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SUMMARY

Striatal dopamine axons co-release dopamine and gamma-aminobutyric acid (GABA), using
GABA provided by uptake via GABA transporter-1 (GAT1). Functions of GABA co-release are
poorly understood. We asked whether co-released GABA autoinhibits dopamine release via axonal
GABA type A receptors (GABARS), complementing established inhibition by dopamine acting
at axonal D2 autoreceptors. We show that dopamine axons express a3-GABAAR subunits in
mouse striatum. Enhanced dopamine release evoked by single-pulse optical stimulation in striatal
slices with GABAAR antagonism confirms that an endogenous GABA tone limits dopamine
release. Strikingly, an additional inhibitory component is seen when multiple pulses are used to
mimic phasic axonal activity, revealing the role of GABAR-mediated autoinhibition of dopamine
release. This autoregulation is lost in conditional GAT1-knockout mice lacking GABA co-release.
Given the faster kinetics of ionotropic GABAaRS than G-protein-coupled D2 autoreceptors, our
data reveal a mechanism whereby co-released GABA acts as a first responder to dampen phasic-
to-tonic dopamine signaling.
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Striatal dopamine (DA) axons co-release GABA as well as DA. The actions and consequences
of GABA co-release are not fully understood. Patel et al. show co-released GABA is an
autoregulatory messenger that curtails burst-evoked DA release via GABAARS on DA axons
thereby rapidly suppressing the contrast in phasic-to-tonic DA signaling.

INTRODUCTION

Dopamine (DA) is a crucial regulator of striatal neuronal output, thereby facilitating
movement, motivation, and reward-based learning.1~7 Striatal axonal DA release is governed
in part by the somatic activity of DA neurons,8 which transitions between single spikes
(tonic pacemaker activity) and phasic bursts.10-12 Additionally, axonal DA release can

be triggered locally via sparse but powerfully effective cholinergic interneurons (Chls)

via synaptic-like axo-axonal contacts with DA axons.13-15 Acetylcholine (ACh) release
activates nicotinic ACh receptors (nAChRs) on DA axons, resulting in locally generated
action potentials and DA release.13-16 The magnitude, spatial precision, and sphere of
influence of DA is sculpted further by other striatal transmitters and modulators, including
GABA and glutamate.1’-21 Thus, regulation of striatal DA signaling and its impact on
behavior is multivalent.1-6.22

Cell Rep. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

RESULTS

Page 3

In addition to extrinsic regulators, axonal DA release is modulated by cell-autonomous
factors, most notably by DA itself through activation of inhibitory DA D2 autoreceptors.23-
31 This enables DA axons to respond to and regulate DA signaling in the short term by
decreasing further release and in the longer term by inhibiting DA synthesis.30:32

Additionally, DA axons release gamma-aminobutyric acid (GABA) as well as DA.33-40
GABA co-released from optically activated DA axons elicits GABAA receptor (GABAAR)-
mediated inhibitory postsynaptic currents (0lPSCs) in striatal spiny projection neurons
(SPNs),33:34.37 even though DA axons lack conventional molecular machinery for GABA
synthesis and storage, e.g., glutamic acid decarboxylase (GAD) for conversion of glutamate
to GABA and the vesicular GABA transporter (VGAT) for uptake into vesicles.3437 An
alternative mechanism for de novo GABA synthesis by aldehyde dehydrogenase 1al
(ALDH1a1) has been proposed,37 but increasing evidence indicates that DA axons do not
utilize ALDH1al for GABA synthesis; rather, they acquire GABA from the extracellular
compartment, using the plasma membrane GABA transporter-1 (GAT1).3438 Packaging of
GABA into vesicles in DA axons then occurs via the vesicular monoamine transporter 2
(VMAT?2),33:38 guggesting that GABA and DA cohabit the same vesicles (although see Zych
and Ford39).

We hypothesized that co-released GABA might autoregulate DA release via GABAARS

on DA axons, whatever the intracellular storage site. To test this, we first identified the
presence of GABAARS on striatal DA axons. Then, using a combination of pharmacology,
optogenetics, and genetic manipulations, we evaluated the functional impact of endogenous
GABA on DA release evoked by single optical pulses (1 p) that represent the single action
potentials of tonic pacemaker firing by DA neurons, or by brief pulse trains (10 p/10 Hz)
that mimic phasic bursts of action potentials. Our studies identify a mechanism by which
DA axons autoregulate DA release through co-released GABA that dampens the contrast
between phasic and tonic DA signals.

Anatomical studies reveal az-GABAAR subunits on DA axons throughout the striatum

Although the presence of GABAARS on striatal DA axons has been shown functionally,*1:42
direct anatomical evidence is lacking. We used fluorescence immunohistochemistry with
confocal microscopy and immunoelectron microscopy (i-EM) to explore whether striatal DA
axons express GABAaRSs. The GABAAR is an ionotropic receptor with five pore-forming
subunits: two a., two B, plus one y or & subunit (Figure S1A).43-47 However, at least

19 genes encode the subunit subtypes in humans. We used the RNA sequencing (RNA-

seq) analysis resource DropViz (DropViz online analysis portal: http:/dropviz.org)*8 and
found that midbrain tyrosine hydroxylase (TH)-containing cells in the substantia nigra pars
compacta (SNc) and ventral tegmental area (VTA) express mRNA from many GABAAR-
encoding genes, with relatively high mRNA levels for some genes, and undetectable

mMRNA levels for others (Figure S1A). Single-cell RT-PCR data show that, although mRNA
transcripts for several GABAAR subunits are expressed in SNc and VTA DA neurons, a3
and 2 subunits are present in a majority of these cells.#?
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The y2 subunit mMRNA is also present in striatal SPNs, however, which could obscure
immuno-labeling in DA axons, whereas a.3-GABAAR subunit mRNA (DropViz, data

not shown) and protein expression®%:51 are virtually absent in SPNs. Therefore, for our
anatomical studies, we selected the a3-GABAAR subunit and confirmed with DropViz the
relatively homogeneous expression of a3 in midbrain TH cell subclusters (Figure S1B).

We performed immunohistochemistry using an antibody targeted to a.3 subunits assessed

in previous studies, including in the reticular thalamic nucleus (RTN) and in VTA DA
neurons.52:53 We first ensured that the general brain-wide expression pattern of a.3
immunoreactivity was in line with that reported previously for the same or another a.3-
subunit-selective antibody. We found strong a3 immunolabeling in the RTN (Figure S2A),
the islands of Calleja (iCj) (Figure S2B), deeper layers of the cortex (not shown), and

in midbrain DA neurons (not shown) as seen by others.50:52-56 \\fe also discovered that
immunolabeling for a.3 was present throughout the striatal DA axon network, as delineated
by immunolabeling for TH (Figures S2A-S2C). Immunostaining in the RTN, iCj, and
striatum was absent when the a.3 antibody was preincubated with its immunogenic blocking
peptide (n = 4 mice) (Figure S2). This verifies that the antibody recognizes the specified
peptide sequence with high affinity, albeit this alone is not proof that the antibody binds to
the target molecule in the tissue. Importantly, we obtained evidence for co-localization of
a3 subunits in striatal TH-labeled DA axons and DA axonal varicosities in z stacks taken at
high magnification in both the dorsal striatum (dStr) and the nucleus accumbens (NAc) core
(Figures 1A and S3; Video S1).

We then utilized i-EM to identify and quantify a3 subunits on striatal TH-labeled DA
axons at the subcellular level. TH was visualized with silver-intensified gold (SIG) and

a3 visualized with 3,3"-diaminobenzidine (DAB) (Figures 1B and S4). Of the TH-labeled
axons examined in the dStr (n = 101 from 3 mice), approximately half (45% = 13%) were
also labeled with a.3. In the NAc core, the proportion of TH-positive axons (n = 121 from
3 mice) dually expressing a3-GABAAR subunits was slightly, but not significantly, lower
(37% = 5%) (p = 0.7000 versus dStr; Mann-Whitney test) (Figure 1B). In general, a3
subunits were expressed in a patchy fashion along a DA axon. Most of the DAB signal
was cytosolic likely reflecting membrane trafficking/turnover of a3 subunits. Notably, a3-
subunit expression was Vvisible on the plasma membrane of vesicle-containing varicosities in
DA axons (Figures 1B and S4) and thus well-positioned for detecting GABA release from
the same axonal release site.

In the same sections, approximately 30% of a3-expressing axons in the dStr and NAc

core contained TH labeling (30% + 14% in dStr, n = 123 axons from 3 mice versus

32% % 5% in NAc, n = 140 from 3 mice; p > 0.9999, Mann-Whitney test) indicating

that a3 subunits are also present in non-DA axons (Figure 1B). Labeling for this subunit
was also seen in dendrites (not quantified) but typically not in somata, consistent with the
absence of a3-mRNA (DropViz) or protein®%51 in SPNs. Because DA neurons lack mRNA
for d-containing GABAAR subunits (Figure S1A), we processed striatal sections with a
&-subunit selective antibody as a control experiment for our i-EM procedure. None of the
TH axons spanning the dStr and NAc core (n = 92 axons from 3 mice) exhibited multiple
SIG particles used to immunolabel 6 subunits, with two exhibiting just one SIG particle

Cell Rep. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 5

each, likely reflecting background labeling (not shown). This same antibody has been used
by the Aoki lab to identify & subunits in hippocampus.>7>8

