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ABSTRACT: Neuronal T-type voltage-gated Ca2+ channels are reported to have
physiological roles that include regulation of burst firing, Ca2+ oscillations, and
neurotransmitter release. These roles are often exposed experimentally by blocking T-
type channels with micromolar Ni2+. We used Ni2+ to explore the role of axonal T-type
channels in dopamine (DA) release in mouse striatum, but identified significant off-target
effects on DA uptake. Ni2+ (100 μM) reversibly increased electrically evoked DA release
and markedly extended its extracellular lifetime, detected using fast-scan cyclic
voltammetry. Prior inhibition of the DA transporter (DAT) by cocaine (5 μM) occluded
the facilitatory action of Ni2+ on DA release and conversely, allowed Ni2+ to inhibit release, presumably through T-channel
inhibition. Ni2+ further prolonged the timecourse of DA clearance suggesting further inhibition of DA uptake. In summary, Ni2+

has major effects on DA transmission besides those due to T-channels that likely involve inhibition of the DAT.
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Action potential-dependent opening of voltage-gated Ca2+

channels (VGCCs) facilitates the spatially and temporally
organized delivery of Ca2+ that catalyzes neurotransmission.
Ten genes encode various pore-forming α1 subunits of VGCCs,
which can be grouped into “high voltage-activated” channel
types N, P, Q, R, and L, or the “low voltage-activated” T-type
channels.1−3 Specific pharmacological blockers can be used to
identify the roles of specific VGCC subtypes. N-, P-, Q-, and R-
type channels can be blocked with peptide toxins ω-conotoxin
GVIA, ω-agatoxin IVA and SNX-482 respectively,4 L-type
channels are blocked by dihydropyridines,5 and while there are
some relatively selective inhibitors of T-type channels (e.g.,
NNC, mibefradil and TTA-P26−8), they are commonly blocked
with Ni2+ at micromolar concentrations.9−11

Neuronal T-type channels have been found to modulate a
range of processes including low threshold spiking, burst firing
through coupling with SK channels, and neuronal oscilla-
tions.10,12−16 In addition to these well characterized roles, there
are increasing reports that T-type channels control exocyto-
sis.17−20 The role of T-channels in the control of dopamine
(DA) transmission has not been completely clarified. Striatal
DA is crucial in the modulation of key neural circuits that
control motor outputs and motivational behaviors; therefore,
understanding the mechanisms of DA release is important for a
number of physiological and pathophysiological processes.21,22

Previous studies have reported that N-, P-, Q-, and T-type
channels in striatum control DA release.11,23 However, we and
others recently identified that striatal DA transmission is under
the powerful control of ACh released from cholinergic
interneurons (ChI) which acts on nicotinic ACh receptors
(nAChRs) on DA axons to modulate and drive DA release
independently from activity in DA neurons.24−29 Therefore, the
previously proposed roles of T-type channels in the control of
DA release may have arisen in part through striatal circuits that

control ACh transmission, rather than through T-channels
located on DA axons. T-type channels on DA axons have
however been suggested to contribute to the release of GABA
from striatal DA axons through some functional coupling to
nAChR activation,30,31 but it is unclear whether T-type
channels contribute to the release of DA, and whether this is
restricted to periods of nAChR activation.
Here, we explored whether Ni2+ could be used to probe a

role for T-type channels in striatal DA transmission, when the
confounding effects of ACh inputs were prevented by inhibiting
nAChRs. We identified surprising effects of Ni2+ on DA
transmission that resemble those of DAT inhibition. Our data
also offer support for some engagement of axonal T-channels in
the processes regulating DA transmission. However, we show
that the significant effect of Ni2+ on DA uptake rates are a major
confounding factor, and will be so in all studies of other
neuronal circuits and synapses where monoamine inputs are
present and might contribute to experimental outcomes.

