bath applied reserpine (1 μM) 

while recording synaptic events. Acute application of reserpine led to greater depression 

of D2-IPSCs compared with GABAA-IPSCs (Figure 2I). This effect of reserpine was 
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activity dependent, since pausing optogenetic stimulation during drug application prevented 

the reduction in D2- and GABAA-IPSC amplitudes (p > 0.05, Mann-Whitney) (TableS1), 

indicating that leakage of agonist from vesicles does not explain the greater reduction in DA 

release following VMAT2 blockade. The more robust effect of reserpine on D2 responses 

indicates either that the synaptic vesicle pool released onto D2 receptors is depleted faster 

than the vesicle pool released onto GABAA receptors, or that during stimulation the 

efficiency of reloading of DA and GABA in the recycling pool differs. While the extent 

to which DA and GABA are loaded into overlapping synaptic vesicles remains unknown, 

these data suggest that the functional vesicle pools that mediate DA and GABA transmission 

onto D2 and GABAA receptors differ in their relative concentration and depletion rate.

Vesicular release of DA and GABA exhibit different sensitivity to calcium

Vesicular exocytosis exhibits a steep dependence on extracellular Ca2+ and is tightly 

regulated by presynaptic properties, including the proximity of voltage-gated Ca2+ channels 

(VGCC) to active zone machinery, Ca2+ buffering capacity, and the Ca2+ sensitivity of 

release machinery (Borst and Sakmann, 1996; Pan and Ryan, 2012; Sheng et al., 2012). 

Likewise, vesicular release of DA in the striatum steeply depends on extracellular [Ca2+] 

(Chen and Rice, 2001; Ford et al., 2010; Silm et al., 2019). To determine whether DA and 

GABA release differ in Ca2+ sensitivity, the amplitudes of D2- and GABAA-IPSCs were 

compared in low (1 mM) and high (2.5 mM) concentrations of extracellular Ca2+ within the 

same D2-MSN. In low Ca2+, GABAA-IPSCs were reduced to a lesser extent than D2-IPSCs 

(Figure 3A), indicating that DA release has greater dependence on extracellular Ca2+ than 

GABA co-release.

Although the time course of DA that underlies the activation of D2 receptors in the 

striatum has yet to be defined, it has been estimated that at SNc somatodendritic sites 

a high concentration of dopamine (30–100 μM) binds to D2 receptors near the site of 

release, activating the GIRK conductance within ~50 ms (Beckstead et al., 2004; Condon 

et al., 2021; Courtney and Ford, 2014; Ford et al., 2009). As D2 receptor Gβγ-mediated 

signaling in D2-MSNs has relatively low sensitivity for DA (Gong et al., 2021; Marcott et 

al., 2014, 2018), the activation of D2 receptors that underlies the D2-IPSC in D2-MSNs 

may similarly result from a local high concentration of DA. While the activation of GIRK 

channels by Gi/o-coupled GPCRs, such as D2 receptors, has been proposed to involve either 

a local rearrangement of preformed macromolecular complex of GPCR/G-proteins/GIRK 

channels (Riven et al., 2006) or a high concentration of locally generated Gβγ subunits 

that activate nearby GIRK channels (Sungkaworn et al., 2017; Touhara and MacKinnon, 

2018), our measurements of D2 receptor activation via GIRK channels still rely on a 

cascade involving G-protein activation of potassium channels which differs from the more 

direct intramolecular changes that underlie the activation of the GABAA conductance. To 

similarly compare Ca2+-induced changes in DA release we examined the effect of low 

and high extracellular [Ca2+] on DA release with a direct molecular approach using the 

genetically encoded DA indicator, dLight1.3b (Patriarchi et al., 2018) in which changes in 

GFP fluorescence is directly coupled to DA binding to a modified D1 receptor. The variant 

dLight1.3b, which has similar affinity to the sensitivity of D2 receptors in dorsal striatal 

D2-MSNs (Marcott et al., 2014; Patriarchi et al., 2018), was expressed non-selectively in 
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the striatum following injection of AAV.h-Syn.dLight1.3b (Figure 3B). Using two-photon 

non-raster scanning photometry (Pressler and Strowbridge, 2019), we continuously sampled 

fluorescence from a spot in the striatum and evoked DA release by electrical stimulation. 

Normalized changes of fluorescence (ΔF/F) in response to electrical stimulation were 

measured in 1 and 2.5 mM extracellular Ca2+ (Figure 3C). Reducing extracellular Ca2+ 

decreased dLight responses (Figure 3C). Importantly, we found that the reduction of evoked 

ΔF/F in low Ca2+ was similar to the reduction in D2-IPSC amplitude (Figure 3C). This 

suggests that, rather than being due to differences in postsynaptic signaling, the differences 

in Ca2+ sensitivity between GABA and DA transmission is likely due to differences in 

presynaptic release.

To determine whether the difference in Ca2+ sensitivity is due to the source of Ca2+ arising 

from different VGCC subtypes, ω-conotoxin GVIA (200 nM) or ω-agatoxin TK (200 

nM) were bath applied to block N-type or P/Q-type Ca2+ channels, respectively. D2- and 

GABAA-IPSCs were similarly reduced in the presence ω-conotoxin GVIA and ω-agatoxin 

TK, indicating a similar reliance on N-type and P/Q-type VGCCs for vesicle fusion (Figures 

3D and 3E). Combined bath application of ω-agatoxin TK and ω-conotoxin GVIA reduced 

DA and GABA release by over 80% (Figure 3F).

The difference in calcium sensitivity could instead be due to differences in the coupling 

efficiency of Ca2+ entry to DA or GABA release. We compared the relative Ca2+ coupling 

distance of DA or GABA release using exogenous membrane-permeable Ca2+ chelators 

BAPTA-AM and EGTA-AM, which act through fast and slow binding kinetics, respectively, 

to determine whether sources of Ca2+ are tightly or loosely coupled to transmitter release 

(Eggermann et al., 2011). In the presence of EGTA-AM (100 μM), D2-IPSCs depressed in 

amplitude, whereas within the same D2-MSN GABAA-IPSCs were not significantly reduced 

(Figure 4A). In the presence of BAPTA-AM (100 μM), both D2- and GABAA-IPSCs 

depressed in amplitude from baseline, but D2-IPSCs depressed to a greater extent than 

GABAA-IPSCs (Figures 4B and 4C). To confirm this finding, we also examined the effect 

BAPTA-AM in the presence of low extracellular calcium (1.2 mM) to increase the effect 

of chelation. While we found a greater effect of BAPTA-AM on the amplitude of D2- and 

GABAA-IPSCs compared with the effect in normal ACSF, the amplitude of D2-IPSCs were 

still inhibited to a greater effect than GABAA-IPSCs (Figure 4D). The greater reduction of 

D2-IPSCs compared with GABAA-IPSCs in EGTA-AM and BAPTA-AM indicates that the 

coupling between Ca2+ entry and vesicular Ca2+ sensors is relatively looser for DA release 

than GABA, suggesting that either the distance between VGCC and vesicular Ca2+ sensors 

is larger for DA release sites, or that differences exist in the calcium buffering capacity or 

calcium-sensing proteins at release sites for the two transmitters.

