
SYSTEMS NEUROSCIENCE

Rice et al., 1994, 1997; Chen and Rice, 2001; Patel et al., 2009), albeit 
with a minimal dependence on extracellular Ca2+ concentration 
([Ca2+] 

o
), which distinguishes it from axonal DA release (Rice et al., 

1997; Hoffman and Gerhardt, 1999; Chen and Rice, 2001; Chen 
et al., 2006; Fortin et al., 2006).

Previous comparison of somatodendritic DA release in the SNc 
vs. axonal DA release in dorsal striatum revealed a strikingly lower 
Ca2+ dependence of somatodendritic DA release (Chen and Rice, 
2001). That study had two limitations, however: first, the low Ca2+ 
levels tested were undefined; second, DA release was evoked by 
pulse-train stimulation, which elicits the concurrent release of glu-
tamate and GABA that can modulate DA release in both the dorsal 
striatum and SNc (Chen and Rice, 2002; Avshalumov et al., 2003; 
Patel et al., 2009). Moreover, the Ca2+ dependence of DA release in 
NAc or VTA was not examined in that study.

In the present work, we used single stimulation pulses, which 
mimic single action potentials, to evoke DA release that is free 
from modulation by concurrently released glutamate and GABA 
(Chen et al., 2006). Release was examined in SNc, VTA, dorsal 
striatum, and NAc shell in a series of defined [Ca2+]

o
. With this 

refined paradigm, we demonstrate the validity of previous work 

Introduction
Brain dopamine (DA) arises primarily from two midbrain cell 
groups, the substantia nigra pars compacta (SNc; A9) and the 
ventral tegmental area (VTA; A10; Dahlström and Fuxe, 1964), 
both of which project ipsilaterally via the median forebrain bundle 
to forebrain regions (Ungerstedt, 1971; Fallon and Moore, 1978). 
Dopaminergic neurons of the SNc project to dorsal striatum and 
facilitate movement mediated by the basal ganglia, whereas dopa-
minergic neurons of the VTA project to the nucleus accumbens 
(NAc), prefrontal cortex, and other mesolimbic structures that 
underlie emotion, reward, and cognition.

Release of DA occurs in both SNc and VTA (Björkland and 
Lindvall, 1975; Geffen et al., 1976; Nieoullon et al., 1977; Rice et al., 
1994, 1997; Iravani et al., 1996; Jaffe et al., 1998; Chen and Rice, 
2001, 2002; Patel et al., 2009). However, in SNc, DA release sites 
are exclusively somatodendritic (Juraska et al., 1977; Wassef et al., 
1981), whereas the VTA receives synaptic DA input from its own 
axon collaterals and those from the SNc (Deutch et al., 1988; Bayer 
and Pickel, 1990). In the SNc, the release mechanism appears to be 
exocytotic (Jaffe et al., 1998; Fortin et al., 2006), requiring depo-
larization and Ca2+ entry (Geffen et al., 1976; Chéramy et al., 1981; 
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suggesting limited Ca2+ dependence of somatodendritic vs. axonal 
DA release. Strikingly, the data from VTA showed a unique Ca2+ 
dependence, with readily detectable evoked extracellular DA 
concentration ([DA]

o
) in low [Ca2+]

o
, as seen in SNc, but an 

exponential Ca2+ dependence with increasing [Ca2+]
o
 (>1 mM), 

as seen in NAc and dorsal striatum.

Materials and methods
Slice preparation and solutions
Male Hartley guinea pigs (150–250 g) were deeply anesthetized with 
50 mg/kg pentobarbital (intraperitoneally) and decapitated. All ani-
mal handling procedures were in accordance with NIH guidelines 
and were approved by the New York University School of Medicine 
Animal Care and Use Committee. Methods for brain slice prepa-
ration were as described previously (Chen and Rice, 2001; Chen 
et al., 2006). Briefly, coronal striatal and midbrain slices (400 μm) 
were prepared using a Vibratome (Ted Pella, Inc., St. Louis, MO). 
Slices were cut in ice-cold HEPES-buffered artificial cerebrospinal 
fluid (aCSF), containing (in mM): NaCl (120); KCl (5); NaHCO

