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The molecular mechanisms underlying somatodendritic dopamine (DA) release remain unresolved, despite the passing of dec-
ades since its discovery. Our previous work showed robust release of somatodendritic DA in submillimolar extracellular Ca21

concentration ([Ca21]o). Here we tested the hypothesis that the high-affinity Ca21 sensor synaptotagmin 7 (Syt7), is a key de-
terminant of somatodendritic DA release and its Ca21 dependence. Somatodendritic DA release from SNc DA neurons was
assessed using whole-cell recording in midbrain slices from male and female mice to monitor evoked DA-dependent D2
receptor-mediated inhibitory currents (D2ICs). Single-cell application of an antibody to Syt7 (Syt7 Ab) decreased pulse train-
evoked D2ICs, revealing a functional role for Syt7. The assessment of the Ca21 dependence of pulse train-evoked D2ICs con-
firmed robust DA release in submillimolar [Ca21]o in wild-type (WT) neurons, but loss of this sensitivity with intracellular
Syt7 Ab or in Syt7 knock-out (KO) mice. In millimolar [Ca21]o, pulse train-evoked D2ICs in Syt7 KOs showed a greater
reduction in decreased [Ca21]o than seen in WT mice; the effect on single pulse-evoked DA release, however, did not differ
between genotypes. Single-cell application of a Syt1 Ab had no effect on train-evoked D2ICs in WT SNc DA neurons, but did
cause a decrease in D2IC amplitude in Syt7 KOs, indicating a functional substitution of Syt1 for Syt7. In addition, Syt1 Ab
decreased single pulse-evoked D2ICs in WT cells, indicating the involvement of Syt1 in tonic DA release. Thus, Syt7 and Syt1
play complementary roles in somatodendritic DA release from SNc DA neurons.
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Significance Statement

The respective Ca21 dependence of somatodendritic and axonal dopamine (DA) release differs, resulting in the persistence of
somatodendritic DA release in submillimolar Ca21 concentrations too low to support axonal release. We demonstrate that
synaptotagmin7 (Syt7), a high-affinity Ca21 sensor, underlies phasic somatodendritic DA release and its Ca21 sensitivity in
the substantia nigra pars compacta. In contrast, we found that synaptotagmin 1 (Syt1), the Ca21 sensor underlying axonal
DA release, plays a role in tonic, but not phasic, somatodendritic DA release in wild-type mice. However, Syt1 can facilitate
phasic DA release after Syt7 deletion. Thus, we show that both Syt1 and Syt7 act as Ca21 sensors subserving different aspects
of somatodendritic DA release processes.

Introduction
Midbrain dopamine (DA) neurons release DA from their somata
and dendrites in the substantia nigra pars compacta (SNc) and

ventral tegmental area (Geffen et al., 1976; Rice et al., 1994, 1997;
Jaffe et al., 1998; Chen and Rice, 2001). Locally released DA in
midbrain activates D2 DA autoreceptors that inhibit DA neuron
firing via G-protein-coupled inwardly rectifying K1 channels
(GIRKs; Lacey et al., 1988; Beckstead et al., 2004, 2007; Courtney
et al., 2012; Hikima et al., 2021). This process requires SNARE
proteins, including SNAP-25 (Bergquist et al., 2002; Fortin et al.,
2006; Hikima et al., 2021) and related RIM (Rab-interacting
molecule) proteins (Robinson et al., 2019). Many other mo-
lecular aspects of somatodendritic release, however, are
poorly understood.

Previous studies showed that somatodendritic DA release
operates at submillimolar Ca21 concentrations that do not sup-
port axonal DA release (Chen and Rice, 2001; Fortin et al., 2006;
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Chen et al., 2011; Mendez et al., 2011). In part, this involves con-
tributions from intracellular Ca21 stores (Patel et al., 2009;
Hikima et al., 2021), but other factors may contribute, including
a high-affinity Ca21 sensor for exocytotic release. Intracellular
Ca21 sensing for transmitter release is achieved primarily by syn-
aptotagmins (Syts), transmembrane proteins with two cytosolic
Ca21 binding (C2) domains (Südhof and Rizo, 1996). Messenger
RNAs for Syt1, Syt4, Syt7, and Syt11 are found in SNc DA neu-
rons (Glavan and Zivin, 2005; Mendez et al., 2011). Of these,
Syt1 and Syt7 have Ca21-binding C2 domains, with Syt1 having
low Ca21 affinity and Syt7 having high Ca21 affinity (Sugita et
al., 2002; Pinheiro et al., 2016). Previous work has shown that
Syt1 mediates fast, synchronous transmitter release (Geppert et
al., 1994; Xu et al., 2007), including axonal DA release in dorsal
striatum (Banerjee et al., 2020; Delignat-Lavaud et al., 2021).
High-affinity Syt7 also contributes to asynchronous exocytotic
release in neurons and secretory cells (Gustavsson et al., 2009;
Jackman et al., 2016; Chen et al., 2017; Luo and Südhof, 2017).
Previous evidence suggests that Syt7 is associated with the
plasma membrane, in contrast to vesicle-associated Syt1 (Sugita
et al., 2001), supporting differential roles for these Syts in Ca21-
dependent exocytosis. Indeed, in endocrine cells that express
both Syt1 and Syt7, the deletion of either Syt affects distinct com-
ponents of exocytotic release (Schonn et al., 2008). Syt7 is a good
candidate to mediate the high Ca21 sensitivity of somatoden-
dritic DA release, as supported by studies in cultured DA neu-
rons (Fortin et al., 2006; Mendez et al., 2011).

We reported previously that D2 autoreceptor-dependent reg-
ulation of a given SNc DA neuron is governed primarily by DA
released from that same cell (Hikima et al., 2021). This allows
mechanistic studies of the release process through the application
of antibodies or toxins via the pipette used to monitor DA-de-
pendent D2 receptor-mediated inhibitory currents (D2ICs).
Here, we report that in ex vivo midbrain slices, single-cell appli-
cation of an antibody against Syt7 (Syt7 Ab) decreased the ampli-
tude of D2ICs evoked in SNc DA neurons by brief pulse trains.
Intracellular Syt7 Ab in wild-type (WT) SNc DA neurons also
eliminated train-evoked DA release in submillimolar extracellu-
lar Ca21 ([Ca21]o), and attenuated D2IC amplitudes in [Ca21]o
up to 2.4 mM [Ca21]o. Loss of submillimolar Ca21 sensitivity was
also seen in Syt7 knock-out (KO) mice. Moreover, with changes
in [Ca21]o in the millimolar range, Syt7 deletion had a greater
effect on pulse-train (phasic) than on single-pulse (tonic) evoked
DA release. Given that DA release persisted in millimolar
[Ca21]o in Syt7 KOs, we tested a role for another Ca21 sensor,
Syt1. Although intracellular Syt1 Ab had no effect on train-
evoked D2ICs in WT DA neurons, it caused a progressive
decrease in D2IC amplitude in Syt7 KO cells. In addition, intra-
cellular Syt1 Ab decreased single-pulse D2ICs in WT DA neu-
rons. These data indicate that Syt1 influences tonic
somatodendritic DA release, and provides functional substitu-
tion for normally dominant Syt7. Our findings establish that
both Syt1 and Syt7 act as Ca21 sensors for tonic and phasic
aspects of somatodendritic DA release.

