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SUMMARY

Dopamine controls essential brain functions through
volume transmission. Different from fast synaptic
transmission, where neurotransmitter release and
receptor activation are tightly coupled by an active
zone, dopamine transmission is widespread and
may not necessitate these organized release sites.
Here, we determinewhether striatal dopamine secre-
tion employs specialized machinery for release.
Using super resolution microscopy, we identified
co-clustering of the active zone scaffolding proteins
bassoon, RIM and ELKS in �30% of dopamine vari-
cosities. Conditional RIM knockout disrupted this
scaffold and, unexpectedly, abolished dopamine
release, while ELKS knockout had no effect. Optoge-
netic experiments revealed that dopamine release
was fast and had a high release probability, indi-
cating the presence of protein scaffolds for coupling
Ca2+ influx to vesicle fusion. Hence, dopamine secre-
tion is mediated by sparse, mechanistically special-
ized active zone-like release sites. This architecture
supports spatially and temporally precise coding
for dopamine and provides molecular machinery for
regulation.
INTRODUCTION

In the brain, two principle modes of chemical transmission sup-

port neuronal communication. In fast synaptic transmission, a

presynaptic terminal rapidly and precisely signals to a postsyn-

aptic partner. This contrasts with volume transmission, where

neuromodulators diffuse to mediate effects in many cells over

a large area (Agnati et al., 1995). For fast neurotransmitters,

sub-millisecond timing of release is mediated by precisely

assembled protein networks called active zones. Active zones

are composed of scaffolding proteins that are attached to the

presynaptic plasma membrane opposed to postsynaptic recep-

tors. The active zone docks synaptic vesicles, enhances release

probability, aligns fusion with postsynaptic neurotransmitter re-

ceptors, and mediates presynaptic plasticity (Südhof, 2012).

Vertebrate active zones contain bassoon/piccolo, RIM, and
ELKS as key scaffolds, Munc13s for vesicle priming, and RIM-

BPs to support RIM in the tight coupling of docked vesicles

to Ca2+ channels (Acuna et al., 2015, 2016; Altrock et al., 2003;

Augustin et al., 1999; Han et al., 2011; Kaeser et al., 2011; Liu

et al., 2014; Wang et al., 2016). The nature of volume transmis-

sion indicates that precise localization and timing of secretion

are not necessary for this signaling mode. Thus, whether volume

transmission employs similar active zone machinery for release

is an open question.

The midbrain dopamine system is an important neuromodula-

tory network, with cell bodies residing in the substantia nigra

pars compacta (SNc) and the ventral tegmental area (VTA).

Axons from these dopamine neurons project to the striatum,

where dopamine regulates circuits for movement, motivation,

and reward (Howe and Dombeck, 2016; Schultz, 1998; Surmeier

et al., 2014). In the striatum, dopamine receptors are mostly

localized outside of synapses (Caillé et al., 1996; Uchigashima

et al., 2016; Yung et al., 1995), many axonal dopamine varicos-

ities are not associated with postsynaptic densities (Descarries

et al., 1996), and dopamine receptors are G-protein coupled,

whose signaling is more than two orders of magnitude slower

than that of ionotropic receptors (Missale et al., 1998). These

properties have led to the conclusion that dopamine is a volume

transmitter that signals slowly and inaccurately, and suggests

that an active zone that warrants speed and accuracy may be

unnecessary for dopamine release.

Striatal dopamine release is often subdivided into tonic and

phasic modes, which are both triggered by action potentials.

Tonic release generates a mild, widespread increase in extracel-

lular dopamine through non-synchronous spontaneous firing of

some dopamine neurons, while phasic release results in a fast

and transient dopamine increase due to synchronized burst

firing (Grace, 2016). Phasic release may support fast and

spatially localized dopamine signaling (Floresco et al., 2003;

Marcott et al., 2014), and recent studies supported a sub-sec-

ond time window for dopamine coding (Howe and Dombeck,

2016; Yagishita et al., 2014). Thus, functional studies suggest

that at least some dopamine signaling is rapid.

Here, we examined whether there are specialized release sites

that support dopamine secretion for fast signaling. We tested for

three defining properties of active zones in axonal arbors of

midbrain dopamine neurons in the striatum. First, we determined

whether dopamine axons contained active zone protein scaf-

folds. Using super resolution microscopy, we found protein

assemblies consisting of bassoon, RIM, and ELKS in �30% of
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dopamine varicosities. Second, we assessedwhether these pro-

teins participated in dopamine release. We generated dopamine

neuron-specific knockout mice and found that RIM deletion

abolished dopamine release, and the loss of release was accom-

panied by a disruption of the active zone scaffolds. Remarkably,

ELKS was dispensable for striatal dopamine release, suggesting

mechanistic specialization of the dopamine release machinery.

Third, we tested the functional properties of dopamine release

using optogenetics and found that dopamine release was fast

and had a very high initial release probability, strongly indicating

the necessity of active zone-like sites. Thus, striatal dopamine

release is mediated by sparse release hotspots in dopamine

axons to generate a precisely localized dopamine signal with

rapid kinetics.

RESULTS

Dopamine Axons Contain Small Clusters of the Active
Zone Protein Bassoon
At fast synapses, active zones are identified by the presence of

the molecular scaffold bassoon (Altrock et al., 2003; Wang et al.,

2016). To investigate whether dopamine neurons contain similar

release sites, we tested whether bassoon clusters are present in

dopamine axons in the striatum. We labeled dopamine axons

with tyrosine hydroxylase (TH) antibodies and co-stained with

antibodies against bassoon in sections of the dorsal striatum.

Because the striatum contains synapses at a very high density

and dopamine axons account only for a small fraction of the

striatum, it is not possible to determine whether a given bassoon

cluster is within a dopamine axon by diffraction-limited or two-

dimensional microscopy. We therefore employed three-dimen-

sional structured illumination super resolution microscopy

(3D-SIM) (Figures 1 and S1; Movie S1), which enhanced resolu-

tion in all three dimensions (Gustafsson et al., 2008). To analyze

the 3D-SIM images, we calculated the overlap between bassoon

clusters and dopamine axons in 3D reconstructions (Figure 1B).

Bassoon clusters for which more than 40% of the volume over-

lapped with TH-labeling were considered to be within dopamine

axons (Figures 1B and S1A). The detected bassoon clusters

could reflect bassoon within dopamine axons, or they could be

detection artifacts due to the high density of nearby synapses

that contain bassoon. To distinguish between these possibilities,

we locally shuffled the position of each bassoon cluster within a

1 mm3 cube and calculated how much random overlap this

generated with TH-positive axons (Figures 1B–1E). If the associ-

ation of bassoon and TH was an artifact, bassoon density and

size should be similar before and after shuffling. In contrast,

we found that in every image, bassoon cluster density within

dopamine axons decreased and the cluster size increased

upon shuffling (Figures 1D and 1E). This indicates that there

are bassoon clusters within dopamine axons and that they are

smaller than the ones outside.

To assess bassoon localization in dopamine axons with an

independent method, we prepared synaptosomes from the

striatum (Figures 1F and S1B–S1E), labeled them with anti-

bodies against bassoon, TH, and the vesicular SNARE protein

synaptobrevin-2, and imaged them using stimulated emission

depletion (STED) super resolution microscopy (Figure 1G). In
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TH-positive and in TH-negative synaptosomes, bassoon label-

ing coincided with synaptobrevin-2 positive vesicles, and the

bassoon labeling often aligned with the edge of the synapto-

brevin signal. This independently establishes that dopamine

axons contain vesicle clusters that are associated with

bassoon. The average area of bassoon clusters in TH-positive

synaptosomes was 24.2% smaller than that in TH-negative

synaptosomes (Figure 1H), confirming that bassoon clusters

within dopamine axons are smaller than the average striatal

bassoon clusters.

Bassoon, RIM, and ELKS Form Active Zone-like
Structures in Dopamine Axons
We next tested whether dopamine axons contain RIM and

ELKS (Figure 2), two important redundant scaffolds for active

zone assembly at fast synapses (Wang et al., 2016). While it

is desirable to measure absolute cluster densities in dopamine

axons, this is not possible through subtraction with the shuffling

method. Shuffling only provides an estimate of the maximum

influence of artifactual overlap, but not the real false-positive

rate in the actual analysis. For RIM and ELKS, we were able

to address this limitation by conditional gene knockout. We

removed RIM (RIM cKODA) or ELKS (ELKS cKODA) specifically

from dopamine neurons by crossing mice with floxed alleles

for Rims1 and 2 (Kaeser et al., 2011) or Erc1 and 2 (Liu et al.,

2014) to DATIRES-Cre mice (Bäckman et al., 2006), respectively

(Figures S2 and S3). We then compared cluster densities within

dopamine axons in RIM cKODA and ELKS cKODA mice with cor-

responding sibling control mice. We found that RIM and ELKS

were clustered in dopamine axons of control mice, and condi-

tional knockout reduced cluster densities progressively with

increasing volume overlap with TH (Figures 2A–2D), an effect

that was not present after shuffling (Figures S2 and S3). The

clusters detected after knockout are a combination of back-

ground staining (�25% in immunofluorescent stainings with

the antibodies used here) (Wang et al., 2016) and of presynap-

tic inputs onto dopamine axons (Threlfell et al., 2012), which

may be too close to be reliably distinguished by 3D-SIM. We

calculated the absolute density of RIM and ELKS clusters to

be 0.31 and 0.22 per mm of axon (Figures 2B and 2D), respec-

tively, after subtracting all signal (>0% volume overlap) in RIM

and ELKS cKODA mice from corresponding control mice.

A defining property of an active zone is the assembly of several

scaffolding proteins into a functional release site. The similar

densities of RIM and ELKS clusters suggest active zone-like

co-clustering in dopamine axons, but a direct test of co-clus-

tering requires three colors in brain slices (two test proteins

and TH). Chromatic aberration currently limits enhanced resolu-

tion in our 3D-SIM experiments to two colors. We instead per-

formed confocal microscopy on striatal synaptosomes plated

at low density (4–12 synaptosomes/100 mm2, Figure 2E). In TH-

positive synaptosomes, the presence of RIM and ELKS highly

correlated with the presence of bassoon (Figure 2F). In contrast,

the dopamine transporter (DAT) was associated with TH-positive

synaptosomes independent of whether they contained bassoon

or not (Figures 2E and 2F). Given the extensive direct and indirect

protein interactions between RIM, ELKS, and bassoon at clas-

sical active zones (Südhof, 2012), the presence of these proteins



Figure 1. Dopamine Axons in the Dorsal

Striatum Contain Bassoon Clusters

(A) Projections of 1 mm thick image stacks of the

mouse striatum labeled with TH (magenta) and

bassoon (green) antibodies, acquired by confocal

(top) or 3D-SIM (bottom) microscopy.