3 

(20); HEPES acid (6.7); HEPES salt (3.3); CaCl
2 

(2); MgSO
4 

(2); 
and glucose (10) saturated with 95% O

2
/5% CO

2
, then allowed to 

recover in HEPES-buffered aCSF for at least 1 h at room tempera-
ture before transfer to a submersion recording chamber (Warner 
Instrument Corp., Hamden, CT). Once in the recording chamber, 
slices were equilibrated for an additional 30 min in aCSF, which 
contained (in mM): NaCl (124); KCl (3.7); NaHCO

3
 (26); CaCl

2
 

(0.0–3.0); MgSO
4
 (1.3); KH

2
PO

4
 (1.3); and glucose (10) saturated 

with 95% O
2
/5% CO

2
 and maintained at 32°C with a flow rate of 

1.2 mL/min.
To assess the Ca2+ dependence of DA release as a function of 

defined [Ca2+]
o
, Ca2+ added to normal aCSF was titrated with the 

Ca2+ chelator EGTA, according to Bers (1982), with all media con-
taining 1 mM EGTA. In all experiments, D

2
 autoreceptors were 

blocked by sulpiride (1 μM) and the DA transporter (DAT) inhib-
ited by GBR-12909 (2 μM) to eliminate the influence of autore-
ceptor-mediated inhibition and DA uptake (Chen and Rice, 2001), 
both of which are more pronounced in striatum than SNc (Cragg 
and Greenfield, 1997; Cragg et al., 1997a).

Fast-scan cyclic voltammetry and experimental design
Evoked DA release was monitored in real time using fast-scan 
cyclic voltammetry (FCV) with carbon-fiber electrodes made 
from 7 μm carbon fibers (type HM, unsized, Courtaulds), which 
were spark-etched to a tip diameter of 2–4 μm (MPB Electrodes; 
St. Bartholomew’s and the Royal London School of Medicine 
and Dentistry, University of London, UK). Instrumentation 
for FCV was a Millar Voltammeter (available from J. Millar, St. 
Bartholomew’s and the Royal London School of Medicine and 
Dentistry), with data acquisition controlled by Clampex 7.0 soft-
ware (Molecular Devices, Foster City, CA), which imported vol-
tammograms to a PC via a DigiData 1200B A/D board (Molecular 
Devices). Scan rate for FCV was 800 V/s, with a sampling interval 
of 100 ms; scan range was −0.7 to +1.3 V (vs. Ag/AgCl). Because 
the sensitivity of carbon-fiber microelectrodes can change with 
changes in divalent cation concentration (Kume-Kick and Rice, 
1998; Chen et al., 1999), electrodes were calibrated in the record-
ing chamber at 32°C after each experiment with DA in aCSF 

with each Ca2+ concentration tested. The DA calibration factor 
for each Ca2+ concentration was used to calculate evoked [DA] 

o
 

in that medium.
Single-pulse stimulation was used to evoke DA release. Although 

the stimulus pulse would be expected to elicit release of other trans-
mitters, initial DA release is unaffected by subsequent receptor acti-
vation by these transmitters. Previous studies have confirmed the 
independence of single-pulse evoked [DA]

o
 from regulation by 

glutamate and GABA by the lack of effect on signal amplitude and 
time course in striatum and SNc by a cocktail of receptor antago-
nists: AP5 (NMDA), GYKI-52466 (AMPA), picrotoxin (GABA

A
), 

and saclofen (GABA
B
) (Chen et al., 2006). Indeed, evaluation of 

the effect of a concurrently released transmitter on evoked DA 
release requires multiple-pulse stimulation (e.g., Chen and Rice, 
2002; Avshalumov et al., 2003). The lack of effect of receptor antag-
onists on single-pulse evoked [DA]

o
 also implies the absence of 

tonic glutamatergic or GABAergic regulation of DA in our slice 
preparations. Consequently, these antagonists were not added to the 
aCSF in the present studies. Stimulus pulse duration was 1 ms with 
amplitudes of 0.7–1.0 mA. In dorsal striatum and NAc, consistent 
evoked [DA] 

o
 can be elicited with repetitive local stimulation (Bull 

et al., 1990; Patel et al., 1995; Chen and Rice, 2001). Here, axonal 
DA release in dorsal striatum and NAc shell was evoked at 10-min 
intervals; the third of three consistent evoked increases in [DA]

o
 

was included in the data average for each [Ca2+]
o
. In SNc and VTA, 

maximal release is often seen with the first stimulus, then decreases 
with repetition (Rice et al., 1997). Thus, DA release obtained from 
two sites in medial SNc and in VTA were averaged for inclusion in 
the data set for a given [Ca2+]

o
, then the procedure repeated with a 

different [Ca2+]
o
 on the contralateral side.

