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Zebrafish models are used increasingly to study the molecular pathogenesis of Parkinson’s disease (PD), owing to the extensive array
of techniques available for their experimental manipulation and analysis. The ascending dopaminergic projection from the posterior
tuberculum (TPp; diencephalic populations DC2 and DC4) to the subpallium is considered the zebrafish correlate of the mammalian
nigrostriatal projection, but little is known about the neurophysiology of zebrafish DC2/4 neurons. This is an important knowledge
gap, because autonomous activity in mammalian substantia nigra (SNc) dopaminergic neurons contributes to their vulnerability in
PD models. Using a new transgenic zebrafish line to label living dopaminergic neurons, and a novel brain slice preparation, we conducted whole-cell patch clamp recordings of DC2/4 neurons from adult zebrafish of both sexes. Zebrafish DC2/4 neurons share many
physiological properties with mammalian dopaminergic neurons, including the cell-autonomous generation of action potentials.
However, in contrast to mammalian dopaminergic neurons, the pacemaker driving intrinsic rhythmic activity in zebrafish DC2/4 neurons does not involve calcium conductances, hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, or sodium leak currents. Instead, voltage clamp recordings and computational models show that interactions between three components – a small,
predominantly potassium, leak conductance, voltage-gated sodium channels, and voltage-gated potassium channels – are sufficient for
pacemaker activity in zebrafish DC2/4 neurons. These results contribute to understanding the comparative physiology of the dopaminergic system and provide a conceptual basis for interpreting data derived from zebrafish PD models. The findings further suggest
new experimental opportunities to address the role of dopaminergic pacemaker activity in the pathogenesis of PD.
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Significance Statement
Posterior tuberculum (TPp) DC2/4 dopaminergic neurons are considered the zebrafish correlate of mammalian substantia nigra
(SNc) neurons, whose degeneration causes the motor signs of Parkinson’s disease (PD). Our study shows that DC2/4 and SNc neurons share a number of electrophysiological properties, including depolarized membrane potential, high input resistance, and continual, cell-autonomous pacemaker activity, that strengthen the basis for the increasing use of zebrafish models to study the
molecular pathogenesis of PD. The mechanisms driving pacemaker activity differ between DC2/4 and SNc neurons, providing: (1)
experimental opportunities to dissociate the contributions of intrinsic activity and underlying pacemaker currents to pathogenesis;
and (2) essential information for the design and interpretation of studies using zebrafish PD models.
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Introduction
The core motor abnormalities of Parkinson’s disease (PD),
tremor, rigidity, and bradykinesia, are caused by degeneration of
substantia nigra (SNc) dopaminergic neurons. Multiple etiologic
factors, both genetic and environmental, are thought to converge
on a limited number of shared pathophysiological pathways,
including abnormalities of mitochondrial function and proteostasis. However, the factors governing selective vulnerability of
dopaminergic neurons are not well understood. This is a key
question, because elucidating the underlying mechanisms may
facilitate the development of treatments that prevent the
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progression of motor symptoms in PD. Several possibilities
have been suggested (for review, see Surmeier, 2018). Robust
expression of the PD-associated protein a-synuclein in SNc dopaminergic neurons (Zharikov et al., 2015) may compromise
mitochondrial function (Hsu et al., 2000; Devi et al., 2008;
Banerjee et al., 2010; Di Maio et al., 2016) and enhance susceptibility to formation and propagation of protein aggregates
(Desplats et al., 2009; Luk et al., 2009). Degradation of cytosolic
dopamine generates reactive oxygen species that contribute to
oxidative stress (Hastings, 2009) and dopamine is readily oxidized to yield a reactive quinone that can modify cellular proteins (Van Laar et al., 2008; Hauser et al., 2013). The
disproportionately long, poorly-myelinated axons of SNc dopaminergic neurons (Braak and Del Tredici, 2004) and multiple
neurotransmitter release sites (Matsuda et al., 2009) may enhance
cellular demands on mitochondrial metabolism. Finally, metabolic
stress may be amplified by continuous autonomous firing of dopaminergic neurons, which discharge action potentials (APs) even in
the absence of synaptic inputs (Surmeier, 2018). This continual
rhythmic activity is driven by cell-intrinsic pacemaker mechanisms and has been observed in the intact CNS (Grace and
Bunney, 1983), brain slice preparations (Grace and Onn, 1989;
Yung et al., 1991), and isolated cells (Kim et al., 2007; Puopolo et
al., 2007). Pacemaker activity is predicted to augment the bioenergetic demands placed on dopaminergic neuronal mitochondria.
Moreover, calcium pacemaker currents in the adult mouse SNc
have been shown to contribute to pathology in experimental models of PD (Chan et al., 2007).
Since many of the proposed mechanisms mediating cellular
vulnerability in PD relate to intrinsic properties of differentiated
dopaminergic neurons in vivo, the pathophysiology underlying
neurodegeneration is frequently studied using animal models.
Zebrafish models present several advantages for analyzing the
molecular and cellular basis for degeneration of dopaminergic
neurons, including an extensive array of available experimental
approaches such as transgenesis (Wen et al., 2008), reverse genetics (Watson et al., 2019), intravital imaging (Van Laar et al.,
2020), chemoptogenetics (Xie et al., 2020), and chemical modifier screening (Zhang et al., 2017). Consequently, zebrafish models have been exploited increasingly to provide insights into PD
pathophysiology (for review, see Bartel et al., 2020). There is no
nigrostriatal projection in the zebrafish CNS. Ascending dopaminergic inputs to the subpallium in both larval and adult zebrafish
originate in large pear-shaped neurons located in the periventricular nucleus of the posterior tuberculum (TPp; diencephalic dopaminergic groups DC2 and DC4; Rink and Wullimann, 2001,
2002; Ma, 2003; Tay et al., 2011; Yamamoto et al., 2011). This
ascending dopaminergic projection from TPp to the ventral telencephalon is considered the anatomic and functional correlate
of the mammalian nigrostriatal projection (Wullimann, 2014).
However, little is known about which factors implicated in the
selective vulnerability of dopaminergic neurons in PD are replicated in DC2/4 neurons; in particular, their pacemaker properties have not been studied. Given the potential importance of
cell-intrinsic autonomous activity in the degeneration of dopaminergic neurons in PD, and the growing interest in exploiting
zebrafish models for elucidating underlying pathogenic mechanisms, this is an important gap in current knowledge.
To elucidate the physiological properties of zebrafish dopaminergic neurons, we developed a brain slice preparation enabling
whole cell patch-clamp recordings from these cells. Using a combination of electrophysiological analysis and computer model
simulations, we found that zebrafish DC2/4 neurons show robust

cell-intrinsic pacemaker activity that is dependent on three
essential elements: a weak potassium leak current, voltage-gated
sodium channels, and voltage-gated potassium channels.