(B) Schematic illustrating analyses of 3D-SIM im-

ages. The overlap between bassoon and TH was

calculated after object recognition in each channel.

A bassoon cluster was considered to be within TH

when the volume overlap was >40% (Figure S1A).

To determine whether this association is different

from artificial overlap, each bassoon cluster was

locally shuffled within 1 3 1 3 1 mm3 (shuffled

bassoon), and the overlap of shuffled bassoon with

TH was calculated. 1,000 rounds of shuffling and

overlap calculation were averaged.

(C) Representative 3D-SIM images showing distri-

bution of bassoon clusters (green) and TH-labeled

dopamine axons (magenta) in dorsal striatal slices

(top). Images were obtained by volume rendering

(left) of the raw image stack (top, 103 103 2 mm3, a

zoom-in of 53 23 2 mm3 is shown below), surface

rendering of objects (middle), and surface rendering

after local shuffling of bassoon objects (right). The

bottom rows show bassoon clusters within dopa-

mine axons. For each zoom-in image, a 90� rotation
around the x axis is shownbelow the standard x-y-z

image. For a 3D representation, see Movie S1.

(D and E) Quantification of the density (D) and vol-

ume (E) of bassoon clusters within dopamine axons

before and after local shuffling. Each circle repre-

sents the average result of a region containing

6,000–11,000 bassoon clusters. n = 35 regions/4

mice. For individual overlap bins, see Figure S1A.

(F) Schematic of the striatal synaptosome prepa-

ration. See Figures S1B–S1E for assessment of the

subcellular fractionation by western blotting,

confocal microscopy, and electron microscopy.

(G) Image of bassoon and synaptobrevin-2 staining

in TH-positive (top) or TH-negative (bottom) striatal

synaptosomes. Bassoon and synaptobrevin-2

were imaged by STED microscopy, TH was

imaged by confocal microscopy.

(H)Quantification of the bassoon area in TH-positive

and TH-negative synaptosomes. n = 48 synapto-

somes/2 mice (TH-positive), 1,005/2 (TH-negative).

Data in (H) are mean ± SEM. ***p < 0.001, *p < 0.05;

paired t test for (D) and (E), Mann-Whitney rank-

sum test for (H).
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within the same synaptosome strongly suggests co-clustering.

We directly tested for co-clustering at the scale of tens of nano-

meters using STED imaging and found that RIM and ELKS were

tightly associated with bassoon within a small area of TH-posi-

tive synaptosomes (Figure 2G). These data establish that RIM,

ELKS, and bassoon co-cluster to form active zone-like struc-

tures in dopamine axons.

RIM Is Essential for Dopamine Release
To test whether these active zone-like sites contribute to dopa-

mine release, we employed amperometry in acute brain slices

of the dorsal striatum (Figures S4A and S4B). In control slices,

electrical stimulation triggered biphasic dopamine release as
described before (Threlfell et al., 2012; Zhou et al., 2001). A first

component amounting to 20% of the total response is induced

by action potential firing of dopamine axons (Figures S4C and

S4D). A second, slightly delayed component accounting for

80% of the total response is triggered by cholinergic inputs on

dopamine axons, which are co-activated during electrical stimu-

lation (Figures S4C and S4D). At fast synapses, simultaneous

removal of RIM1 and RIM2 from active zones decreases release

by 50%–80% depending on the synapse tested (Acuna et al.,

2016; Han et al., 2011; Kaeser et al., 2011). Unexpectedly, dopa-

mine release was essentially abolished in RIM cKODA mice.

While release increased with stimulation intensity in RIM control

slices, electrical stimuli failed to trigger detectable dopamine
Cell 172, 1–13, February 8, 2018 3



Figure 2. Bassoon, RIM, and ELKS Co-

cluster in Dopamine Axons

(A) Representative surface rendered 3D-SIM images

(53532mm3)ofRIMclusterswithindopamineaxons

(>40% volume overlap) from RIM control and RIM

cKODA mice, in which RIM is removed specifically in

dopamine neurons by breeding conditional RIM1 and

RIM2 knockout mice to DATIRES-Cre mice (Figure S2).

RIM control mice were siblings that lack Cre.

(B) Histogram of RIM cluster densities within

dopamine axons across 20% bins of overlap. RIM

control n = 24 regions/4 mice, RIM cKODA n = 22/4

(p < 0.001 for genotype, p < 0.001 for overlap, and

p < 0.01 for interaction; two-way ANOVA, p values

of pairwise post tests indicated in figure). For

detailed sample images and data analyses

including shuffling, see Figure S2.

(C and D) Same as (A) and (B), except showing

representative images (C) and quantification (D) of

ELKS clusters in ELKS control and ELKS cKODA

mice. ELKS control n = 29/4, ELKS cKODA 27/4

(p < 0.001 for genotype, p < 0.001 for overlap, and

p = 0.37 for interaction; two-way ANOVA, p values

of pairwise post tests indicated in figure). For

detailed sample images and data analyses

including shuffling, see Figure S3.

(E) Confocal images of striatal synaptosomes. Fil-

led arrowheads indicate synaptosomes containing

bassoon and TH (insets). Hollow arrowheads indi-

cate particles containing TH but not bassoon.

(F) Quantification of the percentage of synapto-

somes that contain RIM, ELKS, or DAT in three

different types of synaptosomes, defined by spe-

cific markers as indicated below the plots. Each

circle represents the average result of an area with

1,500–6,000 synaptosomes. n = 18 areas/3 mice

for RIM, 12/3 for ELKS, and 9/3 for DAT.

(G) Representative STED images of RIM (left) and

ELKS (right) in synaptosomes co-labeled with

bassoon in TH-positive (top) and TH-negative

(bottom) synaptosomes.

All data are mean ± SEM. ***p < 0.001, *p < 0.05,

ns, not significant; two-way ANOVA for (B) and (D),

and Kruskal-Wallis analysis of variance with post

hoc Dunn’s test for (F).
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release in RIM cKODA slices at any stimulation intensity (Figures

3A and 3B). Short stimulus trains (10 Hz, 10 stimuli), mimicking

synchronous burst firing often observed in dopaminergic and

cholinergic neurons (Grace and Bunney, 1984; Threlfell et al.,

2012), also failed to induce dopamine release in RIM cKODA

slices (Figures 3C and 3D). Locally puffing 100 mM KCl for 10 s
4 Cell 172, 1–13, February 8, 2018
increased the peak amplitude in RIM

control slices 4-fold. In RIM cKODA slices,

only minimal dopamine release was

detected following this strong depolariza-

tion (Figures 3E and 3F), establishing that

the failure to detect dopamine release in

RIM cKODA mice is due to the loss of

dopamine release and not due to low

sensitivity of the amperometric electrode,

which has an estimated detection
threshold of �50 nM. These experiments establish a central

requirement for RIM in dopamine release.

ELKS Is Dispensable for Dopamine Release
Similar to but somewhat milder than RIM removal, knockout of

ELKS1a and ELKS2a at hippocampal synapses decreases



Figure 3. RIM Is Essential for Dopamine Release in the Dorsal

Striatum

(A) Sample traces of dopamine release evoked by electrical stimulation in

slices of RIM cKODA and sibling RIM control mice. Dopamine release was

measured using constant voltage amperometry, and dopamine concentra-

tions were calculated based on electrode calibration (Figures S4A and S4B). In

all electrophysiological experiments, RIM cKODA are mice in which RIM is

removed specifically in dopamine neurons, and RIM control mice are siblings

of RIM cKODA that have one wild-type allele for each RIM gene.

(B) Quantification of peak amplitudes as shown in (A). RIM control n = 10

slices/3 mice, RIM cKODA 10/3 (p < 0.001 for genotype, stimulation intensity

and interaction; two-way ANOVA).

(C) Sample traces (average of 4 sweeps) of dopamine release evoked

during 10 Hz electrical stimulation in RIM control and RIM cKODA mice.

(D) Quantification of (C). Amplitudes were normalized to the average first

amplitude in RIM control. RIM control n = 9 slices/3 mice, RIM cKODA n = 9/3

(p < 0.001 for genotype, stimulus number and interaction; two-way ANOVA).

(E) Sample traces of dopamine release evoked by a local puff of 100 mM

KCl for 10 s in RIM control and RIM cKODA mice.

(F) Quantification of peak amplitude in (E). RIM control n = 9 slices/4 mice,

RIM cKODA n = 10/4.

All data are mean ± SEM. ***p < 0.001; two-way ANOVA for (B) and (D),

and Mann-Whitney rank-sum test for (F).
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release by 40%–60% (Held et al., 2016; Liu et al., 2014). Interest-

ingly, when we characterized dopamine release in ELKS cKODA

and ELKS control mice, we found that ELKS deletion had no ef-

fect on release induced by single electrical stimuli, 10 Hz trains,

or local KCl puffs (Figure 4). Thus, ELKS1a and ELKS2a are not

needed for dopamine exocytosis. These data establish that the

secretory machine for dopamine is different from active zones

at fast synapses, where RIM and ELKS participate in release,

but neither is required.

RIM Organizes Release Sites in Dopamine Axons
The strong impairment of dopamine release in RIM cKODA mice

could be due to direct involvement of RIM in secretion, for

example as a required scaffold for the assembly of a functional

release site, or it could be due to roles of RIM in dopamine

neuron development. We investigated two key upstream pro-

cesses that could be mistaken for massive impairments in dopa-

mine vesicle exocytosis. We first evaluated whether removal of

RIM affected the morphology of striatal dopamine axons

and dopamine vesicle clusters labeled by TH and vesicular

monoamine transporter 2 (VMAT2), respectively. No significant

change in the shape or density of dopamine axons or vesicle

clusters was detected (Figures 5A and 5B). This is consistent

with the 3D-SIM experiments, where we did not detect obvious

defects in dopamine axons of RIM cKODA mice (Figures 2A

and S2).

We next tested whether dopamine synthesis or vesicular

loading was affected by RIM cKODA. We used ELISA to measure

dopamine levels in striatal homogenates from mice injected

intraperitoneally with DMSO or the irreversible VMAT2 inhibitor

reserpine, which depletes vesicular dopamine in the striatum

(Kuczenski, 1977). No difference in tissue dopamine levels be-

tween RIM cKODA and RIM control animals was observed, and

reserpine caused similar depletion of tissue dopamine in both

genotypes (Figure 5C). This strongly indicates that dopamine is

synthesized normally and stored in the striatum in VMAT2 con-

taining vesicles in RIM cKODA mice. We next used in vivomicro-

dialysis to measure extracellular dopamine levels in the dorsal

striatum and found that they were strongly decreased in RIM

cKODA mice. Remarkably, upon reverse dialysis of tetrodotoxin

(TTX) to locally block action potentials, extracellular dopamine

levels were identical in RIM cKODA and control mice (Figure 5D).