Functional consequences of GABAaRS on striatal DA axons

In the absence of selective pharmacological ligands for a3-GABAAR subunits, we tested
whether GABARS on DA axons are functional using a non-subunit selective agonist,
muscimol. Single-pulse (1 p) optically evoked DA release was detected by fast-scan cyclic
voltammetry (FSCV) in striatal slices from mice that gentically express channelrhodopsin2
(ChR2) in dopamine transporter (DAT) containing DA neurons in a Cre-dependent manner
(Ai32*/~:DAT-Cre*~ mice) (Figure 1C). Activation of GABAARS by muscimol (10 uM)
attenuated 1 p-evoked increases in extracellular DA concentration ([DA],) in the dStr (p <
0.0001, n = 10 slices from 10 mice; ratio paired t test) and NAc (p < 0.0001, n = 12 slices
from 11 mice; ratio paired t test) of male and female mice (Figure 1D). Moreover, the extent
of inhibition by muscimol was similar (~25%) between striatal subregions (p = 0.5773;
unpaired t test) (Figure 1D). These data verify the functionality of inhibitory GABAARS on
DA axons throughout the striatal complex, as shown by others.41:42

Endogenous GABA tone at GABAaRSs inhibits striatal DA release

In striatal slices, levels of basal DA release are insufficient to provide a DA tone at D2
autoreceptors.23-27.29.31 However, ambient levels of GABA are sufficient to provide a
GABA tone at GABAARs on SPNs.3459 Moreover, DA release is suppressed by ambient
GABA acting predominantly at GABAgRs.#! Evidence for this was shown by an enhancing
effect of GABA-receptor antagonists on DA release evoked by 1 p electrical stimulation
when nAChRs were blocked or by targeted optical stimulation of DA axons following
adeno-associated virus (AAV)-ChR2 midbrain injections. We tested whether endogenous
GABA tone also suppresses DA release via GABAARS specifically using 1 p optical
stimulation in slices from Ai32;DAT-Cre mice. Note: 1 p optically evoked DA release in
striatal slices is independent of regulation by nAChRs.14.69 Application of picrotoxin (PTX,
100 pM), which blocks GABAAR chloride channels (Figure S1A),61 increased 1-p optically
evoked [DA], in both dStr and NAc of male and female mice, revealing inhibition of

DA release by ambient GABA throughout the striatum (Figures 2A and 2B). Within each
subregion, the effect of PTX at a given recording site differed across slices, with increases
ranging from 4% to 77% in dStr and 6% to 46% in NAc. The variable efficacy did not
correlate with initial control evoked [DA], in either region (Figure 2C), indicating that
GABA tone is not a primary determinant of DA release heterogeneity. The average effect of
PTX was slightly greater in dStr (32% + 6% increase, n = 13 from 11 mice) than in NAc
(19% + 4% increase, n = 10 from 9 mice), although the difference was not significant (p =
0.1068; unpaired t test).

Endogenous GABA released from DA axons during phasic stimulation inhibits DA release
via GABAARS

In previous FSCV studies, application of a D2 receptor (D2R) antagonist, e.g., sulpiride,
unmasked the autoinhibitory effect of DA released by the first pulse of a burst on DA
release during subsequent pulses.24-27:31 By analogy, we assessed autoregulation by GABA
with multiple-pulse optical stimulation of DA axons in the presence of PTX to reveal the
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effect of GABA co-released during the first few pulses on DA released by subsequent
pulses. Inhibition of axonal DA release by D2 autoreceptors is maximal using 10-Hz
stimulation.2%:26:31 Here we used 10-pulse trains at 10 Hz, which also mimics phasic firing
patterns of DA neurons.1:12 We found that PTX (100 pM) amplified 10 p optically evoked
[DA], in both dStr and NAc core (Figures 3A and 3B). The effect of PTX on pulse-train
evoked [DA], was similar (p = 0.5911, unpaired t test) between regions (dStr, 47% + 4%
increase, n = 13 from 13 mice; NAc, 44% + 5% increase, n = 12 from 11 mice). The efficacy
of PTX within each region varied (29%-75% increase in dStr and 20%-68% increase in
NACc) but, again, with no correlation between initial evoked [DA], and the amplifying effect
of PTX in either region (Figure 3C).

To evaluate whether co-released GABA might autoregulate DA release, we compared PTX
amplification of [DA], evoked by 10 p versus 1 p optical stimulation, recorded in separate
slices (Figures 2 and 3). We documented a significantly larger enhancement with 10 p versus
1 p in both dStr (p = 0.0433, unpaired t test) and NAc (p = 0.0015, unpaired t test) (Figure
4A). A greater effect of PTX on 10 p-evoked [DA], implies an additional component to DA
release inhibition, during phasic activity, beyond that from ambient GABA alone.

Because the effects of PTX on 1 p- and 10 p-evoked DA release were conducted at different
recording sites in different slices and the effect of PTX was variable (Figures 2 and 3),

we tested the hypothesis of DA-release regulation by co-released GABA by comparing the
PTX-induced enhancement of 10 p- versus 1 p-evoked [DA], at a single recording site in a
given slice. For these experiments, we alternated 1 p and 10 p simulation at 7-min intervals
at a single site in dStr or NAc (Figure 4B). We found that in dStr, PTX caused a 22% =+

4% increase of 1 p-evoked [DA], but a significantly greater increase of 50% * 9% with 10
p stimulation (p = 0.0022, n = 13; paired t test) (Figure 4B). Using the same alternating
stimulation paradigm, we also found a greater amplification of 10 p- versus 1 p-evoked
[DA], with PTX in the NAc, with an increase of 40% + 7% with 1 p but 61% * 8% with 10
p (p =0.0005, n = 10; paired t test) (Figure 4B). Significant increases in evoked [DA], with
PTX were seen in both striatal subregions from males and females (Figure S5), although
the responses in females were highly variable. Consequently, the greater effect of PTX on
10 p- versus 1 p-evoked [DA], was less statistically robust in the dStr from females (p =
0.0870, n = 6, paired t test) than males (p = 0.0184, n = 7; paired t test). In NAc, however,

a significant increase was seen in both sexes (females, p = 0.0411, n = 5; males, p = 0.0110,
n =5; paired t tests) (Figure S5). Overall, these data support our hypothesis that co-released
GABA autoinhibits DA release from DA axons.

By comparing the effects of PTX on 1 p- and 10 p-evoked [DA], at a given recording site,
we obtained a direct index of the influence of endogenous GABA on phasic versus tonic DA
signaling. The greater influence of GABA on phasic DA release is documented by the higher
10 p-to-1 p ratio for evoked [DA], in PTX versus control in both dStr (PTX, 1.63 £ 0.07
versus control, 1.35 £ 0.07; p = 0.0019, n = 13; paired t test) and NAc core (PTX, 1.84 +
0.06 versus control,1.60 + 0.05; p = 0.0003, n = 10; paired t test) (Figure 4C). These data
not only support autoinhibition of axonal DA release by co-released GABA but also indicate
that co-released GABA acts to dampen the contrast in phasic versus tonic DA signaling.
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It should be noted that these same-site experiments were conducted at room temperature to
minimize the rundown of optically evoked [DA], seen at higher temperatures.5% Lower
temperatures would be expected to decrease GABA transporter activity, which might
artificially amplify GABA tone and spillover of co-released GABA. We therefore verified
key findings in male dStr in slices maintained at 30°C-32°C. To avoid rundown, we used
multi-site recording in a given brain slice, with 1 p- and 10 p-evoked increases in [DA],
monitored at several different sites in the absence and presence of PTX (100 uM). Under
these conditions, PTX still caused significant increases in [DA], evoked with either 1 p (p
=0.0018, n =5 mice; paired t test) or 10 p stimulation (p = 0.0003; n = 5 mice, paired t
test) (Figure S6). Moreover, the greater effect of PTX on 10 p- versus 1 p-evoked [DA],
persisted at the higher temperature (1 p, 27% * 4% increase; 10 p, 47% * 6% increase; p =
0.0303). These data confirm that ambient GABA tone at GABAARS on DA axons limits DA
release at near-physiological temperatures and that autoregulation of phasic DA release by
co-released GABA is a physiological process.

Why was only PTX used for these experiments? In preliminary tests, we found that

PTX was the only agent we tested that did not interfere with quantification of evoked

[DA], using FSCV and carbon-fiber microelectrodes (Figure S7A). By contrast, two other
commonly used GABAAR antagonists, (+)bicuculline and gabazine,*142 did interfere with
DA detection (Figures S7B and S7C). We found that bicuculline is electroactive, producing
oxidation currents that obscure DA detection, and that gabazine is not only electroactive but
also decreases electrode sensitivity to DA by 50% (sensitivity: /5 12 = 13.3; p < 0.0001,
one-way ANOVA with p > 0.9999 for control versus PTX; p > 0.9999 for control versus
bicuculline; p < 0.0001 for control versus gabazine, Bonferroni’s multiple comparison test).
Thus, PTX is the best available drug to assess GABAergic regulation of DA release with our
methods. That said, a potential caveat for the use of PTX is that it not only blocks GABAAR
chloride channels but also antagonizes other Cys-loop receptors, including nAChRs and
glycine receptors,®2 as do bicuculline and gabazine.52:63 Previous work, however, has
shown that nAChR antagonism decreases 1 p DA release evoked with electrical stimulation
in striatal slices®4-57 and has no effect on 1 p DA release evoked by selective optical
stimulation of DA axons.14:60 Both of these findings contrast with the amplification of
evoked DA release induced by PTX. We tested whether the effects of PTX might involve
antagonism of glycine receptors by monitoring the effect of a glycine receptor antagonist,
strychnine (10 uM), on DA release. Strychnine decreased [DA], evoked by either 1 p or 10
p optical stimulation at a given recording site (1 p, 31% * 6% decrease; 10 p, 34% + 5%
decrease, p = 0.165, paired t test, n = 4 male mice) with no effect on phasic-to-tonic ratio
(10 p to 1 p ratio: control, 1.17 + 0.05; strychnine, 1.12 + 0.03; p = 0.2032, paired t test).
Together, these data argue against off-target effects of PTX at nAChRs or glycine receptors
in the amplification of DA release.