Materials and Methods
Ethical approval
All studies were conducted with approval from the University of
Pittsburgh Institutional Animal Care and Use Committee, in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.
Transgenic zebrafish
Approximately equal numbers of male and female adult zebrafish were used
for these studies. Transgenic Tg(th:gal4-vp16); Tg(UAS:egfp) zebrafish were
used to identify dopaminergic neurons in acute brain slices for physiological
recordings. Construction and characterization of the novel Tg(th:gal4-vp16)
line will be reported in full elsewhere. Briefly, a bacterial artificial chromosome (BAC) clone containing the zebrafish th gene was isolated and an
expression cassette for Gal4-VP16-PolyA was inserted in-frame into exon
three by homologous recombination. The transgenic Tg(th:gal4-vp16) line
was made by microinjection of the BAC construct into single-cell zebrafish
embryos using the Tol2 transposon method, and expanded from a single F1
founder. For identification of dopaminergic neurons by epifluorescence microscopy, Tg(th:gal4-vp16) and Tg(UAS:egfp) zebrafish were crossed, so that
GFP expression was transactivated by Gal4-VP16 in tyrosine hydroxylase
(TH)-expressing dopaminergic neurons. The identity of the dopaminergic
neurons used for recordings was verified by immunofluorescence for endogenous TH expression, and by their characteristic neuroanatomical location
and morphology.
Immunofluorescence and confocal microscopy
Adult zebrafish brains were dissected, fixed, cryoprotected and sectioned
exactly as descried in our previous work (Bai et al., 2014). Axial 12-mmthick sections were labeled using primary antibodies to TH (rabbit polyclonal, Millipore, #AB152; 1:1000) and GFP (chicken polyclonal, Abcam,
catalog #AB13970; 1:5000), followed by Alexa Fluor 488-anti-chicken
and Alexa Fluor 555-anti-rabbit secondary antibodies (Invitrogen).
Confocal images were acquired using an Olympus IX-71 confocal microscope with Fluoview software. For neuronal labeling during electrophysiological recording, the pipette was filled with intracellular solution
supplemented with biocytin 0.2%. After recording was completed, slices
were fixed in 4% paraformaldehyde in PBS at 4°C for 12 h, washed in
PBS, incubated in PBS supplemented with 0.1% Triton X-100 and 1%
normal goat serum for 1 h, then washed again in PBS. Sections were
then incubated with streptavidin conjugated to Alexa Fluor 555
(Invitrogen, #32355; 1:200 dilution in PBS with 1% normal goat serum),
washed in PBS and mounted for imaging.
Solutions and chemicals
All chemicals were obtained from Sigma, except for tetrodotoxin (TTX),
which was obtained from Fisher Scientific. Solutions with the following
compositions were used: standard extracellular solution: 131 mM NaCl,
2 mM KCl, 1.25 mM KH2PO4, 20 mM NaHCO3, 2 mM MgCl2, 2.5 mM
CaCl2, 10 mM glucose, bubbled with 95% O2/5% CO2, pH 7.4; calciumfree extracellular solution: identical to standard extracellular solution,
but without CaCl2; sodium-free extracellular solution: 151 mM choline
chloride, 3.25 mM KCl, 2 mM MgCl2, 2.5 mM CaCl2, 10 mM HEPES, and
10 mM glucose, pH 7.4, bubbled with air; potassium gluconate-based intracellular solution: 126 mM K-Glu, 15 mM KCl, 10 mM NaCl, 10 mM
HEPES, and 2 mM MgCl2, pH 7.2; cesium-based intracellular solution:
141 mM CsCl, 10 mM NaCl, 10 mM HEPES, and 2 mM MgCl2, pH 7.2.
The following toxins and chemicals were added to extracellular solution
where indicated in the text: TTX for complete (1 mM) or partial (30 nM)
blockade of voltage-gated sodium channels; tetraethylammonium (TEA;
20 mM) and 4-aminopyridine (4-AP; 2 mM) to block voltage-gated potassium channels; isradipine (9 mM) to block L-type calcium channels; apamin (100 nM) to block small conductance calcium-activated potassium
(SK) channels; cadmium chloride (50 mM) to block all calcium channels;
N-ethyl-1,6-dihydro-1,2-dimethyl-6-(methylimino)-N-phenyl-4-
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pyrimidinamine hydrochloride (ZD7288; 50 mM) to block hyperpolarization-activated cyclic nucleotide-gated (HCN)-channels.
Brain slice preparation
A 10  10  5-mm block of 2% low point melting agarose was prepared,
and grooves of 2–3  5–6  2–3 mm in depth were cut into one side.
The block was cooled and placed on a metal plate resting on ice. Brain
slices were prepared from zebrafish of both sexes aged between 60 and
300 d postfertilization. Animals were euthanized individually in 0.02%
buffered tricaine until all gill movements ceased, then cooled in ice-cold
water for 1 min. After transferring to ice-cold, oxygenated extracellular
solution, the brain was quickly removed from the skull and transferred
into a 35-mm culture dish filled with ice-cold, oxygenated extracellular
solution. Two to three brains prepared this way were transferred into the
grooves of the agarose block, extracellular solution was removed using a
soft paper tissue, and a drop of melted 2% agarose at 38–40°C was used
to fix the brain to the block; the small volume of melted agarose relative
to the larger cooled block ensured its rapid cooling, so that the brains
were not damaged. The agarose block was then fixed to the plate of a
vibratome (VT1000, Leica) using cyanoacrylate glue. The cutting chamber of the vibratome was filled with cold, oxygenated extracellular solution. Axial brain slices (200-mm thickness) were cut at a low speed (0.1
mm/s) starting from the rostral pole; slices containing the telencephalon
and the first slice containing the rostral boundary of the optic tectum
were discarded. Anatomical landmarks in the next two slices, which contained the diencephalic areas of interest (see Results), were verified using
a dissection microscope. The slices were transferred into an incubation
chamber comprising a 35-mm culture dish with mesh-screened bottom,
housed inside a 5  5  10-cm plastic container filled with extracellular
solution at 22°C, bubbled continuously with oxygen-carbon dioxide
mixture. Brain slices recovered under these conditions for at least 1 h
before recordings were started.
Electrophysiological recording
For recording, a brain slice was transferred from the incubation chamber to
a 35-mm culture dish with a layer of silicone (Sylgard, Corning) at the bottom, and fixed to the silicone using 25-mm in diameter tungsten pins. The
slice was continuously superfused with oxygenated extracellular solution
(2 ml/min at room temperature) for the reminder of the experiment. The
dish was mounted on the stage of a microscope (BX51WI; Olympus)
equipped with 4 air or 40 water-immersion objectives, infrared-DIC
optics, epifluorescence illumination and a video camera (FL3-U3-20E4M-C,
Point Gray Research). Borosilicate glass microelectrodes were made using a
micropipette puller (P-97; Sutter Instruments) and filled with intracellular
solution (resistance 6–10 MV). Electrodes were connected to a head stage
(HS-9A x 0.1 or CV203BU; Molecular Devices) mounted on a motorized
micromanipulator (MP-225; Sutter). Patch clamp recordings were made in
a whole-cell configuration using Axoclamp 900A or Axopatch 200B amplifiers (Molecular Devices). Recorded signals were digitized at a sampling rate
of 20 kHz (Digidata 1440A and pCLAMP 10 software; Molecular Devices)
and stored on a computer for off-line processing.
After establishing whole-cell recording configuration in voltage clamp
mode, the amplifier was switched to current clamp mode and membrane
potential traces of 5-s length were recorded every minute throughout the
experiment, to evaluate the frequency of autonomous activity and the properties of APs, both at baseline and during application of toxins and chemicals. After recording the baseline for 10–30 min, responses to current
injections were measured using 500-ms-long current steps from 300 to
1000 pA in 20-pA increments, injected every 2 s. Responses to negative current steps were used to calculate input resistance; responses to positive steps
were used to calculate the frequency response of the pacemaker.
Data analysis
Off-line analysis was conducted using custom MATLAB applications
(MathWorks) and tools from the Clampfit 10.7 module of pCLAMP 10
(Molecular Devices). APs were detected at a threshold of 10 mV.
Instantaneous frequency was measured as the reciprocal of the first
interspike interval. Adaptation ratio was calculated as the ratio between
the last and first interspike intervals in response to a 500-pA current
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step. Mean frequency was measured as the number of APs divided by
the time period during which APs could be detected (in response to a
current step, this period could be shorter than step duration because of
depolarization block). Membrane potential during interspike intervals
was calculated after removing APs (75 ms before and after the membrane potential crossed the AP detection threshold) from traces. AP parameters were calculated using averaged AP traces. AP peak and fast
after-hyperpolarization (AHP) were measured as the maximum and
minimum membrane potentials of the averaged AP, respectively. AP
amplitude was measured between AP peak and AHP. AP width was
measured at half-amplitude. Slow AHP was defined as the mean of the
averaged membrane potential trace between [AP peak 1 5(AP width)]
and [AP peak 1 75 ms]. AP threshold potential was calculated using a
“geometric” approach using the dV/dt versus V phase plot of the averaged AP (Chistiakova et al., 2019). The initial point of the phase plot was
connected to the point of maximal dV/dt by a straight line and the
threshold was defined as the value of the membrane potential (V) at the
point of the phase plot located at maximal distance from this line.
Experimental design and statistical analysis
Statistical analysis was completed using Prism 8 software (GraphPad
Software). Paired t tests were used to compare measurements from the
same cells before and after an intervention. One-way ANOVA with
Tukey’s multiple comparisons test was employed to compare three or
more groups. Linear regression and Pearson correlation coefficient were
employed to determine correlations between parameters. Data describing sample distributions are presented as mean 6 SD, whereas data
comparing sample means are shown as mean 6 SE, as indicated in the
text. The details of experimental design, including sample sizes and control groups, are indicated in each figure legend.
Measurement of voltage-gated potassium and sodium channel dynamics
Potassium current was isolated pharmacologically by adding 1-mm TTX to
the external medium, and measured in voltage-clamp using responses to
50-ms-long holding potential steps from 68 mV to between 63 and
112 mV, in 5-mV increments. Current amplitude was measured at the peak
of the response. Leak currents were compensated using the P/N leak subtraction protocol of pClamp 10. Peak conductance GK was calculated for
each step as:
GK ¼