Together with the data presented in Figure 3, these experiments

establish that dopamine neuron development, dopamine syn-

thesis, and its vesicular loading are not detectably impaired in

RIM cKODA mice, but that dopamine release mediated by action

potentials is essentially abolished in these mice.

To test whether RIM has essential roles as a release site scaf-

fold in dopamine neurons, we analyzed whether removal of RIM

impairs clustering of bassoon. In 3D-SIM imaging, RIM cKODA

mice had a 26% reduction in bassoon cluster density within

dopamine neurons. This could be mediated by the loss of

bassoon protein, or by disruption of the active zone cluster re-

sulting in a more wide-spread distribution of bassoon that is

not detected in the cluster analysis. Remarkably, the size of

the detected clusters increased by 47% (Figures 5E and 5F),

supporting the latter scenario. To better assess bassoon distri-

bution, we labeled vesicle clusters in dopamine neurons using
Cell 172, 1–13, February 8, 2018 5



Figure 4. ELKS1a and ELKS2a Are Dispensable for Dopamine

Release in the Dorsal Striatum

(A) Sample traces of dopamine release evoked by electrical stimulation in

slices of ELKS cKODA and sibling ELKS control mice. In all electrophysiological

experiments, ELKS cKODA are mice in which ELKS1a and ELKS2a are

removed specifically in dopamine neurons, and ELKS control mice are siblings

of ELKS cKODA that have one wild-type allele for each ELKS encoding gene.

(B) Quantification of peak amplitude in (A). ELKS control n = 12 slices/4 mice,

ELKS cKODA 12/4 (p = 0.53 for genotype, p < 0.001 for stimulation intensity and

p = 0.92 for interaction; two-way ANOVA).

(C) Sample traces (average of 4 sweeps) of dopamine release evoked during

10 Hz electrical stimulation in ELKS control and ELKS cKODA mice.

(D) Quantification of (C). Amplitudes were normalized to the average

first amplitude in ELKS control. ELKS control n = 12 slices/4mice, ELKS cKODA

n = 12/4 (p = 0.96 for genotype, p < 0.001 for stimulus number and p = 0.96 for

interaction; two-way ANOVA).

(E) Sample traces of dopamine release evoked by a local puff of 100 mM KCl

for 10 s in ELKS control and ELKS cKODA mice.

(F) Quantification of peak amplitude in (E). ELKS control n = 13 slices/5 mice,

ELKS cKODA n = 15/5.

All data are mean ± SEM. ns, not significant; two-way ANOVA for (B) and (D);

and Mann-Whitney rank-sum test for (F).
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mouse genetics by Cre-dependent expression of synaptophy-

sin-tdTomato (SYP-tdTomato) in DATIRES-Cre mice (Figures

S5A–S5D) and analyzed bassoon cluster size in synaptosomes

of these mice by STED microscopy. Bassoon labeling in SYP-

tdTomato positive synaptosomes became more widespread

and covered much of the area of dopamine vesicle clusters (Fig-

ures 5G and 5H). These data suggest that RIM removal disrupts

bassoon clustering, leading to a more widespread distribution of

bassoon. In hippocampal neurons, RIM knockout does not

disrupt bassoon clustering (Kaeser et al., 2011), but its bassoon

scaffolding role is redundant with ELKS in these neurons (Wang

et al., 2016). Together with the finding that ELKS knockout has no

effect on dopamine release, our data indicate that there is less

redundancy at release sites in dopamine axons compared to

classical active zones.

One explanation for the loss of neurotransmitter release in RIM

cKODA mice could be that proteins required for synaptic vesicle

fusion, for example Munc13 or Munc18, are also required for

dopamine release and are completely absent from RIM cKODA

dopamine neurons. We assessed this possibility by assessing

Munc13 and Munc18 localization at dopamine release sites.

We found that Munc13 was present in dopamine synaptosomes

and was reduced but not absent in RIM cKODA mice (Figures

S5E–S5I). Munc18 was unaffected by RIM removal (Figures

S5H and S5I). Hence, the loss of dopamine release is not due

to complete loss of Munc13 or Munc18. In aggregate, our data

indicate that RIM serves as a scaffold that organizes multiple

proteins, at least Munc13 and bassoon, into active zone-like

sites to support dopamine release.

Properties of Dopamine Release Indicate Necessity of
an Active Zone-like Release Site
We observed a strong depression during short stimulus trains in

control slices (Figure 3C) that was not mediated by disynaptic in-

hibition or autoinhibition (Figures S6A and S6B). Synapses with a

high vesicular release probability (p) depress strongly during ac-

tion potential trains due to depletion of releasable vesicles

(Zucker and Regehr, 2002). The depression of dopamine release

suggests a high p, but it may in part be due to activation of

cholinergic interneurons by electrical stimulation, which strongly

enhances dopamine release and potentially increases depletion

(Figure S4C) (Threlfell et al., 2012; Zhou et al., 2001). To investi-

gate dopamine release independent of cholinergic innervation,

we expressed oChIEF, a fast channelrhodopsin (Lin et al.,

2009), selectively in dopamine neurons using Cre-dependent ad-

eno-associated viruses (AAVs) (Figures 6A and 6B). A 1-ms flash

of blue light applied to the striatal slice in the recording area

induced dopamine release that was triggered by a dopamine

neuron action potential, established by its sensitivity to TTX but

not DHbE (Figures 6C and S6C). The 20%–80% rise time of

the amperometric current was 1.8 ± 0.2 ms, indicating a milli-

second timescale for dopamine secretion. In RIM control mice,

dopamine release in the dorsal striatum strongly depressed

during a short train (10 Hz, 10 stimuli) and reached a steady state

after 3 stimuli (Figures 6D and 6E). The paired-pulse ratio (PPR),

inversely correlated with p (Zucker and Regehr, 2002), was 0.41

at 100 ms interstimulus interval (Figure 6F). Release remained

depressed for >1 s (Figures S6D–S6G), likely reflecting slow



Figure 5. RIM Organizes Release Sites in

Dopamine Neurons

(A) Representative confocal images of VMAT2 and

TH staining of the dorsal striatum in RIM control

and RIM cKODA mice.

(B) Quantification of fluorescence intensity, size,

and density of VMAT2 and TH staining for images

shown in (A). Each dot represents the mean of a

single animal (average of 6–8 images). RIM cKODA

values were normalized to their corresponding

RIM control. For VMAT2, RIM control n = 3 mice,

RIM cKODA n = 3. For TH, RIM control n = 4, RIM

cKODA n = 4.

(C) Quantification of tissue dopamine levels in the

striatum measured by ELISA from mice after

intraperitoneal injection of reserpine or DMSO 2 hr

before the tissue harvest. Each dot is an average of

two measurements from one animal. For DMSO,

RIM control n = 4 mice, RIM cKODA n = 4. For

reserpine, RIM control n = 5, RIM cKODA n = 3.

(D) Quantification of in vivo extracellular dopamine

levels in the striatum measured by microdialysis

in anesthetized mice before and during reverse

dialysis of TTX. Dopamine levels are expressed

normalized to the average in RIM control before

reverse dialysis of TTX. RIM control n = 5mice, RIM

cKODA n = 5 (p < 0.001 for baseline levels, not

significant for levels after TTX).

(E)Representative surface rendered3D-SIM images

(53 532mm3) of bassoonclusterswithin dopamine

axons from RIM control and RIM cKODA mice.

(F) Quantification of density and size of bassoon

clusters within dopamine axons in RIM control and

RIM cKODA mice.

(G) Representative STED images of bassoon

within dopamine synaptosomes from RIM control

and RIM cKODA mice. Vesicles in dopaminergic

neurons were labeled by crossing Cre-dependent

synaptophysin-tdTomato mice (SYP-tdTomato)

with DATIRES-Cre mice. For analysis of SYP-

tdTomato expression in dopamine axons, and for

analyses of Munc13 and Munc18 clusters, see

Figure S5.

(H) Quantification of the bassoon area in (G). Each

circle is the average of an image with 600–2,100

synaptosomes. RIM control n = 14 images/3 mice,

RIM cKODA n = 18/3.

All data are mean ± SEM. ***p < 0.001, **p < 0.01,

ns, not significant; Mann-Whitney rank-sum test

for (B) and (F), Kruskal-Wallis analysis of variance

with post hoc Dunn’s test for (C), (D), and (H).

Please cite this article in press as: Liu et al., Dopamine Secretion Is Mediated by Sparse Active Zone-like Release Sites, Cell (2018), https://
doi.org/10.1016/j.cell.2018.01.008
replenishment after depletion (Cragg, 2003). Similar results were

observed in the ventral striatum (Figures 6G–6I), which receives

projections from functionally and molecularly distinct VTA dopa-

mine neurons (Brichta et al., 2015). This indicates shared release

properties between different types of dopamine neurons.

The somatic action potential amplitudes of dopamine neurons

gradually decreases during burst firing (Grace and Bunney,

1984), which could contribute to the depression of release. We
thus measured the firing of dopamine

axons extracellularly upon optogenetic

activation (Figure S7) and found that
action potentials reliably followed 10 Hz stimulation (Figures 6J

and 6K), ruling out that the strong depression during train stimu-

lation is due to action potential dampening.

Finally, increasing the extracellular Ca2+ concentration

([Ca2+]ex) from 2 to 4 mM only modestly increased peak dopa-

mine release by 13.7% ± 4.6% (Figure 6L) and only slightly

decreased PPR (Figures S6D–S6G), indicating that enhancing

[Ca2+]ex does not strongly increase p. Although we cannot fully
Cell 172, 1–13, February 8, 2018 7



Figure 6. Dopamine Release Has a High

Release Probability that Requires RIM

(A) Schematic showing the experimental setup.

DATIRES-Cre mice were transduced with a Cre-

dependent AAV expressing oChIEF-tdTomato in

the SNc and the VTA at P21–P23 and recorded at

P41–P76.

(B) oChIEF-tdTomato expression and TH immu-

nofluorescence in striatum and midbrain.

(C) Representative traces (average of 4 sweeps)

and quantification of dopamine release evoked by

light stimulation (1-ms pulse of blue light applied at

the recording site) in dorsal striatal slices ex-

pressing oChIEF in dopamine axons before (black)

and after (magenta) blocking action potentials with

TTX. n = 5 slices/4 mice.