Materials and Methods
Animals. All animal procedures conform to guidelines of the

Institutional Animal Care and Use Committee at the New York
University Grossman School of Medicine. Both male and female
mice were used at postnatal weeks 4–8; strains were C57BL/6J WT mice
(stock no. 000664, The Jackson Laboratory) and Syt7 KO mice
(Chakrabarti et al., 2003; Jackman et al., 2016; stock no. 004950, The
Jackson Laboratory). All mice were group housed with controlled tem-
perature and humidity, and maintained on a 12 h light/dark cycle (lights

on at 6:30 A.M.) with food and water available ad libitum in an
Association for Assessment and Accreditation of Laboratory Animal
Care International-accredited facility. We did not observe any overt be-
havioral abnormalities in 4- to 8-week-old Syt7 KO mice. The initial
report describing these mice indicated that they were born with the
expectedMendelian ratio, with no gross abnormalities or obvious neuro-
logic defects (Chakrabarti et al., 2003). On the other hand, subtle differ-
ences have been reported in slightly older Syt7 KO mice (age, 3–
6months), including bipolar-like behavioral fluctuations during the
light/dark cycle (Shen et al., 2020).

Slice preparation. Mice were injected intraperitoneally with
Euthasol (120 mg/kg pentobarbital), then perfused transcardially
with ice-cold cutting solution containing the following (in mM):
200 sucrose; 2.5 KCl; 26 NaHCO3; 1.25 NaH2PO4; 0.5 CaCl2; 7
MgSO4; 1 ascorbic acid; 3 sodium pyruvate; and 7 glucose. The so-
lution was equilibrated with 95% O2/5% CO2 (Lee et al., 2013).
Brains were removed and placed in ice-cold cutting solution for
;1min. Horizontal midbrain slices (250 mm thick) were cut on a
vibrating microtome (model VT1200S, Leica Microsystems), transferred
to a holding chamber for 40min at 35°C, and maintained for at least
30min at room temperature in artificial CSF (aCSF) containing the follow-
ing (in mM): 125 NaCl; 2.5 KCl; 25 NaHCO3; 1.25 NaH2PO4; 2 CaCl2;
1 MgSO4; 1 sodium ascorbate; 3 sodium pyruvate; 25 glucose; and 0.4 myo-
inositol (Lee et al., 2013). Experimental slices were transferred to the record-
ing chamber and superfused at 1.2 mL/min with 32°C bicarbonate-buffered
aCSF, containing the following (in mM): 124 NaCl; 3.7 KCl; 26 NaHCO3;
2.4 CaCl2; 1.3 MgSO4; 1.3 KH2PO4, and 10 glucose, equilibrated with 95%
O2/5% CO2. Experiments were conducted in 2.4 mM [Ca21]o, except for
those in which the Ca21 dependence of somatodendritic DA release was
assessed by changing [Ca21]o from 2.4 to 0.6, 1.2, or 3.6 mM, as the experi-
ment dictated.

Electrophysiology. Evoked D2ICs were recorded in voltage-clamp
mode using a Multiclamp 700B microelectrode amplifier with a Digidata
1550B converter and Clampex10.7 software (Molecular Devices). The
medial terminal nucleus of the accessory optic tract was used as an ana-
tomic landmark to identify the SNc in horizontal midbrain slices; SNc
DA neurons were recognized by their large spindle-shaped cell bodies
under infrared-differential interference contrast optics on a microscope
(model BX50WI, Olympus America). The identity of DA neurons was
then confirmed physiologically by their low spontaneous spike rate (1–
5Hz), action potential width of .1.2ms, and the presence of an h-cur-
rent (.200 pA) evoked in response to a membrane voltage step from
�60 to�110mV (Ford et al., 2006).

To record D2ICs, neurons were held at �60mV; currents were fil-
tered at 2 kHz and digitized at 10 kHz; and pipette resistance was 2.0–3.5
MX. The usual pipette solution contained the following (in mM): 115 K-
methylsulfate; 20 NaCl; 1.5 MgCl2; 5 HEPES; 10 EGTA; 3 Na2-ATP; and
0.3 Na3-GTP, at pH 7.3 with KOH, and 291–300 mOsm (Ford et al.,
2010). For pharmacological isolation of D2ICs, picrotoxin (100 mM),
CGP55845 (0.3 mM), 6,7-dinitroquinoxaline-2,3-dione DNQX; 10 mM) and
D(–)-2-amino-phosphonopentanoic acid (D-AP5; 50 mM) were included in
the recording aCSF (Beckstead et al., 2004; Hikima et al., 2021). Electrodes
were prepared from glass capillaries (Sutter Instrument) with a horizontal
micropipette puller (model P-97, Sutter Instrument). Series resistances were
not compensated, and recordings were discarded if the series resistance
exceeded 15 MX. A bipolar stimulating electrode (FHC) was placed on the
slice surface, 50–100mm lateral to a patched neuron. In most experiments,
D2ICs were evoked by five-pulse trains at 40Hz or single pulses applied at
4min intervals. In some experiments, however, five-pulse trains and one-
pulse stimulation were alternated at 2min intervals in a given DA neuron
to mimic phasic and tonic DA neuron activity. Voltage-clamp recording of
quinpirole-induced currents was used to assess D2 receptor and GIRK
channel function. Given that quinpirole can desensitize D2Rs (Robinson et
al., 2017), we used an optimized quinpirole concentration (250 nM) and
application time (15 s) to achieve a reproducible current that did not affect
subsequent evoked D2ICs (Hikima et al., 2021).

For initial studies of the possible involvement of Syt7 in somatoden-
dritic DA release, pulse train-evoked D2ICs were recorded with single-
cell application of Syt7 Ab (5 or 10mg/mL) or Syt1 Ab (10mg/mL) via
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the recording pipette. After patching a given cell, the Ab infiltrated the cell
by diffusion. The Syt 7Ab used (Synaptic Systems; Table 1) was raised
against amino acid residues 46–133 of the Syt7 intracellular region.
Specificity of Syt7 was supported by the absence of immunostaining after
preadsorption with its blocking peptide (BP; Synaptic Systems; Fig. 1A) and
confirmed by the absence of staining in brain sections from Syt7 KO mice
(Fig. 1B), or in Western blots of tissue from Syt7 KOs (Fig. 1C), as seen in
previous studies (Jackman et al., 2016; Chen et al., 2017). Initial D2ICs
were recorded within 5min of patching and monitored until a stable max-
imal effect was seen (final D2IC; 32–36min). Control measurements with
Syt7 Ab plus its blocking peptide or a nonspecific Ig (IgG) were time-
matched to the duration required for Syt7 Ab alone. To examine a role for
Syt1, we used both a Syt1 Ab (Synaptic Systems; Table 1) that was raised
against amino acid residues 405–421 of the Syt1 intracellular region and
its blocking peptide. Stock Syt7 Ab and Syt1 Ab solutions were diluted in
the pipette solution. In some experiments, Neurobiotin 488 (0.01%; cata-
log #SP-1125–2, Vector Laboratories) was included with Syt7 Ab or Syt1
Ab to mark recorded neurons.

Immunohistochemistry. Mice were administered Euthasol intraperi-
toneally, then perfused transcardially with PBS followed by freshly pre-
pared 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.2. Brains were
removed, postfixed in PFA overnight at 4°C, and cryoprotected in 20%
and then 30% sucrose. Frozen coronal sections (50mm thick) were cut
through SNc using a Cryocut 1800 cryostat (Belair Instrument) and
processed for immunohistochemistry. Brain sections were washed 3-
� 15min in PBS1 0.1% Triton X-100, then 1 h in 5% donkey serum in
PBS1 0.3% Triton X-100. Thereafter, sections were incubated in pri-
mary antibodies for 18–24 h at room temperature on a shaking platform.
Primary antibodies for Syt7, Syt1, and tyrosine hydroxylase (TH) and
the secondary antibodies used are listed in Table 1 with their catalog
numbers and working dilutions. Following 3� 15min washes in PBS,
sections were incubated in fluorescent secondary antibodies diluted
1:200 for 2 h. After 3� 15min final washes in PBS alone, sections were
mounted on slides, air dried, dehydrated in graded alcohols, treated
with CitriSolv, and coverslipped with Krystalon (Millipore Sigma).
Experimental midbrain slices in which Neurobiotin was used to identify
neurons recorded with Syt7 Ab in the pipette were fixed overnight in
PFA, then the whole slice was processed as described above, except that
the dehydration and CitriSolv steps were omitted and the slice was
mounted in VectaShield (Vector Laboratories).