Drugs and chemicals
Sulpiride, DA, EGTA, and components of aCSF and HEPES-aCSF 
were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO); 
GBR-12909 was from Tocris Bioscience (Ellisville, MO). All solu-
tions were made immediately before use.

Statistical analysis
Data are given as normalized means ± SEM, where n = number of 
slices. Maximum evoked [DA]

o
 in 1.5 mM [Ca2+]

o
 for each region 

was considered to be 100%. Differences in evoked [DA]
o
 in vary-

ing [Ca2+]
o
 vs. control were assessed using one-way ANOVA fol-

lowed by Kruskal–Wallis post-hoc analysis. Normalized peak [DA]
o
  

data in each [Ca2+]
o
 were also analyzed using the Hill equation to 

determine Ca2+ cooperativity for each region (Schneggenburger 
and Neher, 2000).

Results
Ca2+ dependence of single-pulse evoked DA release in dorsal 
striatum and SNc
In dorsal striatum, axonal DA release elicited by a single-pulse 
showed a marked dependence on [Ca2+]

o
 (Figures 1A,B). Evoked 

[DA]
o
 was below the detection limit at 0 and 0.5 mM [Ca2+]

o
, was 

detectable at 1 mM [Ca2+]
o
, then increased progressively with further 

increases in [Ca2+]
o
. Peak evoked [DA]

o
 was 1.32 ± 0.18 μM (n = 6) in 

1.5 mM [Ca2+]
o
. This [Ca2+]

o
 (1.5 mM) is roughly physiological and 

therefore was used as the reference (control) level, and considered 
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62 ± 5% of that in 1.5 mM [Ca2+]
o
 (n = 6; p < 0.001; Figures 1C,D). 

This level of stimulated [DA]
o
 was further elevated in 0.5  mM 

[Ca2+] 
o
, to 74 ± 13%, however it remained significantly lower than 

control (n = 6; p < 0.05). Similar to pulse-train evoked [DA]
o
 (Chen 

and Rice, 2001), single-pulse evoked [DA]
o
 reached a plateau at 

higher levels of [Ca2+]
o
, with no significant difference seen between 

release in 1.5 mM [Ca2+]
o
 and that in 2.0 mM (112 ± 13%; n = 7), 

2.4 mM (118 ± 7%; n = 10), or 3.0 mM [Ca2+]
o

 (121 ± 13%; n = 6; 
p > 0.05 for each vs. control; Figure 1D).

Ca2+ dependence of single-pulse evoked DA release in NAc 
and VTA
Single-pulse evoked DA release in the NAc shell showed a strong 
Ca2+ dependence (Figures 2A,B), which was similar to that seen 
in dorsal striatum (Figures 1A,B). In the NAc, evoked [DA]

o
 was 

to be 100%. Demonstrating the marked Ca2+-dependence of axonal 
DA release, peak evoked [DA]

o
 in 1.0 mM Ca2+ was 30 ± 7% of 

control (Figures 1A,B). Increasing [Ca2+]
o
 to 2.0, 2.4, and 3.0 mM 

increased evoked [DA]
o
 to 154 ± 12%, 261 ± 42%, and 315 ± 37% 

of control, respectively. Each increase in evoked [DA]
o
 differed sig-

nificantly from control in 1.5 mM Ca2+ (n = 5–6; p < 0.01–0.001 vs. 
control). The Ca2+-dependence of single-pulse evoked DA release 
in dorsal striatum was roughly sigmoidal (Figure 1B).