(D) Example traces (average of 4 sweeps) of

dopamine release evoked by 10 Hz light stimula-

tion in dorsal striatum.

(E) Quantification of (D). Amplitudes are normal-

ized to the average first amplitude in RIM control.

RIM control n = 15 slices/5 mice, RIM cKODA

n = 13/5 (p < 0.001 for genotype and decay,

p < 0.01 for interaction; two-way ANOVA).

(F) Quantification of the paired pulse ratio (PPR) for

the first two pulses in (E). RIM control n = 14/5, RIM

cKODA n = 9/4. Responses smaller than 15 pA

were not included in the PPR analysis.

(G–I) Analyses identical to (D)–(F) but in the ventral

striatum. RIM control n = 10/3, RIM cKODA n = 10/3

for (H, p < 0.001 for genotype and stimulus num-

ber, p < 0.01 for interaction; two-way ANOVA).

RIM control n = 10/3, RIM cKODA n = 8/3 for (I). For

additional analyses of optogenetically induced

dopamine release, see Figure S6.

(J) Example traces of extracellular recordings in

dorsal striatum from RIM control and RIM cKODA

mice under 10 Hz light stimulation. For detailed

analyses, see Figure S7.

(K) Quantification of (J) with responses normal-

ized to the initial response. RIM control n = 7/3,

RIM cKODA n = 8/3 (p = 0.17 for genotype,

p < 0.05 for stimulus number, and p = 0.37 for

interaction; two-way ANOVA). The inset bar

graph indicates absolute initial amplitude. Each

circle represents an average response of 100

stimuli from 1 slice.

(L) Representative traces (average of 4 sweeps) and quantification of dopamine release in dorsal striatum evoked in 2mM (black) and 4mM (magenta) [Ca2+]ex by

a 1-ms light stimulus. n = 9 slices/4 mice. For PPR, analyses in ventral striatum and comparison of RIM control and RIM cKODA mice, see Figure S6.

All data are mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant; paired t test for (C) and (L), two-way ANOVA for (E), (H), and (K) and Mann-Whitney

rank-sum test for (F), (I), and (K, inset).
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exclude other factors contributing to release properties, these

experiments strongly indicate that dopamine release has a

very high initial p. Fast exocytosis and a high p require release

machinery that connects the Ca2+ source, Ca2+ sensors, and

release-ready vesicles (Kaeser et al., 2011; Südhof, 2012).

Thus, these data strongly support the necessity of protein scaf-

folds that form dopamine release sites. Consistent with RIM

providing for such a scaffold, RIM cKODA mice had a very strong

impairment in optogenetically triggered dopamine release at

2 and 4 mM [Ca2+]ex in the dorsal striatum (Figures 6D–6F

and S6) and in the ventral striatum (Figures 6G–6I and S6). These

data support that RIM organizes release sites to mediate a high

initial p of dopamine release. Importantly, the amplitude of the
8 Cell 172, 1–13, February 8, 2018
axonal action potentials was unchanged in RIM cKODA slices,

and the action potentials also followed 10 Hz stimulus trains (Fig-

ures 6J, 6K, and S7), establishing that loss of firing does not ac-

count for loss of release in RIM cKODA mice and that the density

and excitability of dopamine axons are similar in RIM cKODA and

control mice.

Release Sites Are Sparse in Dopamine Axons
Nerve terminals releasing fast neurotransmitters often contain

one or multiple active zones. In contrast, dopamine axons ap-

peared to have a low density of release sites with approximately

one active zone-like cluster per 4 mmof axon (Figure 2). This sug-

gests that the active zone density in dopamine axons may be
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lower than in axons releasing fast neurotransmitters. To test this

hypothesis, we assessed the distribution of active zone-like sites

relative to vesicle clusters in dopamine synaptosomes.We found

that only 26.3% of the dopamine vesicle clusters, defined by the

coexistence of TH and the vesicle marker synaptobrevin-2, con-

tained the release site marker bassoon (Figures 7A and 7B). In

contrast, 52.6% of TH-negative synaptosomes contained

bassoon. Similar results were observed when active zones

were labeled using ELKS or RIM (Figures 7A–7D). Importantly,

�30% TH-positive synaptosomes contained RIM independent

of whether they were co-labeled with VMAT2 or synaptobre-

vin-2 (Figures 7C and 7D), making it unlikely that release sites

are exclusively associated with varicosities that do not contain

dopamine-laden vesicles (Zhang et al., 2015). To test whether

many dopamine vesicle clusters lack active zone-like sites

in vivo, we labeled vesicles in dopamine neurons by expression

of SYP-tdTomato in dopamine neurons (Figures 7E, 7F, and

S5A–S5D). Only 34% of the labeled vesicle clusters contained

bassoon. For comparison, we labeled vesicles in glutamatergic

synapses in the striatum, and found that 72% of their vesicle

clusters were associated with bassoon. While there are likely

some false negatives in this experiment, the quantitative match

between the synaptosome experiment and the brain 3D-SIM

establish that dopamine varicosities contain active zone-like

release sites significantly less frequently than glutamatergic

nerve terminals.

DISCUSSION

Here, we find that striatal axons of midbrain dopamine neurons

contain active zone-like release sites (Figure 7G) that are mech-

anistically distinct from active zones at fast synapses. Action po-

tential-triggered dopamine release requires these sites, and

only �30% of dopamine vesicle clusters are associated with

them, suggesting that many dopamine varicosities may not

release dopamine in response to action potentials.

Molecular Architecture and Mechanisms of Dopamine
Release Sites
At active zones of fast synapses, removal of RIM or ELKS impairs

release by 40%–80% (Acuna et al., 2016; Han et al., 2011; Held

et al., 2016; Kaeser et al., 2011; Liu et al., 2014). In dopamine

axons, we observed a much stronger dependence of release

on RIM and surprisingly, independence of ELKS. Molecular and

mechanistic differences between dopamine release sites and

classical active zones are further supported by several additional

findings. First, the bassoon cluster size in dopamine axons was

smaller than in other striatal synapses. Second, removal of RIM

disrupted bassoon clusters in dopamine axons but not in axons

of hippocampal neurons (Kaeser et al., 2011). Third, previous

findings indicate that, different from fast synapses, dopamine

release relies on T- and L-type voltage-gated calcium channels

in addition to N- and P/Q-type channels (Brimblecombe et al.,

2015). In general, functional heterogeneity betweendifferent sub-

types of neurons and neurotransmitters is well established, but

how the molecular mechanisms of the release machinery ac-

count for such diverse properties is largely unexplored. The

midbrain dopamine pathway is an ideal system to dissect this
question due to the genetic accessibility, the available measure-

ments of dopamine release, and the behavioral and clinical

importance of the system. We make a first key step forward by

identifying essential components of a mechanistically distinct

release site that is specialized for secretion of a neuromodulator.

Our data indicate that RIM operates as amolecular scaffold for

dopamine secretion. Dopamine release is fast and has a high p,

which establishes that release must be mediated by a scaffold

that tethers primed, dopamine-laden vesicles to the site of

Ca2+-influx. Conditional knockout of RIM in dopamine neurons

abolishes release and impairs clustering of bassoon and

Munc13. Hence, it is likely that RIM mediates dopamine release

through autonomous scaffolding of multiple release site pro-

teins. At fast synapses, RIM has three known functions that all

show redundancy with other proteins: the scaffolding of active

zone proteins (Acuna et al., 2016; Wang et al., 2016), vesicle

priming (Deng et al., 2011; Held et al., 2016), and Ca2+ channel

tethering (Acuna et al., 2016; Kaeser et al., 2011). Because

RIM scaffolding functions are more prominent in dopamine neu-

rons than in other neurons, dopamine release likely relies on a

simpler scaffold with less redundancy.

Some midbrain dopamine neurons co-release glutamate from

a distinct axonal compartment (Zhang et al., 2015). It is unlikely

that the active zone-like structure solely reflects those glutama-

tergic synapses, because dopamine axons in the dorsal stria-

tum, where all 3D-SIM experiments were performed, release

little or no glutamate (Stuber et al., 2010). Furthermore, we

labeled dopamine axons and varicosities with TH or VMAT2,

markers that may be excluded from glutamate-containing areas

(Zhang et al., 2015). Hence, the sparse active zone-like clusters

are associated with dopamine containing vesicles and most

likely embody their fusion sites. One interesting observation is

that some extracellular dopamine remains after RIM knockout

or after blocking action potentials (Figure 5D). While we cannot

exclude that tissue damage contributes to the leftover dopamine

in microdialysis, these data support that action potential-inde-

pendent modes of dopamine release exist (e.g., through sponta-

neous release or through DAT reversal). The RIM independence

of this mode suggests that it does not require active zone-like

sites, and varicosities that do not contain this structure may

also contribute to this form of release.

Implications for Dopamine Signaling
A prominent model of dopamine signaling is that burst firing of

dopamine neurons generates phasic dopamine release, which

codes for events (Grace, 2016). Our findings establish that during

burst firing, the active zone-like site generates a fast rise in local

dopamine that is rapidly dampened. We demonstrate that the

fast depression of release during burst firing is mainly due to

the unusually high p, which leads to rapid depletion. Combined

with dopamine reuptake, this terminates the dopamine signal

within hundreds of milliseconds. This dynamic dopamine signal,

controlled by the release machinery we identify here, likely con-

tributes to the sub-second precision by which dopamine modu-

lates locomotion (Howe andDombeck, 2016) and spine plasticity

(Yagishita et al., 2014). Hence, dopamine transmission relies on

fast, sophisticated release machinery that provides for precise

coding ability.
Cell 172, 1–13, February 8, 2018 9



Figure 7. Many Dopamine Varicosities Lack

Active Zone-like Release Sites

(A) Representative confocal images of sparsely

plated striatal synaptosomes stained for synapto-

brevin-2, TH, and bassoon (top) or ELKS (bottom).

Filled arrowheads indicate synaptosomes con-

taining all three markers. Hollow arrowheads indi-

cate synaptosomes containing synaptobrevin-2

and TH but not bassoon or ELKS.

(B) Quantification of (A) showing the percentage of

particles that contain bassoon or ELKS. Each circle

represents the average result of an area with

1,500–6,000 synaptosomes. n = 18 areas/3 mice

for bassoon and 9/3 for ELKS.

(C) Striatal synaptosomes stained for RIM, VMAT2,

and TH (n = 14/3); RIM, synaptobrevin-2, and TH

(n = 17/3); or RIM, synaptobrevin-2, and VGluT1

(n = 17/3). Filled arrowheads indicate synapto-

somes (insets) containing both markers (VMAT2

and TH, synaptobrevin-2 and TH, or synapto-

brevin-2 and VGluT1) and RIM. Hollow arrowheads

indicate synaptosomes containing the same

markers but not RIM.