Images of immunostained tissue were obtained with a confocal
microscope (model Eclipse C1, Nikon) and processed with Photoshop
(Adobe Systems). Any changes in brightness and/or contrast were made
on the entire image. Control experiments included incubation for 2–12
h at 1:1 with the blocking peptide, resulting in the loss of specific immu-
nostaining [Fig. 1A (see also Fig. 7A)]. Comparisons of immunostained
control and preabsorbed tissue were made on adjacent sections from the
same brain, using identical confocal photomultiplier settings. Each pri-
mary antibody and blocking peptide was tested on at least four mice.

Western blotting. To obtain tissue samples for immunoblotting, mice
were administered Euthasol intraperitoneally and decapitated, and the
brains were removed into ice-cold PBS. Individual regions were dis-
sected and frozen immediately on dry ice. Samples were maintained at
�80°C until processed. The methods used for immunoblotting were
similar to those used previously (Sathler et al., 2021). Tissue samples
were homogenized in radioimmunoprecipitation buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P40, 0.5% deoxycholate, 0.1%

SDS, and 10 mM EGTA) with phosphatase and protease inhibitors
(Roche). Equal amounts of protein (20mg) were loaded on 10% SDS-
PAGE gels and transferred to nitrocellulose membranes, which were
blotted with Syt7 (1:2000) or Syt1 Ab (1:2000), and b -actin (1:5000;
catalog #3700S, Cell Signaling Technology). Secondary antibodies
were used at 1:5000 dilution: goat anti-rabbit-HRP (catalog #G21234,
Thermo Fisher Scientific), goat anti-mouse-HRP (catalog #31439,
Thermo Fisher Scientific), and donkey anti-guinea pig-HRP (catalog
#706036148, Jackson ImmunoResearch).

Chemicals. EGTA, BAPTA, and picrotoxin were purchased from
Millipore Sigma; D-AP5, DNQX, CGP55845, sulpiride, and quinpirole
were from Tocris Bioscience. Other salts, including CaCl2, were from
Millipore Sigma.

Analysis and statistics. Electrophysiological data were obtained and
quantified using pClamp10 (Molecular Devices), then analyzed and
graphed with Clampfit (Molecular Devices) and GraphPad Prism
(GraphPad Software). These data are reported as the mean 6 SEM (n,
number of cells). Kinetic parameters for D2IC were determined from an
average of at least three measurements per cell. The time to peak was
measured from the end of the last stimulation pulse to the peak of the
evoked D2IC. Half-width was a measure of D2IC duration, calculated as
the difference between the time points at 50% of peak D2IC amplitude
on the rising and falling phases. Decay time was estimated from an expo-
nential function used to fit the falling phase of D2ICs. To determine the
Ca21 cooperativity (Hill coefficient) and Ca21 sensitivity (EC50) for each
condition, normalized D2IC amplitude data in each [Ca21]o was ana-
lyzed using the Hill equation (Schneggenburger and Neher, 2000).
Differences for within-group comparisons were assessed by paired two-
tailed t tests. Differences among three experimental groups were deter-
mined by two-way ANOVA and Holm–Sidak multiple-comparisons
tests. For all data, statistical significance was considered to be p, 0.05.

Results
Identification of Syt7 in SNc DA neurons
Previous work documented the expression of Syt7 mRNA in rat
DA neurons and Syt7 protein in cultured mouse DA cells
(Glavan and Zivin, 2005; Mendez et al., 2011). Here we identified

Table 1. Immunohistochemical reagents

Antibody Animal Source Catalog # Dilution

Syt7 Rabbit Synaptic Systems 105173 1:1000
Syt1 Guinea pig Synaptic Systems 105015 1:1000
TH Sheep Abcam ab113 1:1000
Syt7 blocking peptide Synaptic Systems 105-71P 1:1000
Syt1 blocking peptide Synaptic Systems 105-01P 1:1000
Cy3 anti-rabbit Donkey The Jackson Laboratory 711–165-152 1:200
Cy3 anti-guinea pig Donkey The Jackson Laboratory 706–005-148 1:200
Cy5 anti-sheep Donkey The Jackson Laboratory 713–175-147 1:200

Figure 1. Syt7 immunoreactivity in SNc DA neurons and efficacy of Syt7 KO. A,
Representative images showing immunostaining for Syt7 (red) and TH (blue) in the SNc of a
coronal midbrain section in WT mice. Preadsorption of Syt7 with its BP resulted in loss of
Syt7 immunostaining (Syt71BP). Scale bar, 10mm. B, Representative images showing im-
munostaining for Syt7 and TH in the SNc of a coronal midbrain section in Syt7 KO mice.
Scale bar, 10mm. C, Immunoblot of brain region extracts from WT or homozygous Syt7 KO
mice probed with an affinity-purified antibody against the Syt7 confirms specificity of the
Syt7 Ab and the efficacy of the KO. Cx, Cortex; Cer, cerebellum; Hip, hippocampus; Str, stria-
tum; Mid, midbrain; Std, protein molecular mass standard.
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Syt7 in SNc DA neurons in mouse brain sections using immuno-
histochemistry; Syt7 immunoreactivity was readily detected in
DA cell bodies and dendrites identified by TH immunoreactivity
(sections from four mice) and was absent either when the Syt7
Ab was preincubated with its blocking peptide (Fig. 1A) or in
Syt7 KO mice (Fig. 1B). Additionally, the specificity of the Syt7
Ab used was confirmed in immunoblotting experiments against
proteins from diverse brain regions in both WT and Syt7 KO
mice (Fig. 1C). Consistent with earlier studies (Sugita et al., 2001;
Chakrabarti et al., 2003; Schonn et al., 2008), Syt7 Ab immuno-
stained multiple bands ranging from 45 to 90 kDa in cortex, cere-
bellum, hippocampus, striatum, and midbrain. In contrast,
immunoblots of the same brain regions from Syt7 KOs were
devoid of immunostaining, confirming both the absence of Syt7 in
KOmice and the specificity of the Syt7 Ab (Fig. 1C).

Single-cell application of Syt7 Ab attenuates somatodendritic
DA release
Somatodendritic DA release can be studied by monitoring the
D2ICs resulting from D2 autoreceptor activation by DA released
from the recorded cell during local stimulation (Beckstead et al.,
2004, 2007; Ford et al., 2010; Courtney et al., 2012; Gantz et al.,
2013; Hikima et al., 2021). Here we tested a possible functional
role for Syt7 in somatodendritic DA release by examining the
effect of intracellular application of our validated Syt7 Ab on the
amplitude of evoked D2ICs. In initial experiments, D2ICs were
evoked by brief, phasic stimulation (40Hz, five pulses; Beckstead
et al., 2004; Hikima et al., 2021). Both male and female WT and
Syt7 KO mice were studied. We found no sex differences in the
physiological properties used to identify SNc DA neurons (WT:
spontaneous spike rate: males, 2.86 0.2Hz, n=25; females,
3.26 0.4Hz, n=11; p=0.49; h-current: males, 8336 56pA,
n= 25; females, 10416 115 pA, n= 11; p= 0.08; D2IC amplitude:
males, 39.86 4.4 pA, n= 17; females, 38.06 4.0 pA, n=8; p=
0.80, unpaired t test; Syt7 KO: spontaneous spike rate: males,
2.86 0.2Hz, n=26; females, 3.36 0.4Hz, n= 9; p=0.30; h-cur-
rent: males, 8326 64pA, n= 27; females, 9546 89pA, n= 9;
p= 0.34; D2IC amplitude: males, 33.66 2.2 pA, n= 27; females,
26.36 1.9 pA, n=8; p= 0.07, unpaired t test). Subsequently, data
from both sexes were pooled. Single-cell application of Syt7 Ab
(10mg/mL) caused a decrease in D2IC amplitude that reached a
stable minimum after ;30min (Fig. 2A–C; D2IC amplitude with
Syt7Ab: 486 5% of initial, n=15; p, 0.0001, paired t test).
In contrast, the final amplitude of evoked D2ICs following coap-
plication of Syt7 Ab with its blocking peptide (20mg/mL) or, alter-
natively, with a nonspecific IgG, did not differ from initial
amplitude over the same recording period (Syt7 Ab 1 BP: final,
916 6% of initial, n=6; p=0.26; IgG: final, 1116 14% of initial,
n=9; p=0.74, paired t tests; Fig. 2A–C).