The slow kinetics of GABAA-IPSCs evoked from SNc terminals suggests that activation 

of GABAA receptors may result from GABA being released from multiple terminals and 

pooling in the extracellular space. If this is the case, saturation of GABAA receptors 

may occur which could limit changes in GABAA receptor activation accurately reflecting 

alterations in release. To examine this, we next measured GABAA-IPSCs in the presence 

of a low-affinity GABAA receptor antagonist, TPMPA, to limit the effects of spillover 

(Markwardt et al., 2009). TPMPA (200 μM) reduced the amplitude of GABAA-IPSCs by 
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40% (Figure 4E). To confirm that the apparent insensitivity of GABAA currents to BAPTA-

AM was not due to saturation of GABAA receptors, we repeated these experiments in the 

presence of TPMPA to better linearize GABAA receptor responses. BAPTA-AM, however, 

evoked a similar level of inhibition in the presence of the low-affinity antagonist (TPMPA; 

200 μM) as in control conditions (Figure 4F). This suggests that saturation of GABAA 

receptors likely does not account for apparent reduced effects of BAPTA-AM on GABA 

release. Thus, despite both being similarly loaded by VMAT2, differences in the sensitivity 

to Ca2+ suggests that DA and GABA co-transmission may result from release at different 

sites.

The release probability differs between co-transmitted DA and GABA

Striatal dopamine has a high probability of release (Pr) and strongly depresses during 

high-frequency stimulation trains due to depletion of releasable vesicles (Liu et al., 2018; 

Marcott et al., 2014; Silm et al., 2019). However, as release probability of co-released 

GABA has not been examined, we next directly compared the response of DA and GABA 

transmission to paired stimulations. DA terminals were optogenetically stimulated with 

single and paired pulses of blue light (470 nm, 1 ms duration, 100 ms inter-stimulus interval) 

and the paired-pulse ratio (PPR) (P2/P1) calculated for D2 or GABAA-IPSCs in MSNs. To 

avoid the overlapping D2 and GABAA currents at short inter-stimulus intervals, D2-IPSCs 

were measured in the presence of picrotoxin and GABAA-IPSCs were measured in the 

presence of sulpiride. Due to the slow kinetics of these IPSCs, the magnitude of P2 was 

calculated by subtracting the single-pulse IPSC from the paired-pulse IPSC (Figure 5A). 

Surprisingly, optically evoked D2- and GABAA-IPSCs exhibited different PPRs, indicating 

different release probabilities (Figure 5B). A similar difference in the PPRs of D2- and 

GABAA-IPSCs was also found using low light power (minimal optical stimulation) (p < 

0.01, Mann-Whitney, data not shown). Non-selective GABA release evoked by electrical 

stimulation (including MSN axon collaterals and GABAergic interneurons) resulted in a 

higher PPR, indicating that this difference in optically evoked PPR is not due to intrinsic 

differences in postsynaptic GABAA receptor responses (Figure 5B). While the release of DA 

inhibits subsequent release via the activation of presynaptic D2 autoreceptors, autoreceptor 

inhibition in slices peaks after 500 ms and has little effect on paired-pulse stimulations 

within 200 ms (Condon et al., 2019; Phillips et al., 2002), suggesting that, under these 

conditions, the PPR difference between GABA and DA release is due to differences in 

release probability rather than autoinhibition. The PPR of D2- and GABAA-IPSCs were 

not different when currents were recorded simultaneously or separately in picrotoxin 

or sulpiride, respectively (Figure 5C). To control for potential shunting via distal K+ 

conductances when measuring PPRs, we also recorded GABAA-IPSCs using two different 

cesium-based internal solutions to improve space clamp (CsCl, Vh = −60 mV; and CsMeS, 

Vh = 0 mV), and found that the PPRs were similar using either cesium-based or potassium 

chloride-based internal solutions (Figure 5C). The PPR of GABAA-IPSCs were also similar 

in GIRK-expressing and GIRK-negative MSNs (Figure 5D). In addition, we also found no 

correlation between the PPR of either D2-mediated GIRK currents or GABAA-IPSCs and 

the amplitude of the initial IPSC (Figure 5E), suggesting that PPR measurements are not 

more affected by shunting or space clamp issues when currents are large.
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To independently measure the release probability of DA while avoiding potential caveats 

of intracellular GPCR signaling, the PPR of DA release was measured by expressing 

dLight1.3b in the striatum. Using two-photon microscopy, two successive electrical stimuli 

were given (0.7 ms, 100 ms ISI) and the ΔF/F of dLight measured at hotspots of DA release. 

Similar to above, the PPR of DA release as measured by dLight was again greater than the 

PPR of GABAA-IPSCs, thus confirming that GABA co-release from DA terminals has a 

higher Pr than that of DA (Figure 5F).

To evoke solely action potential propagated release, we used stimulation with a narrowed 

spot of blue light centered >200 μm away from the soma of the recorded MSN. This limited 

direct terminal ChR2-mediated release as TTX abolished both D2- and GABAA-IPSCs and, 

unlike on-cell stimulation (Figure 1), was not rescued by the subsequent application of 4-AP 

(Figure 5G). Distal stimulation evoked PPRs of D2-IPSCs and GABAA-IPSCs that were 

similar to those evoked by stimulating on-cell (Figures 5H and 5I), indicating that the PPR 

measure is consistent whether release is stimulated proximal or distal to the MSN cell body. 

Together these data indicate that vesicular release of DA and GABA exhibit different release 

probabilities at D2 and GABAA synapses.

This difference in release probability might reflect differences in presynaptic active zone 

proteins mediating DA and GABA exocytosis. It has recently been shown that specialized 

machinery defines presynaptic dopaminergic secretory sites and the removal of RIM 

proteins disrupts the organization of these sites, diminishing the high Pr of DA release 

(Liu et al., 2018). To evaluate whether co-released GABA also relies on RIM proteins, 

we used mice in which RIM was conditionally knocked out from dopamine neurons (RIM 

cKODA). These mice were generated by crossing mice with floxed alleles for Rims1 and 2 
(Kaeser et al., 2011) to DAT-IRES-Cre mice (Figure 5J). RIM cKODA mice were injected 

with AAV.DIO.ChR2.eYFP in the SNc and AAV.GIRK2.tdTomato in the striatum and DA 

terminals were again optogenetically stimulated with similar brief train of stimuli (1 ms 

duration, 100 ms ISI), while the resulting PPR was measured for D2-and GABAA-IPSCs. 