(D) Quantification of (C) showing the percentage of

particles that contain RIM. n = 14 areas/3 mice for

VMAT2 and TH-positive synaptosomes, 17/3 for

synaptobrevin-2 and TH-positive synaptosomes,

and 17/3 for synaptobrevin-2 and VGluT1-positive

synaptosomes.

(E) Representative surface rendered 3D-SIM im-

ages of bassoon within vesicle clusters in the

striatum. Vesicles in dopaminergic neurons or in

glutamatergic neurons were labeled by crossing

Cre-dependent synaptophysin-tdTomato mice

(SYP-tdTomato) with DATIRES-Cre or VGluT1IRES-Cre

mice, respectively.

(F) Quantification of (E) showing the percentage of

vesicle clusters associated with bassoon. SYP-

tdTomato 3 DATIRES-Cre n = 49 regions/4 mice,

SYP-tdTomato 3 VGluT1IRES-Cre n = 46/3.

(G) Current model of cellular and molecular archi-

tecture for dopamine secretion. Most dopamine

varicosities contain clusters of dopamine vesicles

and DAT, but only �30% of the vesicle clusters

contain active zone-like release sites composed of

the scaffolds bassoon, RIM, ELKS, and likely other

active zone proteins including Munc13. When ac-

tion potentials propagate through dopamine

axons, dopamine vesicles fuse at these sites with a

very high release probability, and fusion requires

the presence of RIM. This architecture generates a

fast, local rise in dopamine followed by a rapid

decay, which may support fast dopamine coding.

All data are mean ± SEM. ***p < 0.001, **p < 0.01,

*p < 0.05, ns, not significant; Kruskal-Wallis anal-

ysis of variance with post hoc Dunn’s test for

(B) and (D), Mann-Whitney rank-sum test for (F).
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Our data further reveal that stimulation trains result in dopa-

mine release similar to that evoked by single spikes, because

only the first action potential efficiently triggers release. This is

different from the model that burst firing of dopamine neurons

cell-autonomously induces more dopamine release. One expla-

nation is that burst firing is synchronized across many dopamine

neurons while tonic firing is not, resulting in rapid accumulation

of dopamine. An alternative explanation is that single spikes

generated in the axon initial segment fail to propagate in exten-

sive unmyelinated axonal arbors, while burst firing strongly in-

creases the chance of action potentials reaching the varicosities

(Matsuda et al., 2009; Pissadaki and Bolam, 2013). Thus, the in-

crease in extracellular dopamine during burst firing may be due

to an enhanced rate of spike propagation. Because even low-fre-

quency firing in the axon results in depression of dopamine

release, dopamine neurons that were previously silent or only

fired at very low frequencies are probably more efficient in cod-

ing events when recruited.

Recent experiments suggest that only�20%of dopamine var-

icosities release dopamine (Pereira et al., 2016), and a similar

percentage of varicosities is associated with postsynaptic spe-

cializations (Caillé et al., 1996; Descarries et al., 1996; Yung

et al., 1995). Remarkably, dopamine may also mediate relatively

fast postsynaptic currents (Gantz et al., 2013; Marcott et al.,

2014). Furthermore, synaptic contacts of dopamine neurons

are composed of dopaminergic presynaptic and GABAergic

postsynaptic structures (Uchigashima et al., 2016), consistent

with the observation that dopamine neurons synaptically co-

release dopamine and GABA (Tritsch et al., 2012). These obser-

vations, together with our findings that only �30% of dopamine

varicosities contain active zone-like release sites, raise the pos-

sibility that dopamine is exclusively released at synaptic sites in

the striatum. However, because dopamine receptors appear to

be present mostly outside of synaptic structures (Caillé et al.,

1996; Uchigashima et al., 2016; Yung et al., 1995), dopamine

would still need to diffuse after release to extrasynaptic sites

for signaling. To determine how dopamine codes precisely timed

events, future studies will need to assess localization of dopa-

mine receptors relative to its secretory sites.

Active Zone-like Dopamine Release Sites May Be
Important for Regulation and in Disease
At fast synapses, active zone protein function and release are

regulated during synaptic plasticity, for example through Ca2+

signaling and phosphorylation (Südhof, 2012). Active zone-like

release sites in dopamine neurons might be controlled similarly

(e.g., by modification of RIM) to regulate dopamine signaling.

Previous studies have found heterogeneity of dopamine release

properties across varicosities, including variable p and silent var-

icosities (Cragg, 2003; Pereira et al., 2016). Variable composition

or occurrence of release sites could be a tunable feature that

contributes to these functional properties, and dopamine release

could be regulated by activating or silencing entire vesicle clus-

ters through adding or removing active zone-like sites. An alter-

native function of the varicosities void of release sites could be

local storage of vesicles or other secretory material. This may

be particularly important for midbrain dopamine neurons. With

a single axon extending over several meters (Matsuda et al.,
2009), the distant soma may not be sufficient for continuous

supply of secretory material. This complex cellular architecture

may be one explanation for the vulnerability of dopamine neu-

rons, and local storage within varicosities may reflect a cellular

strategy to counteract this problem.

Finally, mutations in RIM and other active zone proteins

are often associated with brain disease (Fromer et al., 2014;

Krumm et al., 2014). We show that RIM is essential for dopamine

secretion. This suggests that mutations in RIM and other pro-

teins in the release machinery may contribute to neurological

disease by altering neuromodulation, a point that will have to

be better incorporated into the interpretations of roles for secre-

tory proteins in neurological disease.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Knock-in mice with bicistronic Cre recombinase expression from the dopamine transporter (DAT) gene locus (RRID:IMSR_JAX:

006660, B6.SJL-Slc6a3tm1.1(cre)Bkmm/J) (Bäckman et al., 2006) were used for removal of active zone proteins or expression of marker

proteins specifically in dopamine neurons and are referred to as DATIRES-Cre mice. For removal of RIM specifically in dopamine neu-

rons (RIM cKODA), previously generated RIM1 (RRID:IMSR_JAX:015832, Rims1tm3Sud/J) and RIM2 (RRID:IMSR_JAX:015833,

Rims2tm1.1Sud/J) double floxed mice (Kaeser et al., 2011) were crossed with DATIRES-Cre mice (Figure S2A). Similarly, dopamine

neuron-specific ELKS1a/2a knockouts (ELKS cKODA) were obtained by crossing ELKS1 (RRID:IMSR_JAX:015830, Erc1tm2.1Sud/J)

and ELKS2 (RRID:IMSR_JAX:015831, Erc2tm1.2Sud/J) double floxed mice (Liu et al., 2014) with DATIRES-Cre mice (Figure S3A). For la-

beling vesicles in dopamine neurons, mice with knockin of a CAG promoter-driven loxP-STOP-loxP-synaptophysin-tdTomato

cassette (SYP-tdTomato) in the Rosa26 locus (RRID: IMSR_JAX:012570, B6;129S-Gt(ROSA)26Sortm34.1(CAG-Syp/tdTomato)Hze/J)

were crossed with DATIRES-Cre mice. For labeling vesicles in glutamate neurons, the SYP-tdTomato mice were crossed

with knock-in mice with bicistronic expression of Cre recombinase from the vesicular glutamate transporter 1 gene locus

(VGluT1IRES-Cre) (RRID:IMSR_JAX:023527, B6;129S-Slc17a7tm1.1(cre)Hze/J). Mice were group-housed with free access to water and

food and experiments were performed at 21-112 days of age in animals of both sexes. All animal experiments were approved by

the Harvard University Animal Care and Use Committee.

METHOD DETAILS

3D-SIM imaging and data processing
Male and female mice (postnatal 43-76 days) were deeply anesthetized with 5% isoflurane and perfused transcardially with 30 ml

phosphate buffer (PBS) at room temperature. Fixation was performed with perfusion of 50 ml 4% paraformaldehyde (PFA) in PBS

at 4�C. Coronal slices containing striatum (20 mm thick) were cut using a vibratome (Leica, VT1000s) in ice-cold PBS. For RIM

and ELKS staining, epitope retrieval was performed by incubating fixed slices for 12-16 hours at 60�C in retrieval solution containing
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150 mM NaCl, 10 mM Tris Base, 1 mM EDTA, 0.05% Tween 20, pH 9.0. All slices were blocked in 10% goat serum in PBS, permea-

bilized in 0.25% Triton X-100 in PBS, stained in primary antibodies for 12 h at 4�C and secondary antibodies for 2 h at room temper-

ature in 0.25% Triton X-100 in PBS, and mounted on #1.5 cover glasses (GG-18-1.5-pdl, neuVitro) with H-1000 mounting medium

(Vectashield). Primary antibodies used for 3D-SIM staining were: mouse anti-bassoon (1:500, RRID: AB_11181058), mouse anti-

RIM1 (1:500, 610907, RRID: AB_10611855), rabbit anti-TH (1:1,000, AB152, RRID: AB_390204), guinea pig anti-TH (1:1,000,

RRID: AB_2619897), rabbit anti-ELKS2a (custom made) (Held et al., 2016), 1029 bleed 5, affinity purified). Secondary antibodies

tagged with Alexa 488 or Alexa 568 were used for detection. 3D-SIM data were collected on a DeltaVision OMX V4 Blaze system

(GE Healthcare) equipped with a 60x/1.42 N.A. oil immersion objective and separate Edge 5.5 sCMOS cameras (PCO) for each chan-

nel. Z stacks were acquiredwith a z-step of 125 nm andwith 15 raw images per plane (five phases, three angles). Spherical aberration

was minimized using immersion oil matching. Super-resolution images were computationally reconstructed from the raw datasets

with a channel-specific measured optical transfer function and a Wiener filter constant of 0.002-0.003 in softWoRx 6.1.3 (GE Health-

care). Channel misregistration wasmeasured using a control slide andmulti-channel datasets were registered using the image regis-

tration function in softWoRx. 3-5 regions of interest (ROIs) were imaged from the dorsal striatum in each slice with imaging volumes of