To assess the possible influence of Syt7 Ab on D2 receptor or
GIRK channel function, we evaluated the effect of each experi-
mental condition on D2 receptor currents elicited by external
application of quinpirole, a D2 receptor agonist (Hikima et al.,
2021). Given that D2 receptors can desensitize with agonist
application in a Ca21-dependent manner (Robinson et al., 2017),
we compared the stability of quinpirole-activated currents with

Figure 2. Intracellular application of Syt7 Ab decreases D2IC amplitude. A, Average time
course of changes in the amplitude of phasic D2ICs (five pulses, 40 Hz) with Syt7 Ab, Syt7
Ab1BP, or IgG in the recording pipette. Intracellular application of Syt7 Ab alone decreased
amplitude; coinfusion of the BP for Syt7 Ab nullified this effect. B, Representative D2ICs after
establishing whole-cell recording (initial) and at the end of the recording period (final). C,
Quantification of D2IC amplitude when recorded with Syt7, Syt7 Ab1BP, or IgG (Syt7 Ab:
final, 486 5% of initial, n= 15; Syt7 Ab1BP: final, 916 6% of initial, n= 6; p= 0.26;
IgG: final, 1116 14% of initial, n= 9; p= 0.74, paired t test). D, Representative D2-depend-
ent currents evoked by brief superfusion of quinpirole (250 nM, 15 s). Quinpirole was applied
immediately after establishing whole-cell recording (initial) and at the end of the recording
period (final) with Syt7 Ab in the pipette. E, Quantification of quinpirole-evoked D2 currents
in the presence of Syt7 (Syt7 Ab: final, 996 8% of initial, n= 12; p= 0.66, paired t test). F,

/

Representative immunostaining of Syt7 Ab and TH in the SNc in two horizontal slices after
whole-cell recording. Neurobiotin 488 was used to identify patch-clamped cells and was
introduced together with Syt7 Ab via the recording pipette (n= 6 slices). Scale bars, 10mm.
n.s., Not significant. ***p, 0.0001.
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EGTA- or BAPTA-based internal solutions. Superfusion of quin-
pirole (250 nM) at the beginning of recording for 15 s produced D2
currents in the same amplitude range as evoked D2ICs with either
internal solution (Fig. 2D,E). A second application at the end of the
experiment revealed that quinpirole-induced currents were stable
over the recording period with Syt7 Ab in either internal solution
(EGTA: second application, 1076 12% of initial, n=5; BAPTA:
second application, 946 9% of initial, n=7; p=0.41, unpaired t
tests; Fig. 2D,E). These data were therefore pooled. The similarity of
initial and final quinpirole current amplitudes indicates that the
decrease in evoked D2IC amplitude with intracellular Syt7 Ab
reflects a decrease in DA release, and does not occur because of
altered D2 receptor sensitivity or impaired GIRK channel function.

To confirm the single-cell specificity of pipette application,
we used immunohistochemical staining with a secondary anti-
body to localize Syt7 Ab in a subpopulation of recorded neurons
(n=5). The tested cells were filled with Neurobiotin 488 and
were subsequently identified as DA neurons by immunoreactiv-
ity for TH. In these experiments, five of five recorded cells
showed immunostaining for both Syt7 Ab (secondary Ab only)
and TH. The pattern of staining confirmed that Syt7 Ab infil-
trated the soma and proximal dendrites of DA neurons during
the time of recording and that the Syt7 Ab was confined to the
recorded cell (Fig. 2F). For our previous study using single-cell
Ab or toxin application, we conducted a series of control experi-
ments to confirm that the effects seen were from intracellular
application and not extracellular leakage (Hikima et al., 2021). In
one of these experiments, we used positive pressure to eject an
Ab (against SNAP-25) near a DA neuron, then recorded from
that cell with a pipette lacking that Ab. We found no change in
evoked D2IC amplitude following extracellular Ab application,
whereas intracellular application caused a consistent, significant
decrease (Hikima et al., 2021, their Fig. S5), demonstrating the
selectivity and efficacy of our single-cell application method.

We further examined the influence of Syt7 Ab on D2IC
kinetics, including time to peak, half-width, and decay time. The
time to peak D2IC amplitude was increased with intracellular
application of Syt7 Ab (Fig. 3A–C; Syt7 Ab: initial, 2046 10ms;
final, 2656 13ms, n=7; p=0.004, paired t test), without a change
in half-width or decay time (half-width: initial, 3596 9ms; final,
3696 15ms; p=0.57; decay time constant: initial, 3966 25ms;
final, 4126 37ms, n=7; p=0.73, paired t test). Given the lack of
change in the overall D2IC time course, which is governed pri-
marily by D2–GIRK kinetics (Beckstead et al., 2007), the increased
time to reach peak amplitude presumably reflects the decreased
influence of Syt7 on the release process. Increased time to peak
is unlikely to result from reduced DA release, as we previ-
ously found no correlation between peak amplitude and time
to peak in D2ICs recorded under control conditions (Hikima
et al., 2021). None of these D2IC kinetic properties was
altered by intracellular coapplication of the blocking peptide
with Syt7 Ab or by IgG alone (Fig. 3A–C).

Calcium dependence of somatodendritic DA release
We assessed the influence of Syt7 on the Ca21 dependence of
somatodendritic DA release, as indexed by relative changes in
D2IC amplitude in varying [Ca21]o (Fig. 4). In SNc DA neurons
from WT mice, evoked D2ICs were readily detected in submilli-
molar [Ca21]o (Fig. 4A). Peak D2IC amplitude relative to that in
2.4 mM [Ca21]o was 726 6% in 1.2 mM [Ca21]o (n=6) and
486 12% in 0.6 mM (n= 6; Fig. 4B,C). These results are consist-
ent with prior observations using fast-scan cyclic voltammetry
(FSCV; Chen and Rice, 2001; Chen et al., 2011). We next

examined the effect of intracellular Syt7 Ab (5 mg/mL) on the
Ca21 dependence of evoked D2ICs. In 3.6 mM [Ca21]o, the ampli-
tude of D2ICs recorded with intracellular Syt7 Ab did not differ
from that in WT mice under control conditions (Fig. 4A–C).
However, D2ICs in 0.6 and 1.2 mM [Ca21]o were significantly
lower with Syt7 Ab in the pipette than in WT controls (1.2 mM

[Ca21]o, p=0.042, WT vs WT1Syt7 Ab; 0.6 mM [Ca21]o,
p=0.011, WT vs WT1Syt7 Ab; two-way ANOVA with Holm–
Sidak multiple-comparisons tests; Fig. 4B,C). Indeed, D2ICs
evoked with Syt7 Ab were nearly abolished in 0.6 mM [Ca21]o (1.2
mM [Ca21]o, 486 12% of 2.4 mM [Ca21]o, n=6; D2IC amplitude
in 0.6 mM [Ca21]o, 86 6% of 2.4 mM [Ca21]o, n=6; Fig. 4A–C).
A similar pattern was seen for the Ca21 dependence of DA release
in SNc DA neurons from Syt7 KO mice, as follows: D2IC ampli-
tude between KO and WT mice was similar at 3.6 mM [Ca21]o,
but the amplitude for Syt7 KOs was significantly smaller than in
WT mice at 1.2 mM [Ca21]o and was, again, nearly absent at 0.6
mM [Ca21]o (Syt7 KO: D2IC amplitude in 3.6 mM [Ca21]o,
1176 3% of 2.4 mM [Ca21]o, n=4; D2IC amplitude in 1.2 mM

[Ca21]o, 396 13% of 2.4 mM [Ca21]o, n=6; D2IC amplitude in
0.6 mM [Ca21]o, 136 6% of 2.4 mM [Ca21]o, n=6; Fig. 4A–C).