Inhibiting striatal GABA synthesis attenuates regulation of phasic DA release by GABA

What is the source of co-released GABA involved in DA-release regulation by GABAaRS?
Although DA neurons lack GAD,3437 GAD-dependent GABA synthesis does take place
in striatal cells and contributes to ambient GABA that inhibits DA release via GABAARS
and GABAgRs.20:68 To determine whether regulatory GABA released during phasic DA
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axon stimulation is also dependent on GAD, we preincubated striatal slices for >90 min

in the GAD inhibitor, 3-mercaptopropionic acid (3-MPA) (500 uM), then assessed the

effect of PTX on 10 p-evoked [DA], in the continued presence of 3-MPA. We found that
compromising GABA availability by limiting synthesis via GAD attenuated the increase
induced by PTX in the dStr (47% + 4% in PTX alone, n = 13 mice versus 31% + 4% in
3-MPA+PTX, n = 10 mice; p = 0.0160, unpaired t test) and in the NAc core (44% = 5% in
PTX alone, n = 12 from 11 mice versus 28% + 3% in 3-MPA+PTX, n = 13 from 12 mice; p
= 0.0233, unpaired t test). Thus, inhibition of phasic DA release by co-released GABA relies
on GAD-dependent synthesis.

Regulation of phasic DA release is lost in GAT1 conditional knockout mice

Because GABA synthesis does not occur in DA neurons, GABA used for co-release is
instead taken up by DA axons via plasma membrane GATs.34:38 [nitial evidence for this
mechanism was the loss of GABAAR currents in SPNs evoked by optical stimulation of
DA axons in a cocktail of GAT1 and GAT4 inhibitors.34 Given that DA neurons exhibit
robust mMRNA expression for GAT1, but weaker expression for GAT4, GAT1 was proposed
to be the primary carrier supplying GABA to DA axons.3* An essential role for GAT1 in
GABA co-release was demonstrated by the complete loss of GABAAR 0IPSCs in dStr SPNs
from mice in which GAT1 was selectively deleted in a DAT-Cre-dependent manner (GAT1
conditional knockout [cKO] mice).38 Thus, as a final test of our hypothesis that co-released
GABA autoinhibits DA release, we examined the effect of PTX on [DA], evoked by
alternating tonic 1 p and phasic 10 p optical stimulation in the dStr of male GAT1-cKO
mice, with ChR2 targeted to DA neurons by Cre-dependent AAV vector-mediated SNc
injections (Figure 5A).

We first assessed tissue DA content using high-performance liquid chromatography with
electrochemical detection (HPLC-EC) to ascertain whether preventing GABA uptake into
DA axons, and consequently into DA vesicles, might also alter vesicular storage of DA.
We found no difference in DA content in anterior-to-mid or mid-to-posterior regions of the
dStr of GAT1-cKO mice versus control DAT-Cre*/~ mice (F1,22 =0.03224; p = 0.8591,
two-way ANOVA; n = 7 samples for each dStr region from 7 cKO mice; n = 6 samples

for each dStr region from 6 control mice), or in tissue content of the DA metabolite, 3,4-
dihydroxyphenylacetic acid (DOPAC) (£ 22 = 0.0004340; p = 0.9836, two-way ANOVA)
(Figure 5B). We then used FSCV to test whether GABAARS on DA axons are functional in
cKO mice by applying muscimol (10 uM) to striatal slices from ChR2-injected GAT1-cKO
mice. Muscimol decreased 1 p optically evoked [DA], by 37% * 4% (n = 5 mice) in the dStr
of cKO mice, confirming that GABAARS on DA axons remain operational.

We next examined the effect of PTX on alternating 1 p versus 10 p optically evoked DA
release. Under control conditions, peak amplitude of 1 p-evoked [DA], in the dStr did not
differ between cKO and control mice (cKO, 0.39 + 0.04 uM DA, n = 8 mice; controls, 0.36
+ 0.04 uM DA, n = 9 mice; p = 0.5931, unpaired t test) (Figure 5C). Unsurprisingly, given
that GABA tone is intact in GAT1-cKO mice,38 PTX-induced amplification of 1 p-evoked
[DA], was not altered in GAT1-cKO mice compared to controls (cKO, 24% + 8% increase,
n = 8 mice; controls, 31% + 7% increase, n = 9 mice; p = 0.4736, unpaired t test). Strikingly,
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however, the usual greater effect of PTX on 10 p versus 1 p was absent in cKO mice lacking
GAT1 in DA axons (1 p, 24.0% + 7.5% versus 10 p, 28% + 10% increase, n = 8 cKO mice;
p = 0.4114, paired t test) (Figures 5D and 5E), whereas it persisted in controls (10 p, 63.6%
+ 12.5% increase versus 1 p, 31.3% + 6.5%, n = 9 control mice; p = 0.004, paired t test).
Consequently, the typical increases in the ratio of 10 p-to-1 p DA release seen in control
mice in PTX (2.25 + 0.19 versus 1.83 + 0.16; p = 0.0044, n = 9; paired t test) were absent
in GAT1-cKOs (2.04 + 0.14 versus 1.99 + 0.12; p = 0.4609, n = 8; paired t test) (Figures 5D
and 5E). These data from mice that lack GABA co-release from DA axons3® confirm that
co-released GABA provides an autoregulatory signal via GABAaRs for rapid inhibition of
DA release to constrain phasic-to-tonic DA signaling.

Does co-released glutamate play a role in DA-release regulation by co-released GABA?

Striatal DA axons also release glutamate,#0-69-75 albeit primarily from distinct vesicles’®

in different varicosities and axonal branches’”:’8 and with regional’? as well as
subregional 780 heterogeneity. Key targets for co-released glutamate in lateral dStr and NAc
are Chls.79-83

Given that Chls directly trigger DA release by activating nAChRs on DA axons,13:14.16 3
potential factor in our experiments using phasic optical stimulation of DA axons is that
co-released glutamate might drive Chls to activate DA axons and the co-release of DA plus
GABA.36 This would provide an additional catalyst for GABA autoregulation of DA release.
Also, because ~50% of Chls in the lateral dStr express GAD65, with a subset of those able
to co-release GABA 8485 glutamate-activated Chls could provide an alternative source of
evoked GABA. We tested this possibility by examining the effect of PTX on alternating 1

p and 10 p optically evoked DA release in the presence of regionally appropriate glutamate
receptor antagonists.

In lateral dStr, phasic optical stimulation of DA axons induces a short pause of firing in
Chls, followed by a delayed burst of activity mediated by activation of group 1 metabotropic
glutamate receptors (MGIuR1s) by co-released glutamate.”9:80 We tested a possible role

for this dStr microcircuit by applying PTX in the presence of an mGIuR1 antagonist,
INJ-16259685 (10 uM).89 PTX enhanced 1 p and 10 p optically evoked [DA], in the dStr

in the presence of the antagonist, with the usual greater amplification of 10 p versus 1

p (p =0.0121, paired t test, n = 6 mice) indicating a lack of involvement of mGIluR1

on DA-release regulation by co-released GABA (Figure 6A). Similarly, in the NAc and
olfactory tubercle, glutamate co-released from DA axons can drive Chl burst firing via
ionotropic glutamate receptor activation: AMPA receptors (AMPARs) in NAc®! and NMDA
receptors (NMDARS) in the olfactory tubercle.82 We found that, in the NAc core, PTX
continued to augment 1 p- and 10 p-evoked increases in [DA], in the presence of a cocktail
of an AMPAR antagonist (DNQX, 10 uM) and an NMDAR antagonist (D-AP5, 50 uM),”3
again with significantly greater PTX-induced enhancement of [DA], evoked by 10 p versus
1 p (p =0.0098, paired t test, n = 6 mice) (Figure 6B).

We then examined the effect of PTX on 1 p versus 10 p optically evoked [DA], in the dStr
in the presence of dihydro-pB-erythroidine (DHBE, 1 uM), a selective antagonist of nAChRs.
The differential increase in phasic versus tonic DA release with PTX application persisted
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in DHPBE (p = 0.0339, paired t test, n = 6 mice), excluding a role for Chls in DA-release
regulation by co-released GABA (Figure 6C). Thus, the inhibitory influence of GABA
co-release on phasic DA signaling is unaffected by additional effects of glutamate co-release
from DA axons on Chls with subsequent activation of NAChRs, or GABA co-release from
Chls.

DISCUSSION

The concept that fast, classical transmitters such as GABA and glutamate are co-released
with neuromodulators such as DA is relatively new, and the functional consequences of
co-release are still under study. The phenomenon of co-released GABA and DA from

striatal DA axons is a case in point. Apart from the initial finding that co-released GABA
produces IPSCs in striatal SPNs,3? little is known. An unusual aspect of GABA and DA
co-release is that striatal DA axons lack VGAT, which is normally required to transport
GABA into synaptic vesicles. Instead, GABA storage requires VMAT?2,33:38 indicating that
GABA and DA may reside in the same vesicles, i.e., mediating true co-release (albeit
subject to differential regulation).3° This possible co-packaging led us to propose that
GABA, as well as DA, might provide inhibitory feedback modulation of ongoing axonal DA
signaling. Here, we confirm that ambient GABA acting at ionotropic GABAARS establishes
a tone that limits axonal DA release. We also identify an anatomical substrate for DA
regulation by GABA by demonstrating the presence of a3-GABAAR subunits near striatal
DA axon varicosities. Moreover, we show that GABAARS on DA axons mediate inhibition
of DA release by co-released GABA. Thus, an important function of co-released GABA

is to provide a rapid, GABAaR-mediated, autoinhibitory signal that curtails DA release
probability during phasic DA activity, thereby dampening the contrast between phasic versus
tonic DA signaling.

GABAaRs on DA axons

The question of whether GABARS are anatomically expressed by striatal DA axons is not
trivial. Almost all striatal neurons are GABAergic, including the SPNs that represent 96%
of striatal neurons,88 as well as most striatal interneurons.87-88 The striatum also receives
GABAergic inputs from other brain regions, including the globus pallidus for input to
dstr89.90 and the ventral pallidum and VVTA for input to NAc.%1:92 Unsurprisingly, therefore,
GABAARs are widely expressed throughout the striatum, with additional complexity from
diversity in GABAAR subunit composition (e.g., Figure S1).