Consistent with previous studies (Liu et al., 2018), DA release was reduced (Figure 5L) 

and the PPR for D2-IPSCs was increased compared with littermate controls, confirming 

that RIM is needed for maintaining the high probability of striatal DA release (Figure 5M). 

Surprisingly, the amplitude and PPR of GABAA-IPSCs was unchanged in RIM cKODA 

animals, indicating that the release probability of co-released GABA from SNc terminals 

is unaffected by removal of RIM (Figure 5M). Together this suggests that the release 

machinery controlling DA exocytosis at putative active zone release sites differs from the 

sites where GABA is released.

Differential presynaptic modulation of DA and GABA release

The results thus far indicate that, although GABA and DA may both be loaded by 

VMAT2, co-transmission is independently regulated possibly by segregated active zone 

sites or different properties of release adjacent to postsynaptic GABAA or D2 receptors. 

As presynaptic GPCRs located near release sites are major modulators of neurotransmitter 

release, we next examined the functional consequences of independent regulation of GABA 

and DA release to see if neuromodulators may have differing actions on co-transmission. 
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Activation of presynaptic Gi/o-coupled receptors, including GABAB receptors, κORs, and 

D2 autoreceptors, have been shown to inhibit evoked DA release (Benoit-Marand et al., 

2001; Pitman et al., 2014; Schoffelmeer et al., 1997). It remains unknown, however, whether 

the co-transmission of GABA from DA terminals is similarly regulated by neuromodulators. 

To compare modulation by presynaptic D2 autoreceptors, we bath applied quinpirole (1 μM) 

to activate D2 autoreceptors and compared the reduction of DA and GABA release. As 

quinpirole activates postsynaptic D2 receptors, which occludes measuring changes in DA 

release via D2-IPSCs, changes in DA release were instead measured using fast-scan cyclic 

voltammetry (FSCV) (Figures 6A–6C). Quinpirole (1 μM) inhibited both evoked DA release 

and GABAA-IPSCs yet had greater effect on the release of DA (Figures 6B–6E). Thus, D2 

autoreceptors more strongly modulate the release of DA than GABA.

To determine whether DA and GABA co-release is also differentially modulated by other 

presynaptic metabotropic receptors, we next recorded the inhibition of D2- and GABAA-

IPSCs by presynaptic GABAB receptor activation. Bath application of the GABAB receptor 

agonist, baclofen (10 μM), produced a greater decrease of D2-IPSC amplitude than GABAA-

IPSC amplitude (Figure 7A), which was reversed by the GABAB receptor antagonist, 

CGP55845 (1 μM). Thus, like D2 autoreceptors, the activation of presynaptic GABAB 

receptors more strongly inhibits DA release than GABA release. Similar results were found 

by activating κORs as application of the κOR agonist, U-69593 (1 μM), also produced 

a greater reduction in D2-IPSC amplitude than GABAA-IPSC amplitude (Figure 7B). 

Inhibition was reversed by the opioid receptor antagonist, naloxone (1 μM). Neither baclofen 

nor U-69593 evoked direct outward postsynaptic currents in GIRK2+ D2-MSNs. Likewise, 

neither agonist altered D2 receptor-mediated currents evoked by application of exogenous 

DA via iontophoresis (Figures 7C–7E). This postsynaptic control indicates that activation 

of GABAB receptors and κORs on D2-MSNs do not contribute to the effect of U-69593 or 

baclofen on inhibition of D2-IPSCs. Together, these experiments reveal that presynaptic D2 

autoreceptors, GABAB receptors, and κORs differentially modulate striatal DA and GABA 

co-release from SNc terminals.

DISCUSSION

Throughout the nervous system, many cell types exhibit co-transmission of multiple 

neurotransmitters. Depending on the system and whether transmitters are packaged in the 

same or different vesicles, release can occur with similar or different properties (Adrover 

et al., 2014; Gras et al., 2008; Jonas et al., 1998; Ren et al., 2011; Sengupta et al., 

2017; Silm et al., 2019; Takács et al., 2018). Dopamine neurons co-release multiple 

transmitters, including glutamate and GABA. DA and glutamate are packaged by separate 

transporters (VMAT2 and VGLUT2, respectively) and while these two transporters are 

present together on some vesicles, they are mostly expressed on separate vesicles and sort 

DA and glutamate into discrete vesicle populations (Fortin et al., 2019; Hnasko et al., 

2010; Silm et al., 2019; Zhang et al., 2015). Here, we report that co-transmission can 

be independently regulated even for transmitters that are loaded by the same vesicular 

transporter. Despite VMAT2 packaging both DA and GABA into synaptic vesicles we 

found multiple instances where co-transmission was independently regulated, including 

different sensitivity to extracellular calcium concentration, cytosolic calcium chelation, 
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release probabilities, and presynaptic modulation. Together these results suggest that DA 

and GABA co-transmission is differentially regulated through functionally separate vesicle 

populations or spatial segregation of discrete release sites targeting D2 or GABAA receptors.

Recent studies suggest that a high proportion of midbrain DA neurons are able to co-

transmit GABA acquired through reuptake (Melani and Tritsch, 2022; Tritsch et al., 2014). 

As mGAT1 expression is found in nearly 90% of VMAT2+ midbrain cells (Tritsch et al., 

2014) and is sufficient to supply co-released GABA, GABA co-release is likely a feature 

of most SNc DA neurons. However, it is unknown whether all DA neurons contribute to 

GABA signaling or whether it is restricted to subpopulations like glutamate co-transmission 

from DA neurons (Hnasko and Edwards, 2012; Zhang et al., 2015; Silm et al., 2019). It 

will be interesting to examine in the future how ubiquitous GABA co-release is among 

DA subpopulations. In addition, as the degree of uptake influences the amount of GABA 

co-released, cell-specific expression levels of mGATs may confer regional specificity to 

dopaminergic axonal arbors to control GABA co-transmission across the striatum. While 

DA and GABA are both packaged into vesicles by VMAT2, it is unknown whether they are 

loaded into the same vesicles, or somehow loaded separately into DA- or GABA-containing 

vesicles. Future studies will be necessary to examine the extent of DA and GABA co-storage 

within vesicle populations.