Estimation of Ca21 sensitivity and cooperativity for
somatodendritic DA release
The Ca21 dependence of D2ICs recorded in SNc DA neurons
from WT mice, from WT mice with Syt7 Ab, or from Syt7 KOs

Figure 3. Intracellular application of Syt7 Ab in SNc DA neurons delayed the time to peak
of evoked D2ICs compared with controls, but did not alter other D2IC parameters. A, Time to
peak (Syt7 Ab: initial, 2046 10ms; final, 2656 13ms, n =7; p= 0.004; Syt7 Ab1BP: ini-
tial, 1966 7 ms; final, 2086 2 ms, n = 5; p= 0.15; IgG: initial, 2786 24ms; final,
2966 29ms, n =7; p= 0.35). B, Half-width (duration at 50% peak amplitude): Syt7 Ab:
initial, 3596 9 ms; final, 3696 15ms; p= 0.56; Syt7 Ab1BP: initial, 3106 20ms; final,
3186 20ms; p= 0.22; IgG: initial, 4106 30ms; final, 4216 31ms; p= 0.32). C, Decay
time constant (Syt7 Ab: initial, 3966 25ms; final, 4126 37ms; p= 0.73; Syt7 Ab1BP:
initial, 3046 24ms; final, 2686 20ms; p= 0.69; IgG: initial, 4056 31ms; final,
3646 41ms; p= 0.44, paired t test). n.s., Not significant. ***p, 0.001.
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was evaluated by best-fit Hill plots (Fig. 4C).
The [Ca21]o at which evoked D2IC ampli-
tude was half-maximal (i.e., EC50) for WT
mice was 0.9 mM [Ca21]o, but this increased
to 1.3 mM with intracellular Syt7 Ab and to
1.6 mM in Syt7 KO mice. The calculated
slope of the function (Hill coefficient) was
used to estimate Ca21 cooperativity. The
estimated Hill coefficient for the WT data
was 1.8, which is consistent with previous
reports using FSCV to monitor DA release
in the SNc (Chen et al., 2011). In contrast,
the Hill plot of the Ca21 dependence of DA
release after intracellular Syt7 Ab applica-
tion or in Syt7 KO mice yielded coefficients
of 3.3 and 2.6, respectively. These data show
that Syt7 modulates the Ca21 dependence
of somatodendritic DA release.

Greater influence of Syt7 on phasic than
tonic somatodendritic DA release
In vivo, SNc DA neurons exhibit the follow-
ing two distinct firing patterns: burst firing
(phasic) and steady pacemaker activity
(tonic; Grace and Bunney, 1984).
Accordingly, we compared the role of Syt7
in the Ca21 dependence of somatodendritic
DA release evoked with a phasic pulse train
(five pulses, 40Hz) alternated, at 2min
intervals, with single-pulse stimulation in
the same cell (Fig. 5A). In 2.4 mM [Ca21]o,
the amplitude of phasic D2ICs did not differ
between WT and Syt7 KO mice (2.4 mM

[Ca21]o: WT, 36.96 4.9 pA, n= 9; Syt7 KO,
32.06 3.2 pA, n= 8; p=0.47, unpaired t
test) and neither did that of single-pulse
evoked D2ICs (2.4 mM [Ca21]o: WT:
11.46 1.0 pA, n=9; Syt7 KO: 13.06 1.4 pA,
n= 8; p=0.27, unpaired t test). However,
when [Ca21]o was decreased to 1.2 mM, a
marked effect of Syt7 deletion was seen for
phasic D2ICs, with significantly lower D2IC
amplitude in DA cells from Syt7 KO versus
WT mice (1.2 mM [Ca21]o: WT: 27.96
3.2 pA, n=9; Syt7 KO: 14.66 2.1 pA, n= 8;
p=0.014, unpaired t test). In contrast, there
was no difference in D2IC amplitude
between genotypes when evoked with sin-
gle-pulse stimulation (1.2 mM [Ca21]o: WT:
6.96 0.7 pA, n=9; Syt7 KO: 7.76 0.7 pA,
n= 8; p=0.49, unpaired t test). The influ-
ence of Syt7 on the Ca21 dependence of
phasic DA release is seen in the ratio of
D2IC amplitudes in 1.2 mM versus 2.4 mM

[Ca21]o (Fig. 5B). Decreasing [Ca
21]o had a

significantly greater effect in Syt7 KO versus
WT mice with five-pulse stimulation,
whereas no genotypic difference was seen
for one-pulse evoked D2ICs (Fig. 5B). These
data suggest that the influence of Syt7 is
greater on phasic than on tonic DA release.
To examine this possibility directly, we
compared the ratio of phasic-to-tonic D2IC

Figure 4. Influence of Syt7 on the Ca21 dependence of somatodendritic DA release. A, Evoked D2ICs in the
SNc in varying [Ca21]o. Averaged records are shown in color, and single D2IC traces are shown in gray. In con-
trol WT SNc DA neurons, robust D2ICs were seen in 1.2 and 0.6 mM [Ca21]o. However, D2ICs were minimal in
low [Ca21]o when recorded with intracellular Syt7 Ab or in SNc DA neurons from Syt7 KO mice. B, D2IC ampli-
tudes from WT, WT1Syt7 Ab, and Syt7 KO SNc DA neurons normalized to D2IC amplitude in 2.4 mM [Ca21]o
for each cell (3.6 mM: WT vs Ab, p = 0.79; WT vs KO, p = 0.75; Ab vs KO, p = 0.79; 1.2 mM: WT vs Ab,
p = 0.042; WT vs KO, p = 0.0054; Ab vs KO, p = 0.38; 0.6 mM: WT vs Ab, p = 0.011; WT vs KO, p = 0.042; Ab vs
KO, p = 0.62; n = 4–6/condition, two-way ANOVA with Holm–Sidak multiple-comparisons test). C, Ca21 de-
pendence of somatodendritic DA release in SNc, normalized to peak amplitude in 2.4 mM [Ca21]o for each con-
dition. Solid lines show the Hill fit for WT (black), Syt7 Ab in WT (green), and Syt7 KO (blue). The calculated
Hill coefficients were 1.8 for WT, 3.3 for WT1Syt7 Ab, and 2.6 for Syt7 KO. The x-axis for each Hill plot was
extended to 9.6 mM [Ca21]o to permit extrapolation of the Ca

21 dependence to an approximate maximal level
for each region. These plots were also used to calculate the [Ca21]o at which DA release is half-maximal (EC50), indicated
by dashed lines: WT EC50 was 0.9 mM [Ca21]o; WT1Syt7 Ab was 1.3 mM [Ca21]o; and Syt7 KO was 1.6 mM [Ca21]o
(n= 4–6 for each data point, two-way ANOVA with Holm–Sidak multiple-comparisons test). n.s., Nonsignificant.
*p, 0.05, WT vs Syt7 Ab; #p, 0.05, WT vs Syt7 KO; ##p, 0.01, for WT vs Syt7 KO.
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amplitude (5:1 pulse ratio) for each genotype and [Ca21]o (Fig.
5C). We found a significant decrease in the 5:1 pulse ratio in Syt7
KO versus WT mice in both 2.4 and 1.2 mM [Ca21]o (Fig. 5C).
Stimulus intensity used in these measurements did not differ
between recordings in Syt7 KO and WTmice (Fig. 5D), thus rul-
ing out a potential variable. These data demonstrate a key role
for Syt7 in amplifying the contrast between phasic and tonic
somatodendritic DA release in physiologically relevant [Ca21]o.