In the SNc, evoked [DA]
o
 was not detected in 0 mM [Ca2+]

o
 (0 

added Ca2+ plus 1 mM EGTA) affirming that somatodendritic DA 
release requires Ca2+ influx (Patel et al., 2009). The lowest [Ca2+]

o
 at 

which there was detectable evoked [DA]
o
 in the SNc was 0.25 mM 

(Figures 1C,D). Peak evoked [DA]
o
 in SNc in 1.5 mM [Ca2+]

o
 was 

again considered to be 100%. Evoked [DA]
o
 was 0.70 ± 0.04 μM in 

1.5 mM Ca2+ (n = 12). In 0.25 mM [Ca2+]
o
, evoked DA release was 
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Figure 1 | Ca2+ dependence of evoked synaptic DA release in dorsal 
striatum and SNc. (A) Average single-pulse evoked [DA]o in dorsal striatum in 
varying [Ca2+]o. Maximum [DA]o in 1.5 mM [Ca 2+]o in dorsal striatum was taken 
as 100%. Release could not be evoked in [Ca 2+]o ≤ 0.5 mM, but increased 
progressively as [Ca 2+]o was increased from 1.0 to 3.0 mM. (B) Ca2+-
dependence of DA release in dorsal striatum. Significance of difference from 
peak [DA]o in 1.5 mM [Ca2+]o is indicated by **p < 0.01 or ***p < 0.001 
(n = 5–6). (C) Average single-pulse evoked [DA]o in SNc in varying [Ca2+]o. 

Maximum [DA]o in 1.5 mM [Ca2+]o in SNc was taken as 100%. Somatodendritic 
release of DA could be seen at [Ca2+]o ≥ 0.25 mM. Release was maximal in 
1.5 mM [Ca2+]o. (D) Ca2+ dependence of evoked DA release in SNc. In contrast 
to the Ca2+-dependence of axonal DA release in dorsal striatum, 
somatodendritic release was already more than half-maximal in 0.25 mM 
[Ca2+]o, but then reached a plateau at [Ca2+]o ≥ 1.5 mM. Significance of 
difference from peak [DA]o in 1.5 mM [Ca2+]o is indicated by *p < 0.01 or 
***p < 0.001 (n = 6–12).
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elevated in 0.5 mM [Ca2+]
o
, to 77 ± 2% (n = 3; p < 0.05 vs. control). 

Unlike evoked [DA]
o
 in SNc, however, single-pulse evoked [DA]

o
 

in the VTA did not plateau at [Ca2+]
o
 ≥ 1.5 mM, but continued to 

increase with increasing [Ca2+]
o
. Evoked [DA]

o
 in 2.0 mM [Ca2+]

o
 was 

117 ± 5% of control (n = 9; p < 0.05 vs. control), 150 ± 12% in 2.4 mM 
(n = 16; p < 0.01 vs. control), and 186 ± 34% in 3.0 mM [Ca2+]

o
 (n = 8; 

p < 0.05 vs. control; Figures 2C,D). Thus, DA release in the VTA 
shows characteristics of axonal, as well as somatodendritic release.

Hill analysis of the Ca2+ dependence of single-pulse evoked DA 
release
The Ca2+-dependence data from each region was evaluated further 
using a three-parameter Hill analysis, in which the slope deter-
mined indicates the power of the Ca2+ dependence (Figure  3). 

also undetectable in 0 and 0.5 mM [Ca2+]
o
, then increased progres-

sively with increasing [Ca2+]
o
. Peak evoked [DA]

o
 was 0.46 ± 0.10 μM 

(n = 7) in 1.5 mM [Ca2+]
o
 and was taken as the control level. Peak 

evoked [DA]
o
 in 1.0 mM [Ca2+]

o
 was 31 ± 16% of control (Figures 

2A,B). Increasing [Ca2+]
o
 to 2.0, 2.4, and 3.0 mM increased evoked 

[DA]
o
 to 193 ± 42%, 271 ± 42%, and 313 ± 57% of control, respec-

tively. Each increase in [DA]
o
 differed significantly from control 

evoked [DA]
o
 in 1.5 mM [Ca2+]

o
 (n = 7; p < 0.001 for each vs. control).