■ RESULTS AND DISCUSSION
We explored the role of T-type VGCCs in the control of striatal
DA release detected using fast-scan cyclic voltammetry at
carbon-fiber microelectrodes in acute ex vivo slices of mouse
brain. DA release was evoked electrically by brief stimulus
pulses given singly (1p) as well as in short trains of 5 pulses at a
large range of frequencies (5−100 Hz). All experiments were
conducted in the presence of the nAChR antagonist DHβE (1
μM) to eliminate confounding effects of striatal ACh. Under
these control conditions, peak evoked extracellular DA
concentration ([DA]0) varied with stimulus frequency in
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CPU (Figure 1a, one-way ANOVA, F4,10 = 20.1, p < 0.001) and
in NAc (Figure 1b, one-way ANOVA, F4,10 = 50.5, p < 0.001)
as shown previously during nAChR inhibition.27,32,33 Single
pulses evoked a mean peak [DA]0 of 0.62 ± 0.12 μM in CPU
and 0.54 ± 0.08 μM in NAc, in line with previous studies.34,35

The application of Ni2+ (100 μM) caused an unexpected
increase in peak evoked [DA]0 in CPU (Figure 1a, two-way
ANOVA F1,20 = 10.7, p < 0.01) and NAc (Figure 1b, two-way
ANOVA F1,20 = 19.8, p < 0.001) across stimulation types. Ni2+

did not modify the sensitivity of carbon fiber microelectrodes to
DA in electrode calibration experiments (data not illustrated).
The effects of Ni2+ on evoked DA release were reversible upon
washout (Figure 1c). In addition to the increase in peak [DA]0,
Ni2+ also affected the time course of extracellular DA signals:
Ni2+ delayed the time to peak, and extended the extracellular
lifetime of the DA transients by slowing the extracellular
clearance rate (Figure 1a,b). Curve fits to the decay phase of
DA transients that were matched for concentration, as
previously described,36 indicated that decay constants (k) for
an exponential approximation to the curves were significantly
lower with Ni2+ in CPU (Figure 2a, k values: 3.8 ± 0.1 s−1,
control vs 1.9 ± 0.05 s−1, Ni2+; F1,156 = 158, p < 0.001) and
NAc (Figure 2b, k values: 3.7 ± 0.2 s−1, control vs 1.8 ± 0.4 s−1,
Ni2+; F1,256 = 93.2, p < 0.001). These changes in clearance rates
correspond to an approximate doubling of half-lives of
extracellular DA from 0.18 to 0.36 s in CPU and 0.19 to 0.38
s in NAc (Figure 2).
The ability of Ni2+ to increase peak evoked [DA]0, to delay

the time to peak and extend the decay phase of DA transients
are keeping with those expected of inhibitors of DA uptake via
the DAT.37−39 Uptake through the DAT is the primary means
of clearance of electrically evoked extracellular DA.40,41 Cocaine
(5 μM) is a broad spectrum monoamine uptake inhibitor but
its effects on DA are primarily due to inhibition of the DAT41,42

rather than other transporters. Cocaine, by inhibiting DA

Figure 1. Ni2+ reversibly increases [DA]0 and DA extracellular lifetime. (a, b) Mean profiles of [DA]0 ± SEM vs time evoked by 1 or 5 pulses (5−
100 Hz) in (a) CPU or (b) NAc under control conditions or the presence of Ni2+ (100 μM). Data are normalized to 1p peak [DA]0 in control
conditions. Inset: Cyclic voltammograms of evoked DA release in control conditions (black) or with Ni2+ (red). *p < 0.05, **p < 0.01, ***p < 0.001
Bonferroni post-test between control and Ni2+ at 0.125 s intervals. (c) Peak [DA]0 evoked by 1p as Ni2+ is washed on (black bar) and off. The
nAChR inhibitor DHβE (1 μM) was present throughout. N = 3.