Functional replacement of Syt1 for somatodendritic DA
release in Syt7 KOmice and influence of Syt1 on tonic DA
release
Given the efficacy of Syt7 Ab in suppressing somatodendritic
DA release in WT DA neurons in 2.4 mM [Ca21]o (Fig. 2A–C),
the similarity of D2IC amplitudes evoked by phasic stimulation
of SNc DA neurons from Syt7 KO and WT mice was surprising
(Fig. 4A). We investigated possible explanations for this apparent
anomaly, first by testing the stability of D2ICs in Syt7 KO mice.
We observed that D2ICs evoked by phasic stimulation in neu-
rons from Syt7 KO mice were stable over the standard recording
period (final: 936 14% of initial, n= 4; p=0.95, paired t test;
Fig. 6A–C). We also found no differences in the kinetics of
D2ICs recorded in SNc DA neurons from Syt7 KO versus WT
mice (Fig. 6D–F). Quinpirole-induced currents in KO mice also
did not differ from those in WT (Fig. 6G; WT: 43.76 5.3 pA,
n= 9; KO: 41.66 5.2 pA, n= 10; p= 0.79, unpaired t test), indi-
cating unaltered D2 sensitivity or GIRK coupling after Syt7 dele-
tion. Last, we found no differences in the basic physiological

characteristics of SNc DA neurons from Syt7 KO versus WT
mice (Fig. 6H–L).

The persistence of pulse train-evoked D2ICs after Syt7 dele-
tion with sufficiently high [Ca21]o implies that DA release in
Syt7 KOs requires an additional Ca21 sensor. Previously
reported evidence for Syt1 in SNc DA neurons (Glavan and
Zivin, 2005), and the dependence of axonal DA release on Syt1
in the striatum (Banerjee et al., 2020; Delignat-Lavaud et al.,
2021), led us to focus on a possible role for this Syt isoform.
Immunostaining identified Syt1 protein in the somata and den-
drites of SNc DA neurons (sections from five mice), which was
absent when the Syt1 Ab was preincubated with its blocking pep-
tide (Fig. 7A). We and others have reported the apparent absence
of detectable Syt1 immunoreactivity in midbrain DA neurons
(Witkovsky et al., 2009; Delignat-Lavaud et al., 2022). Our earlier
study (Witkovsky et al., 2009) used an Ab against Syt1,2 that did
not stain guinea pig midbrain DA neurons. In contrast, the spe-
cific anti-Syt1 Ab used in the present study also immunostained
guinea pig SNc DA neurons, with the absence of staining after pre-
incubation with the blocking peptide (unpublished results).

Accordingly, we examined the effect of intracellular appli-
cation of Syt1 Ab on somatodendritic DA release (Fig. 7B–D).
Interestingly, D2IC amplitude evoked by phasic stimulation
was unaltered by single-cell application of Syt1 Ab in WT SNc
DA neurons, with no difference between the initial and final
amplitudes over the same recording period during which Syt7
Ab (10mg/mL) attenuated D2ICs (final: 1056 11% of initial,
n= 6; p = 0.77, paired t test; compare Figs. 7B, 2A). However,

Figure 5. The influence of Syt7 on phasic versus tonic somatodendritic DA release. A, Representative D2ICs elicited by one-pulse (tonic) or five-pulse (phasic) stimulation at 40 Hz in 2.4 or
1.2 mM [Ca21]o in SNc DA neurons from WT and Syt7 KO mice. B, Ratio of D2IC amplitude in 1.2 mM [Ca21]o to 2.4 mM [Ca21]o as an index of the Ca

21 dependence in WT and Syt7 KO mice.
The effect of decreasing Ca21 on five-pulse evoked D2ICs was significantly greater in Syt7 KO mice versus WT, whereas no genotypic difference was seen with one-pulse evoked D2ICs (phasic
D2ICs: WT, 1.2 mM 0.766 0.03 of 2.4 mM, n= 9; Syt7 KO, 1.2 mM 0.466 0.05 of 2.4 mM, n= 8; p= 0.0004; tonic D2ICs: WT, 1.2 mM 0.606 0.03 of 2.4 mM, n= 9; Syt7 KO: 1.2 mM

0.646 0.07 of 2.4 mM, n= 8; p= 0.65, unpaired t test). C, Ratio of five-pulse to one-pulse (5:1 p ratio) evoked D2IC amplitude in a given SNc DA neuron shows that Syt7 amplifies the contrast
between phasic and tonic somatodendritic DA release (2.4 mM: WT, 3.26 0.2, n= 9; Syt7 KO, 2.56 0.2, n= 8; p= 0.018; 1.2 mM: WT, 4.16 0.4, n= 9; Syt7 KO, 1.96 0.2, n= 8;
p= 0.0004, unpaired t test). D, Stimulation intensities used to evoked D2ICs did not differ between WT and Syt7 KO SNc DA neurons (WT: 33.06 0.3 mA, n= 9; Syt7 KO: 31.06 0.2 mA,
n= 8; p= 0.61, unpaired t test). n.s., Not significant. *p, 0.05, ***p, 0.001.
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intracellular Syt1 Ab led to a significant decrease in D2IC am-
plitude in SNc DA neurons from Syt7 KO mice (final D2IC
amplitude: 636 7% of initial, n = 5; p = 0.0027, paired t test;
Fig. 7B–D). In contrast, the initial and final amplitudes of five-
pulse evoked D2ICs recorded with Syt1 Ab and its blocking pep-
tide (20mg/mL) in the pipette did not differ (Syt1 Ab 1 BP: final,
1006 7% of initial, n=5; p=0.71, paired t tests; Fig. 7B–D).
Quinpirole-induced currents were unaltered by Syt1 Ab in
the pipette in Syt7 KO mice, indicating no effect on D2

receptor or GIRK channel function (Fig. 7C,D). Moreover, in
tested cells filled with Neurobiotin 488 and identified as
DAergic by TH immunoreactivity, Syt1 Ab infiltrated the peri-
karyon and proximal dendrites of recorded SNc DA neurons in
both WT (five cells) and Syt7 KO mice (six cells; Fig. 7E). Last,
to test whether responsiveness to Syt1 Ab in Syt7 KOs might
involve the upregulation of Syt1, we quantified Syt1 protein in
WT and KO midbrain and striatal tissue (n= 3 mice/genotype),
and found no difference between the genotypes for either
region (Fig. 7F,G). Correspondingly, Syt1 immunostaining was
indistinguishable between WT and Syt7 KO tissue (not illus-
trated). Together, these findings indicate that Ca21 sensing for
somatodendritic DA release in SNc is achieved primarily, but
not exclusively, by Syt7 in WT animals, and that Syt1 can pro-
vide functional replacement when Syt7 is absent.

Syt1 function inWTmice
As described above, we found that the amplitudes of one-pulse-
evoked D2ICs did not differ betweenWT and Syt7 KOmice, in ei-
ther 1.2 or 2.4 mM [Ca21]o (Fig. 5A,B). These data imply that tonic
somatodendritic DA release uses a Ca21 sensor other than Syt7, a
role for which Syt1 was again the logical candidate (Fig. 7A). To
test the influence of Syt1 on tonic somatodendritic DA release, we
examined the effect of intracellular application of Syt1 Ab on one-
pulse evoked D2IC amplitude in WT SNc DA neurons.
Intracellular Syt1 Ab application led to a significant decrease in
D2IC amplitude (final: 506 5% of initial, n=5; p=0.004, paired t
test; Fig. 7H–J). This contrasts with the absence of effect of Syt1
Ab on phasic D2ICs (Fig. 7B–D). When Syt1 Ab was applied with
its blocking peptide (20mg/mL), the effect of Syt1 Ab on one-pulse
evoked D2ICs was prevented, such that the final D2IC amplitude
did not differ from initial over the same recording period (Syt1 Ab
1 BP: final, 956 2% of initial, n=5; p=0.15, paired t tests; Fig.
7H–J). These data demonstrate that Syt1 plays a role in tonic
somatodendritic DA release, but not phasic release, thus illustrat-
ing that both Syt1 and Syt7 are required for the full repertoire of
stimulus-evoked somatodendritic DA release.