403 403 4 mm3. For image analysis, ROIs ranging from 353 333 2.5 to 393 393 3.4 mm3 were manually selected in each image

stack. A custom MATLAB program was produced to analyze the 3D datasets. Binary images in each layer of the stack were gener-

ated, with the threshold determined by automatic two-dimensional segmentation (Otsu algorithm). Objects in each channel were

recognized by the size of the cluster formed by contiguous voxels. Size filters for object recognition were as follows: TH-positive

axons, 0.04-20 mm3; vesicle clusters, 0.04-1.2 mm3; active zone markers, 0.003-0.04 mm3. The size of objects in individual channels

and the overlap between objects fromdifferent channels were calculated. Histograms showing the number of clusters in 20%overlap

bins are shown in Figures S1 and 2. An object was considered to be within the other when at least 40% of its voxels colocalized with

the voxels from the other object in Figures 1, 7, S2 and S3. Shuffled objects were generated by randomly relocating each of the ob-

jects in one channel locally within 13 1 x 1 mm3 after object recognition (Figure 1B). The overlap between shuffled objects and objects

from the other channel was then quantified. The effect of shuffling was evaluated by averaging 1,000 rounds of shuffling and overlap

quantification. To estimate the length of dopamine axons, image stacks of tyrosine hydroxylase (TH) staining were first blurred by

three-dimensional Gaussian filtering with a sigma value of 1. A three-dimensional skeletonization was then performed using homo-

topic thinning algorithm and the total length of the skeleton was calculated. The absolute active zone protein cluster density along

dopamine axons was estimated by calculating the differences in the cluster densities between cKODAmice and control mice using an

overlap threshold of > 0% to include all clusters in close proximity to dopamine axons. In conditional genetic 3D-SIM experiments

(Figures 2 and 5), cKODA mice were mice with homozygote floxed alleles for RIM1 and RIM2, or ELKS1 and ELKS2, and a heterozy-

gote DATIRES-Cre allele. Control mice were siblings of the corresponding cKODA mice that had homozygote floxed alleles (either for

RIM or ELKS, respectively) but were negative for the DATIRES-Cre knockin mutation. All data analyses were automated and were done

identical for all conditions. All volume and surface rendering of the representative images for figures were performed in Imaris

(BITPLANE).

Production and injection of AAV viruses
Adeno-associated viruses (AAV)-DJ encoding a double-floxed inverted oChIEF-tdTomato expressed under a human synapsin 1 pro-

moter was produced in HEK293T cells. 72 h after transfection with Ca2+ phosphate, cells were collected, lysed by three freeze-thaw

cycles and the AAVs were purified after harvesting of the cell lysate using iodixanol gradient ultracentrifugation. Genomic titers were

measured by quantitative PCR, and infectious titers were estimated by transducing cultured hippocampal neurons with serial dilu-

tions of the AAV. AAVs were injected unilaterally into the substantia nigra pars compacta (SNc) or ventral tegmental area (VTA) of

DATIRES-Cre mice containing conditional floxed alleles for RIM. At postnatal days 21-23, mice were anesthetized using 5% isoflurane

and mounted on a stereotaxic frame. 1.5%–2% isoflurane was used to maintain a stable anesthesia during the surgery. After

exposing the skull, a small hole was drilled, and the AAV (in DMEM, 1012-1013 genome copies/ml) was injected through a microin-

jector at a rate of 0.1 ml/min for a total volume of 0.5-1 ml. Injection coordinates were 0.8 mm anterior, 1.3 mm lateral of Lambda

and 4.4 mm below pia for SNc, and 0.6 mm anterior, 0.7 mm lateral from lambda and 4.8 mm below pia for VTA. After recovery

from the surgery, the mice were returned to their home cage for at least 19 days prior to recording. Stereotaxic procedures were

performed under protocols approved by the Harvard University Animal Care and Use Committee.

Electrophysiological recordings
Male and female mice (postnatal 41-103 days) were deeply anesthetized by isoflurane and decapitated. Sagittal brain slices contain-

ing the striatum (250 mm thick) were cut using a vibratome (Leica, VT1200s) in ice-cold cutting solution containing (in mM): 75 NaCl,

2.5 KCl, 7.5 MgSO4, 75 Sucrose, 1 NaH2PO4, 12 Glucose, 26.2 NaHCO3, 1 Myo-inositol, 3 Pyruvic acid, 1 Ascorbic acid. After

cutting, slices were incubated at room temperature in incubation solution containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2,

1.3 MgSO4, 1 NaH2PO4, 12 Glucose, 26.2 NaHCO3, 1 Myo-inositol, 3 Pyruvic acid, 1 Ascorbic acid for at least 1h before use. Re-

cordings were performed at 30-32�C, and slices were placed in a recording chamber continuously perfused with artificial cerebro-

spinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 12 Glucose, 26.2 NaHCO3 at 2.5-3ml/min

(heated to 30-32�C). All solutionswere constantly bubbledwith 95%O2 and 5%CO2. All recordings were completed within 4 hours of

slicing. In conditional genetic experiments for electrophysiology (Figures 3, 4, S6 and S7), cKODA mice were mice with homozygote
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floxed alleles for RIM1 and RIM2, or ELKS1 and ELKS2, and a heterozygote DATIRES-Cre allele. Control mice were siblings of the

corresponding cKODA mice that had heterozygote floxed alleles (either for RIM or ELKS, respectively) and carried a heterozygote

DATIRES-Cre knockin mutation to control for potentially confounding effects on dopamine measurements by a tendency toward

slightly lower DAT levels in thesemice (Bäckman et al., 2006). Thus, the control mice are heterozygote for the targeted genes in these

experiments. Because RIM control, ELKS control and ELKS cDKODAmice have indistinguishable dopamine release (Figures 3 and 4),

we conclude that heterozygosity for RIM did not strongly impair dopamine release.

Amperometric recordings

were performed using carbon-fiber microelectrodes (CFE, 7 mm in diameter, 50-100 mm in length) that were fabricated in the labo-

ratory using commercially available carbon fiber filament (Goodfellow). The CFE was calibrated immediately before use by puffing

freshly made dopamine solutions in ACSF (0, 1, 5, 10, 20 mM, Figure S4A). The recording electrode was held at a constant voltage

of 600 mV and placed approximately 50 mm below the slice surface. Signals were sampled at 10 kHz and low-pass filtered at 400 Hz.

Dopamine release was evoked by electrical or optogenetic stimulation every 2 min.

Electrical stimulation

was applied through a unipolar glass pipette (tip diameter 3-5 mm) filled with ACSF. The electrode was placed approximately 20 mm

below the slice surface in the dorsal striatum and 100-150 mm away from the CFE (Figure S4B). The frequency, duration and magni-

tude of the stimulus were controlled through a linear stimulus isolator (A395, World Precision Instruments). A biphasic wave (0.25 ms

in each phase) was applied to evoke responses.

Potassium chloride stimulation

was applied by puffing a buffer containing (in mM) 50 NaCl, 100 KCl, 2 CaCl2, 1.3 MgSO4, 12 Glucose, 10 HEPES, pH 7.3 at the

recording site through a 200 mm wide tube for 10 s at 9 ml/s controlled by a microinjector pump. Only one stimulus was applied

per slice.

Optogenetic stimulation

was limited to dopaminergic axons in the striatum by AAV-mediated, Cre-dependent expression of oChIEF-tdTomato in dopamine

neurons. For the activation of oChIEF, brief pulses of light (470 nm; 1 ms duration; 7.5 mW/mm2) were delivered at the recording site

by a light-emitting diode. In the PPR analyses, responses smaller than 15 pA were excluded.

Extracellular recordings

were performed with a glass pipette (2-3 mm in tip diameter) filled with ACSF and placed approximately 20 mmbelow the slice surface

in an area of the dorsal striatumwith even expression of oChIEF-tdTomato (Figure S7A). Brief pulses of blue light (470 nm; 1ms dura-

tion; 7.5 mW/mm2) were delivered directly at the recording site at 1 Hz for 200-1,200 times. Train stimulation was applied every 10 s.

100 sweeps were averaged for quantification (Figure S7B).

ELISA to measure tissue dopamine levels
Male and female mice (postnatal days 66-112) were injected intraperitoneally with DMSO (0.1 ml) or reserpine (5 mg/kg, 0.1 ml, dis-

solved in DMSO). 2 hours after injection, forebrains containing dorsal and ventral striatum were harvested and homogenized with

30 strokes with a glass Teflon homogenizer in buffer containing (in mM): 25 HEPES, 320 sucrose, 4 EDTA and 1x protease inhibitor

cocktail (P8340, Sigma-Aldrich) pH 7.4. 5 ml of buffer was added for each mg of brain tissue. The homogenate was incubated for

1 hour at 4�C in 1% Triton X-100 on a rotator and centrifuged at 25,000 g for 45 min at 4�C. 50 ml of the supernatant was used for

the Enzyme-linked immunosorbent assay (ELISA). The ELISA assay was performed according to the manufacturer’s protocol using

aDopamine ELISA kit (RockyMountain Diagnostics, BA E-5300). Fractions weremeasured 2 times each at 1:5 and 1:25 dilutions. The

average of the two 1:25 measurements were used for further analyses because the measured values for this dilution were all within

the linear range of the standard curve. Dopamine concentrations were calculated based on a standard curve that was obtained by

using defined dopamine concentrations (0, 0.5, 1.5, 5, 20, 80 ng/ml). Dopamine levels are expressed as ng/mg tissue (Figure 5C). RIM

control and RIM cKODA mice were as described in electrophysiological recordings.

In vivo microdialysis to measure dopamine
Male and female mice (postnatal 61-75 days) were anesthetized using 5% isoflurane and mounted on a stereotaxic frame. 1% iso-

flurane was used tomaintain stable anesthesia duringmicrodialysis. Upon surgical exposure of the skull, a small hole was drilled with

a hand drill, and amicrodialysis probe (6 kDa cut-off, CMA 11, Harvard Apparatus) was inserted through the hole into the dorsal stria-

tum (coordinates: 1.0 mm anterior, 2.0 mm lateral of bregma, and 3.3 mm below pia). The probe was continuously perfused with

ACSF containing (in mM): 155 NaCl, 2.5 KCl, 1.2 CaCl2, 1.2 MgCl2, and 5 glucose at a speed of 1 ml/min. Samples were collected

every 15 min and measured using an HPLC connected to an electrochemical detector (Eicom). TTX (10 mM dissolved in ACSF)

was reversely dialyzed into the brain when the dopamine level was stable for at least 1 hr. RIM control and RIM cKODA mice were

as described in electrophysiological recordings.

Confocal imaging in brain sections
Immunofluorescent labeling of striatal slices was performed as described for 3D-SIM imaging. Primary antibodies used were: mouse

anti-bassoon (1:500, RRID: AB_11181058), guinea pig anti-TH (1:1,000, RRID: AB_2619897), rabbit anti-VMAT2 (1:500, RRID:

AB_10013884). Single sections (Figures 5A and 5B) or z stacks (Figure 1A) were taken on an Olympus FV1000 laser scanning
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microscope. RIM control and RIM cKODA mice were as described in electrophysiological recordings. Images were taken from 6-8

regions (200 3 200 mm2 each) from each animal. ROIs containing the test protein were generated by automatic segmentation in

ImageJ (Otsu algorithm), and the average intensity, size and density were then calculated.