VMAT2, or a molecular complex requiring VMAT2, has been identified as the vesicular 

transporter necessary for GABA co-release (Tritsch et al., 2012). Studies on VMAT2 

substrate affinity and inhibitor specificity have found different apparent affinities for various 

substrates and psychostimulants, including DA, 5-HT, histamine, MDMA, and MPP+ 

(Erickson et al., 1996; Gasnier et al., 1994; Peter et al., 1994); however, no studies have 

yet examined the affinity of VMAT2 for GABA. We found that while disrupting the proton 

gradient required for the VMAT2 transport cycle similarly reduced co-transmission, directly 

blocking VMAT2 itself with reserpine had a greater effect on release of DA than GABA. 

Given that GABA is structurally dissimilar to other VMAT2 substrates, as it lacks an 

aromatic ring and is a zwitterion at physiological pH, its affinity for VMAT2 and loading 

efficiency likely differs from dopamine. This, combined with the possibility that GABA 

or a co-factor facilitating GABA vesicular loading may be less sensitive to blockade of 

the substrate-binding site, may account for the reduced effect of reserpine on GABA 

release compared with DA. This difference could also be explained by differences in the 

recycling pool size and differing rates of depletion if DA and GABA occupy separate 

vesicle populations. While the quantal size of dopamine has been estimated previously 

(Jaffe et al., 1998; Pothos et al., 1998), the concentration of GABA within each co-released 

vesicle has yet to be determined. Catecholamine uptake into synaptic vesicles depends on 

the cytoplasmic concentration of the transmitters (Disbrow and Ruth, 1981), thus reducing 

the synthesis of DA resulted in an increase in GABA synaptic events, suggesting that 

DA and GABA may be at least partially packaged into overlapping vesicle populations 

by VMAT2. As dopamine synthesis enzymes (TH and AADC) and the plasmalemmal 

dopamine transporter (DAT) have been found to directly interact with secretory vesicles and 

VMAT2 (Cartier et al., 2010; Chen et al., 2003; Egana et al., 2009; Tsudzuki and Tsujita, 

2004), some vesicles may be preferentially enriched with dopamine which could also allow 

for increased GABA loading when DA synthesis is impaired. This raises the possibility 
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that VMAT2 may differentially load DA and GABA at separate locations and with unequal 

efficiencies due to site-specific interactions with synthetic enzymes or proximity to DAT or 

mGAT1 transporters.

The Ca2+ sensitivity and probability of neurotransmitter release depend on fusion 

machinery’s identity and proximity to VGCC, Ca2+ buffering capacity, and specific Ca2+ 

sensors mediating vesicle fusion. Our observation that DA exhibits greater sensitivity to 

extracellular [Ca2+] than GABA could reflect differences in any of these components of 

exocytosis. We ruled out differences in VGCCs as DA and GABA release depend similarly 

on N- and P/Q-type VGCCs. The exogenous Ca2+ chelators EGTA-AM and BAPTA-AM 

have comparable affinities but different binding rates, with BAPTA-AM binding 40x faster 

than EGTA-AM. The increased sensitivity of DA release to EGTA-AM and BAPTA-AM 

compared with GABA release suggests that the presynaptic arrangement of Ca2+ entry 

differs between active zones such that presynaptic Ca2+ channels are more loosely coupled 

to release machinery mediating DA release than GABA release. While synaptotagmin-1 has 

been identified as the calcium sensor for DA release (Banerjee et al., 2020), the calcium 

sensor mediating GABA co-transmission is unknown and warrants future investigation. In 

the striatum, pooling of co-released GABA shapes GABAA-IPSC decay kinetics (Tritsch et 

al., 2014), and while pooling could potentially account for some observed differences in DA 

and GABA release it did not alter the difference in D2- and GABAA-IPSCs in BAPTA-AM.

DA secretion is fast and exhibits a high Pr, necessitating an active zone scaffold that tethers 

DA-containing vesicles and mediates rapid release upon Ca2+ influx. In line with previous 

studies examining DA Pr measured by voltammetry and D2-IPSCs (Cragg, 2003; Liu et 

al., 2018), our measure of DA PPR confirms a high probability of vesicular DA release. 

Surprisingly, we found that co-released GABA exhibits a different and even higher Pr than 

DA. In addition to the greater calcium sensitivity of DA release, molecular differences at 

the presynaptic terminal likely also underlie the difference in Pr. At fast synapses RIM is 

essential for vesicle docking and priming, and controls release probability and the readily 

releasable pool by recruiting Munc13 to active zones (Andrews-Zwilling et al., 2006; Betz 

et al., 2001; Camacho et al., 2017; Deng et al., 2011; Imig et al., 2014; Kaeser et al., 2011). 

Recent work has identified RIM as a molecular scaffold for action potential-triggered release 

of DA (Liu et al., 2018). Comparing the Pr of DA and GABA in RIM cKODA mice revealed 

DA Pr to be decreased yet GABA Pr was unaffected, indicating that RIM maintains the 

release probability of DA but not GABA. This could be explained by distinct DA and GABA 

secretory sites where RIM is present and required at DA release sites and absent at GABA 

release sites. In addition, DA and GABA could occupy separate vesicle populations and the 

exocytosis of GABA vesicles may not require RIM for docking or scaffolding. Future work 

will be required to investigate these possibilities and determine the sorting mechanisms that 

allows for independent regulation of DA and GABA release sites.

Segregation of DA and GABA release may be regulated by target-derived signals, 

such that interactions with the postsynaptic compartment may drive specializations in 

presynaptic release mechanisms. Segregation of DA and glutamate within dopaminergic 

axonal terminals has been found to be induced by contact with ventral striatal neurons 

(Fortin et al., 2019), which may underlie the differences in release and recycling properties 

Zych and Ford Page 12

Cell Rep. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of DA and glutamate (Silm et al., 2019). Neurexins have recently been identified as key 

trans-synaptic regulators of DA transmission that also influence GABA co-transmission 

(Ducrot et al., 2021). Several cytoskeletal proteins associate with D2 receptors, including 

actin binding proteins and spinophilin to control surface expression of receptors, maintain 

their density, and regulate receptor signaling (Li et al., 2000; Smith et al., 1999). Likewise, 

GABAA receptor expression and localization is determined by specific scaffolding proteins, 

including gephyrin and neuroligin-2 (Poulopoulos et al., 2009; Varoqueaux et al., 2004). 