Figure 2. Ni2+ increases the half-life of evoked [DA]0. (a,b)
Exponential curve fit to the decay phases of DA transients that are
matched for concentration, following 1p or 5p 100 Hz in CPU (a) and
NAc (b) in control conditions (black) and in Ni2+ (red) (dotted lines,
95% confidence limits). Dashed lines are half-lives. The nAChR
inhibitor DHβE (1 μM) was present throughout. N = 3.
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reuptake, should boost extracellular accumulation of DA and
prolong DA extracellular lifetime and, furthermore, can also
promote the releasability of DA through mobilizing a synapsin-
dependent pool43,44 which increases the underlying DA release
process itself. In our hands, with these stimulation protocols
and in the presence of nAChR inhibition, cocaine, like Ni2+,
increased peak evoked [DA]0 in CPU (Figure 3a, two-way

ANOVA F1,12 = 131 p < 0.001) and NAc (Figure 3b, two-way
ANOVA F1,12 = 37.0 p < 0.001), prolonged the time to peak,
and slowed the decay phase of DA transients as predicted,
similar to the effects of Ni2+.
To investigate the hypothesis that Ni2+ was acting via an

interaction with the DAT, we applied Ni2+ after prior
application of cocaine (5 μM). In the presence of cocaine,
Ni2+ no longer increased peak evoked [DA]0, but rather Ni

2+

decreased peak [DA]0 evoked by 1p in CPU (Figure 4a, 2-way
ANOVA F1,12 = 11.9, p < 0.01; 1p Bonferroni posttest p < 0.05)
and NAc (Figure 4b, 2-way ANOVA F1,12 = 9.3, p < 0.05; 1p
Bonferroni posttest p < 0.05). [DA]0 evoked by 5-pulse trains,
tested for 5 and 100 Hz, was also reduced during the early rise
phases consistent with a reduction in DA release. In other
words, in the prior presence of cocaine, the ability of Ni2+ to
boost DA release is diminished, but rather an ability to reduce is
revealed, that is likely to be the T-channel dependence
described previously.11 However, an alternative explanation is
that Ni2+ is enhancing the effect of cocaine, which at higher
concentrations (30 μM) can decrease peak [DA]0.

37 The time
for DA signals to peak and decay was further extended by Ni2+

compared to cocaine alone (Figure 4). Curve fits to the decay
phase of DA transients that were matched for concentration,
indicated that decay constants (k) for an exponential
approximation to the curves were significantly lower with
Ni2+, after discrete single pulse stimuli (1p) or a pulse train at
high frequency (5p 100 Hz) in CPU (Figure 5a, k values: 1.03
± 0.03 s−1, control, vs 0.51 ± 0.02 s−1, Ni2+; F1,312 = 138, p <

Figure 3. DA uptake inhibition by cocaine increases [DA]0 and DA
extracellular lifetime. (a, b) Mean profiles of [DA]0 ± SEM vs time
evoked by 1 or 5 pulses (5−100 Hz) in (a) CPU or (b) NAc in
control conditions (DHβE, 1 μM) or after the addition of cocaine (5
μM). Data are normalized to 1p peak [DA]0 in control conditions.
Control conditions (black lines), cocaine (blue lines). *p < 0.05, **p <
0.01, ***p < 0.001 Bonferroni posttest between control and Ni2+ at
0.125 s intervals. N = 3.

Figure 4. Ni2+ reduces DA release when DAT is inhibited, and extends
extracellular DA lifetime. (a, b) Mean profiles of [DA]0 ± SEM vs time
evoked by 1 or 5 pulses (5−100 Hz) in (a) CPU or (b) NAc in the
presence of cocaine (5 μM) (black) or cocaine + Ni2+ (100 μM) (red).
Data are normalized to 1p peak [DA]0 in cocaine conditions. *p <
0.05, **p < 0.01, ***p < 0.001 Bonferroni post-test between cocaine
and Ni2+ at 0.125 s intervals. DHβE (1 μM) was present throughout.
N = 3.