Our dual-labeling immunohistochemistry and i-EM data provide anatomical evidence for
GABAARSs on striatal DA axons, complementing existing functional evidence for GABAAR-
dependent regulation of DA release.204142 At the electron microscopy (EM) level, we
found that almost half of DA axons were associated with the a.3-subunit protein, with
mRNA for a3 found in almost all DA neurons*® (Figures 1, S1, and S4). Because midbrain
DA neurons also express other GABAAR subunits#® (Figure S1), this seeming mismatch

in mRNA and protein expression might suggest dynamic recruitment of a.3-subnunits

into GABAAR assemblies or simply incomplete labeling in i-EM studies because of low
GABAAR expression on DA axons. Indeed, a3-labeling is patchy along segments of a
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given DA axon but includes localization near vesicle-containing varicosities, suggesting that
GABAARs are located near DA release sites and therefore poised to respond to co-released
GABA at those sites. Given that only ~20% of DA axon varicosities have exocytotic proteins
and release DA, 93-95 it would be interesting to determine whether a3-GABARARs are located
selectively at active varicosities. Our studies do not exclude involvement of GABAARS
containing other subunits, or of GABARRS. Indeed, evidence suggests that ambient GABA
in other brain areas acts at extrasynaptic a4-containing, a5-containing, or §-containing
GABAARs%: we note, however, that RNA-seq data (DropViz) indicate DA neurons lack
mMRNA for a5 and & subunits (Figure S1).

Given that GABAergic SPNs and most GABAergic striatal interneurons are not
spontaneously active in slices,87:88 the question of the source of ambient GABA remains
unanswered. It is possible that activity from sparse spontaneously active GABAergic
interneurons, including low-threshold spiking interneurons that inhibit DA release via
GABAGgRS but not GABAARs, " is sufficient to provide a GABA tone in slices. However,
a GABA tone at GABAARS persists in the presence of tetrodotoxin (TTX),88:98.99 implying
at least some contribution from spontaneous miniature events arising from SPNs and
GABAergic interneurons. Recent evidence suggests that extracellular GABA pools in the
dStr, though not NAc, are regulated by uptake through GAT1 and GAT3 transporters on
local astrocytes that act as a GABA sink.58 Whether astrocytes are also a source of GABA,
as reported in some other brain regions,100-102 has yet to be determined.

GABA co-release from DA axons activates GABAARS to dynamically autoinhibit DA release

Although ambient GABA would be expected to contribute to the dampening of DA release
when multiple pulses are used to stimulate DA axons, the greater enhancement of [DA],
evoked by 10 p versus 1 p in both dStr and NAc when GABAARSs are blocked by

PTX unmasks an additional component to DA-release regulation by GABAaRS. The most
parsimonious explanation is the involvement of an autoinhibitory signal by co-released
GABA that curtails DA release and, presumably, further GABA release as well. With
evidence for stronger GABA co-release in dStr than in NAc,33:34:37:38 e anticipated that
DA-release regulation by co-released GABA might be minimal in the NAc. However, this
was not the case. Robust PTX-dependent increases in phasically evoked [DA], were seen
in the NAc as well as in dStr (Figure 4), indicating that co-released GABA autoinhibits DA
release and dampens phasic-to-tonic DA signaling throughout the striatum.

In direct patch-clamp recording of striatal DA axons, activation of GABARS with
muscimol causes depolarization rather than hyperpolarization, because the resting
membrane potential of DA axons is more hyperpolarized than the reversal potential for
GABARs.42 Furthermore, these studies found that the mechanism by which muscimol
inhibits DA release is through a combination of inactivating voltage-gated sodium channels
and current shunting, presumably through the chloride channel pore.#2 It is likely that
similar mechanisms become engaged from activation of GABARS on DA axons by co-
released GABA, raising the possibility that co-released GABA may not only autoinhibit DA
release but also limit propagation of subsequent action potentials throughout the vast axonal
network of a DA neuron.
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Because DA axons co-release glutamate, as well as GABA,72:73.103.104 jt was important

to test possible involvement of co-released glutamate. We found that greater PTX-induced
enhancement of 10 p- versus 1 p-evoked [DA], persisted in the presence of a group 1
mGIuR antagonist in the dStr and in ionotropic AMPAR and NMDAR antagonists in the
NAc, supporting the independence of DA-release regulation by indirect consequences from
co-released glutamate acting via local microcircuits. Notably, although GABA co-release
is abolished in GAT1-cKO mice, the amplitude of excitatory postsynaptic currents in

SPNs induced by glutamate co-released from DA axons is unchanged.38 Nevertheless, we
observed that differential amplification of phasic versus tonic DA release with PTX was
lost in GAT1-cKO mice, consistent with the absence of glutamate involvement shown in
our pharmacological studies. Together, these observations establish that autoregulation of
DA release by co-released GABA from DA axons is direct and does not involve glutamate
co-release, activation of Chls, DA release facilitation by ACh acting at nNAChRs,13-16.64-67
GABA co-release from Chls,84:85 or indirect modulation of DA release through activation of
postsynaptic GABAaRs on SPNs by GABA co-released from DA axons.

GABA co-release and autoregulation of DA release by co-released GABA requires GAT1 in

DA axons

Midbrain DA neurons lack conventional GAD enzymes used for GABA synthesis3#37 in
contrast to other GABA-releasing cells like including retinal amacrine cells that co-release
GABA and DA but express GAD.195 Two possible explanations for this condundrum

have emerged. One is that DA neurons synthesize GABA via a non-conventional pathway
that involves conversion of putrescine to -y-aminobutyraldehyde by the enzyme diamine
oxidase, with formation of GABA by ALDH1a1,3” which is expressed in subsets of DA
neurons located in the ventral tier of SNc and ventromedial VTA.106-110 |ndeed, co-released
GABA-driven olPSCs in striatal SPNs are decreased by pharmacological inhibition of
ALDH or global ALDH1a1 deletion.37:68 However, recent evidence shows that selective
overexpression of ALDH1al in DA neurons after global ALDH1al deletion does not
enhance olPSCs in SPNs from co-released GABA.38 The second and currently stronger
explanation is that GABA from the interstitial compartment is sequestered in DA axons
by GAT1 transporters on the plasma membrane.3438 Convincing evidence for this comes
from the complete loss of olPSCs in SPNs from optical activation of DA axons in the

dStr of GAT1-cKO mice.38 Our finding that PTX-induced enhancement of 10 p- versus 1
p-evoked [DA], is attenuated when GAD activity is compromised aligns with an external
GAD-dependent source of modulatory GABA for DA-release regulation.

In a final test of our autoregulatory hypothesis, we took advantage of the availability of
GAT1-cKO mice in which GABA co-release is absent.38 Viral transfection of ChR2 in SNc
DA neurons allowed selective optical stimulation of nigrostriatal axons in cKOs, and robust
axonal DA release in slices (Figure 5). Our finding that PTX amplifies 1 p-evoked [DA], to
a similar extent in cKO and control mice is consistent with the persistence of an inhibitory
GABA,R tone in SPNs in cKO mice38 and demonstrates that GABAAR functionality and
ambient GABA tone are preserved in these animals.
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Previous work shows that vGluT2-dependent glutamate uptake in DA axons synergistically
promotes DA storage in vesicular pools!11-113 and increases DA release, 14 even though
current evidence suggests that most glutamate-releasing vesicles are distinct from those
containing DA’ and are localized to separate varicosities or axonal branches.””:"8 In
this light, given that DA and GABA may cohabit the same vesicles, loss of GABA
uptake in DA axons and vesicles might be expected to alter vesicular DA uptake, DA
content, and consequent DA release. Analysis of DA tissue content and 1 p DA release
suggests that this is not the case, however: DA and DOPAC tissue levels in dStr were
indistinguishable between GAT1-cKO mice and controls, as was 1 p-evoked [DA],. In
contrast, the differential enhancement by PTX on alternating 10 p versus 1 p optically
evoked [DA], was attenuated in GAT1-cKO mice and the increased 10 p-to-1 p ratio lost
(Figure 5), confirming autoinhibition of DA release by co-released GABA.

The value of autoregulation of DA release by co-released GABA

It is well established that axonal DA release is potently inhibited by D2 autoreceptors.23-31
In striatal slices, application of D2R agonists like quinpirole can completely suppress 1
p-evoked DA release, 115116 whereas D2R antagonists enhance pulse-train-evoked release in
a pulse-dependent and frequency-dependent manner, unmasking inhibition by endogenous
DA.25-27 Marked suppression of DA release and inability to respond to quinpirole in mice
with selective deletion of D2Rs in DA neurons confirms DA autoinhibitory feedback.30
Notably, D2Rs are metabotropic receptors that couple to G-protein second-messenger
cascades and typically operate with slower kinetics than ionotropic receptors. With paired-
pulse stimulation in striatal slices, D2R-mediated inhibition of DA release begins at ~100
ms with a maximum effect at 500-700 ms and termination within 5 s,2429.31 with slightly
faster kinetics /7 vivo.28 On the other hand, GABAAR-mediated 0lPSCs in SPNs from
co-released GABA begin within 2 ms and last for ~100 ms. Of course, the extent of
autoinhibition will depend not only on the time for autoreceptors to be activated, but also
on the pattern of firing that initiates transmitter release, the concentration of transmitter
released by the first pulse, and the extent of rundown by subsequent pulses. Nevertheless,
we predict that GABA released within the first 200 ms after activation of a DA axon (i.e.,
by the first two pulses of a 10-Hz train) would inhibit DA release without significant D2
autoreceptor activation, with a diminishing contribution from GABA as D2 autoreceptor
inhibition increases. Thus, by utilizing their own ionotropic GABAaRS, DA axons can
deploy GABA as a first responder during a burst of neuronal activity to limit subsequent DA
release before slower DA autoinhibition by D2Rs can occur.