Discussion
Our initial goal was to determine whether, and in what way, Syt7
contributes to somatodendritic DA release in SNc DA neurons.
We tested this using intracellular application of a validated Syt7
Ab and genetic Syt7 deletion. These approaches have comple-
mentary advantages: the use of Syt7 Ab allows assessment of the
acute effect of Syt7 impairment in individual SNc DA neurons
without affecting neighboring cells (Hikima et al., 2021), whereas
global Syt7 KO mice provide unambiguous deletion of Syt7
(Chakrabarti et al., 2003; Jackman et al., 2016).

We found that intracellular Syt7 Ab suppressed phasic D2ICs,
without affecting currents induced by external application of a D2
receptor agonist, quinpirole, confirming the inhibition of DA
release, rather than altered D2 receptor or GIRK channel function.
Intracellular Syt7 Ab also affected the Ca21 dependence of somato-
dendritic DA release in SNc, with loss of evoked D2ICs in submilli-
molar [Ca21]o. A similar change in Ca21 dependence was seen in
DA neurons from Syt7 KOmice. These data are consistent with the
high affinity of Syt7 for Ca21 (Sugita et al., 2002; Hui et al., 2005)
and show that Syt7 underlies the persistence of somatodendritic DA
release in submillimolar [Ca21]o, which has been reported previ-
ously (Chen and Rice, 2001; Chen et al., 2011; Mendez et al., 2011).
Evidence for a similar role of Syt7 in axonal DA release has also
been described (Kissiwaa et al., 2021).

Figure 6. Characteristics of persistent D2ICs in SNc DA neurons from Syt7 KO mice. A,
Stability of phasic D2ICs in SNc DA neurons from Syt7 KO mice recorded in 2.4 mM [Ca21]o.
B, Representative D2ICs after establishing whole-cell recording (initial) and at the end of the
recording period (final). C, Quantification of D2IC amplitude (final: 936 14% of initial,
n= 4; p= 0.95, unpaired t test). D, Time to peak (WT: 2536 13ms, n= 18; KO:
2516 9 ms, n= 21; p= 0.93, unpaired t test). E, Half-width (WT: 4246 15ms, n= 18;
KO: 4256 16ms, n= 21; p= 0.98, unpaired t test). F, Decay time constant (WT:
3946 21ms, n= 16; KO: 4296 24ms, n =19; p= 0.32, unpaired t test). G, Quinpirole-
evoked D2 currents (WT: 43.76 5.3 pA, n= 9; Syt7 KO: 41.66 5.2 pA, n= 10; p= 0.79,
paired t test). H, Spontaneous activity (WT: 2.86 0.2 Hz, n= 19; Syt7 KO: 2.96 0.2 Hz,
n= 26; p= 0.75, unpaired t test). I, h-current (WT: 0.896 0.09 nA, n= 14; Syt7 KO:
0.936 0.07 nA, n= 26; p= 0.72, unpaired t test). J, Cell capacitance (WT: 33.16 1.7 pF,
n= 19; Syt7 KO: 35.16 1.4 pF, n= 26; p= 0.35, unpaired t test). K, Input resistance (WT:
293.96 22.1 MV, n= 19; Syt7 KO: 255.86 16.5 MV, n= 26; p= 0.17, unpaired t test).
L, Series resistance (WT: 8.46 0.8 MV, n= 19; Syt7 KO: 9.76 0.4 MV, n= 26; p= 0.14,
unpaired t test). n.s., Not significant.
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Notably, the loss of phasic-evoked D2ICs in low [Ca21]o,
whether recorded with Syt7 Ab or in DA neurons from Syt7 KO
mice, shows the absence of a compensatory mechanism to enable
DA release. In millimolar [Ca21]o, however, robust phasic DA
release was seen in Syt7 KOs, implicating an alternative Ca21

sensor under these conditions. We found that Syt1 substituted

for Syt7 in phasic DA release after Syt7 deletion and facilitated
tonic DA release in WT mice. Overall, our data reveal comple-
mentary roles for Syt7 and Syt1 in somatodendritic DA release.
By extension, these may contribute to the discrete roles of SNc
DA neurons in motor and reward behaviors, in that tonic spiking
is linked to self-paced movement whereas burst activity is related

Figure 7. Intracellular application of Syt1 Ab decreases D2IC amplitude in Syt7 KO mice, but not in WT mice. A, Representative images showing immunostaining for Syt1 (red) and TH (blue)
in the SNc of a coronal section. Preadsorption of Syt1 with its BP resulted in the loss of Syt1 immunostaining (Syt11BP). Scale bar, 10mm. B, Average time course of changes in the amplitude
of burst-evoked D2ICs (five pulses, 40 Hz) in 2.4 mM [Ca21]o with Syt1 Ab in the recording pipette. Intracellular application of Syt1 Ab deceased amplitude in Syt7 KO mice, but not in WT
mice. C, Representative initial and final D2ICs with Syt1 Ab in the pipette in WT (light blue) or Syt7 KO (blue) SNc DA neurons. Below, Representative D2 currents evoked by brief superfusion of
quinpirole (250 nM, 15 s) with Syt1 Ab in the pipette. D, Quantification of D2IC amplitude with Syt1 Ab in the pipette (Syt1 Ab in WT: final, 1056 11% of initial, n= 6, p= 0.78; Syt1 Ab1BP
in WT: final, 1006 7% of initial, n= 5, p= 0.71; Syt1 Ab in Syt7 KO: final, 636 7% of initial, n= 5; paired t test). Quantification of quinpirole-evoked D2 currents in the presence of Syt1 Ab
(Syt1 Ab: final, 1196 15% of initial, n= 5; p= 0.76, paired t test). E, Representative immunostaining of Syt1 Ab and TH in the SNc in a horizontal slice after whole-cell recording. Neurobiotin
488 was used to identify the patch-clamped cell and was introduced with Syt1 Ab via the recording pipette (n= 6 slices in three WT mice; n =7 slices in Syt7 KO mice). Scale bar, 10mm. F,
Immunoblots for Syt1 in striatum (Str) and midbrain (Mid) from WT and Syt7 KO mice (n= 3 mice/genotype). G, Quantification of Syt1 protein in WT and Syt7 KO midbrain and striatal tissue.
H, Average time course of changes in the amplitude of one-pulse evoked D2ICs in 2.4 mM [Ca21]o with Syt1 Ab in the recording pipette. Intracellular application of Syt1 Ab decreased amplitude
in WT mice, but not with Syt1 Ab1BP. I, Representative initial and final D2ICs in WT SNc DA neurons recorded with Syt1 Ab or with Syt1 Ab1BP in the pipette. J, Quantification of D2IC am-
plitude with single-cell application of Syt1 Ab or Syt11BP (Syt1 Ab: final, 506 5% of initial, n= 5; Syt1 Ab1BP: final, 956 2% of initial, n= 5; p= 0.15, paired t test). Scale bars: A, G,
20mm. n.s., Not significant. **p, 0.01.
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to reward prediction (Niv et al., 2005; Schultz, 2007; da Silva et
al., 2018).