IK
;
Vstep  EK

(1)

where, IK is the peak current response, Vstep is the potential of the voltage step, EK is the reversal potential for K1 ions (96 mV; calculated from
the Nernst equation). For assessment of potassium channel activation, GK
was normalized to its maximum value and plotted against the amplitude of
voltage steps. The current responses for each voltage step were fitted to an
exponential function (Clampfit 10.7, Molecular Devices):

I ðtÞ ¼ Imax

  !4
t
1e t
;


(2)

where I(t) is amplitude of the current at time t, Imax the maximum
amplitude of the current, and t the time constant. For assessing the voltage dependence of potassium channel activation, the time constants
were plotted against the amplitude of the voltage steps.
Sodium current was isolated pharmacologically by adding 20 mM
TEA and 2 mM 4-AP to the extracellular solution and using a cesiumbased intracellular solution. In order to achieve reliable space clamp, we
partially blocked sodium channels with 30 nM TTX and used a voltage
prepulse protocol (Milescu et al., 2010). These methods for reducing sodium conductance limit the decrease of the space constant that is associated with activation of sodium channels, thereby making a cell
electrotonically more compact and enhancing reliability of space clamp
via a somatic electrode (Milescu et al., 2010). In the prepulse protocol,
the membrane potential was initially held at 77 mV; and then a 5-ms
prepulse to 32 mV was followed by a 3-ms step to –52 mV, after which
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membrane potential was clamped at values ranging between 47 and
7 mV, in 5-mV increments. To measure sodium current inactivation,
50-ms holding potential steps between 62 to 12 mV with 5-mV
increments were followed by a 20-ms step to 7 mV. Sodium current
was measured at the peak of the response. Leak currents were subtracted
using the P/N leak subtraction protocol of pClamp 10. Peak sodium conductance GNa was calculated as following:
GNa ¼

INa
;
Vstep  ENa

(3)

where INa is the maximum amplitude of response to Vstep and ENa is
the equilibrium potential for Na1 ions (69 mV).
To calculate the time constants of activation and inactivation of sodium currents, exponential functions were fitted to the responses
(Clampfit 10.7), either from the beginning to the peak [IA(t)] or from the
peak to the end [II(t)]:

IA ðtÞ ¼ Imax 1  e



t
tA

 !3

 !
t

t
I
1e
;

II ðtÞ ¼ Imax

(4)

(5)

where Imax is maximum amplitude of the current, t A is the activation
time constant, and t I is the inactivation time constant. Activation and
inactivation time constants were plotted against the amplitudes of the
test voltage steps.
The transfer rate functions an(V) and b n(V), which determine the
activation function n(V) for potassium channels, were derived using
Hodgkin–Huxley formalism (Hodgkin and Huxley, 1952). In Equations
6–8 below, V is membrane potential, GAK(V) is the normalized steady
state activation of potassium conductance, and t n(V) is an activation
time constant for potassium conductance, measured experimentally (see
Results). We first calculated n(V), an(V) and b n(V) from experimental
data (discrete potential values measured in recordings).
nðV Þ ¼

p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
GAK ðV Þ;

Table 1. Transfer rate functions for voltage-gated potassium and sodium channels parameters are tabulated for the transfer rate functions (a and b) for
voltage-gated potassium and sodium channels
Activation
Type of
channels A
K
Na

a
k

Inactivation

b
d

A

a

k

d

d

A

k

d

A, k, d are parameters derived from fitting experimental data to Hodgkin–Huxley formalism (see Materials
and Methods; Eqs. 6–29) and used in the computational model of a zebrafish dopaminergic neuron shown
in Figure 8.

t n ðV Þ ¼

1
:
a n ðV Þ 1 b n ðV Þ

(13)

The same approach was used to obtain transfer rate functions for
activation and inactivation of voltage-gated sodium channels. In
Equations 14–19, GANa(V) and GINa(V) are measured normalized sodium conductances representing steady state activation and inactivation
of sodium channels (see Results). t m(V) and t h(V) are measured time
constants of activation and inactivation. Using these data in Equations
14–19, we calculated measured activation function m(V) and activation
transfer rate functions am(V), b m(V); and inactivation function h(V)
and inactivation transfer rate functions ah(V), b h(V). V is membrane
potential:
mðV Þ ¼

p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
GANa ðV Þ

(14)

hðV Þ ¼ GINa ðV Þ

(15)

mðV Þ
t m ðVÞ

(16)

1  mðVÞ
t m ðVÞ

(17)

hðV Þ
t h ðVÞ

(18)

1  hðVÞ
:
t h ðVÞ

(19)

a m ðV Þ ¼

b m ðV Þ ¼

(6)

(7)

b h ðV Þ ¼
b n ðV Þ ¼

k

2 0.054 21 0.2 0.06 40 - 1.9 0.14 21 0.3 0.05 5 0.012 0.1 9 0.07 0.2 40

a h ðV Þ ¼
nðV Þ
;
a n ðV Þ ¼
t n ðVÞ

A

b

1  nðVÞ
:
t n ðVÞ

(8)

Next, we fitted transfer rate functions an(V) and b n(V) that were
calculated from the experimental data to Equations 9, 10 (from
NEURON’s ChannelBuilder), using the MATLAB function fit():

an ðV Þ ¼ Að11ekðdV Þ Þ

(9)

b n ðV Þ ¼ Að11ekðdV Þ Þ:

(10)

Constants A, k and d obtained from these fits (Table 1) were used to
calculate fitted n(V), GAK (V) and t n(V) using Equations 11–13. These
constants were used as input parameters in ChannelBuilder for potassium channels:

Next, we fitted transfer rate functions am(V) and b m(V) for activation, and ah(V) and b h(V) for inactivation of sodium channels that
were calculated from experimental data to Equations 20–23 (from
NEURON’s ChannelBuilder), using the MATLAB function fit():
kðV  dÞ
am ðV Þ ¼ A
ð1  ekðVdÞ Þ

!
(20)

b m ðV Þ ¼ AekðVdÞ

(21)

ah ðV Þ ¼ AekðVdÞ

(22)

a n ðV Þ
nðV Þ ¼
an ðV Þ 1 b n ðV Þ

(11)

!
kðV  dÞ
:
b h ðV Þ ¼ A
ð1  ekðVdÞ Þ

GAK ðVÞ ¼ ðnðVÞÞ

(12)

Constants A, k and d obtained from these fits (Table 1) were used to
calculate fitted activation and inactivation functions m(V) and h(V),

4

(23)
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peak conductances GANa(V) and GINa(V) and time constants t m(V)
and t h(V), using Equations 24–29. These constants were used as input
parameters in ChannelBuilder for sodium channels:
mð V Þ ¼

a m ðV Þ
am ðV Þ1 b m ðV Þ

GANa ðVÞ ¼ ðmðVÞÞ
hðV Þ ¼

3

a h ðV Þ
a h ðV Þ1 b h ðV Þ

GINa ðVÞ ¼ hðVÞ

(24)

(25)

(26)

(27)

t m ðV Þ ¼

1
a m ðV Þ1 b m ðV Þ

(28)

t h ðV Þ ¼

1
:
a h ðV Þ1 b h ðV Þ

(29)

Computer model
A model zebrafish dopaminergic neuron was simulated in the NEURON
environment (version 7.7.2; https://www.neuron.yale.edu/neuron/; Hines
and Carnevale, 1997), using the graphical user interfaces CellBuilder and
ChannelBuilder, without additional code. The model contains a single
compartment with a cylindrical soma of 35 mm in length and 14.5 mm in
diameter. Values of specific membrane capacitance and leak conductance
density were chosen so that the model neuron showed membrane capacitance and leak conductance values similar to values measured in recorded
cells. The reversal potential for the leak current was determined from the
resting membrane potential of recorded cells in the presence of TTX.
Temperature was set to 22°C. Active potassium and sodium conductances
were added to the model using the ChannelBuilder tool. We modified the
default Hodgkin–Huxley squid axon potassium and sodium channels of
NEURON, by setting the equation type as “voltage dependence of transfer
rate functions (a, b ),” and changing the parameters to values calculated
from our experimental data (Table 1).