Striatal synaptosome preparation
Coronal brain slices containing striatum were cut (1 mm thick) using a vibratome (Leica, VT1200s) as described in the electrophys-

iological recordings. The dorsal striatum was dissected out from 3-4 slices and homogenized by 12 strokes with a glass Teflon

homogenizer in 1 ml homogenizing buffer containing (in mM) 4 HEPES, 320 sucrose, and 1x protease inhibitor cocktail, pH 7.4. After

the addition of 1 ml homogenizing buffer, the homogenate was centrifuged at 1,000 g for 10 min at 4�C. The supernatant (S1) was

taken and centrifuged at 12,500 g for 15 min at 4�C. The supernatant (S2) was removed and the pellet (P2) was re-homogenized

in 1 ml homogenizing buffer with 6 slow strokes in a glass Teflon homogenizer. After the addition of 1 ml homogenizing buffer, the

P2 homogenate was added to the top of a sucrose gradient made of 5 ml 1.2M sucrose and 5ml 0.8M sucrose, and was centrifuged

at 69,150 g for 70 min at 4�C. The synaptosome layer (1-1.5 ml) was collected from the interface of the two sucrose layers

(Figure S1C).

Analyses of striatal synaptosomes
For confocal microscopy

synaptosomes were diluted 10-40 times in homogenizing buffer and spun down (4,000 g, 10 min) on #1.5 coverglasses coated with

poly-d-lysine. 4% PFA in PBS was added for 20 min to fix the synaptosomes. The synaptosomes were blocked in 3% bovine serum

albumin in PBS, permeabilized in 0.1%Triton X-100 in PBS, stained in primary antibodies for 12 h at 4�Cand secondary antibodies for

2 h at room temperature in blocking solution. Primary antibodies used were: mouse anti-bassoon (1:500, RRID: AB_11181058),

mouse anti-RIM1 (1:500, RRID: AB_10611855), rabbit anti-VMAT2 (1:500, RRID: AB_10013884), rabbit anti-TH (1:1,000, RRID:

AB_390204), rabbit anti-synaptobrevin-2 (1:1,000, RRID: AB_887810), rabbit anti-DAT (1:100, RRID: AB_90808), rabbit anti-ELKS2a

(custom made (Held et al., 2016), 1029 bleed 5), guinea pig anti-TH (1:1,000, RRID: AB_2619897), guinea pig anti-bassoon (1:1,000,

RRID: AB_2290619), guinea pig anti-VGluT1 (1:1,000, RRID: AB_887878), rabbit anti-Munc13-1 (1:1000, RRID: AB_887733), rabbit

anti-Munc18 (1:1000, SySy 116003). Secondary antibodies were tagged with Alexa 488, Alexa 568 or Alexa 633. A single optical sec-

tion (2003 200 mm2) was taken for each area. Image analysis was carried out using ImageJ. Briefly, background was subtracted from

all channels using the ‘‘rolling ball’’ ImageJ plugin with a radius of 1 mm. ROIs were first defined by bassoon, TH, VMAT2 or synapto-

brevin-2 by automatic segmentation and a size filter of 0.2-1 mm2. The average intensity of signals in other channels within individual

ROIs was thenmeasured. An ROI was considered to contain the target protein when the average fluorescence intensity of that partic-

ular protein within the ROI wasmore than 3 times the average intensity of all pixels in the image, andwas considered as not containing

the target protein when the intensity of the target protein within the ROI was below the average intensity of all pixels.

For STED microscopy

samples were prepared as described for confocal microscopy, but different secondary antibodies were used. The secondary anti-

bodies were tagged with Oregon 488 (for STED imaging), Alexa 555 (for STED imaging) or Alexa 633 (for confocal imaging). The glass

coverslips were mounted on slides in ProLong Diamond Antifade mounting medium (ThermoFisher). Images were acquired on a

Leica SP8 STED 3X microscope using a 100x oil immersion objective (NA: 1.4) in a specific order to reduce bleaching (633 nm,

555 nm and 488 nm). Fluorophores were excited at corresponding wavelengths. Depletion lasers for STED imaging were at 40%

power for Alexa 555 (STED laser: 660 nm) and at 50%power for Oregon 488 (STED laser: 592 nm). For quantification, ROIs containing

bassoon were generated by automatic segmentation in ImageJ, and the areas of the ROIs that overlapped with synaptobrevin-2 with

or without TH were calculated.

For electron microscopy (EM)

the synaptosome layer was spun down at 16,000 g for 15min at 4�C. The pellet was washed with 1ml of synaptosome homogenizing

buffer, and again centrifuged. The supernatant was removed and the pellet was fixed in 2% PFA, 2.5% glutaraldehyde in 0.1M ca-

codylate buffer pH 7.4with 2mMCaCl2 on ice for 1 hour. The synaptosome pellet was thenwashed three timeswith 0.1M cacodylate

buffer and processed immediately using standard EM embedding and cutting protocols as described (Wang et al., 2016). Images

were taken with a transmission electron microscope (JEOL 1200 EX at 80 kV accelerating voltage).

For western blotting

the striatal homogenate, S1, S2, P1 and P2 fractions were diluted 6-fold with homogenizing buffer to equal the final dilution of the

sucrose gradient and synaptosome fractions. The samples were boiled in SDS loading buffer, run on SDS-PAGE gels, and standard

western blotting procedures were followed as described (Wang et al., 2016). Primary antibodies used for blotting were as follows:

mouse anti-synaptophysin 1 (1:1,000, RRID: AB_887824), rabbit anti-synaptobrevin-2 (1:1,000, RRID: AB_887810), rabbit anti-

SNAP25 (1:4,000, RRID: AB_887790), rabbit anti-RIM (1:500, RRID: AB_2617051), rabbit anti-panELKS (1:1,000, custom made

P224, a gift from Dr. T.C. Südhof), and mouse anti-b-actin (1:2,000, RRID: AB_476692). Enhanced chemiluminescence was used

for detection of HRP-coupled secondary antibodies.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± SEM. Statistical analyses were performed in Prism (GraphPad). Paired two-tailed t test was used in

Figures 1D, 1E, 6C, 6L, S4D and S7C. Mann-Whitney rank sum test was used in Figures 1H, 3F, 4F, 5B, 5F, 6F, 6I, 6K, 7F, S2D, S3D,

S5B, S5I and S7C. Kruskal-Wallis analysis of variancewith post hocDunn’s test was used in Figures 2F, 5C, 5H, 7B, 7D, S5F, S6E and

S6G. Two-way ANOVA followed by post hoc Bonferroni test was used in Figures 2B, 2D, 3B, 3D, 4B, 4D, 6E, 6H, 6K, S1A, S2C, S3C,

S6B and S7E. No statistical method was used to determine sample size. Significance was set as * p < 0.05, ** p < 0.01, and

*** p < 0.001 for all data. For genotype comparisons by electrophysiology, the experimenter was blinded for data acquisition and

analyses for all experiments except for Figures 6, S6 and S7. For genotype comparisons by microscopy, the experimenter was

blinded for all data analyses.

DATA AND SOFTWARE AVAILABILITY

All data, codes for analyses, materials and animals are available from the corresponding author upon request. Code for 3D-SIM

analyses has been deposited to GitHub.
Cell 172, 1–13.e1–e6, February 8, 2018 e6



Supplemental Figures

Figure S1. Histogram of Bassoon Clusters within Dopamine Axons and Characterization of Striatal Synaptosomes, Related to Figure 1

(A) Histogram of actual and locally shuffled bassoon cluster densities within dopamine axons across 20% bins of overlap. n = 35 regions/4 mice. Each region

contains 6000-11,000 bassoon clusters. Rectangle area indicates bassoon clusters that have more than 40% of volume overlapped with TH and are considered

to be within dopamine axons. The 40%-100% range was selected based on the observations that proteins expressed specifically in dopamine axons overlapped

with TH mainly within this range (Figure S5D), and that the density of RIM and ELKS clusters within dopamine axons dropped rapidly in this range when removed

genetically (Figures 2B and 2D).

(B) Schematic of striatal synaptosome preparation.

(C) Western blotting of the fractions obtained during a synaptosome preparation. The synaptosome layer is enriched with vesicle markers (synaptophysin-1 and

synaptobrevin-2) and active zone markers (RIM and ELKS).

(D) Representative images of bassoon and synaptobrevin-2 staining in a synaptosome preparation taken by confocal (top) and STED (bottom) microscopy.

(E) Representative image of electron microscopic analysis of the synaptosome layer reveals enrichment of membrane enclosed structures filled with synaptic

vesicles.

Data in A are mean ± SEM.
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Figure S2. 3D-SIM Analyses of RIM Clusters within Dopamine Axons, Related to Figure 2

(A) Schematic of the conditional RIM knockout in dopamine neurons (RIM cKODA). Exons 6 (E6) or 26 (E26) were flanked by loxP sites in the conditional RIM1 and

RIM2 knockout mice, respectively, to generate double conditional RIM1/2 knockout mice (Kaeser et al., 2011). When crossed with DATIRES-Cre mice (Bäckman

et al., 2006), Cre recombinase removed RIM1 and RIM2 proteins in dopamine neurons.

(B) Representative images showing RIM and TH labeled dopamine axons, and RIM within dopamine axons in the dorsal striatum of RIM control and RIM cKODA

mice. The volume and surface rendered images were obtained from 103 103 2 mm3 image stacks. For each zoom-in image, a 90� rotation around the x axis is

shown below the standard x-y-z image.

(C) Histogram of locally shuffled RIM cluster densities within dopamine axons across 20% bins of overlap. After shuffling of RIM control and RIM cKODA clusters,

no difference in cluster density is detected. RIM control n = 24 regions/4 mice, RIM cKODA n = 22/4 (p = 0.83 for genotype, p < 0.001 for overlap, and p = 0.63 for

interaction; two-way ANOVA).

(D) Quantification of actual and shuffledRIM clusters with > 40%volume overlapwith dopamine axons fromRIM control and RIM cKODAmice. RIM cluster density

is decreased by 49% in RIM cKODA axons. n as in C.

All data are mean ± SEM. *** p < 0.001, ns, not significant; two-way ANOVA for (C), Mann-Whitney rank sum test for (D).