While GABAA receptor distribution has been determined at the ultrastructural level in 

MSNs, it remains unknown which receptor clusters potentially respond to co-released 

GABA. In the striatum, electron microscopy of immuno-labeled DA receptors has found 

D2 receptors to localize at both synaptic and extrasynaptic sites (Descarries et al., 

1996; Sesack et al., 1994; Uchigashima et al., 2016; Yung et al., 1995). Furthermore, 

DA terminals form neurochemically mismatched contacts composed of dopaminergic 

presynaptic and GABAergic postsynaptic structures containing gephyrin, neuroligin-2, and 

GABAA receptors (Uchigashima et al., 2016). Thus, it is possible that dopamine neurons 

form discrete inputs to D2 and GABAA receptors on MSNs. Postsynaptic clustering of D2 

and GABAA receptors and their associated scaffolding and trans-synaptic proteins may thus 

drive divergent properties of co-transmission and allow for DA and GABA signals to be 

differently regulated at segregated release sites opposing D2 or GABAA receptors. Further 

work will be necessary to examine the synaptic organization of DA and GABAA receptors 

relative to secretory sites to determine the potential role they may play in encoding DA and 

GABA release.

Activation of presynaptic GPCRs exerts neuromodulatory actions on synaptic transmission 

to adjust synaptic strength, regulate neuronal activity, and modify circuit output to 

shape behaviors. In the context of dopaminergic co-transmission, each neuromodulatory 

receptor we examined exerted a stronger inhibitory influence on DA release than GABA 

release, which may be due to differential expression of receptors or signaling efficacy 

at DA and GABA release sites. As GPCR signaling pathways regulate neurotransmission 

through multiple mechanisms and can be spatially restricted to local intracellular domains, 

particular second messenger actions or specific presynaptic compartments may also underlie 

differences in neuromodulation at DA and GABA release sites. Together, this supports the 

idea that specificity at active zones facilitating DA or GABA release arises from the identity 

of SNARE proteins and the organization of channels and receptors modulating vesicular 

exocytosis.

Together, these findings identify synaptic mechanisms by which DA and co-released GABA 

are independently regulated. The temporal dynamics of DA and GABA signaling differ 

by activating metabotropic and ionotropic postsynaptic receptors, respectively, thus driving 

postsynaptic effects over different timescales. In addition, the organization and independent 

modulation of DA and GABA release adds to the diversity in signaling by endowing 

dopamine neurons with dynamic and flexible control to shape striatal circuits and behavioral 

output.
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Limitations of the study

Rather than directly measuring DA and GABA exocytosis, we instead detect the release 

of DA and GABA from measurements of postsynaptic receptor activation; thus, we are 

measuring DA and GABA transmission and inferring release properties from this. This 

could be confounded by the amount of spillover activating D2 and GABAA receptors. In 

addition, we are comparing the activation of metabotropic D2 receptors with ionotropic 

GABAA receptors that have different activation rates and possibly different ratiometric 

scaling of currents. While subtle differences in detection may exist, it is clear that the 

functional signaling properties of DA and GABA are different. Measuring the quantal 

release of DA and GABA from single release sites or single vesicles in future studies would 

elucidate the outstanding question of whether DA and GABA are packaged into separate or 

the same vesicles and the proportion of transmitter within vesicles.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be direct to and will be fulfilled by the lead contact, Christopher Ford 

(christopher.ford@cuanschutz.edu).

Materials availability—The study did not generate new unique reagents.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental models—All procedures were approved by and performed in accordance 

with guidelines of the Institutional Animal Care and Use Committee (IACUC) at University 

of Colorado School of Medicine. Animals were group-housed in a temperature- and 

humidity-controlled environment on a 12 h light-dark cycle, with water and food available 

ad libitum, and experiments were conducted during the light phase. Both male and female 

6–8 week-old DAT-IRES-Cre heterozygote mice (IMSR_JAX: 006660, Slc6a3IRES-Cre) 

were used in experiments. Ai32 mice (IMSR_JAX: 012569, RCL-ChR2(H134R)/EYFP) 

were crossed with DAT-IRES-Cre mice to express ChR2 in dopamine cells. Mice lacking 

RIM 1 and RIM 2 proteins in dopamine cells (RIM cKODA) were generated by crossing 

RIM1 (RRID:IMSR_JAX: 015832, Rims1tm3Sud/J) and RIM2 (RRID:IMSR_JAX: 015833, 

Rims2tm1.1Sud/J) double floxed mice with DAT-IRES-Cre mice (Kaeser et al., 2011). RIM 

cKODA breeder pairs were provided by Pascal Kaeser.
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METHOD DETAILS

Stereotaxic injection—For stereotaxic viral injections, postnatal day 21–28 male and 

female DAT-IRES-Cre heterozygote mice or RIM cKODA mice were anesthetized with 

isoflurane and mounted in a stereotaxic frame (Kopf Instruments). Using a Nanoject 

iii (Drummond Scientific), mice were injected with 400 nL AAV5.EF1a.DIO.hChR2 

(H134R)-EYFP.WPRE.hGH (ChR2) into a single hemisphere of the SNc and 400 

nL AAV9.hSyn.tdTomato.T2A.mGIRK2–1-A22A.WPRE.bGH (GIRK2) into the dorsal 

striatum of the same hemisphere. The following coordinates were used relative to bregma: 

SNc: (AP −2.3, ML +1, DV −4.7), striatum: (AP +1.2, ML +1.6, DV −3.2). For experiments 

requiring dLight, 400 nL of AAV9-Syn-dLight1.3b was injected into the striatum.

Slice preparation—Mice were anesthetized with isoflurane and transcardially perfused 

with ice-cold sucrose cutting solution containing (in mM): 75 NaCl, 2.5 KCl, 6 MgCl2, 0.1 

CaCl2, 1.2 NaH2PO4, 25 NaHCO3, 2.5 D-glucose, 50 sucrose. Coronal striatal slices (240 

μm) were cut in the same ice-cold sucrose cutting solution, bubbled with 95% O2 and 5% 

CO2. Slices were incubated for at least 45 min at 32°C in aCSF containing (in mM): 126 

NaCl, 2.5 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, 11.1 D-glucose and 

10 μM MK-801, bubbled with 95% O2 and 5% CO2. Slices were then transferred to the 

recording chamber and continually perfused with aCSF warmed to 33 ± 2°C at a rate of 2 

mL/min. Neurons were visualized using a BX51WI microscope (Olympus) with an infrared 

LED (Thorlabs).