Figure 5. Ni2+ increases the half-life of evoked [DA]0 when DAT is
inhibited. (a, b) Exponential curve fit to the decay phases of DA
transients matched for concentration, following 1p or 5p 100 Hz in
CPU (a) and NAc (b) in cocaine (black) or cocaine + Ni2+ (red)
(dotted lines, 95% confidence limits). Dashed lines are half-lives.
DHβE (1 μM) was present throughout. N = 3.
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0.001) and NAc (Figure 5b, k values: 0.83 ± 0.07 s−1, control,
vs 0.36 ± 0.01 s−1, Ni2+; F1,402 = 605, p < 0.001). These changes
corresponded to an approximate doubling of half-lives of
extracellular DA from 0.67 to 1.36 s in CPU and 0.84 to 1.90 s
in NAc (Figure 5), consistent with further scope for limiting
DA uptake to rates slower than resulting from 5 μM cocaine
alone.37

The roles of T-type VGCCs are routinely explored using
micromolar concentrations of Ni2+. However, the data
presented here indicate that these concentrations of Ni2+

have major off-target effects that modulate DA signals. Ni2+

appears to be affecting DA transmission via inhibition of DAT:
Ni2+ increased the peak evoked [DA]0, and the time to peak,
and slowed the decay phase of DA transients in an analogous
manner to the enhanced release and reduced uptake seen after
DAT inhibition by cocaine. When DAT function was
compromised by prior application of cocaine, Ni2+ decreased
DA release, consistent with an inhibition of T-type channels
shown previously (when ACh was not controlled for),11

although we cannot rule out a potentiation of cocaine’s
inhibitory effects on DA release at high concentrations.37 Many
cations have been shown to interact with the DAT, the best
characterized of which is Zn2+.45−47 DAT has at least three ion
binding sites, and occupation of these sites affects a number of
parameters of DAT function including DA uptake and the
efficacy of DAT blockers including cocaine.46 Zn2+ has been
shown to directly inhibit DA uptake,47,48 but to the best of our
knowledge the effects of Ni2+ directly on DAT have not been
explored. Ni2+ has however been demonstrated to modify the
action of DAT uptake blockers: Ni2+ has been shown to both
increase and decrease DAT blocker binding45,47 although its
precise mode of action is unresolved.
DAT inhibition by cocaine did not eradicate the full effects of

Ni2+. Ni2+ additional effects on DA clearance might be additive
with effects of cocaine on the DAT or might be potentiating the
effects of cocaine, which are submaximal at 5 μM, but this was
not the focus of this current study. It is difficult to work with
higher, more “maximal” concentrations since cocaine has other
effects at higher concentrations such as inhibition of Na+

channels and nAChRs.49−51 It remains possible that Ni2+

inhibits DA clearance through multiple mechanisms including
other unresolved mechanisms that are independent of the
DAT.
A role for T-type VGCCs is increasingly being appreciated in

neuronal and synaptic physiology. However, Ni2+, a tool
commonly used to block and explore T-type roles, has
profound consequences for DA function that appear to be at
least in part due to inhibition of the DAT. It is not yet known
whether this action extends to other monoamine transporters
and transmitters. In any event, these data identify that Ni2+ can
dramatically enhance DA signaling, a finding which should be
used to re-evaluate the potential functions of T-channels
identified elsewhere. Substantial changes to local DA function
are to be expected after Ni2+ administration. Ni2+ is therefore
not a suitable tool for probing the roles of T-type VGCCs in
experimental paradigms where DA transmission could influence
interpretation of results. Instead drugs including mibefradil,
NNC 55-0396, and TTA-P2 may be better suited as selective
T-type channel blockers, although their individual limitations
should also be considered.

■ METHODS
Slice Preparation. Male adult mice were C57 Bl6/J wild-types

(Charles River).24 Mice were killed by cervical dislocation, the brains
removed, and 300 μm coronal slices containing CPU and NAc
prepared as described previously24,33 in ice-cold HEPES-based buffer
saturated with 95% O2/5% CO2, containing in mM: 120 NaCl, 20
NaHCO3, 6.7 HEPES acid, 5 KCl, 3.3 HEPES salt, 2 CaCl2, 2 MgSO4,
1.2 KH2PO4, 10 glucose. Slices were incubated at room temperature
for ≥1 h in saturated HEPES-based buffer before transferral to
recording chamber.