In the VTA, the lowest [Ca2+]
o
 at which a response was seen was 

again 0.25 mM (Figures 2C,D), with undetectably low release in 0 mM 
[Ca2+]

o
. Peak evoked [DA]

o
 in 1.5 mM [Ca2+]

o
 was 0.68 ± 0.06 μM 

(n = 9) and was considered to be control release for the VTA. Peak 
evoked [DA]

o
 in 0.25 mM [Ca2+]

o
 was 62 ± 5% of that in 1.5 mM 

[Ca2+]
o
 (n = 9; p < 0.001 vs. control). Stimulated [DA]

o
 was further 
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Figure 2 | The Ca2+ dependence of DA release in NAc and VTA. 
(A) Average evoked [DA]o in the presence of varying [Ca2+]o in NAc shell. 
Maximum [DA]o in 1.5 mM [Ca2+]o in NAc was taken as 100%. As in  
dorsal striatum, synaptic DA release in NAc could not be evoked in 
[Ca2+] o ≤ 0.5 mM, but increased progressively as [Ca2+]o was increased  
from 1.0 to 3.0 mM. (B) Ca2+ dependence of evoked DA release in NAc. 
Significance of difference from peak [DA]o in 1.5 mM [Ca2+]o is indicated by 
***p < 0.001 (n = 7). (C) Average evoked [DA]o in the VTA the presence of 
varying [Ca2+]o. Maximum [DA]o in 1.5 mM [Ca2+]o in VTA was taken as 100%. 

Somatodendritic release characteristics were evident in the robust DA 
release seen in 0.25 mM [Ca2+]o. Unlike pure somatodendritic release in the 
SNc, however, evoked [DA]o in the VTA continued to increase as [Ca2+]o was 
increased beyond 1.5 mM. (D) Ca2+ dependence of evoked DA release in the 
VTA. In low [Ca2+]o (<1 mM), the pattern of evoked release in the VTA 
resembled that seen in SNc. However, release in the VTA did not plateau at 
[Ca2+] o ≥ 1.5 mM, as it did in SNc (Figure 1D). Significance of difference from 
peak [DA]o in 1.5 mM [Ca2+]o is indicated by *p < 0.05, **p < 0.01, or 
***p < 0.001 (n = 6–16).
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dendritic DA release in the SNc is maximal at near physiological 
[Ca2+]

o,
 whereas axonal release shows an exponential increase with 

increasing [Ca2+]
o
. In contrast to the SNc, however, DA release in the 

VTA exhibits a low affinity, high cooperativity axonal component, 
as well as a high affinity, low cooperativity somatodendritic compo-
nent. These data are the first to reveal functional somatodendritic 
and axonal DA release in VTA, consistent with predictions from 
VTA microanatomy.

Comparison with pulse-train evoked DA release
Patterns of DA release evoked by single-pulse stimulation in dorsal 
striatum and SNc in defined [Ca2+]

o
 (Figure 1) paralleled those 

seen with pulse-train stimulation reported previously (Chen and 
Rice, 2001). Given the absence of regulation of single-pulse evoked 
release by concurrently released glutamate and GABA acting at 
ionotropic receptors (Chen et al., 2006), this indicates that the basic 
patterns are not influenced significantly by the Ca2+-dependence 
of other transmitters. This is important because somatodendritic 
DA release in the SNc can be strongly inhibited by GABAergic 
input (Chen and Rice, 2002), which would be expected to increase 
progressively with increasing [Ca2+]

o
. Consequently, increasing sup-

pression of DA release from Ca2+-dependent GABA release with 
increasing [Ca2+]

o
 might have contributed to the plateau in [DA]

o
 

evoked by multiple-pulse stimulation reported previously (Chen 
and Rice, 2001). However, the new single-pulse DA release data in 
the present report demonstrate that the predominant contribut-
ing factor to the plateau is the Ca2+ dependence of the DA release 
process itself.

Fitting the normalized points for dorsal striatum to Hill’s func-
tion (Schneggenburger and Neher, 2000) gave a slope of 3.2, which 
indicates an approximately third-power dependence on [Ca2+]

o 

(Figure 3A). By contrast, Hill analysis of the Ca2+ dependence of 
DA release in the SNc gave a slope of only 1.6 (Figure 3A), con-
firming a more shallow dependence on [Ca2+]

o
 for somatodendritic 

DA release in the SNc than for axonal DA release in dorsal stria-
tum. The slope for the NAc shell was 4.0 (Figure 3B), which did 
not differ significantly from that determined for dorsal striatum 
(p > 0.05). Differing from all these regions, however, two distinct 
Hill fits were required for the VTA: the slope for evoked [DA]

o
 in 

[Ca2+]
o
 ≤ 1.5 mM was 1.0, whereas that for [Ca2+]

o
 ≥ 1.0 mM was 

3.5 (Figure 3B). These data are consistent with dual characteristics 
of somatodendritic and axonal DA release in the VTA.