Together, our data introduce a physiological mechanism of striatal DA autoregulation by
co-released GABA that rapidly dampens phasic-to-tonic DA signaling via GABAaRs on DA
axons. Beyond revealing a functional role for co-released GABA, these results contribute

to a new concept in neurobiology: autoregulation of transmitter release by a co-released
transmitter. This regulation is likely to extend to other transmitters in other brain circuits and
regions.
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Limitations of the study

One limitation of this study, as in many that involve immunolabeling, is the confirmation of
specificity of the antibody used to label a3-GABAAR subunits.217-119 |n our i-EM images,
most of the labeling visualized with DAB was cytosolic, even though the antibody used
recognizes an extracellular epitope of the a3 subunit. Detection of DAB on extracellular
membrane surfaces for other receptor subunits has been reported.120.121 Qur pattern of
staining may reflect the presence of intracellular protein, along with limited accumulation of
DAB on the extracellular side of axonal surfaces because of diffusion of the label with the
methods used here. In support of selective detection of a3 subunits in TH+ axons, we find
strong immunoreactivity in brain areas reported to contain high levels of a3, including the
RTN and the iCj. Within striatum, immunolabeling was clearly associated with DA axons
but absent over profiles associated with SPNs known to lack a.3 subunits.5951 Moreover,
immunoreactivity was absent when the antibody was preadsorbed with its immunogenic
peptide. This alone does not confirm specificity, but, together with our other evidence,
supports a.3-subunit detection. Definitive proof would require showing absence of striatal
staining in an appropriate a3-knockout mouse.

As mentioned earlier, there are limitations in the reliance on PTX as a GABAR antagonist.
Another point worth noting is that we found greater variability in the effect of PTX on

DA release in female striatum. A possible contributing factor to this observation is that
some GABAAR subunits, including a.3, are regulated by ovarian hormones,122 which were
not assessed here. Future studies powered to assess the influence of sex and estrous cycle

on DA-release regulation by ambient GABA, as well as DA autoregulation by GABA
co-release, could provide insight into known sex- and sex-hormone-dependent differences in
DA transmission!23 and responsiveness to psychostimulants.124.125

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Margaret E. Rice
(margaret.rice@nyu.edu).

Materials availability—These studies did not generate 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 work

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All animal procedures were in accordance with NIH guidelines “Principles of
Laboratory Animal Care” (NIH publication number 85-23) and were approved by the NYU
Langone Health Animal Care and Use Committee. Efforts were made to minimize the
number of animals used. Mice were kept on a 12 h light:dark cycle, with lights on from
06:30 to 18:30 local time, and were housed in an AAALAC-accredited facility in groups of
<5 with ad /ibitum access to food and water. Temperature and humidity were maintained and
monitored by the vivarium staff. Adult (>2 months old) male and female mice were used
unless indicated otherwise; in some control experiments and when GAT1 cKO mice were
examined, males only were used given the lower variability of PTX-induced increases in this
sex. Transgenic lines were maintained on a C57BL/6J background.

Ai32; DAT-cre mice—Mice expressing a blue light sensitive ChR2 (H134R variant)
selectively in DA neurons were generated as previously.59 Breeder knock-in mouse

lines were originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
We crossed B6; 129S-Gt(ROSA)26Sorm32(CAG—COPAxHI3AR/EYFP)Hze (Aj32: JAX stock
#024109) homozygous micel26 with B6.SJL-Slc6a3imL-1(cre)BkmnJ (DAT-|RES-Cre; JAX
stock No 006660) heterozygous (Het) mice.12” The progeny were self-crossed to produce
a line of breeders used to generate Ai32*/~;DAT-Cre*/~ (Het/Het) mice with restricted
expression of the ChR2 ion channel fused to enhanced-yellow fluorescent protein (eYFP)
in DAT-containing DA neurons for experiments. It should be noted that DAT-Cre Het mice
have a small but significantly lower maximum DA uptake velocity, Vihax, and significantly
higher peak extracellular DA concentration ([DA],) evoked by single pulse electrical
stimulation versus littermate control mice in both dStr and NAc core.50

GAT1-DAT-cre-ChR2 mice—Mice lacking the plasma membrane GAT1, encoded by
Slc6al, in DA neurons were derived by crossing a floxed GAT1 mouse line (GAT1flox/flox)
generated by geneOway38 with DAT-IRES-Cre mice (see above). These mice have no
gross abnormalities or disruption to DA neuronal development.3® Incorporation of ChR2
into DA neurons was achieved by intracranial microinjection of a Cre-dependent adeno-
associated virus (AAV) construct containing ChR2 fused to mCherry (AAV8-EFla-double
floxed-hChR2(H134R)-mCherry-WPRE-HGHPpA, which was s gift from Karl Deisseroth
obtained from Addgene, MA, USA (Addgene viral prep No 20297-AAV8) into the right
substantia nigra pars compacta (SNc) of male control (DAT-Cre-Het) mice and cKO
(GAT1flox/flox- DAT-Cre-Het) mice anesthetized with isoflurane (Covetrus, Portland, ME,
USA).38 Coordinates for SNc injections were (from bregma): AP —3.12 mm, ML +1.6
mm and DV -4.2 mm (from pia).128 A volume of 1 uL of 1 x 1012 GC/mL AAV

was injected at a rate of 100 nL/sec as previously.38 Optically evoked DA recording in
striatal slices was conducted at least three weeks after AAV microinjection to enable ChR2
expression throughout striatal DA axons in cKO and age-matched control mice. All mice
in the GAT1 cKO cohort were homozygous except for one that was heterozygous. In some
mice the dStr from slices of the left hemisphere were dissected, weighed and frozen on
dry-ice for HPLC analysis (see below). After recording experiments slices were fixed in 4%
paraformaldehyde and processed to verify expression and location of mCherry-fused viral
infection by fluorescence imaging.
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Genotyping.—Ai32;DAT-Cre mice were genotyped by obtaining toe clippings that were
analyzed by standard PCR procedures at the NYU Langone Genotyping Core Facility using
protocols published by Jackson Labs. Genotyping of GAT1; DAT-Cre mice were from tail
samples using GAT1 primers and protocols designed by genOway and performed in either
the Tritsch Lab or at the NYU Langone Genotyping Core Facility.

METHOD DETAILS

Fluorescence immunohistochemistry (i-HC) with confocal microscopy—
Immunohistochemical procedures were carried out based on modifications of our previous
methods.129:130 Mice (C57BL6/J) were anesthetized with either sodium pentobarbital
(Euthasol 60 mg/kg, i.p.) or isoflurane inhalation, then perfused transcardially with

20 mL phosphate buffered saline (PBS) followed by 20 mL of freshly prepared 4%
paraformaldehyde (PFA) in 0.1 M PBS. After extraction, brains were kept in PFA overnight
at 4°C, cut into blocks containing relevant brain region(s) and cryoprotected in 20% sucrose
at room temperature for 2 to 3 h and then in 30% sucrose overnight at 4°C. Brain

blocks were embedded in Tissue-Tek O.C.T. compound (Electron Microscopy Sciences,
Hatfield, PA, USA), cooled to —18°C to —20°C and frozen coronal sections (50 um thick)
cut through the striatum or midbrain using a Cryocut 1800 cryostat (Belair Instrument
Company, Springfield, NJ, USA). Sections were kept free-floating in PBS at 4°C before
being processed for i-HC.

All'i-HC incubations took place at room temperature on a shaking platform. Brain sections
were washed for 20 min in PBS followed by 2 x 20 min (in PBS with 0.1% Triton X-100),
then incubated in a blocking solution (PBS with 0.3% Triton X-100, 20% normal donkey
serum (NDS)) for 1 h. Thereafter, sections were incubated in primary antibodies (in PBS
with 0.3% Triton X-100, 2% NDS) for 18-24 h. Following 2 x 20 min washes in PBS
(containing 0.3% Triton X-100), sections were incubated in fluorescent secondary antibodies
(diluted 1:200 in PBS with 0.3% Triton X-100) for 2 h. After 2 x 20 min final washes in
PBS alone, sections were mounted on slides, dehydrated in graded alcohols (50%, 70%,
95%, 100%), air dried, and coverslipped with Vectashield (Vector Laboratories, Newark,
California, USA).

The primary antibodies used were sheep-anti-tyrosine hydroxylase (TH) polyclonal (catalog
#ab113; Abcam Inc., Cambridge, MA, USA) at 1:1000 for labeling of DA neurons and a
rabbit anti-a3-GABAAR subunit (extracellular) polyclonal (catalog #AGA-003; Alomone
Labs, Jerusalem, Israel) at 1:200 for labeling GABAARS. It should be noted that the
a3-subunit antibody used has been knockout (KO) validated.131 Moreover, the supplier
states that each lot is verified using Western blot analysis, which provides evidence that

the antibody can recognize the denatured target protein, and that the peptide sequence

is confirmed by amino acid analysis and mass spectrometry. Secondary antibodies were
donkey anti-sheep Cy5 and donkey anti-rabbit Cy3 (Jackson ImmunoResearch Laboratories
Inc, West Grove, Pennsylvania, USA). To test the specificity of the a3-GABAAR primary
antibody to the target epitope, preadsorbtion with its corresponding antigenic blocking
peptide (catalog #BLP-GAQ03; Alomone Labs) at 1x (w/w) was conducted at room
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temperature for 1 h before applying to sections. Primary and secondary antibodies used
are listed in the Key Resources Table.