Electrophysiology—All recordings were performed using an Axopatch 200B amplifier 

(Molecular Devices). Patch pipettes (1–2 MΩ) were made using a pipette puller 

(Narishige, PC-10). For experiments measuring D2-IPSCs or both D2- and GABAA-IPSCs 

simultaneously, pipettes for whole-cell recordings from MSNs contained (in mM): 67.5 

D-gluconic acid (K), 67.5 KCl, 10 HEPES (K), 0.1 CaCl2, 2 MgCl2, 10 BAPTA, 0.1 

mg/mL GTP, 1 mg/mL ATP, and 1.5 mg/mL phosphocreatine (pH 7.3, 280 mOsm). All 

MSNs were recorded in the central or lateral regions of the dorsal striatum. For experiments 

measuring GABAA-IPSCs only, pipettes for whole-cell recordings from MSNs contained 

(in mM): 135 CsCl, 10 HEPES (K), 0.1 CaCl2, 2 MgCl2, 0.1 EGTA, 0.1 mg/mL GTP, 1 

mg/mL ATP, and 1.5 mg/mL phosphocreatine (pH 7.3, 280 mOsm), or CsMeS as noted: 

135 CsMeS, 10 HEPES (K), 0.1 CaCl2, 2 MgCl2, 0.1 EGTA, 5.4 TEA, 0.1 mg/mL GTP, 

1 mg/mL ATP, and 1.5 mg/mL phosphocreatine, 5 QX-314 (pH 7.3, 280 mOsm). Unless 

otherwise noted, aCSF contained DNQX (10 μM), CGP 55845 (300 nM), scopolamine (300 

nM), dihydro-β-erythroidine (10 μM), and SCH 23390 (1 μM). Experiments testing GABAB 

receptor modulation did not include CGP 55845. Recordings were acquired with Axograph 

X (Axograph Scientific) at 10 kHz and filtered to 2 kHz. For whole-cell voltage-clamp MSN 

recordings, cells were held at a voltage of −60 mV, except for GABAA-IPSCs recorded in 

CsMeS which were held at 0 mV. No series resistance compensation was used and a cell 

was discarded if its series resistance exceeded 15 MΩ. To activate ChR-expressing dopamine 

axons, 470 nm blue light (1 ms duration) was used to produce wide-field illumination. All 

recordings from GIRK2+ MSNs were centered in DStr regions showing robust tdTomato 

reporter fluorescence, which limits the variability of D2-receptor mediated GIRK outward 

currents between cells and among animals (Gong et al., 2021). Where indicated, electrical 
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stimulation was used to dopamine or GABA release using a monopolar glass stimulating 

electrode filled with aCSF positioned ~200 μm away from the recorded cell (0.7 ms, 20–

40 μA). Dopamine was applied by iontophoresis (1 M, 160 nA ejection, 12–50 ms) with 

iontophoretic pipettes made using a horizontal puller (Sutter Instrument) placed ~10 μm 

away from the soma of the recorded cell. Leakage of dopamine was prevented with a 

retention current of 6–10 nA. Drugs were applied by bath perfusion. EGTA-AM, BAPTA-

AM, ω-Conotoxin GVIA, and ω-Agatoxin TK (30 mL each) were bath perfused and 

recirculated using a Masterflex C/L pump and collection chamber bubbled with humidified 

carbogen. Recirculated drug solution was replaced every three cells. In low extracellular 

calcium experiments, to account for variability between cells, each cell was recorded in 1 

mM and 2.5 mM extracellular Ca2+ concentrations after at least 5 min of bath application. 

Half of cells were recorded first in low Ca2+ with high Ca2+ bath applied, and half in high 

Ca2+ with low Ca2+ applied in order to counterbalance any potential run-down.

dLight dopamine imaging—2-photon imaging was performed using a 2-photon laser 

scanning microscopy system, custom-built on a BX51WI microscope (Olympus). A 

Ti:Sapphire laser (Chameleon Ultra I; Coherent) was tuned to emit pulsed excitation at 920 

nm, and scanned using a pair of X-Y galvanometer mirrors (6215, Cambridge Technology). 

Emitted fluorescence was collected through a water-immersion objective (60X, Olympus), a 

dichroic mirror (T700LPXXR, Chroma) and filters (ET680sp and ET525/50 m-2P, Chroma), 

and was detected using a GaAsP photomultiplier tube (PMT, H10770PA-40, Hamamatsu). A 

current preamplifier (SR570, Stanford Research Systems) was used to convert the output 

to voltage, which was then digitized by a data acquisition card (PCI-6110, National 

Instruments). For dopamine imaging experiments, fluorescence changes of the dopamine 

sensor, dLight1.3b were measured using 2-photon non-raster scanning photometry using 

custom software (Toronado; https://github.com/StrowbridgeLab/Toronado-LaserScanning) 

as previously described (Pressler and Strowbridge, 2019). The laser was repeatedly 

scanned across small circular path (150 nm diameter) at a selected region of interest, and 

fluorescence was continuously collected from that spot. The PMT signal was converted 

by the same preamplifier (SR570, Stanford Research Systems; sensitivity 100 nA/V), but 

further filtered to 500 Hz with the gain increased two-fold (FLA-01, Cygnus Technologies). 

Then the signal was acquired using a data acquisition device (ITC-18, HEKA Instruments) 

and recorded using Axograph X (Axograph Scientific).

For calcium experiments, the dLight fluorescence signal was recorded in 2.5 mM calcium 

following a single electrical stimulation (1 ms, 30 μA) and again 10 min after bath 

application of 1 mM calcium. For PPR experiments, dLight fluorescence signal was 

measured during a paired electrical stimulation with 100 ms inter stimulus interval to evoke 

dopamine release.

FSCV—Carbon fiber electrodes (34–700, Goodfellow) were encased with a glass pipette (7 

μm diameter and 50–100 μm length) and the tip of the carbon fiber was soaked in activated 

carbon-purified isopropanol for 20–30 min before using. The fiber tip was placed in the 

Striatum 30–70 μm below the surface of the slice. While holding the carbon fiber at −0.4 

V, triangular waveforms (−0.4 to 1.3 V versus Ag/AgCl at 400 V/s) were applied to the 

Zych and Ford Page 16

Cell Rep. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/StrowbridgeLab/Toronado-LaserScanning


fiber at 10 Hz. The peak concentration of dopamine was determined from the peak oxidation 

potential. DhβE (1 μM) was included in the recording solution for FSCV experiments.

Chemicals—Picrotoxin and MK-801 were from Abcam. CGP55845, DNQX, Dihydro-

β-erythroidine hydrobromide, SCH 23390 hydrochloride, and sulpiride were obtained 

from Tocris Bioscience. BAPTA was obtained from Invitrogen. ω-Conotoxin GVIA and 

ω-Agatoxin TK were from Alomone Labs. All the other chemicals (α-methyl-DL-tyrosine, 

DEAB, TTX, 4-Aminopyridine, EGTA-AM, BAPTA-AM, scopolamine hydrobromide) were 

from Sigma-Aldrich.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—All data are shown as mean ± SEM. Statistical analyses were performed in 

Prism 8 (GraphPad). Statistical tests used for comparisons were non-Mann-Whitney U test, 

Student’s paired t test, Wilcoxon signed-rank test, and two-way ANOVA, as appropriate. 