Ca21 dependence of somatodendritic DA release in the SNc
Members of the Syt family provide Ca21 sensing for exocytosis
(Brose et al., 1992; Südhof, 2002). Previous studies in cultured
DA neurons showed that the downregulation of Syt7 prevents
K1-evoked DA release in low [Ca21]o, whereas the downregula-
tion of Syt1 has no effect (Mendez et al., 2011). Here, we found
that the evoked somatodendritic DA release seen in low [Ca21]o
is absent when recorded with Syt7 Ab in the pipette or after Syt7
deletion. Hill plots showed an increase in the [Ca21]o EC50 for DA
release with single-cell Syt7 Ab application and in Syt7 KOs, con-
firming that Syt7 governs the sensitivity of somatodendritic DA
release to low [Ca21]o. Although the EC50 for Ca

21 in WT mice
was somewhat higher than in our previous Ca21 dependence
study using FSCV in guinea pig slices (Chen et al., 2011), the prior
experiments included a DA uptake inhibitor that would facilitate
DA detection at lower [Ca21]o than in the present work.

Analysis of single-cell Ca21 dependence data for DA release
from WT SNc neurons gave a Hill coefficient of 1.8, which is
similar to that reported previously (Chen et al., 2011). The usual
Hill coefficient for Ca21 in synaptic transmission is 2.5–5
(Augustine et al., 1985; Sun et al., 2007; Chen et al., 2011), indi-
cating that the Ca21 cooperativity required for somatoden-
dritic DA release is lower than that for classical fast synaptic
transmission. In SNc, low cooperativity appears to be medi-
ated by Syt7, in that Syt7 Ab or Syt7 deletion increased the
Hill coefficients for somatodendritic DA release to 3.3 with
Syt7 Ab and to 2.6 in Syt7 KOs.

Facilitation of phasic somatodendritic DA release by Syt7
We found that D2ICs evoked by phasic stimulation in SNc DA
neurons lacking Syt7 were more sensitive to a change in [Ca21]o
in the physiological range than those from WT mice (Figs. 4, 5).
In contrast, the absence of Syt7 had no effect on the sensitivity of
one-pulse evoked D2ICs to changes in millimolar [Ca21]o. These
data imply a greater role for Syt7 in phasic versus tonic somato-
dendritic DA release. The influence of Syt7 on phasic DA release
can be understood by considering that the DA release response is
detected after the end of a stimulus train (Fig. 5A), at a time
when phasic stimulated [Ca21]i is still elevated, but falling (Hage
and Khaliq, 2015). Our data suggest that high-Ca21 affinity Syt7
mediates release during this poststimulus phase, a facilitation that is
lost in Syt7 KOs. Studies in other neuron types have shown that
Syt7 responds to residual [Ca21]i to facilitate asynchronous trans-
mitter release (Bacaj et al., 2013; Kaeser and Regehr, 2014; Luo et
al., 2015; Jackman et al., 2016; Chen et al., 2017; Jackman and
Regehr, 2017; Luo and Südhof, 2017; Turecek and Regehr, 2018).
The slow rate of Ca21 dissociation after binding to Syt7 (Brandt et
al., 2012) would prolong the release process further. Thus, the
greater influence of Syt7 on phasic versus tonic DA release leads
to an increase in the contrast between phasic and tonic release,
which would amplify feedback inhibition of DA neuron activity
after a burst of action potentials, including those associated
with motor acceleration and reward prediction (Schultz, 2007;
Howe and Dombeck, 2016; da Silva et al., 2018). Facilitation of
phasic DA release in SNc by Syt7 is supported by evidence in a
recent preprint (Kissiwaa et al., 2021).

Functional substitution of Syt1 for Syt7
The persistence of phasic D2ICs in Syt7 KO mice in millimolar
[Ca21]o points to the involvement of additional Ca21 sensors.

Prior work indicates that midbrain DA neurons express four Syt
isoforms (1, 4, 7, and 11; Glavan and Zivin, 2005; Mendez et al.,
2011; Delignat-Lavaud et al., 2022), of which Syt1 and Syt7 con-
tain the Ca21-binding domains required to activate the SNARE
complex and initiate transmitter release (Südhof, 2002). Here, we
identified Syt1 protein in SNc DA neurons by immunostaining.
However, we found no role for Syt1 in phasic somatodendritic
DA release in WT neurons, indicated by the lack of effect of in-
tracellular Syt1 Ab on D2IC amplitude. In contrast, intracellular
Syt1 Ab in DA neurons from Syt7 KO mice markedly decreased
the amplitude of pulse train-evoked D2ICs, showing that Syt1
can mediate release in the absence of Syt7. This substitution of
function is contingent on a sufficiently high [Ca21]o, which is
consistent with the low Ca21 sensitivity of Syt1. Moreover, the
increases in the Hill coefficient that we found when Syt7 was
absent or inhibited by Syt7 Ab are consistent with the high-coop-
erativity of Syt1 (Sugita et al., 2002; Hui et al., 2005). The possi-
bility that Syt7 deletion might result in the upregulation of Syt1
expression was negated by our finding that immunoblots from
midbrain and striatum showed no difference in Syt1 levels
between WT and Syt7 KOmice.

Our data show that Syt1 can compensate for some, but not
all, aspects of Syt7 function. Conversely, previous reports indi-
cate that Syt7 does not substitute well for Syt1. For example, Syt7
does not rescue fast neurotransmission in Syt1-deleted neurons
(Xu et al., 2007). Moreover, the deletion of Syt1 in adrenal chro-
maffin cells leads to the loss of a fast release phase, leaving intact
a slow release phase that is lost when Syt7 also is deleted (Schonn
et al., 2008). Other Syts may play a role as well; for example,
recent evidence indicates functional compensation by Syt4 in
VTA DA neurons when Syt7 is deleted (Delignat-Lavaud et al.,
2022). Overall, in DA neurons, the high affinity of Syt7 for Ca21

coupled with a slow dissociation constant (Brandt et al., 2012) is
well matched to the relatively slow kinetics of G-protein-acti-
vated DA receptors.

Involvement of Syt1 in tonic somatodendritic DA release
Although we found that single-cell application of Syt1 Ab in WT
SNc DA neurons did not alter somatodendritic DA release
evoked by pulse trains, Syt1 Ab decreased D2ICs evoked by one-
pulse stimulation. These data imply a role for Syt1 in tonic, but
not in phasic, somatodendritic DA release. In typical fast synap-
ses, synchronous release is triggered by low-affinity Ca21 sensors
Syt1, Syt2, or Syt9 (Geppert et al., 1994; Xu et al., 2007). The
rapid Ca21 influx following an action potential transiently
increases intracellular Ca21 concentration ([Ca21]i) to a level
sufficient to activate Syt1 and trigger vesicular release (Jackman
and Regehr, 2017; Volynski and Krishnakumar, 2018). The dem-
onstrated role of Syt1 in one-pulse evoked DA release implies
Ca21 influx sufficient to activate Syt1. In contrast, the similarity
of one-pulse evoked D2ICs between WT and Syt7 KOs implies a
limited role for Syt7 in tonic release. This is consistent with the
absence of effect of Syt7 deletion on one-pulse evoked inhibitory
postsynaptic currents in cortical neurons (Maximov et al., 2008)
and, again, highlights the established role of Syt7 in asynchro-
nous release. Thus, Syt1 and Syt7 operate as Ca21 sensors sub-
serving distinct patterns of somatodendritic DA release.

Conclusions
We have shown that Syt7 plays a predominant role in phasic
somatodendritic DA release, with substitution by Syt1 when Syt7
is absent, and that Syt1 plays a predominant role in tonic soma-
todendritic DA release. Intriguingly, Syt7 has been identified as a
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candidate risk factor for behavioral abnormalities in bipolar dis-
order and cognitive impairment in Alzheimer’s disease (Barthet
et al., 2018; Shen et al., 2020; Xie et al., 2021), whereas Syt1 has
been associated with neurologic deficits, including movement
and neurodevelopmental disorders (Baker et al., 2015, 2018).
These effects could reflect in part altered DA neuron regulation
through the roles of Syt7 and Syt1 identified here, extending the
potential importance of the findings.
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