Images of immunostained tissue were obtained with a Bench Top BC43 spinning disk
confocal microscope controlled with Fusion image acquisition software (Benchtop version
1.101, Andor Technology Ltd. Oxford Instruments, Belfast, Ireland) and processed with
Imaris microscope imaging software (version 10.0, Oxford Instruments). Images were
captured with either epifluorescence using a 2x objective (0.06 NA) or with confocal
imaging using a 60x oil-immersion objective (1.4 NA, 1 Airy unit). Any changes in
brightness and/or contrast were made on the entire image. Comparisons of immunostained
control and preabsorbed tissue were on adjacent sections from the same brain, using
identical intensity and exposure settings. Each primary antibody was tested on multiple
tissue sections from at least two mice. Additional controls including processing some
sections without addition of primary antibodies to test for the specificity of the secondary
antibodies for their respective primary.

Immunoelectron microscopy (i-EM)—The presence of a3 containing GABAAR
subunits on tyrosine hydroxylase (TH) expressing axons was examined using double
immuno-EM as previously.132:133 Striatal vibratome sections (50 um thick) were cut from
paraformaldehyde-perfused adult C57BL/6J mice (~8 weeks postnatal), then incubated
simultaneously in rabbit anti-GABAAR a3 (extracellular) antibody (1:200) (catalog
#AGA-003, Lot #AGAO03ANO0502; Alomone Labs, Jerusalem, Israel) and mouse anti-TH
monoclonal antibody (1:5) (catalog #1017-381, Lot #10968624-01, clone 9B9; Boehringer
Mannheim, Mannheim, Germany). The secondary antibody for a3 was biotinylated donkey
anti-rabbit (1:200) (catalog #711-065-152, Jackson ImmunoResearch Laboratories) and for
TH it was donkey anti-mouse 1gG conjugated to ultrasmall (0.8 nm) colloidal gold (1:40)
(catalog #25810, temporary RRID: AB_2631210; Electron Microscopy Sciences). Sections
were treated with 3,3"-Diaminobenzidine (DAB, Sigma Aldrich, St. Louis, MO, USA)
plus avidinbiotin-horseradish-peroxidase (HRP) complex (Vectastain Elite ABC-HRP Kit,
catalog #PK6100, Vector Laboratories, Burlingame, CA, USA) to visualize a3 and silver
intensified using a Silver Enhancer Kit for Microscopy (catalog #50-22-01; Kirkegaard

& Perry Laboratories (KPL), Inc., Gaithersburg, MD, USA) for 17 min to enlarge the
colloidal gold particles (silver-intensified gold, SIG) for visualizing TH, and processed for
EM as previously.132:133 Ultra-thin sections were cut from sections embedded in resin and
collected onto EM grids. Digital images to quantify co-localization were captured by a
1.2-megapixel Hamamatsu CCD camera (AMT, Boston, MA, USA) attached to a JEOL
1200XL electron microscope and running AMT’s software. Images from both dStr and NAc
core were evaluated. DA axonal profiles with multiple SIG particles were considered to

be TH-positive. The proportion of TH axons expressing a3.GABAaRS in dStr and NAc
was quantified, as was the proportion of a3, GABAAR containing axonal profiles that were
TH-positive. We avoided bias in sampling by taking digital images strictly in the order of
encounter along the surface of vibratome sections, where immunolabeling would be optimal.
The vibratome section surfaces were created randomly, with the only rule being that the
plane of section be coronal. Ultrathin sections were tangential to the vibratome sections,
with no pre-selection of the plane of section except to be as tangential as possible, so as
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to maximize the sampling of vibratome surfaces while remaining within striatum, based on
light microscopic inspection of the vibratome section.

As controls, other sections were processed in parallel, using intentionally unmatched
secondary antibodies, i.e., gold-conjugated anti-mouse IgG following incubation of sections
with rabbit anti-a3 (1:200) and biotinylated anti-rabbit 1gG following incubation of other
sections with mouse anti-TH (1:5). These sections were verified by light and EM to show
little labeling, indicating negligible cross-reactivity of the two secondary antibodies used to
detect the primary antibodies. The low level of labeling provided our basis for judging the
extent of background immunolabeling, which was assessed to be no more than a single SIG
particle per profile.

We also used similar dual i-EM for detecting & subunits of GABAARS that are absent in

DA neurons®® (Figure 1A). For this evaluation, we used the same lot of a rabbit anti-d
subunit antibody (1:80, gift from Dr. W. Sieghard, Medical University, Vienna, Austria),
characterized for its specificity previously59-134.135 and detected using the SIG immunolabel
as previously.132133 This was combined with TH, detected by DAB-HRP using the same
primary antibody (1:5) as above. Secondary antibodies for the 6 subunit TH dual i-EM

were ultrasmall gold-conjugated donkey anti-rabbit 1gG (1:40) (catalog #25701; Electron
Microscopy Sciences) and biotinylated goat antimouse 1gG (1:200) (catalog #BA-9200;
Vector Laboratories). The DAB-HRP reaction time was 15 min, and silver-intensification of
ultrasmall gold was 28 min.

Voltammetric detection of DA release

Slice preparation.: Procedures for preparing striatal slices were as described
previously.89:67.136 Adult mice were deeply anesthetized by isoflurane inhalation before
decapitation and brain removal; these procedures were typically initiated between 12:00 and
14:30 each experimental day. Coronal striatal slices (300 um thick) were prepared using a
vibrating microtome (VT1200S; Leica Microsystems, Bannockburn, IL, USA). Slices were
allowed to recover at room temperature in a HEPES-buffered artificial cerebrospinal fluid
(aCSF) containing (in mM): NaCl (120); NaHCO3 (20); HEPES acid (6.7); KCI (5); HEPES
sodium salt (3.3); MgSOy (2); glucose (10); CaCl, (2); equilibrated with 95% 0,/5%

CO, for at least 90 min. In some experiments the recovery HEPES-buffered aCSF also
contained the GAD enzyme inhibitor, 3-mercaptopropionic acid (3-MPA, 500 pM), for slice
preincubation. After the recovery period a slice was transferred to a submersion recording
chamber (Warner Instruments, Harvard Bioscience, Holliston, MA, USA) superfused at 1.3
to 1.5 mL/min with bicarbonate-buffered aCSF containing (in mM): NaCl (124); KCI (3.7);
NaHCO3 (26); MgSO4 (1.3); KHoPO4 (1.3); glucose (10); CaCl, (2.4); equilibrated with
95% 0,/5% CO,. Dopamine recordings. Given that optically-evoked DA release evoked

by pulse-train stimulation in the same recording site in Ai32*/~;DAT-Cre*/~ mice is subject
to rundown at our usual recording temperature of 30°C-32°C,50 we used slightly lower
temperatures (23°C-27°C) here that enabled stable evoked DA release for the duration

of a given experiment. However, key findings were verified using a multi-site recording
protocol at 30°C-32°C. Most experiments examined one slice per mouse; when two slices
per mouse were tested simultaneously in separate slice chambers, care was taken to ensure
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that conditions between chambers were similar including aCSF flow rate, temperature, and
slice orientation.

In each slice, DA release was evoked and recorded in a single site in either the central
portion of the dStr or in the NAc core, within 100 pm dorsal of the anterior commissure.128
Optical stimulation was achieved using a TTL-driven 473 nm blue laser light source
(Laserglow Technologies, North York, Ontario, Canada) coupled to a 200 um diameter
optical fiber with a ceramic ferrule (Part #M80L01; Thorlabs, Newton, NJ, USA) positioned
just above the desired recording site in the slice.59 Light pulse duration (1 ms) and

timing were controlled by a Master-8 (A.M.P.1., Jerusalem, Israel). Power intensity was
determined to be 400-600 uW using a power meter equipped with a photodiode sensor

(Part #PM100USB; Thorlabs). Optically evoked DA release using these parameters is TTX
sensitive.80 Increases in [DA], were monitored at carbon fiber microelectrodes (CFMs: 7 pm
in diameter and 50 to 70 um in length, positioned in the slice ~100 pm away from the optical
fiber) and FSCV using a Millar Voltammeter (Julian Millar, Barts and the London School of
Medicine and Dentistry, UK) scanning from =700 mV to +1300 mV to —=700 mV at a rate of
800 V/s every 100 ms.136.137

Stimulation protocols used included 1 p stimulation or 10 p stimulation in a given recording
site in separate slices or alternating 1 p and 10 p in the same recording site in a given

slice. Stimulus interval was 5 min for 1 p, 10 min for 10 p and 7 min when these were
interleaved. Drugs were applied after 3 to 4 consistent baseline evoked [DA], records were
obtained; these records were averaged to provide control peak amplitude for the stimulus
used. Subsequently, 3—4 responses in the drug (after 30-45 min) were averaged. In some
experiments a multi-site recording protocol was used in which 1 p stimulations and 10 p
stimulations were applied only once in 3—-4 recording sites in the absence and then presence
of drug in a given slice. Data for 1 p or 10 p evoked [DA], obtained in these multiple

sites under control conditions were averaged and compared with the average evoked [DA],
obtained in drug.

Sex differences have been reported in electrically-evoked [DA], in rodent striatal slices with
generally higher evoked [DA], in females and greater uptake.132138 Notably, differential
DAT expression between the sexes is lost in heterozygous DAT-Cre mice.139 Here, all DA
recordings were performed in mice with heterozygous DAT-Cre. With the exception of
experiments conducted at a higher recording temperature (Figure S6) and experiments using
GAT1-cKO mice in which data was obtained from male mice only (Figure 5), we used
balanced numbers of each sex per group, when possible. We found no significant difference
in 1 p or 10 p optically-evoked DA release between males and females, allowing us to
combine data from both sexes for statistical analyses. Individual data points obtained from
males or females are identified on graphs by color.

At the end of each slice experiment, evoked [DA], was quantified by calibration of the
carbon-fiber recording electrode in the recording chamber at the same temperature as slice
recordings using 1 UM DA in control aCSF and in any drug-containing solution used during
the preceding experiment. No change in electrode sensitivity to DA or evidence of inherent
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electroactivity was seen in with any drug used in DA release recordings, including PTX,
although gabazine and (+)bicuculine were excluded for these reasons (Figure S7).