Figure S3. 3D-SIM Analyses of ELKS Clusters within Dopamine Axons, Related to Figure 2

(A) Schematic of the conditional ELKS knockout in dopamine neurons. Exons 2 (E2) and 3 (E3) were flanked by loxP sites in the conditional ELKS1a knockout

mice, and exon 3 (E3) in ELKS2a knockout mice to generate double conditional ELKS1a/2a knockout mice (Liu et al., 2014). When crossed with DATIRES-Cre mice

(Bäckman et al., 2006), Cre recombinase removed ELKS1a and ELKS2a proteins in dopamine neurons.

(B) Representative images showing ELKS and TH labeled dopamine axons, and ELKS within dopamine axons in the dorsal striatum of ELKS control and ELKS

cKODAmice. The volume and surface rendered images are obtained from 103 103 2 mm3 image stacks. For each zoom-in image, a 90� rotation around the x axis

is shown below the standard x-y-z image.

(C) Histogram of locally shuffled ELKS cluster densities within dopamine axons across 20% bins of overlap. After shuffling of ELKS control and ELKS cKODA

clusters, no difference in cluster density is detected. ELKS control n = 29 regions/4 mice, ELKS cKODA n = 27/4 (p = 0.33 for genotype, p < 0.001 for overlap, and

p = 0.99 for interaction; two-way ANOVA).

(D) Quantification of actual and shuffled ELKS clusters with > 40% volume overlap with dopamine axons from ELKS control and ELKS cKODA mice. ELKS cluster

density is decreased by 45% in ELKS cKODA axons. n as in C.

All data are mean ± SEM. *** p < 0.001; two-way ANOVA for (C), Mann-Whitney rank sum test for (D).



Figure S4. Characterization of Electrically Evoked Dopamine Release in Striatal Brain Slices, Related to Figures 3 and 4

(A) Setup and example traces of the calibration of a carbon fiber electrode (CFE). The CFE was held at 600 mV. Pipettes filled with various concentrations of

dopamine (0, 1, 5, 10, 20 mM) were placed one-by-one close to the tip of the CFE, and dopamine was puffed continuously onto the CFE for 5 s.

(B) Quantification of the experiment shown in (A). The current amplitudes were plotted against the dopamine concentration, and the standard curve was

generated by linear regression. The CFE exhibits no signs of desensitization during the puff, and the current amplitude has a linear relationship with the dopamine

concentration.

(C) Setup of the amperometric recording and sample traces of electrically evoked dopamine release before (black) and after (magenta) the application of nicotinic

acetylcholine receptor antagonist DHbE (1 mM) in sagittal striatal slices of wild type mice. Electrical stimulation evoked two phases of dopamine release

(arrow indicating the first phase), with the second phase inhibited by DHbE.

(D) Quantification of the experiment shown in (C). n = 6 slices/3 mice.

All data are mean ± SEM. *** p < 0.001; paired t test.



Figure S5. Analyses of Synaptophysin-tdTomato Mice and of Munc13 and Munc18 Clusters in Dopamine Axons, Related to Figure 5

(A) Representative confocal images of sparsely plated striatal synaptosomes expressing synaptophysin-tdTomato (SYP-tdTomato) in dopamine axons stained

for synaptobrevin-2 and TH. The filled arrowheads indicate SYP-tdTomato positive synaptosomes (inset 1) containing synaptobrevin-2 and TH. The hollow

arrowhead indicates a particle (inset 2) containing TH but not synaptobrevin-2. SYP-tdTomato is restricted to synaptobrevin-2 positive synaptosomes, but is not

present in TH positive structures without vesicle marker synaptobevin-2.

(legend continued on next page)



(B) Quantification of (A), showing the percentage of SYP-tdTomato positive synaptosomes in TH positive particles that do or do not contain synaptobrevin-2.

These data establish that SYP-tdTomato reliably marks vesicles in dopamine terminals. n = 12 areas/3 mice.

(C) Representative images of SYP-tdTomato (green) and TH staining (magenta) in dorsal striatum acquired using 3D-SIM. The example images are volume- or

surface-rendered assemblies of a 10 3 10 3 2 mm3 image stack.

(D) Histogram of density of vesicle clusters along dopamine axons in 20% overlap bins. 76.3 ± 1.7% of SYP-tdTomato clusters have > 40% overlap within

dopamine axons (rectangle area, n = 28 regions/3 mice).

(E) Confocal images of striatal synaptosomes stained for Munc13, bassoon and TH. Filled arrowheads indicate synaptosomes containing bassoon and TH

(insets). Hollow arrowheads indicate particles containing TH but not bassoon.

(F) Quantifications of (E) showing that Munc13 is colocalized with bassoon. n = 10 areas/3 mice.

(G) Representative STED images of Munc13 and bassoon in TH positive synaptosomes showing that Munc13 and bassoon are tightly associated within a small

cluster.

(H) Representative confocal images of synaptosomes from RIM control and RIM cKODA mice stained for RIM, Munc13 and Munc18. Dopamine vesicle clusters

were labeled by genetic expression of SYP-tdTomato.

(I) Quantifications of (H). Removal of RIM caused 76% decrease in RIM positive dopamine synaptosomes with the remaining signal likely being antibody

background (Wang et al., 2016), 26% decrease in Munc13 positive dopamine synaptosomes and no significant change in Munc18 positive dopamine synap-

tosomes. For RIM andMunc18 quantification, n = 15 areas/3mice in RIM control and RIMcKODAmice. ForMunc13 quantification n = 15/3 in RIM control and 18/3

in RIM cKODA mice.

All data aremean ±SEM. *** p < 0.001, **, p < 0.01, ns, not significant; Mann-Whitney rank sum test for (B) and (I), Kruskal-Wallis analysis of variance with post hoc

Dunn’s test for (F).
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Figure S6. Removal of RIM Strongly Impairs Action Potential-Driven Dopamine Release in the Striatum, Related to Figure 6

(A) Example traces (average of 4 sweeps) of dopamine release during a 10 Hz electrical stimulation train in wild typemice before (black traces) and after (magenta

traces, cocktail) the application of amixture of 5 mMNBQX to block AMPA and kainate receptors, 50 mMD-APV to block NMDA receptors, 5 mMGabazine to block

GABAA receptors, 0.3 mM S-Sulpiride to block D2 receptors, and 0.1 mM CGP55845 to block GABAB receptors.

(B)Summaryplot of the experiment shown in (A)with responsesnormalized to the initial responsebefore adding thedrugcocktail. Becausenosignificant difference

was seen after adding the inhibitor cocktail, we conclude that the fast decay of release is not causedby disynaptic inhibition, or feedback inhibitionmediated byD2

or GABAB receptor activation. n = 6 slices/3 mice (p = 0.76 for drug application, p < 0.001 for stimulus number, and p = 0.93 for interaction; two-way ANOVA).

(C) Example traces (average of 4 sweeps) and quantification of light-evoked dopamine release in wild typemice before (black) and after (magenta) the application

of nicotinic receptor blocker DHbE (1 mM). DHbE did not reduce optogenetically induced dopamine release. n = 6/2.

(D) Example traces of dopamine transients evoked by paired light stimulation (1 s interval, 1 ms duration, blue bars) at 2 and 4 mM extracellular Ca2+ ([Ca2+]ex) in

dorsal striatal slices of RIM control mice and RIM cKODA mice.

(E) Quantification of peak dopamine transient and PPR of (D). RIM control n = 14/5 at 2 mM [Ca2+]ex and 9/4 at 4 mM [Ca2+]ex, RIM cKODA mice n = 13/5 at 2 mM

[Ca2+]ex and 9/4 at 4 mM [Ca2+]ex. Removal of RIM caused a dramatic decrease in dopamine release in the dorsal striatum, and significantly increased the paired-

pulse ratio (PPR) at both [Ca2+]ex. Responses smaller than 15 pA were not included in PPR analysis.

(legend continued on next page)



(F, G) Same as (D, E), but showing results obtained from ventral striatum. RIM control n = 10/3 at 2 mM [Ca2+]ex and 7/3 at 4 mM [Ca2+]ex for amplitude and PPR,

RIM cKODAmice n = 9/3 at 2 mM [Ca2+]ex and 7/3 at 4 mM [Ca2+]ex. Removal of RIM caused a dramatic decrease in dopamine release in the ventral striatum, and

significantly increased the paired-pulse ratio (PPR) at both [Ca2+]ex.

All data are mean ± SEM. *** p < 0.001, ns, not significant; two-way ANOVA for (B), paired t test for (C), and Kruskal-Wallis analysis of variance with post hoc

Dunn’s test for (E, G).



Figure S7. Removal of RIM Does Not Strongly Affect Axonal Action Potentials in Dopamine Neurons, Related to Figure 6

(A) Images of sagittal slices expressing oChiEF-tdTomato from RIM control and RIM cKODA mice. Extracellular recordings were performed by placing a glass

pipette in the slice in an area with even expression of oChiEF-tdTomato (square). Light stimulation was applied directly to the recording site.

(B) Examples of extracellular field recordings, with a single sweep in gray, and the average of 100 sweeps in magenta. Blue bar indicates light stimulation.

(C) Representative traces of extracellular recordings (left) before (black) and after (magenta) application of 1 mMTTX. Similar inhibition of the peak amplitude (right)

was observed after adding TTX (which abolishes neurotransmitter release, Figure 6C) in RIM control (n = 7 slices/3 mice) and RIM cKODA mice (n = 7/3). Data

shown were normalized to the amplitude before TTX application (the absolute amplitude is shown in Figure 6K). The field potentials consist of a TTX sensitive

dopamine axon fiber volley and an oChIEF component that generated a voltage sag by passive depolarization caused by activation of oChIEF. These experiments

establish that the loss of dopamine release upon knockout of RIM is not caused by strongly impaired action potential initiation or propagation, or large reductions

in fiber number or excitability.

(D) Example traces (average of 100 sweeps) of extracellular recordings fromRIM control and RIM cKODAmice at 20, 40 and 80 Hz light stimulation (1 ms duration,

blue bars).

(E) Quantification of (D). Responses were normalized to the initial response. Action potential firing followed in both groups at 10 Hz (Figure 6K), but failed to follow

reliably in RIM control and RIM cKODA mice when the frequency exceeded 20 Hz. The pronounced depression of the amplitude with increasing stimulation

frequency ismost likely due to an increasing number of fibers that fail to follow the light stimulation. All experiments characterizing dopamine release were done at

frequencies of 10 Hz or lower, at which action potential firing reliably follows light stimulation in both groups. RIM control n = 6/3, RIM cKODA n = 8/3.

All data are mean ± SEM, *** p < 0.001, ns, not significant; paired t test and Mann-Whitney rank sum test.
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