Results
Electrophysiological recordings from dopaminergic neurons
in zebrafish brain slices reveal spontaneous rhythmic activity
We first developed an acute brain slice preparation enabling
whole-cell patch clamp recordings from adult zebrafish dopaminergic neurons. To enable reliable identification of dopaminergic
neurons in acute brain slices, we exploited a new transgenic line
Tg(th:gal4-vp16); Tg(UAS:egfp), in which GFP is expressed under
the transcriptional control of regulatory elements from the gene
encoding zebrafish TH, the rate-limiting enzyme in dopamine
biosynthesis. Construction and characterization of this line,
which harbors a large BAC transgene containing the th gene and
upstream sequences, will be described elsewhere. For the present
application, we verified that the dopaminergic projection neurons of the adult zebrafish periventricular TPp (diencephalic
groups DC2 and DC4) expressed the GFP transgene (Fig. 1A).
Confocal microscopy of fixed, axial (transverse) sections through
the diencephalon showed extensive co-localization of GFP with
TH in the region of TPp, including the large pear-shaped neurons of interest. For electrophysiological recordings, 200-mmthick axial slices were prepared from freshly-dissected brains
embedded acutely in low melting point agarose (Fig. 1B). Two to
three sections per brain, which were distinguishable by

neuroanatomical landmarks including the diencephalic ventricle
and posterior commissure, contained the neuronal populations
of interest (Fig. 1B). Dopaminergic DC2/4 neurons were readily
identified in these sections by their large pear-shaped soma and
anatomic location within TPp adjacent to the diencephalic ventricle (Rink and Wullimann, 2001), and by their strong GFP
expression (Fig. 1C). Two to four such cells were located within
50 mm of each slice surface, allowing access for microelectrode
recordings. Biocytin labeling of a subset of recorded neurons
illustrated their characteristic morphology (Fig. 1D). DC2 neurons were located rostrally and their processes projected laterally,
whereas DC4 neurons were located caudally and their processes
projected dorsolaterally. DC2 and DC4 neurons showed identical
pacemaker mechanisms and were analyzed together in this
study.
Stable whole-cell patch clamp recordings could be maintained
for several hours in this acute slice preparation. All zebrafish
DC2/4 neurons recorded showed robust spontaneous pacemaker
activity (Fig. 1E). Figure 1E,F show an example in which a cell
discharged APs rhythmically at a mean rate of 2.12 6 0.41 Hz for
almost 3 h of recording. The frequency of autonomous activity
varied between 1.2 and 3.2 Hz over the duration of this prolonged recording. However, over short periods of time, there was
very little variation in the instantaneous discharge frequency (as
reflected in the coefficient of variation of the interspike interval;
Fig. 1F) and we found no evidence of bursting. The mean membrane potential during interspike intervals remained stable
throughout the recording (Fig. 1F), although there was a modest
decrease in AP amplitude during prolonged experiments (Fig. 1F).
Together, these data show that acute brain slices from Tg(th:
gal4-vp16); Tg(UAS:egfp) zebrafish can be used to obtain stable
patch clamp recordings from adult zebrafish DC2/4 dopaminergic neurons. This new experimental preparation enabled us to
investigate the electrophysiological properties of dopaminergic
neurons and to interrogate the mechanisms underlying their
cell-intrinsic pacemaker activity.
Electrophysiological properties of zebrafish dopaminergic
neurons
We next determined the electrophysiological properties of a sample of 130 zebrafish DC2/4 dopaminergic neurons (Fig. 2). The
mean 6 SD membrane potential during interspike intervals was
51.2 6 2.3 mV (Fig. 2A,B). The mean threshold potential was
35.9 6 3.9 mV (Fig. 2A,B). In individual neurons, the threshold
potential was only 15.4 6 2.6 mV depolarized relative to the
mean membrane potential during interspike intervals. APs
peaked at 29.5 6 9.1 mV, followed by a pronounced fast AHP to
62.9 6 3.1 mV and a slow AHP (Fig. 2A,B). AP amplitude,
measured from peak to most negative AHP, was 92.3 6 11.1 mV.
AP width measured at half-amplitude was 1.3 6 0.23 ms. There
was a negative correlation between AP amplitude and width:
APs with smaller amplitudes were broader (r = 0.65,
p , 0.001). Broad APs with a marked AHP and depolarized AP
threshold are typical of dopaminergic neurons from multiple different species (Grace and Onn, 1989; Yung et al., 1991). Mean 6
SD input resistance was 475 6 174 MV and membrane capacitance 80 6 25 pF; input resistance and capacitance correlated as
expected with neuron size, such that larger neurons showed
higher capacitance and lower resistance (Fig. 2C,D).
All recorded neurons generated rhythmic autonomous APs
with mean frequency 3.1 6 1.5 Hz and low variability (mean
coefficient of variation of interspike intervals 0.13 6 0.12). There
was a negative correlation between firing frequency and
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Figure 1. Acute brain slice preparation from a novel transgenic line reveals robust pacemaker activity in zebrafish DC2/4 dopaminergic neurons. A, Confocal z-plane projection of an axial
section from an adult Tg(th:gal4); Tg(UAS:egfp) zebrafish brain, labeled by immunofluorescence for TH (red) and GFP (green), with a nuclear counterlabel (DAPI; blue). The images show the
TPp adjacent to the diencephalic ventricle (p). To the left, individual channels are shown separately for the boxed region in the main panel, illustrating the extensive colocalization between
the GFP marker and endogenous TH. B, Zebrafish brains were embedded in low melting temperature agarose and 200-mm axial (transverse) sections were made. The planes (upper right) and
appearances (lower) of the slices containing dopaminergic neurons are shown. The approximate locations of DC2 and DC4 neurons are indicated. C, Infrared DIC micrograph showing a dopaminergic neuron (white box) in an acute brain slice. The neuron is readily identified by its morphology and position adjacent to the diencephalic ventricle (p) and by its strong expression of the
GFP transgene, visible by epifluorescence microscopy (inset). D, A subset of neurons was filled with biocytin during recording and imaged by confocal microscopy following incubation with
Alexa Fluor 555-streptavidin. Example confocal z-plane projections illustrate the characteristic morphology of DC2 (left) and DC4 (right) dopaminergic neurons. E, Membrane potential traces
showing sustained pacemaker activity in a dopaminergic neuron at times between 0 and 163 min after establishing a whole-cell patch clamp recording. F, The AP amplitude and interspike
membrane potential (black traces, left axis), AP frequency (red) and coefficient of variation of the interspike intervals (blue; right axes) are shown over time for the cell from panel E.

coefficient of variation, so that neurons with higher pacemaker
frequency also showed enhanced regularity (Fig. 2F). However,
the frequency of spontaneous activity did not correlate with neuronal size (Fig. 2E), input resistance, membrane potential during
interspike intervals (Fig. 2G), or AHP (Fig. 2H).
Together, these data show that zebrafish DC2/4 dopaminergic
neurons express robust pacemaker activity at 2–4 Hz with high
rhythmicity and low variability. Their basic electrophysiological
properties are consistent with values reported for dopaminergic
neurons in other species (see Discussion).
Properties and modulation of the zebrafish dopaminergic
pacemaker
To elucidate the mechanisms underlying autonomous activity, we
next analyzed the voltage dependence of the pacemaker during
injection of long (0.5 s) depolarizing current steps (Fig. 3A). The frequency of firing increased monotonically with current injection.
The relationship was close to linear with current steps up to 300–
400 pA, and the instantaneous frequency (reciprocal of the first

interspike interval) reached 80 Hz at 400 pA (Fig. 3B, blue line
and symbols). Over this range, the frequency and amplitude of the
evoked APs decreased slightly during the first 30–60 ms after the
onset of each step but then remained stable without significant adaptation, so that mean discharge frequency (number of APs during
the time period in which they could be detected) also increased
almost linearly to 60 Hz at 400 pA (Fig. 3B, black line and symbols). With further increases in the amplitude of the current step
above 400 pA, discharge frequency and AP amplitude showed progressively stronger adaptation. The maximal instantaneous initial
frequency in response to larger current steps was 130 Hz and
maximal mean frequency was 85 Hz (Fig. 3A,B). However, depolarization block, a characteristic sign of voltage-gated sodium channel inactivation, was provoked by the largest depolarizing currents,
so that AP discharges were not maintained for the duration of the
step (Fig. 3A).
Hyperpolarizing current steps suppressed pacemaker activity
completely (Fig. 3A,C) and caused sustained membrane hyperpolarization without sag. The voltage-current relationship for
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Figure 2. Electrophysiological properties of zebrafish DC2/4 dopaminergic neurons. A, An averaged AP from a dopaminergic neuron is shown on the left; arrows indicate how amplitude and
width at half amplitude were measured. Two consecutive APs are shown on the right. Arrows indicate how interspike membrane potential (ISMP; ‹), AP threshold (›), AP peak (fi) and
AHP (fl) were measured. B, Scatter plots showing values for each of these parameters from a sample of n = 130 DC2/4 neurons. Data points show values from individual neurons, lines and
bars show mean 6 SD. C–H, x/y scatter plots showing the relationship between: (C) cell diameter and membrane capacitance, (D) cell diameter and input resistance, (E) cell diameter and AP
frequency, (F) AP frequency and coefficient of variation of the interspike interval, (G) AP frequency and membrane potential during interspike intervals, and (H) AP frequency and AHP. Data
points show values from individual neurons (n = 130), lines were derived by linear regression (*p , 0.05, **p , 0.01, ***p , 0.001, ns, not significant).