HPLC-EC analysis of tissue DA and DOPAC content—Striatal tissue collected

from the left hemisphere of age-matched DAT-Cre-Het control mice and GAT 1flox/flox-pAT-
Cre-Het cKO mice were analyzed for DA and DOPAC content using HPLC-EC, as
previously.140.141 immediately after slicing, two tissue samples (3—-7 mg) containing the dStr
were dissected in ice-cold aCSF from two anterior-to-mid and two mid-to-posterior striatal
slices; care was taken not to include the overlying cortex or corpus callosum; samples were
weighed in Eppendorf tubes, frozen on dry-ice and stored at -80°C.

The HPLC mobile phase (6.90 g/L NaH,PO4.H,0, 232 mg/L C7H;503SNa, 80 mg/L
EDTA, 30 mg/L sodium octyl sulfate, 10% methanol, pH 3.1) was deoxygenated with
argon, filtered and maintained under argon during sample analysis. Tissue samples were
diluted 100-fold in ice-cold, deoxygenated eluent, sonicated, then centrifuged for 2 min

at 13,000 g. The supernatant was injected directly onto a BAS HPLC-EC system (West
Lafayette, Indiana, USA) with a C4g reverse phase column, and amperometric detection at
a glassy carbon electrode set at 600 mV versus Ag/AgCl. Peak heights were quantified by
comparison with those of DA and DOPAC calibration standards and expressed as nmol/g
tissue wet weight.

General and pharmacological reagents—Salts for all buffers, as well as DA and
DOPAC were purchased from Sigma Aldrich (St. Louis, MO, USA). The source of PTX was
either Sigma Aldrich or Hello Bio Inc. (Princeton, NJ, USA), muscimol was from Tocris
Bioscience (R&D Systems Inc., Minneapolis, MN, USA) or Hello Bio, D-AP5, DNQX

and gabazine (SR 95531) were from Hello Bio, JNJ-16259685 and Dihydro-p-erythroidine
hydrobromide (DHBE) were from Tocris Bioscience, and 3-mercaptopropionic acid (3-
MPA), (+)bicuculline, strychnine hydrochloride were from Sigma Aldrich. Experimental
solutions of PTX were prepared by vigorous stirring in aCSF for ~10 min immediately
before use. 3-MPA was added to the recovery HEPES buffer for preincubation of slices and
to aCSF during slice recordings. DNQX, JNJ-16259685 and (+)bicuculline were dissolved
in dimethyl sulfoxide (DMSO, Sigma Aldrich) as stock solutions. Working solutions with
the final experimental concentrations were prepared in aCSF immediately before use, with a
maximal final DMSO concentration of <0.1%. All other drugs were prepared and stored as
aqueous stocks in deionized water before dilution in aCSF.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism versions 9 and 10 for Windows
(GraphPad Software, La Jolla California USA). Data are expressed as means + SEM where
n denotes the number of mice or recordings sites, as indicated. Data sets were tested

for normality using a Shapiro-Wilk test and/or Kolmogorov-Smirnov test. Significance

of differences between two groups was assessed by non-parametric Mann-Whitney tests

for data sets that were not normally-distributed. For normally distributed data, parametric
unpaired, paired or ratio paired Student’s t-tests were used, with or without Welch correction
for unequal variance, as appropriate. two-way ANOVA was used to analyze DA and DOPAC
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tissue content between genotypes and striatal subregion. Significance was considered to be p
< 0.05 for all comparisons.

Supplementary Material

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

Dopamine axons express GABAARSs that inhibit optically evoked dopamine
(DA) release

GABA inhibition of DA release is greater with phasic burst vs. tonic single-
pulse stimulation

Enhanced inhibition of phasic DA release is absent in mice lacking GABA
co-release

GABA co-released from DA axons acts as a physiological autoregulator of
DA release
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Figure 1. Anatomical and functional localization of GABAAR subunits on DA axons
(A) Top: immunofluorescent images obtained with confocal microscopy showing co-

localization of a3-GABAR subunits with TH-labeled DA axons in dStr (left) and NAc
core (right). White arrows indicate where co-localization is seen. Images are from a single
plane of a z stack captured with a 60x Nikon oil-immersion objective (1.4 NA). Scale bar,

5 um. Bottom: expanded views of a region of interest in the dStr at different levels in the z
stack, demonstrating localization of a3-puncta in DA axonal profiles. Scale bar, 5 pm.

(B) Left: electron micrographs showing a3-GABAAR subunits co-localized with TH-labeled
DA axons in dStr and NAc core. Top: TH axons in dStr were identified by the presence
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of more than one SIG particle within an axonal profile packed with vesicles (red arrows),
while presence of a3-GABAAR subunits was identified by electron-dense diffuse DAB-
horseradish peroxidase (HRP) labeling of vesicular and plasma membranes (asterisks). a3
subunits within TH axons (red overlay) are highlighted by yellow asterisks, whereas a.3-
GABAAR subunits in non-TH axons (green overlay) are highlighted by white asterisks; UT
marks an unlabeled axon terminal (yellow overlay). The white arrow points to the plasma
membrane of a non-TH profile, identifiable as a dendritic spine receiving excitatory synaptic
input from a non-TH axon terminal (rightmost asterisk), presumably glutamatergic and a3
positive. Scale bar, 200 nm. Bottom: TH axons and a3-GABAAR subunits in NAc core
were identified as above and shown at higher magnification to highlight immunolabeling of
the plasma membrane of a dually labeled axon (yellow arrow) and of vesicle membranes
(encircled by yellow asterisks). Blue overlay shows a TH axon without a3. Scale bar, 200
nm. Right: average data, quantifying the percentage of TH axons expressing a3 (upper
graph) and a3 axons expressing TH (lower graph) in dStr and NAc (n = 3 mice; mean +
SEM,; ns is not signficant).

(C) Cartoon showing generation of Ai32;DAT-Cre mice with genetic ChR2 expression in
DAT-containing neurons and images of fixed coronal brain sections confirming selective
fluorescent labeling of eYFP-ChR2 expression in midbrain DA (TH) soma and striatal
axons. Scale bars, 0.5 mm.

(D) Right: average optically evoked single-pulse (1 p) [DA], transients recorded in dStr and
NAc in the absence or presence of the GABAAR agonist muscimol (Mus, 10 pM); error bars
omitted for clarity. Muscimol significantly decreased 1 p-evoked [DA], in both the dStr (n =
10 mice) and NAc (n = 12 from 11 mice). ***p < 0.01 versus respective control (ratio paired
t test). Left: graph showing individual data (mean + SEM) for the percentage decrease of
peak [DA], by muscimol in males (blue circles) plus females (orange circles) in dStr versus
NAc (p > 0.05, unpaired t test; n is not significant).
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Figure 2. Endogenous ambient GABA tone suppresses 1 p-evoked DA release via GABAaRS on

DA axons

(A) Average optically evoked single-pulse (1 p) [DA], transients recorded in dStr and NAc
in the absence or presence of the GABAAR blocker picrotoxin (PTX, 100 uM); error bars

omitted for clarity.

(B) PTX significantly increased peak [DA], evoked by 1 p in males (blue circles) plus
females (orange circles) in both the dStr (n = 13 from 11 mice) and NAc (n = 10 from

9 mice). ***p < 0.001 versus respective control (ratio paired t test), thereby revealing
inhibition of DA release by ambient GABA acting at GABAaRS. The effect of PTX did not
differ between dStr and NAc (p > 0.05, unpaired t test). Data are mean + SEM; ns is not

significant.

(C) Efficacy of PTX-induced enhancement of DA release was variable but not related to
initial evoked [DA], under control conditions in either dStr (simple linear regression with
Pearson correlation: slope = 6.494, R2 = 0.001, £= 0.1075(1,11); p = 0.7492, n = 13) or
NAc (simple linear regression with Pearson correlation: slope = —24.85, R? = 0.034, F=

0.2835(1,8); p = 0.6089, n = 10).
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Figure 3. Evoked co-released GABA from DA axons suppresses pulse-train evoked DA release
via GABAARS
(A) Average multiple-pulse (10 p at 10 Hz) evoked [DA], transients recorded in dStr and

NAc in the absence and presence of PTX (100 pM); error bars omitted for clarity.

(B) PTX significantly increased peak [DA], evoked by 10 p in males (blue circles) plus
females (orange circles) in both the dStr (n = 13 mice) and NAc (n = 12 from 11 mice).
***p < 0.001 versus respective control (ratio paired t test), thereby revealing inhibition of
DA release by endogenous GABA acting at GABAARSs. The effect of PTX was similar in
dStr versus NAc (p > 0.05, unpaired t test). Data are mean = SEM; ns is not significant.
(C) Efficacy of PTX-induced enhancement of DA release did not correlate with initial
evoked [DA], under control conditions in either the dStr (simple linear regression with
Pearson correlation: slope = —6.065, R? = 0.04425, £ = 0.5093(1,11); p = 0.4903, n = 13) or
NAc (simple linear regression with Pearson correlation: slope = 3.155, R? = 0.003883, F=
0.03898(1,10); p=0.8474,n = 12).
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Figure 4. Greater amplification of DA release by PTX on 10 p versus 1 p implies autoinhibition
by co-released GABA during phasic DA axon activity

The effect of PTX (100 pM) on increasing peak optically evoked [DA], was significantly
greater when release was evoked by multiple-pulses (10 p at 10 Hz) than with a single
pulse (1 p) in dStr and NAc when recorded in (A) separate experiments (unpaired t test)

or in (B) the same recording site using an alternating stimulation protocol (paired t test).
Consequently, the ratio of phasic (10 p) to tonic (1 p) DA release was enhanced by PTX in
both the dStr (n = 13) and NAc (n = 10) (C), indicating that an additional source of GABA
inhibits DA release during phasic stimulation. *p < 0.05; **p < 0.01; ***p < 0.001 versus
respective 1 p stimulation or control in males (blue circles) plus females (orange circles).
Data are mean + SEM.
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Figure 5. Autoregulation of DA release by co-released GABA is lost with GAT1 deletion from DA
axons

(A) Cartoon showing generation of GAT1;DAT-Cre cKO mice (GAT1-cKO) with SNc AAV-
ChR2-mCherry injection and images of fixed coronal brain sections showing fluorescent
labeling of ChR2 expression (mCherry) in midbrain DA (TH) somata and striatal axons;
DAPI was used to label all cells. Scale bar, 0.5 mm.