The [Ca2+]
o
 at which evoked [DA]

o
 was half-maximal, the EC

50
, 

was also determined from the Hill plots to indicate the relative Ca2+ 
sensitivity for DA release in each region. The EC

50
 for dorsal stria-

tum was 2.3 mM [Ca2+]
o
, but only 0.3 mM [Ca2+]

o
 in SNc. Similarly, 

the EC
50

 for NAc was 1.9 mM [Ca2+]
o
, but only 0.3 mM [Ca2+]

o
 for 

somatodendritic DA release in the VTA (Figure 3).

Discussion
We determined the Ca2+ dependence of single-pulse axonal and 
somatodendritic DA release in the nigrostriatal and mesolimbic 
pathways using a defined series of [Ca2+]

o
 in brain slices. We show 

that DA release in the SNc and VTA has a lower [Ca2+]
o
 threshold 

and exhibits lower Ca2+ cooperativity than seen with axonal DA 
release in the dorsal striatum and NAc shell. Moreover, somato-
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Figure 3 | Hill analysis of the Ca2+-dependence of nigrostriatal and 
mesolimbic DA release. Single-pulse evoked [DA]o data normalized to peak 
evoked [DA]o in 1.5 mM [Ca2+]o as 100% for each region for (A) dorsal striatum and 
SNc and (B) NAc and VTA. Blue lines indicate Hill fit for axonal release, black lines 
for somatodendritic release. The Hill coefficient for each fit indicates the 
exponential dependence of DA release on [Ca2+]o. Both axonal and 
somatodendritic were needed to fit data from the VTA ([Ca2+]o < 1.5 mM vs. 

[Ca2+] o > 1.0 mM) (B). The x-axis for each Hill plot was extended to 10 mM [Ca2+]o to 
permit extrapolation of the Ca2+ dependence to a roughly maximal level for each 
region. These expanded plots permitted calculation of an EC50 (the [Ca2+] o at which 
DA release is half-maximal) for each region (dashed lines). The EC50 for dorsal 
striatum was 2.3 mM [Ca2+]o and that for SNc was 0.3 mM. In NAc, EC50 was 
1.9 mM, with 0.3 mM for somatodendritic release in VTA. Data points (taken from 
Figures 1B,D and 2B,D) are given as means without error bars for clarity.
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ence of DA release between dorsal striatum and either SNc or VTA 
was observed (Ford et al., 2010). Given that both sets of studies used 
similar methods, the simplest explanation for the discrepancy in 
SNc responsiveness may be a species difference. Mouse (and rat) 
SNc show a marked contribution from axonal serotonin (5-HT) 
input to the voltammetric signal (Cragg et al., 1997b; John et al., 
2006; Ford et al., 2010). However, in the guinea-pig SNc, pure DA 
release is observed (Cragg et al., 1997b; Rice et al., 1997). Thus, the 
axonal-like Ca2+ dependence of the release signal in mouse SNc 
(Ford et al., 2010) is likely to include a significant component of 
axonal 5-HT release, which could mask the [DA]

o
 plateau reported 

here. Contributions from 5-HT would be amplified by the higher 
sensitivity of carbon-fiber electrodes for 5-HT vs. DA (O’Connor 
and Kruk, 1991; Patel et al., 1992). Interestingly, the Ca2+ depend-
ence reported for mouse VTA over a range of 0.5–2.5 mM [Ca2+] 

o
 

(Ford et al., 2010) is similar to that reported here for guinea-pig 
VTA (Figure 2D). Given that the somatodendritic characteristics 
of DA release in the VTA are discerned only at [Ca2+]

o
 ≤ 0.5 mM, 

the evoked [DA]
o
 response at [Ca2+]

o
 ≥ 0.5 mM would reflect pri-

marily axonal contributions, as reported here for the first time, and 
therefore would not be expected to differ from that in striatum.