hyperpolarizing steps was near to linear, allowing extrapolation
of a resting membrane potential value of 51.8 mV (Fig. 3C,
green line). This corresponds closely to the mean value of
51.2 6 2.3 mV measured during interspike intervals.
The absence of membrane potential sag during injection of a
prolonged hyperpolarizing current suggested that zebrafish dopaminergic neurons lack a hyperpolarization-activated current (Ih)
mediated by HCN channels. We confirmed that HCN channels
do not contribute to the autonomous activity or hyperpolarization
responses of zebrafish dopaminergic neurons by using an HCN
antagonist, ZD7288 (Fig. 3D–F, n = 12 neurons). Application of
ZD7288 at 50 mM did not change either pacemaker activity (Fig.
3D,E), or the response to a hyperpolarizing current step (Fig. 3F).
Together, these data suggest that hyperpolarization-activated
currents do not contribute to the pacemaker in zebrafish dopaminergic neurons. Discharge frequency can be increased by
depolarizing currents, and decreased or suspended by hyperpolarizing currents, suggesting that synaptic inputs to these cells in
the intact CNS can modulate their autonomous activity.
Voltage-gated sodium channels are essential for pacemaker
activity
Our observations, including: (1) near-linear changes in discharge
frequency with moderate (up to 300–400 pA) depolarizing currents; (2) near-linear changes in membrane potential with

hyperpolarizing current steps; and (3) absence of Ih, together
imply that voltage-gated sodium channels mediate the only
inward current that is critical to the generation of pacemaker activity in zebrafish dopaminergic neurons. If this is true, blockade
of voltage-gated sodium channels should eliminate pacemaker
activity, including subthreshold oscillations of the membrane
potential. Alternatively, if additional conductances participate in
the pacemaker mechanism, blockade of sodium channels should
reveal subthreshold membrane potential oscillations or calcium
spikes, which have been observed in some types of mammalian
dopaminergic neuron (Ping and Shepard, 1996; Chan et al.,
2007; Puopolo et al., 2007).
To distinguish these possibilities, we added the voltage-gated
sodium channel blocker TTX (1 mM final concentration) to the
extracellular medium during recording (n = 16 experiments). In
the example shown in Figure 4A, the frequency of autonomous
spiking gradually decreased, and firing became less regular during
TTX wash-in. Episodes of irregular firing were interrupted by progressively longer silent periods (Fig. 4A). As expected, the AP amplitude decreased gradually during TTX wash-in (Fig. 4B). In
addition, the rate of membrane depolarization during the interspike interval also gradually decreased (Fig. 4B,C), suggesting that
sodium channels contribute to the spontaneous membrane depolarization that drives pacemaker activity. Interestingly, as the proportion of sodium channels blocked by TTX increased during
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Figure 3. The pacemaker in zebrafish DC2/4 dopaminergic neurons is voltage-dependent but does not involve HCN channels. A, Membrane potential/time traces showing the responses of a
dopaminergic neuron to hyperpolarizing and depolarizing current steps between 200 and 1800 pA, as indicated below. B, Relationship between the amplitude of depolarizing current steps
and instantaneous frequency (reciprocal of the first interspike interval; blue) or mean frequency (black); markers show mean 6 SE for n = 16 neurons. C, Relationship between the amplitude
of injected hyperpolarizing current and membrane potential (markers show mean 6 SE for n = 16 neurons). The best fit line (green) was derived by linear regression; its extrapolation to the
y-axis was used to estimate resting membrane potential. D, E, Effect of ZD7288, an antagonist of HCN channels, on pacemaker activity in DC2/4 dopaminergic neurons. D, Example membrane
potential traces of a neuron under control conditions (above; black) and after bath application of ZD7288 at a final concentration of 50 mM (below; red). E, Spontaneous discharge frequency of
neurons under control conditions (black) and following application of 50 mM ZD7288 (red). Data points show individual neurons, bars shown mean 6 SE (n = 12 neurons). ns, not significant.
F, The membrane potential traces show the responses of the same cell shown in D to injection of a hyperpolarizing current step (100 pA, timing is shown below the membrane potential
trace) both under control conditions (black) and after application of ZD7288 (red).

TTX wash-in, the firing frequency evoked by 80-pA depolarizing
current steps did not change (18.71 6 6.1 Hz baseline vs 17.9 6
6.1 Hz during TTX wash-in; p = 0.17). Compromised sodium
channel function was thus sufficient to suspend pacemaker activity, without altering the discharge of APs in response to
depolarizing steps. Together, these data indicate that voltage-gated sodium channels, in addition to mediating the AP
upstroke, are also critical for producing spontaneous depolarization during the interspike interval underlying pacemaker
activity. Moreover, after complete blockade of voltage-gated
sodium channels, the membrane potential became stable; no
oscillations or calcium spikes were observed, either at the
resting membrane potential or during injection of depolarizing current (Fig. 4A,D). This suggests that TTX-sensitive sodium channels mediate the only voltage-gated inward
(depolarizing) current contributing to the pacemaker activity
of zebrafish dopaminergic neurons.
Compared with the interspike membrane potential during
spontaneous pacemaker activity, the resting membrane potential
in dopaminergic neurons treated with TTX was relatively

depolarized, both at baseline and during injection of depolarizing
current steps (Fig. 4D, overlay of baseline and post-TTX traces).
In contrast, the membrane potential of the same cells during
hyperpolarizing pulses (which suppressed spiking) did not differ
significantly between baseline and post-TTX conditions (Fig.
4D–F). This suggests that hyperpolarizing conductances (likely
mediated by potassium channels) are activated by APs during
pacemaker activity, and strongly influence the mean membrane
potential during interspike intervals. Blockade of APs with TTX
consequently prevents secondary activation of potassium channels, leading to apparent depolarization of the resting membrane
potential (Figs. 4D, 5A,B).
To further clarify ionic contributions to electrogenesis in
zebrafish dopaminergic neurons, we combined application of
specific channel blockers with the use of modified extracellular
solutions that were nominally free of either sodium or calcium
ions. Baseline measurements of pacemaker activity, interspike
interval membrane potential (49.9 6 2.4 mV) and threshold
potential (36 6 4.6 mV; n = 23) were identical in these experiments to the recordings shown in Figures 2B, 3C, 5A,B. As
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Figure 4. Progressive loss of autonomous pacemaker activity in zebrafish DC2/4 dopaminergic neurons during blockade of voltage-gated sodium channels. A, Membrane potential traces
from a dopaminergic neuron, showing spontaneous pacemaker activity without current injection, and responses to injection of hyperpolarizing and depolarizing current steps (25, 50, and
180 pA), under control conditions (black) and during TTX wash-in (increasing red). The lower trace shows the timing and amplitude of the injected current. B, Traces of spontaneous APs from
panel A, during control conditions and TTX wash-in, are superimposed. Insets show the boxed regions of the traces at a larger scale, to illustrate the effects of TTX on the slope and variability
of the interspike membrane potential. C, The rate of membrane potential depolarization in the 20-ms window before onset of the AP [defined by (peak  23 ms) to (peak  3 ms)], under
control conditions and during TTX wash-in. Bars show mean 6 SE of n = 17–35 interspike intervals; ppp , 0.01, ppppp , 0.0001 compared with control, one-way ANOVA with Dunnett’s
post hoc test. D, Responses of the neuron shown in panel A to current steps before (black) and after (red) TTX are superimposed for comparison. The responses to hyperpolarizing steps are
unchanged by TTX; the membrane depolarization in response to a depolarizing step is increased following TTX. E, The membrane potential during hyperpolarizing current steps of 25 pA
(left) or 50 pA (right) is shown for n = 15 different dopaminergic neurons, under control conditions (black) and after application of TTX (red). Small circular markers show values for individual
neurons, with control and post-TTX values connected by lines; large square markers show mean 6 SE for all 15 neurons (ns, not significant; control vs TTX, two-tailed paired t test). F, For
each neuron from panel C, the change in membrane potential during hyperpolarizing steps (25 pA, left or 50 pA, right) after TTX application was calculated. Gray data points show 15 individual dopaminergic neurons, bars show mean difference 6 SE for n = 15 neurons.