(B) Tissue collection of dStr for HPLC-EC analysis. Tissue content of DA and the DA
metabolite DOPAC did not differ in anterior-to-mid or mid-to-posterior dStr (p > 0.05,
two-way ANOVA) between GAT1;DAT-Cre cKOs (n = 7 samples for each subregion from 7
mice) versus DAT-Cre-Het controls (n = 6 samples for each subregion from 6 mice).

(C) Same-site recording with alternating single-pulse (1 p) and multiple-pulse (10 p at

10 Hz) optical stimulation. Average 1 p evoked [DA], transients recorded in control and
GAT1-cKO mice under control conditions; error bars omitted for clarity. Average DA release
for 1 p did not differ significantly between genotypes (unpaired t test, n = 8 GAT1-cKO mice
versus n = 9 control mice).
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(D) Average normalized 1 p and 10 p optically evoked [DA], transients in control and
GAT1-cKO mice in the absence and presence of PTX (100 uM).

(E) PTX had a significantly greater effect of increasing peak [DA], evoked by 10 p versus
1 p in control mice (paired t test, n = 9) but not in GAT1-cKO mice (paired t test, n = 8).
Consequently, the enhanced ratio of phasic (10 p) totonic (1 p) DA release in control mice
was lost in cKOs.

**p < 0.01 versus respective 1 p or control. Data are mean £ SEM; ns is not significant.
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Figure 6. GABAAR autoinhibition of phasic DA release persists when effects of glutamate co-
release or nAChR activation are prevented, confirming direct action by co-released GABA

(A) In the dStr, PTX (100 pM) continued to produce a greater enhancement of 10 p- versus
1 p-evoked [DA], in the presence of a mGIuR1 antagonist (JNJ-16259685, 10 uM) and
significantly increased the ratio of phasic (10 p) to tonic (1 p) DA signaling (n = 6 mice,
paired t test).

(B) In the NAc core, greater enhancement of 10 p- versus 1 p-evoked [DA], with PTX
persisted in a cocktail of antagonists for AMPARs (DNQX, 10 uM) and NMDARs (D-AP5,
50 pM), as did the increased ratio of phasic-to-tonic DA release (n = 6 mice, paired t test).
(C) In the dStr, PTX continued to produce a greater enhancement of 10 p- versus 1 p-evoked
[DA] in the presence of a nAChR antagonist (DHBE, 1 uM) and significantly increased the
ratio of phasic (10 p) to tonic (1 p) DA signaling (n = 6 mice, paired t test).

**p < 0.01, ***p < 0.001 versus respective 1 p stimulation or control (paired t tests) in males
(blue circles) plus females (orange circles). Data are mean + SEM.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Biotinylated donkey anti-rabbit
Biotinylated goat anti-mouse
Chicken anti-Green Fluorescent Protein

Donkey anti-mouse IgG conjugated to ultrasmall (0.8
nm) colloidal gold

Donkey anti-rabbit IgG conjugated to ultrasmall (0.8 nm)

colloidal gold

Donkey anti-chicken Cy3

Donkey anti-rabbit Cy3

Donkey anti-rabbit Cy2

Donkey anti-sheep Cy5

Mouse anti-Tyrosine hydroxylase monoclonal
Rabbit anti-GABAAR a3 (extracellular) polyclonal
Rabbit anti-GABAAR a3 blocking peptide

Rabbit ant-GABAAR & (extracellular)

Rabbit anti-Tyrosine hydroxylase polyclonal

Sheep anti-Tyrosine hydroxylase polyclonal

Jackson ImmunoResearch Labs
Vector Laboratories
Aves Labs, Inc

Electron Microscopy Sciences

Electron Microscopy Sciences

Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Boehringer Mannheim
Alomone Labs

Alomone Labs

Dr. W. Sieghart

Millipore

Abcam

Cat No: 711-065-152; RRID: AB_2340593
Cat No: BA-9200; RRID: AB_2336171
Cat No: GFP-1020; RRID: AB_10000240

Cat No: 25810

Cat No: 25701

Cat No: 703-165-155; RRID: AB_2340363
Cat No: 711-165-152; RRID: AB_2307443
Cat No: 711-225-152; RRID: AB_2340612

Cat No: 713-175-147; RRID: AB_2340730

Cat No: 1017-381

Cat No: AGA-003; RRID: AB_2039866

Cat No:

N/A

Cat No:
:ab113; RRID: AB_297905

Cat No

BLP-GA-003

AB152; RRID: AB_390204

Bacterial and virus strains

AAV8-EFla-double floxed-hChR2(H134R)-mCherry-
WPRE-HGHpA

pAAV-EF-la-double floxed-

hChR2(H134R)-mCherry-WPRE-

HGHpA was a gift from Karl
Deisseroth

Addgene viral prep

Cat No: 20297-AAV8

Chemicals, peptides, and recombinant proteins

D-AP5

(+)Bicuculline

Calcium chloride dihydrate (CaCl,.2H,0)

DAB (3,3’-Diaminobenzidine tetrahydrochloride)
DHBE hydrobromide

DMSO (dimethyl sulfoxide)

DNQX

DOPAC (3,4-Dihydroxyphenylacetic acid)
Dopamine hydrochloride (3-hydroxytryramine)

EDTA (Ethylenediaminetetraacetic acid disodium salt
dihydrate)

Ethanol, 200 proof
Euthasol

Gabazine (SR 95531)
D-(+)-Glucose
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Hello Bio
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Tocris Bioscience
Sigma-Aldrich
Hello Bio
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific
Covetrus

Hello Bio
Sigma-Aldrich

Cat No: HB0225
Cat No: 14340
Cat No: C5080
Cat No: D5905
Cat No: 2349
Cat No: 276855
Cat No: HB0261
Cat No: D-9128
Cat No: H-8502
Cat No: E1644

Cat No: A962P-4
SKU No: 009444
Cat No: HB0901
Cat No: G-5767
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REAGENT or RESOURCE SOURCE IDENTIFIER
HEPES (Acid) Sigma-Aldrich Cat No: H-3375
HEPES (Sodium Salt) Sigma-Aldrich Cat No: H-7006

Isoflurane

JINJ-16259685

3-mercaptopropionic acid (3-MPA)

Magnesium sulfate heptahydrate (MgSO,4.7H,0)
Methanol

Muscimol

Muscimol

Normal Donkey Serum (NDS)
Paraformaldehyde

Paraformaldehyde for EM (4% in 0.1M Phosphate
Buffer, PH 7.4

Phosphate Buffered Saline (PBS)
Picrotoxin

Picrotoxin

Potassium chloride (KCI)

Potassium phosphate monobasic (KH,PO,)
Sodium bicarbonate (NaHCO05)
Sodium-1-heptanesulfanate (C;H;503SNa)
Sodium chloride (NaCl)

Sodium octyl sulfate

Sodium phosphate monobasic monohydrate
(NaH2PO4.H20)

Sucrose
Strychnine hydrochloride
Triton X-100

Covetrus (NYULH-DCM)
Tocris Bioscience
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Tocris Bioscience

Hello Bio

Sigma-Aldrich

Fisher

Electron Microscopy Sciences

Sigma-Aldrich
Sigma-Aldrich
Hello Bio

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

SKU No: 029405
Cat No: 2333

Cat No: M5801
Cat No: M-1880
Cat No: 34860

Cat No: 0289

Cat No: HB0887
Cat No: S30-M
Cat No: T353

Cat No: 15735-20S

Cat No: P7059
Cat No: P1675
Cat No: HB0506
Cat No: P-3911
Cat No: P-0662
Cat No: S-6014
Cat No: H2766
Cat No: S-7653
Cat No: 0-4003
Cat No: S9638

Cat No: S-7903
Cat No: S8759
Cat No: T8787

Critical commercial assays

Silver Enhancer Kit for Microscopy

Vectastain Elite ABC-HRP Kit

Kirkegaard & Perry Laboratories
(KPL), Inc

Vector Labs

Cat No: 50-22-01

Cat No: PK6100

Experimental models: Organisms/strains

Mouse: Ai32

Mouse: C57BL/6J
Mouse: DAT-IRES-Cre
Mouse: GAT1floxfflox

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Tritsch Lab, NYULH

Stock No: 024109
Stock No: 000664
Stock No: 006660
geneOway JAX stock No: 037219

Software and algorithms

DropViz RNA-Seq Data

Fiji ImageJ
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https://DropViz.org
https://imagej.nih.gov/ij/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Fusion Benchtop Image Acquisition Software (ver.
1.101)

Imaris Microscope Imaging Software (ver. 10.0)
Graphpad Prism 9 & 10
Adobe Photoshop CC2015

Andor Technology Ltd. Oxford
Instruments

Oxford Instruments
Graphpad Software
Adobe Systems

https://andor.oxinst.com/

https://imaris.oxinst.com
https://www.graphpad.com/

https://www.adobe.com/

Other

DAPI Fluoromount-G
Tissue-Tek® O.C.T. Compound
Vectashield® Antifade Mounting Media

Epoxy resin, grids, and most other electron microscopic
supplies

SouthernBiotech
Electron Microscopy Sciences
Vector Labs

Electron Microscopy Sciences

Cat No: 0100-20
Cat No: 62550
Cat No:H1000-10
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