Differential Ca2+ sensitivity of somatodendritic versus 
axonal DA release
Comparison of EC

50
 values for the Ca2+ dependence of DA release 

in each region revealed that the Ca2+ sensitivity for somatodendritic 
DA release is six- to seven-fold higher than for axonal release, sup-
porting our earlier hypothesis that a minimal level of Ca2+ entry 
is enough to trigger pure somatodendritic DA release (Chen and 
Rice, 2001; Chen et al., 2006; Patel et al., 2009). The reasons for 
the greater sensitivity of somatodendritic DA release to [Ca2+]

o
 are 

not yet clear, but could reflect a combination of several contribut-
ing factors. One known factor is the involvement of intracellular 
Ca2+ store activation in amplifying somatodendritic DA release in 
the SNc (Patel et al., 2009). This amplification can involve store 
activation by either ryanodine receptors, which are localized near 
the plasma membrane in SNc DA neurons, or IP

3
 (inositol-1,4,5-

triphosphate) receptors. Notably, facilitation of DA release in the 
SNc by activation of ryanodine receptors is enhanced in low vs. high 
[Ca2+]

o
 (Patel et al., 2009), which may contribute to the pattern of 

Ca2+ sensitivity of DA release reported here.
In addition, although the difference in the Ca2+ sensitivity of 

somatodendritic and axonal DA release might suggest a difference 
in release mechanism, the goodness-of-fit of the Hill plots for mid-
brain and striatum (Figure 3) suggests a common Ca2+-dependent 
exocytotic process in both. Indeed, there is an absolute requirement 
for Ca2+-influx to trigger somatodendritic release, as release is abol-
ished in Ca2+-free aCSF (Figures 1D and 2D) and in the presence 
of the Ca2+ channel blocker Cd2+ (Patel et  al., 2009). Moreover, 
DA release from primary cultures is suppressed by disruption of 
SNARE proteins (Fortin et al., 2006), consistent with an exocytotic 
mechanism underlying somatodendritic DA release.

On the other hand, the higher Ca2+ sensitivity and lower Ca2+ 
cooperativity of somatodendritic vs. axonal DA release support the 
idea that exocytotic machinery may differ between these release sites 
(Bergquist et al., 2002; Fortin et al., 2006; Witkovsky et al., 2009). For 
example, the Ca2+-sensing protein primarily responsible for triggering 

What might contribute to the plateau in evoked [DA]
o
 in SNc? 

Possible factors include saturation of Ca2+ influx and depletion 
of the readily releasable pool (RRP) of DA (e.g., Südhof, 2000). 
Given that the relationship between [Ca2+]

o
 and [Ca2+]

i
 is usually 

assumed to be linear (Dodge and Rahamimoff, 1967; Reid et al., 
1998), with saturation of Ca2+ influx only at [Ca2+]

o
  10  mM 

(see Church and Stanley, 1996), this leaves depletion of the RRP 
as the more likely explanation, as seen at the calyx of Held synapse 
(Schneggenburger et al., 1999). The observation that evoked [DA] 

o
 

in the SNc plateaued at a ∼10-fold lower [Ca2+]
o
 than that predicted 

for dorsal striatum or NAc (Figures 3A,C) is consistent with the 
limited number of vesicles and presence of alternative DA storage 
sites in SNc DA somata and dendrites (Wilson et al., 1977; Wassef 
et al., 1981; Groves and Linder, 1983; Nirenberg et al., 1996), as 
well as the ∼10-fold lower DA content of SNc and VTA compared 
to striatum (Rice et al., 1997).

Differences in the Ca2+-dependence of DA release between 
striatum and midbrain
In dorsal striatum and NAc shell, evoked [DA]

o
 was detectable from 

1.0 mM [Ca2+]
o 
and increased exponentially as [Ca2+]

o 
was increased 

to 3.0 mM. The similarity of [Ca2+]
o 

threshold and the exponen-
tial dependence of DA release in these regions suggest that basic 
Ca2+-dependent release mechanisms are homogenous throughout 
the striatal complex. In SNc and VTA, however, evoked [DA]

o
 was 

detectable in 0.25 mM [Ca2+]
o
, at which evoked [DA]

o
 was already 

at 60% of control levels in both midbrain regions. In contrast to 
the plateau seen in SNc, however, single-pulse evoked DA release 
in the VTA continued to rise with increasing [Ca2+]

o
.