shown in Figure 4, following blockade of voltage-gated sodium
channels with 1 mM TTX, the resting membrane potential was
depolarized (mean 44.04 6 4.4 mV; p , 0.001) compared with
the interspike membrane potential before TTX application.
Exchanging the extracellular solution for sodium-free (sodium
substituted with choline 1 1 mM TTX; 45.5 6 4.5 mV, n = 7), or
calcium-free (1 1 mM TTX; 41.4 6 4.4 mV, n = 3) media did not
alter the resting membrane potential further (Fig. 5B). However,
in the presence of 1 mM TTX, addition of 20 mM TEA and recording with a cesium-based intracellular solution to block potassium

channels resulted in further membrane depolarization (Fig. 5B).
This is consistent with a potassium leak current contributing significantly to the resting membrane potential. However, the depolarized
membrane potential in the presence of TTX alone is consistent with
a relatively low density of potassium leak channels in zebrafish dopamine neurons, as has also been reported in the mammalian SNc
and ventral tegmental area (VTA; Talley et al., 2001). This might
explain the high input resistance of zebrafish DC2/4 dopaminergic
neurons (mean 6 SE was 475 6 15 MV; compared with 394 6 21
MV in the mammalian SNc; Häusser et al., 1995).
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Figure 5. Role of Na1, K1, and Ca21 ions in the resting membrane potential and autonomous pacemaker activity of zebrafish DC2/4 dopaminergic neurons. A, Membrane potential trace
from a dopaminergic neuron under control conditions (black; AP threshold is indicated by a dashed line) and after application of TTX (red). B, Scatterplot showing membrane potential during
interspike intervals (ISMP) and AP threshold under control conditions (n = 23), membrane potential after TTX application (n = 23), and membrane potential after TTX application followed by
perfusion with Na1-free (n = 7) or Ca21-free (n = 3) extracellular solution. The final group shows membrane potential in extracellular solution with TTX and TEA, in cells recorded with a cesium-based intracellular solution (n = 4). Data points show values for individual neurons, lines show mean 6 SE; pppp , 0.001 (one-way ANOVA with Tukey’s multiple comparisons test). C,
Membrane potential trace showing pacemaker activity of a dopaminergic neuron under control conditions (black), in Ca21-free extracellular solution (red), and after restoration of control conditions (blue). D, Averaged APs from the traces in panel C are superimposed (the color key is identical). The inset panel shows the boxed area in the main figure at a larger scale, to illustrate
how threshold potential and AHP change in the absence of Ca21 and recover on replacement of Ca21. E–G, Scatterplots showing (E) AP frequency, (F) threshold potential, and (G) AHP, under
control conditions (black), Ca21-free extracellular solution (red) and following return to control conditions (blue). Data points show individual neurons (n = 11); lines show mean 6 SE;
pppp , 0.001 (repeated measures one-way ANOVA with Tukey’s multiple comparisons test). ns, not significant.

Role of calcium in pacemaker frequency
Pacemaker frequency increased approximately fourfold after removal of calcium from the extracellular medium (example
shown in Fig. 5C; n = 11; baseline 2.3 6 0.95 Hz vs calcium-free
10.2 6 4.6 Hz; p , 0.001). This was accompanied by a shift in
threshold potential to a more hyperpolarized value that was
closer to the interspike membrane potential (baseline 38.7 6
2.6 mV vs calcium-free 44.7 6 3.7 mV; p , 0.001), and a
decreased AHP (baseline 63.5 6 2.6 mV vs calcium-free
54.5 6 6.0 mV; p , 0.001). After calcium-free solution was
replaced with standard extracellular solution containing calcium, these parameters returned to baseline values.
Since no subthreshold oscillations of membrane potential
were observed when sodium channels were blocked by TTX, the
mechanisms that mediate the effects of calcium removal are
likely activity-dependent, and involve modulation of the TTXsensitive pacemaker. The shift of threshold potential to a more
hyperpolarized value could be attributable to a direct action of
extracellular calcium ions on sodium channel gating (Armstrong
and Cota, 1991), and might be the main factor contributing to
the increased firing frequency. In contrast, the decreased AHP in

calcium-free solution could be caused by attenuation of a potassium conductance which is sensitive to intracellular calcium.
Decrease of the AHP may have a bi-directional effect on firing
frequency: it will tend to increase firing frequency because the
cell remains closer to the threshold, but it will also tend to
decrease firing frequency because of slower recovery of sodium
channels from inactivation at less hyperpolarized potentials
(Baranauskas, 2007). The effects of extracellular and intracellular
calcium might be dissociated by blocking cellular calcium entry
through voltage-gated calcium channels. Addition of 50 mM
Cd21 (a broad-spectrum calcium channel blocker) to the extracellular medium significantly reduced both the fast (baseline
62.6 6 3.9 mV vs post-Cd21 57.2 6 5.5 mV; n = 8; p , 0.05)
and slow (baseline 58.5 6 3.0 mV vs post-Cd21 52.5 6 4.1 mV,
n = 8, p , 0.001; Fig. 6C) components of the AHP, but did not
influence the threshold potential (baseline 35.0 6 4.4 mV vs postCd21 35.4 6 4.7 mV; n = 8). Cadmium also reduced rather than
increased the discharge frequency (baseline 3.47 Hz vs post-Cd21
2.12 Hz, p , 0.04), possibly by slowing the recovery of sodium
channels from inactivation because of the smaller AHP. This suggests that intracellular calcium can modulate the AHP, but these
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Figure 6. Role of calcium in modulating pacemaker activity in zebrafish DC2/4 dopaminergic neurons. Pacemaker activity in dopaminergic neurons was recorded in control solution (control;
black) and after addition of: (A–C) Cd21 (voltage-gated calcium channel blocker; final bath concentration 50 mM; n = 8 cells; red), (D–F) apamin (SK channel blocker; final bath concentration
100 nm; n = 10 cells; blue), or (G–I) isradipine (L-type calcium channel blocker; final bath concentration 9 mM; n = 9 cells; green). A, D, G, Membrane potential traces showing pacemaker activity under control conditions and following addition of each inhibitor. In each case, averaged APs are shown to the right of the trace; the inset panels show the AHP using a larger scale to
illustrate differences. B, E, H, Scatter plots showing discharge frequency of spontaneous pacemaker activity under control conditions and after addition of each inhibitor. Points show data from
individual cells, bars show mean 6 SE; pp , 0.05 (two-tailed paired t test). C, F, I, Scatter plots showing the amplitude of the slow AHP under control conditions and after addition of each inhibitor. Points show data from individual cells, bars show mean 6 SE; pp , 0.05, pppp , 0.001 (two-tailed paired t test). ns, not significant.

changes in AHP do not account for the observed increase in pacemaker frequency in calcium-free conditions. Hence, increase of the
firing frequency in calcium-free medium is produced by the action
of extracellular Ca21 ions on sodium channel gating (Armstrong
and Cota, 1991).
In rodent dopaminergic neurons, small-conductance calcium-sensitive potassium channels (SK channels) and L-type calcium channels are implicated in autonomous firing (Ping and
Shepard, 1996; Wolfart et al., 2001; Chan et al., 2007; Puopolo et
al., 2007; Putzier et al., 2009). We tested these mechanisms in
zebrafish dopaminergic neurons. Application of the SK-channel
blocker apamin (100 nM) resulted in a small (2.5 mV) but statistically significant reduction in the slow AHP (baseline
56.9 6 2.2 mV vs apamin 54.4 6 2.8 mV; n = 10; p , 0.05).
Apamin did not influence the fast AHP (baseline 64.4 6 2.2 mV
vs apamin 62.5 6 2.8 mV), threshold potential (baseline 36.5 6
3.0 mV vs apamin 36.4 6 2.5 mV), or frequency of autonomous
firing (baseline 4.2 6 1.1 Hz vs apamin 4.5 6 1.5 Hz; Fig. 6D–F).
Blockade of L-type calcium channels with 9 mM isradipine did not
affect AHP or threshold potential, but caused a non-significant
trend toward reduced firing frequency (Fig. 6G–I). This suggests