Fast-Scan Cyclic Voltammetry (FCV). DA release was monitored
in ex vivo slices using FCV as we have described previously.24,33 Slices
were superfused in a recording chamber with bicarbonate-buffered
artificial cerebrospinal fluid (aCSF) saturated with 95%O2/5%CO2 at
31−33 °C, containing in mM: 124 NaCl, 26 NaHCO3, 3.8 KCl, 2.4
CaCl2, 1.3 MgSO4, 1.3 KH2PO4, 10 glucose. Evoked extracellular DA
concentration ([DA]0) was monitored using fast-scan cyclic
voltammetry (FCV) at 7−10 μm diameter carbon-fiber micro-
electrodes (CFM) fabricated in house (tip length 50−100 μm) and
a Millar voltammeter (Julian Millar, Barts and the London School of
Medicine and Dentistry). In brief, a triangular voltage waveform
(range −700 to +1300 mV vs Ag/AgCl) was applied at 800 V/s at a
scan frequency of 8 Hz. Electrodes were switched out of circuit
between scans. Electrodes were calibrated using 1−2 μM DA in each
experimental medium. Calibration solutions were made immediately
prior to calibration from a 2.5 mM stock solution in 0.1 M HClO4

stored at 4 °C. Signals were attributable to DA by the potentials for
peak oxidation and reduction currents (oxidation peak, +500−600
mV; reduction peak, ∼−200 mV).

Electrical Stimulation. Recordings were obtained from both
dorsolateral CPU and NAc. DA release was evoked by a local bipolar
concentric Pt/Ir electrode (25 μm diameter; FHC Inc., Bowdoin, ME)
placed approximately 100 μm from the CFM. Stimulus pulses (200 μs
duration) were generated at perimaximal current (0.6 mA). DA
neurons in vivo exhibit a range of firing frequencies from ∼1 to 40 Hz
or higher. We applied pulses singly (1p) or in 5 pulse trains at 5, 25,
40, and 100 Hz. Mean peak [DA]0 evoked by 1p was equivalent to that
of a 1 Hz train; 1p is used in frequency comparisons to indicate
maximum 1 Hz data. A frequency of 100 Hz is useful for exploring
changes differences in short-term plasticity that arise through changes
in initial DA release probability.27 Electrical stimulations were repeated
at 2.5 min intervals.

All data were recorded in the presence of the nAChR antagonist,
dihydro-β-erythroidine (DHβE; 1 μM), to remove the confounding
effects of VGCCs on cholinergic interneurons that regulate ACh
release, and its subsequent effects on DA release. Muscarinic ACh
receptors (mAChRs) do not regulate DA transmission during the
stimulation protocols used here,35 and therefore, it was not necessary
to include an mAChR antagonist. Release was TTX sensitive (data not
shown), and was not modulated by glutamate or GABA antagonists as
shown previously.35

Drugs and Solutions. DHβE was purchases from Tocris. NiCl2
and cocaine was purchased from Sigma-Aldrich. Stock solutions of
DHβE, Ni2+, and cocaine were dissolved in dH2O to 1000−2000×
final concentrations and then stored at −20 °C. Drugs were diluted to
final concentrations in aCSF immediately prior to use and were
applied in the superfusion solution.

Data and Statistical Analysis. Data were acquired and analyzed
using Axoscope 10.2 (Molecular Devices) or Whole Cell Programme
(WCP; University of Strathclyde, Glasgow) and Excel macros written
locally. Data are expressed as mean ± standard error of the mean
(SEM), and n = number of animals. Data from each animal were
obtained by averaging at least three recordings for each stimulus type
in a given recording site, and normalizing to mean control 1p
conditions for each animal. Population means of peak evoked [DA]0
were compared using one- or two-way ANOVA with post hoc
Bonferroni’s t test where appropriate, using GraphPad Prism. DA
transients were analyzed using two-way ANOVA with post hoc
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Bonferroni’s to identify the time points which differed between drug
conditions.
DA uptake was investigated by fitting exponential decay curves to

concentration-matched transients and comparing the decay constant
(k) between curves. Curves were assessed for two concentration
ranges (note: k and half-life parameters for any given drug condition
were not statistically different between curves fitted for different
concentration ranges). Parametric tests were used because raw control
data passed Shapiro-Wilk normality test.
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