The statistical significance was defined as p ≥ 0.05 (ns), p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***) and p < 0.0001 (****).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Co-transmission of dopamine and GABA is independently regulated

• Dopamine and GABA release exhibit different probabilities and calcium 

sensitivity

• RIM is not necessary for the high release probability of co-transmitted GABA

• Presynaptic opioid, GABAB, and D2 receptors differently modulate DA and 

GABA release
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Figure 1. Photoactivation of SNc terminals evokes DA and GABA co-transmission in D2-MSNs
(A) Illustration of injection of AAV5.EF1a.DIO.hChR2.eYFP in the SNc and 

AAV9.hSyn.tdTomato.T2A.GIRK2 in the DStr of DAT-IRES-Cre mice.

(B) Optically evoked D2- and GABAA-IPSCs and plot of IPSC amplitudes normalized to the 

first response (D2, n = 7; GABAA, n = 6; p > 0.05, Kruskal-Wallis test).

(C) Representative trace and summary data of IPSCs showing D2-IPSC component is 

blocked by sulpiride (1 μM) (control, black; sulpiride, red) (n = 7, D2, p < 0.05; GABAA, p 

> 0.05, paired t test).

(D) Representative trace and summary of IPSCs showing GABAA-IPSC component is 

blocked by picrotoxin (100 μM) (control, black; picrotoxin, blue) (n = 8, D2, p > 0.05; 

GABAA, p < 0.01, paired t test).

(E) Example trace and summary data of opto-evoked D2-IPSCs and D2 receptor-mediated 

currents evoked by the iontophoretic application of DA (n = 41).

(F) Representative trace in presence of TTX (500 nM) and summary data of current 

amplitudes in TTX and 4-AP (100 μM) (control, black; TTX, gray) (D2, n = 10; GABAA, n 

= 10; D2, p < 0.01; GABAA, p < 0.01, Wilcoxon).

(G) D2 and GABAA-IPSC amplitude correlation in AAV injected DAT-Cre mice (n = 154, p 

> 0.05, Pearson correlation).

(H) Generation of Ai32+/−;DAT-Cre+/− mice.

(I) D2 and GABAA-IPSC amplitude correlation in Ai32+/−;DAT-Cre+/− mice (n = 21, p > 

0.05, Pearson correlation). Summary data are mean ± SEM. ns, p > 0.05, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 2. Blocking agonist synthesis and vesicular loading differentially affects DA and GABA 
release
(A) Illustration of AMPT inhibition of DA synthesis.

(B) Representative traces and summary data of D2 and GABAA-IPSC amplitudes from 

control and AMPT-treated mice (D2, n = 21; GABAA, n = 31; D2, p < 0.001; GABAA, p < 

0.05, Mann-Whitney).

(C) Illustration of BafA1 inhibition of the vacuolar ATPase.

(D) Representative traces and summary data following BafA1 bath application (D2, n = 

13/27; GABAA, n = 12/9; D2, p < 0.01; GABAA, p < 0.05, Mann-Whitney).

(E) Illustration of reserpine inhibition of the VMAT2.

(F) AAV and reserpine injection timeline.

(G) Summary of D2 and GABAA-IPSC amplitudes in reserpine injected mice (5 mg/kg, i.p., 

24 h prior).
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(H) Representative traces and summary data following reserpine slice incubation (D2, n = 

11/11; GABAA, n = 7/17; D2, p < 0.0001; GABAA, p < 0.0001, Mann-Whitney).

(I) Representative traces and summary data following reserpine bath application, (n = 12, p 

< 0.001, Wilcoxon). Summary data are mean ± SEM. ns, p > 0.05, *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 3. Vesicular release of DA and GABA exhibit different sensitivity to calcium
(A) Representative traces and summary data of D2 and GABAA-IPSC amplitudes in 2.5 and 

1 mM Ca2+ (D2, n = 19; GABAA, n = 19, p < 0.05, paired t test).

(B) Representative fluorescent change in dLight1.3b following electrically evoked DA 

release (ΔF/F).

(C) Photometry trace of dLight1.3b fluorescence and summary data of paired change in 

fluorescence and percent reduction of fluorescence in 1 mM Ca2+ (n = 5, p > 0.05, Mann-

Whitney).

(D) Representative trace and summary data of the effect of ω-agatoxin TK (200 nM) (n = 6, 

p > 0.05, Mann-Whitney).

(E) Representative trace and summary data of the effect of ω-conotoxin GVIA (200 nM) (n 

= 6, p > 0.05, Mann-Whitney).

(F) Representative traces and summary data of the effect of in ω-agatoxin TK (200 nM) and 

ω-conotoxin GVIA (200 nM) (n = 7, p > 0.05, Mann-Whitney). Summary data are mean ± 

SEM. ns, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 4. Calcium chelators inhibit the release of DA and GABA to different extents
(A) Representative traces and summary data of D2 and GABAA-IPSC amplitudes in EGTA-

AM (100 μM) (n = 10, D2, p < 0.01; GABAA, p > 0.05, Mann-Whitney).

(B) Representative trace and summary data in BAPTA-AM (100 μM) (n = 9, D2, p < 0.01; 

GABAA, p < 0.05, Mann-Whitney).

(C) Summary of percent change in the amplitude of D2-IPSCs and GABAA-IPSCs in 

EGTA-AM and BAPTA-AM (n = 9/10, p < 0.05, Wilcoxon).

(D) Representative trace and summary data in 1.2 mM Ca2+ and BAPTA-AM (100 μM) (n 

= 12, D2, p < 0.0001, Mann-Whitney; GABAA, p < 0.01, Mann-Whitney; D2:GABAA, p < 

0.05, Wilcoxon).

(E) Representative trace and summary data of GABAA-IPSCs in TPMPA (200 μM) (n = 9, p 

< 0.01, Wilcoxon).

(F) Summary of percent change in the amplitude of GABAA-IPSCs in BAPTA-AM and 

TPMPA + BAPTA-AM (n = 9/10, p > 0.05, Wilcoxon). Summary data are mean ± SEM. ns, 

p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 5. Release probability differs between co-transmitted DA and GABA
(A) Representative traces showing paired optogenetic stimulation at 100 ms ISI. The 

amplitude component of the second stimulus was measured by digitally subtracting the 

IPSC of a single optogenetic pulse from a paired-pulse stimulation to generate a subtracted 

second pulse amplitude (P2).

(B) Quantification of paired-pulse ratio (PPR) of optogenetically evoked D2 and GABAA-

IPSCs and electrically evoked GABAA-IPSCs (n = 26/30/6, D2:GABAA, p < 0.001, Mann-

Whitney; opto versus electrical, p < 0.001, Mann-Whitney).