that L-type channels are not involved in the generation or regulation of autonomous activity in zebrafish dopaminergic neurons.
Together, these data show that intracellular calcium can alter
pacemaker frequency by modulating the AHP, likely by affecting
calcium-sensitive potassium channels. Conversely, extracellular
calcium likely influences AP threshold through a direct effect on
sodium channels. Consequently, while not directly involved in
generating pacemaker activity, calcium can modulate autonomous activity in zebrafish DC2/4 dopaminergic neurons through
actions on sodium and potassium channels.
To summarize, the data presented so far show that voltagegated sodium channels (NaV) are a critical mediator of the
inward current that causes spontaneous depolarization of zebrafish dopaminergic neurons, thereby driving pacemaker activity.
Under sodium channel blockade with TTX, no oscillations of
membrane potential were observed, either at rest or in response
to injection of depolarizing or hyperpolarizing current steps.
Furthermore, pacemaker activity in zebrafish dopaminergic neurons was not abolished by blockade of ionic channels that mediate pacemaker activity in other diverse types of neurons, such as
HCN channels, SK channels, calcium channels and calcium-
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Figure 7. Activation and inactivation of sodium and potassium currents in zebrafish DC2/4 dopaminergic neurons. A, The traces show a family of potassium currents evoked in a dopaminergic neuron by holding potential steps between 68 and 112 mV in 10-mV increments as indicated below. Whole-cell voltage clamp recordings were made in the presence of TTX (1 mM) to
block sodium channels. B, Activation curve for voltage-gated potassium channels. C, Dependence of time constant of activation of voltage gated potassium channels on membrane potential. D,
The traces show a family of sodium currents evoked in a dopaminergic neuron by holding potential steps between 47 and 7 mV in 5-mV increments, following a prepulse protocol (sequential steps to 77, 32, and 52 mV as shown in the lower tracing), to measure sodium channel activation. The prepulse protocol and addition of low-concentration TTX (30 nM) were
necessary to ensure space clamp during whole-cell recording. Potassium channels were blocked by adding TEA (20 mM) and 4-AP (2 mM) to the extracellular solution, and replacing potassium
with cesium in the recording electrode. E, The traces show a family of sodium currents evoked by a holding potential step to 7 mV from holding potentials between 62 and 12 mV in
5-mV increments, to measure sodium channel inactivation. Data are from the same cell as in panel D, recorded under identical experimental conditions. F, Activation (red) and inactivation
(blue) curves for voltage-gated sodium channels. G, Dependence of time constant of activation (red) and inactivation (blue) of voltage gated sodium channels on membrane potential. In panels
B, C, F, G, colored data points show measurements from individual cells (potassium currents n = 5 cells, 5 slices from 3 brains; sodium currents, n = 7 cells, 7 slices from 5 brains), and the
thin black line shows the averaged experimental data. The superimposed colored lines show functions derived from fitting Hodgkin–Huxley model equations to the experimental data (see
Materials and Methods; Eqs. 6–29).

dependent conductances (although blockade of some these channels modulated the frequency of AP discharge). Together, these
data suggest that sodium channels mediate the inward current
that is necessary for spontaneous activity. In addition, the low
density of potassium leak channels resulted in a relatively depolarized resting membrane potential that may be close to values at
which voltage-gated sodium channels start to become activated.
Finally, voltage-gated potassium channels mediating the AHP
are necessary for fast recovery of sodium channels from inactivation and preparing them for generation of the next AP.
These experimental data therefore suggest that interaction of
just three components is critical for autonomous pacemaker activity in zebrafish DC2/4 dopaminergic neurons: voltage-gated
sodium and potassium conductances, and a leak conductance.
To test this hypothesis in a computer model simulation, we next
determined experimentally the voltage dependence and kinetics
of activation and inactivation of sodium and potassium currents
in zebrafish DC2/4 dopaminergic neurons.
Measurement of activation and inactivation of sodium and
potassium currents in zebrafish dopaminergic neurons
Potassium currents were isolated using 1 mM TTX to block sodium channels, and recorded during a series of holding potential
steps from 68 to 112 mV (Fig. 7A). After compensation for
leak currents, we measured the peak amplitude of each response

and calculated peak conductance (see Materials and Methods;
Eq. 1), which was normalized, and plotted against membrane
potential (Fig. 7B). We further determined the time constant of
each response onset by fitting the data to an exponential function
(Eq. 2). Time constants were then plotted against membrane
potential (Fig. 7C).
Sodium currents were isolated using 20 mM TEA and 2 mM 4AP in the extracellular solution, and cesium-based intracellular
solution, to block potassium currents. To achieve space clamp
during measurement of sodium channel properties, low-concentration (30 nM) TTX was also added to the extracellular solution
and activation of sodium currents was measured using a stimulation protocol that included a prepulse to selectively inactivate
axonal sodium channels (Milescu et al., 2010; see Materials and
Methods, Measurement of voltage-gated potassium and sodium
channel dynamics). Figure 7D shows the sodium current of a dopaminergic neuron recorded using this approach, after subtraction of leak currents. The peak current for each response was
measured, allowing calculation of conductance (Eq. 3), which
was normalized to the maximum and plotted against membrane
potential (Fig. 7F, red). Activation time constants were calculated
by fitting the data from the beginning to the peak of the current
responses to an exponential function (Eq. 4; Fig. 7G, red).
Sodium current inactivation was measured by clamping the
membrane potential at 7 mV for 20 ms, after holding it for
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50 ms at values between 62 and 12 mV, in 5-mV increments
(Fig. 7E). Current responses were used to calculate conductance,
from which the inactivation curve for sodium channels was
derived (Fig. 7F, blue). Inactivation time constants were calculated using an exponential fit function (Eq. 5) from the peak
response to the end (Fig. 7G, blue).
We next used Hodgkin–Huxley formalism to fit model
equations to these experimental observations. The mathematical procedures employed to accomplish this are detailed
in Materials and Methods (Eqs. 6–29), parameters describing
channel behavior (derived by fitting model equations to the
experimental data) are shown in Table 1. Curves for conductance versus membrane potential (Fig. 7B,F) and time
constant versus membrane potential (Fig. 7C,G), employing
these parameters, were superimposed on the observed experimental measurements of the same properties. The derived
functions showed close alignment with the experimental
data, suggesting that the calculated parameters are valid for
use in a computational simulation.
Computational model of a zebrafish dopaminergic neuron
To test whether sodium and potassium conductances with the
properties measured in zebrafish dopaminergic neurons are sufficient to account for pacemaker activity, we employed a computational approach. The model has a single compartment with the
three conductances identified by experimental observations in
zebrafish DC2/4 dopaminergic neurons: a leak conductance, voltage-gated sodium channels, and voltage-gated potassium channels. The soma diameter was set at 14.5 mm, and the length 35 mm,
corresponding to the measured dimensions of the recorded cells.
Membrane capacitance was set to 5 mF/cm2 and leak conductance
0.1 mS/cm2, allowing the model to replicate experimental measurements for cell membrane capacitance and resistance. The reversal potential for the leak current was set to 43.5 mV,
corresponding to the resting membrane potential of experimentally-recorded cells whose pacemaker activity was inactivated by
TTX. The density of sodium channels was set to 23 mS/cm2, so
that the amplitude and overshoot of APs in the model corresponded to the experimentally-measured values. Potassium channel density was set to 15 mS/cm2.
Using these parameters, the model cell generated autonomous pacemaker activity at a frequency of 3.5 Hz (Fig. 8A,
black), corresponding closely to the observed spontaneous firing
frequency of dopaminergic neurons (3.1 6 1.5 Hz). Since the aim
of this model was to test whether pacemaker activity can be replicated by the interaction of voltage-gated sodium and potassium
channels, the model did not include voltage-gated calcium channels or calcium-sensitive potassium channels. Consequently, the
waveform of the model-generated APs most closely resembled
experimental recordings made in extracellular solution containing cadmium to block calcium channels (Fig. 8A, red). The
model also replicated the experimentally-recorded responses of
dopaminergic neurons to injection of depolarizing and hyperpolarizing current (Fig. 8B). This included the dependence of firing
frequency on the amplitude of injected current, depolarizing
block after injection of large currents, and suppression of activity
during injection of hyperpolarizing currents (Fig. 8B,C).
Next, we used the computational model to explore how
changes in ionic conductances affect pacemaker properties.
Changing any of the three conductances, while keeping the other
two constant, altered the firing frequency of the simulated neuron. Frequency increased with leak conductance, from 0 Hz at
0.085 mS/cm2 to a maximum of 28 Hz at 1.2 mS/cm2. Further
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increases in leak conductance beyond this value caused a
decrease in firing frequency; pacemaker activity ceased at values
above 2 mS/cm2 (Fig. 8D). The model generated autonomous activity with voltage-gated potassium conductance in the range
8.0–15.9 mS/cm2 (Fig. 8E). Increasing the potassium conductance from 15 mS/cm2 led to a decrease in the frequency of the
simulated pacemaker, which stopped completely above .16 mS/
cm2. Conversely, decreasing the potassium conductance between
15 and 10 mS/cm2 led to a gradual increase in pacemaker frequency to ;10 Hz; further decreases of the potassium conductance resulted in a dramatic increase in frequency and then loss of
activity (Fig. 8E). Sodium conductances between 21.1–41.0 mS/
cm2 were accompanied by spontaneous activity; the discharge
frequency increased with conductance to 18 Hz at 41 mS/cm2.
Between 41 and 44 mS/cm2, the simulated neuron fired bursts
instead of single APs, and at conductances above 45 mS/cm2 autonomous activity was lost.
Overall, these computational simulations show that three
ionic conductances (leak current, voltage-gated sodium channels,
and voltage-gated potassium channels), whose properties replicate our experimental observations, are sufficient to drive spontaneous rhythmic discharges in a model neuron. Simulation
results also show that the proposed pacemaker mechanism is robust, because the model generated spontaneous APs while any of
the three conductances varied over a broad range. At the same
time, all three conductances were necessary for spontaneous firing: eliminating any one of them (or reducing it below a minimal
value) abolished spontaneous firing in the model.
The dynamic interactions of voltage-gated sodium, voltagegated potassium, and leak currents that cause the rhythmic generation of APs in the model are illustrated in Figure 9. The
upstroke of the AP is mediated by voltage-gated sodium channels,
which are inactivated by the resulting strong depolarization.
Together with activation of voltage-gated potassium channels, this
causes the membrane potential to become hyperpolarized to
values below 60 mV. At these potentials, current flowing
through voltage-gated sodium and potassium channels is
negligible; consequently, the leak current dominates the net
inward current at the start of the interspike interval, driving
the membrane potential toward the leak current reversal
potential of 43.5 mV. This depolarization progressively
activates voltage-gated sodium and potassium channels. The
steeper activation curve for sodium channels and stronger
electrochemical gradient for sodium ions ensure (in combination with the leak current) that a net inward current is
maintained throughout the interspike interval, causing gradual but relentless depolarization. Well before the leak current
reversal potential is reached, a large and rapidly increasing
sodium current dominates the net inward current. This
results in regenerative activation of voltage-gated sodium
channels that initiates the next AP.
We conclude that zebrafish DC2/4 dopaminergic neurons
generate robust autonomous activity using a simple pacemaker
mechanism that relies on a minimal set of ionic conductances,
mediated by voltage-gated sodium and potassium channels and
leak channels. While the minimal configuration of the three conductances is both necessary and sufficient for generation of
rhythmic spiking, the frequency of spontaneous firing in zebrafish DA neurons also depends on the slow AHP component.
Potassium currents mediating slow AHP contribute to the rate of
membrane depolarization during the interspike interval, so that
modulation of these currents can change the firing frequency of
zebrafish DC2/4 dopaminergic neurons.
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Figure 8. Computational model of a zebrafish DC2/4 dopaminergic neuron replicates autonomous pacemaker activity. A, Autonomous pacemaker activity (left) and average AP (right) for a
computational simulation of a dopaminergic neuron (upper trace; black) compared with an electrophysiological recording from a zebrafish dopaminergic neuron in extracellular solution with
50 mM cadmium to block calcium channels (lower trace; red). B, Membrane potential responses of the model neuron to injection of current steps with amplitude from –50 to 1600 pA, as
indicated in the lower traces. C, Dependence of the firing frequency of the model neuron on the amplitude of the injected current steps. D, Relationship between the autonomous firing frequency of the model neuron and the leak conductance density. E, Relationship between the autonomous firing frequency of the model neuron and the voltage-gated potassium conductance
density. F, Relationship between the autonomous firing frequency of the model neuron and the voltage-gated sodium conductance density. In panels D–F, the experimentally-determined values used in the simulations shown in panels A–C are marked with yellow symbols.