Hill analysis of the Ca2+-dependence data for striatum and SNc, 
as well as for NAc and the somatodendritic component of DA release 
in the VTA, revealed an approximately two-fold greater depend-
ence on [Ca2+]

o
 for axonal vs. somatodendritic release (Figure 3). 

Axonal DA release in dorsal striatum was dependent on the third-
power of [Ca2+]

o
, indicating that DA release in this region requires 

the cooperative action of three Ca2+ ions. These data are strikingly 
consistent with the third-power dependence for DA release from 
striatal synaptosomes reported by Nachshen and Sanchez-Armass 
(1987), who used completely different methods of DA detection 
and data analysis than those used here. Similarly, axonal DA release 
in the NAc shell showed a fourth-power dependence in the present 
studies. The Ca2+ dependence of axonal DA release in both regions 
was within range of other well-examined synaptic systems that use 
glutamate as their transmitter, with a second-power dependence 
on [Ca2+]

o
 at the squid giant synapse (Katz and Miledi, 1970), the 

cerebellar parallel fiber-Purkinje cell synapse (Mintz et al., 1995), 
and the hippocampal Schaeffer collateral synapses (Qian et  al., 
1997), but a fourth-power at the neuromuscular junction (Dodge 
and Ramahmimoff, 1967) and a fifth-power dependence at the 
calyx of Held synapse (Bollmann et  al., 2000; Schneggenburger 
and Neher, 2000; Sun et al., 2007). By contrast, the dependence of 
somatodendritic release was less than to the second-power, and thus 
lower than the dependence for these established synaptic systems.

These differences between axonal and somatodendritic DA 
release, although consistent with previous studies in guinea-pig 
brain slices (Chen and Rice, 2001), contrast with recent findings 
from mouse brain slices, in which no difference in the Ca2+ depend-
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Conclusion
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axonal and somatodendritic DA release: low sensitivity, but high 
cooperativity of axonal release throughout striatum; and high sensi-
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features, we conclude that the VTA exhibits both somatodendritic 
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in which DA levels were depleted, but not eliminated, would not 
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exocytotic transmitter release is synaptotagmin (Südhof and Rizo, 
1996; Südhof, 2000, 2002; Chapman, 2002) of which there are at least 
eight different isoforms with differing Ca2+ affinities in vertebrate 
brain (Südhof, 2002). For example, synaptotagmin 1 and 2, which are 
the predominant isoforms found on vesicles involved in fast synaptic 
transmission (Xu et al., 2007), have a have a 10–20-fold lower Ca2+ 
affinity than those of synaptotagmin 7 and 3 (Südhof, 2002; Sugita 
et al., 2002a,b). Notably, DA neurons in the SNc lack synaptotagmin 1 
and 2 (Witkovsky et al., 2009), but express synaptotagmin 7 (Mendez 
et al., 2011), which may contribute to the higher Ca2+ sensitivity of 
somatodendritic release. Thus, the presence of different synaptotag-
min isoforms in different neurons or different compartments of the 
same neuron could alter the Ca2+ sensitivity and kinetics of transmit-
ter release. The somatodendritic compartment of DA neurons also 
expresses different complements of SNARE proteins than found at 
axon terminals (Bergquist et al., 2002; Witkovsky et al., 2009).

Axonal as well as somatodendritic DA release 
characteristics of the VTA
In the VTA, DA release showed high Ca2+ sensitivity like that in SNc, 
consistent with somatodendritic release. However, the exponential 
increase in evoked [DA]

o
 with increasing [Ca2+]

o
 indicated an axonal 

component, as well. Thus, the Ca2+ dependence of somatodendritic 
DA release differentiates this process from axonal release. These 
distinctions reveal that the VTA exhibits both somatodendritic and 
axonal DA release, consistent with the microanatomy of this region, 
which includes DA axons, as well as DA somata and dendrites. 
Indeed, the VTA has DA synapses arising from its own axon col-
laterals, as well as minor synaptic input from the SNc (Deutch et al., 
1988; Bayer and Pickel, 1990). Although sparse, the axonal compo-
nent of VTA DA release reported here is robust, and is likely to be 
a contributing factor in the ability of the VTA to sustain DA release 
with repetitive stimulation (e.g., Iravani et al., 1996). Indeed, because 
of this potential confounding factor, mechanistic studies of soma-
todendritic DA release have often focused on the SNc (e.g., Chen 
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