(C) Summary of PPR in control conditions and in presence of indicated agonists (picrotoxin, 

sulpiride) and summary of GABAA PPR measured with KGCl, CsCl, or CsMeS internal 

recording solution (Cont/Picro, n = 14/7; KGCl/CsCl/CsMeS, n = 30/15/13, p > 0.05, 

Mann-Whitney).
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(D) Summary of GABAA PPR in MSNs expressing or not expressing GIRK2 (n = 31/16, p > 

0.05, Mann-Whitney).

(E) Scatter plot showing no correlation between amplitude and PPR of D2- or GABAA-

IPSCs (n = 26/31, p > 0.05, Pearson correlation).

(F) Photometry traces of dLight1.3b fluorescence with single and paired-pulse stimulation 

and digitally subtracted P2 component. Summary data of PPR measured by dLight 

compared with GABAA-IPSCs (n = 20/32, p < 0.0001, Mann-Whitney).

(G) Representative traces and summary data of distal optogenetic stimulation (>200 μm 

from the recorded MSN soma) with application of TTX (500 nM) and 4-AP (100 μM).

(H) Single, paired-pulse, and subtracted P2 of D2-IPSCs optogenetically stimulated at 

the recorded MSN soma (on-cell) or >200 μm away (distal) (n = 26/7, p > 0.05, Mann-

Whitney).

(I) Single, paired-pulse, and subtracted P2 of GABAA-IPSCs optogenetically stimulated 

at the recorded MSN soma (on-cell) or >200 μm away (distal) (n = 36/9, p > 0.05, Mann-

Whitney).

(J) Generation of RIM cKODA mice (RIM1/2flx/flx; DAT-IRES-Cre).

(K) Representative traces of paired-pulse stimulation in RIM cKODA mice.

(L) Summary of D2- and GABAA-IPSC amplitudes in control and RIM cKODA mice (D2, n 

= 32/25, p < 0.001, Mann-Whitney; GABAA, n = 25/19, p > 0.05, Mann-Whitney).

(M) Summary data of PPR in control and RIM cKODA mice (D2, n = 21/15, p < 0.0001, 

Mann-Whitney; GABAA, n = 11/12, p > 0.05, Mann-Whitney). Summary data are mean ± 

SEM. ns, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 6. Presynaptic D2 autoreceptors have a greater effect on the inhibition of DA release than 
GABA co-release
(A) Color plot representation of stimulated dopamine release and cyclic voltammogram.

(B) Representative FSCV traces measuring the [DA]o from a striatal brain slice in response 

to a single optogenetic stimulation in control and quinpirole (1 μM).

(C) Summary data of [DA]o in quinpirole (1 μM) and sulpiride (1 μM) normalized to control 

[DA]o (n = 9, p < 0.01, Mann-Whitney).

(D) Representative traces of GABAA-IPSC in control, quinpirole, and sulpiride.

(E) Summary of GABAA-IPSC amplitudes in quinpirole and sulpiride normalized to 

baseline amplitude of the same cell (n = 9, p < 0.01, Mann-Whitney).

(F) Summary data of quinpirole-induced reduction of D2- and GABAA-IPSC amplitudes (n 

= 9, p < 0.01, Mann-Whitney). Summary data are mean ± SEM. ns, p > 0.05, *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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Figure 7. Differential presynaptic modulation of DA and GABA release by GABAB and κ-opioid 
receptors
(A) Representative traces and summary data of D2 and GABAA-IPSCs in baclofen (10 μM) 

and CGP55845 (1 μM) (n = 14, p < 0.05, Mann-Whitney).

(B) Representative traces and summary data of D2 and GABAA-IPSCs in U69593 (1 μM) 

and naloxone (1 μM) (n = 11, p < 0.05, Mann-Whitney).

(C) Representative traces and summary data of D2-IPSCs evoked by iontophoretic 

application of DA in baclofen (10 μM) (n = 7, p > 0.05, Mann-Whitney).

(D) Representative traces and summary data of D2-IPSCs evoked by iontophoretic 

application of DA in U69593 (1 μM) (n = 6, p > 0.05, Mann-Whitney).

(E) Summary data of optogenetic and iontophoretic evoked D2-IPSCs normalized to control 

in the presence of baclofen or U69593 (baclofen, n = 14/7, p < 0.01, Mann-Whitney; 

U69593, n = 11/6, p < 0.0001, Mann-Whitney). Summary data are mean ± SEM. ns, p > 

0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV5.EF1a.DIO.hChR2 (H134R)-EYFP pAAV-EF1a-double floxed-
hChR2(H134R)-EYFP-WPRE-HGHpA 
was a gift from Karl Deisseroth

Addgene plasmid: 20298

AAV9.hSyn.tdTomato.T2A.mGIRK2–1 Marcott et al., 2014 Penn Vector Core: V3992

AAV9-Syn-dLight1.3b pAAV-syn-dLight1.3b was a gift from Lin 
Tian

Addgene plasmid: 135762

Chemicals, peptides, and recombinant proteins

Picrotoxin Abcam Cat# 120315

ω-Conotoxin GVIA Alomone Labs Cat# C-300

ω-Agatoxin TK Alomone Labs Cat# STA-530

BAPTA Invitrogen Cat# B1204

MK-801 maleate Abcam Cat# 0924

Scopolamine Tocris Cat# 1414

SCH23390 Tocris Cat# 0925

CGP55845 Tocris Cat#1248

DHβE Tocris Cat# 2349

DNQX Tocris Cat# 0189

NMDA Tocris Cat# 2333

Sulpiride Tocris Cat# 0895

Quinpirole Tocris Cat# 1061

Naloxone hydrochloride Tocris Cat# 0599

Baclofen Tocris Cat# 0417

TTX Sigma-Aldrich Cat# T8024

4-Aminopyridine Sigma-Aldrich Cat# A78403

BAPTA-AM Sigma-Aldrich Cat# 196419

EGTA-AM Sigma-Aldrich Cat# 324628

α-methyl-DL-tyrosine Sigma-Aldrich Cat# 120693

DEAB Sigma-Aldrich Cat# D86256

scopolamine hydrobromide Sigma-Aldrich Cat# 1610001

Experimental models: Organisms/strains

Mouse/DAT-IRES-Cre Jackson Laboratory JAX:006660

Mouse/Ai32 Jackson Laboratory JAX: 012569

Mouse/RIMcKO DA Gift from Pascal Kaeser JAX: 015832, JAX: 015833

Software and algorithms

Axograph X Axograph Scientific RRID: SCR_014284; https://axograph.com

Lab Chart ADInstruments RRID: SCR_017551; https://
www.adinstruments.com

Graphpad Prism 7 GraphPad Software RRID: SCR_002798; https://www.graphpad.com
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