Discussion
We developed a brain slice preparation from adult zebrafish
using a novel transgenic Tg(th:gal4); Tg(UAS:egfp) line to investigate the electrophysiology of DC2/4 dopaminergic neurons by
whole-cell patch clamp recordings. Prior work using loose and
perforated patch recordings from DC2 neurons of larval zebrafish (Jay et al., 2015) reported rhythmic discharges suggestive of
pacemaker activity at 1.5–2 Hz independent of synaptic inputs,
and short bursts up to 23 Hz driven by synaptic inputs. Our
results are compatible with recordings in larvae and significantly
extend prior work, by (1) demonstrating that DC2/4 neurons
share many basic electrophysiological properties with dopaminergic neuronal populations from other species; and (2) providing insights into mechanisms of pacemaker activity of DC2/4
neurons. Both zebrafish and mammalian dopaminergic neurons
show cell-intrinsic, autonomous firing. However, the pacemaker
mechanism in zebrafish DC2/4 neurons differs significantly
from the pacemakers of mammalian dopaminergic neurons. Our
results contribute to understanding the comparative physiology
of the dopaminergic system and are important because they suggest opportunities to address the contributions of pacemaker

mechanisms to the selective susceptibility of dopaminergic neurons in the pathogenesis of PD.
The electrophysiology of zebrafish DC2/4 cells
The relatively depolarized resting membrane potential of zebrafish DC2/4 dopaminergic neurons was near to the AP threshold,
facilitating autonomous firing. Blocking voltage-gated sodium
channels with TTX prevented APs and also caused depolarization relative to the interspike potential. This suggests that activity-dependent hyperpolarizing mechanisms, such as activation of
potassium channels, contribute significantly to the interspike
membrane potential. Consequently, when TTX blocks spiking,
potassium channels are not activated, leading to decreased net
potassium current and depolarization. Notably, removal of sodium from the extracellular solution under TTX blockade did
not change the membrane potential further, indicating that sodium leak conductance does not contribute significantly to the
depolarized resting potential. This differs from mammalian VTA
neurons, in which sodium leak conductance is an important contributor to the depolarized resting membrane potential (Khaliq
and Bean, 2010). Removing extracellular calcium during TTX
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Figure 9. Ionic currents underlying pacemaker activity in a computational model of a
zebrafish DC2/4 dopaminergic neuron. The upper panel shows the membrane potential of
the model cell, from the start of one AP to the conclusion of the next. The slow depolarization phase of the interspike interval is indicated and shaded for clarity. The lower panel
shows currents mediated by voltage-gated sodium channels (red), voltage gated potassium
channels (blue) and leak conductance (green), along with the net current (black). The inset
panel shows the period immediately before the AP, with expanded time scale and compressed current scale to illustrate the large and rapidly increasing current mediated by voltage-gated sodium channels as the leak current reversal potential (circled) is passed.

blockade also did not alter the membrane potential of zebrafish
DC2/4 neurons, arguing against a significant contribution of calcium conductance to the resting potential. Instead, we propose
that the depolarized resting membrane potential of zebrafish dopaminergic neurons is attributable to a low density of potassium
leak channels. This interpretation is consistent both with our observation that the input resistance of these neurons is high, and
with prior studies reporting low expression levels of potassium
leak channels in dopaminergic neurons from other species
(Karschin et al., 1996; Talley et al., 2001).
Zebrafish DC2/4 neurons showed broad APs with pronounced AHP, similar to the APs reported in midbrain dopaminergic neurons from rats, mice and guinea pigs (Grace and Onn,
1989; Yung et al., 1991; Häusser et al., 1995; Khaliq and Bean,
2010). The shape, amplitude and duration of APs recorded in
zebrafish DC2/4 dopaminergic neurons did not change after removal of extracellular calcium, or during blockade of calcium
channels with cadmium. This suggests that, in contrast to mammalian SNc neurons (Yung et al., 1991), APs in zebrafish DC2/4
neurons lack a significant calcium-mediated component. In this
respect, they resemble mammalian VTA dopaminergic neurons
(Khaliq and Bean, 2010).
Mechanism of pacemaker activity in zebrafish DA neurons
Zebrafish DC2/4 dopaminergic neurons discharged autonomously, rhythmically, and robustly at 2–4 Hz. In response to
depolarizing current, firing rates could reach up to 50–70 Hz
with little adaptation. In contrast, mouse, rat or guinea pig midbrain dopaminergic neurons, which show similar autonomous
discharge frequencies, can only be driven to sustained firing at
10–15 Hz (Yung et al., 1991; Richards et al., 1997), or short bursts
of up to 30 Hz (Blythe et al., 2009). The ability to sustain highfrequency firing may be related to the direct caudal projections
of DC2/4 neurons to spinal cord motor circuits (Tay et al., 2011)
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and suggests that the underlying pacemaker employs elements
with rapid kinetics, such as sodium and potassium channels. Our
experimental observations support this prediction. With sodium
channels blocked by TTX, we did not observe calcium-mediated
subthreshold oscillations, which are centrally involved in the
pacemaker activity of mammalian SNc neurons (Yung et al.,
1991; Ping and Shepard, 1996; Chan et al., 2007; Putzier et al.,
2009). Furthermore, blockade of L-type calcium channels, an
essential component of the adult mouse SNc pacemaker (Chan
et al., 2007; Putzier et al., 2009), or removal of calcium from the
extracellular medium, did not abrogate autonomous firing in
zebrafish DC2/4 neurons. Similar to mouse VTA neurons
(Khaliq and Bean, 2010), firing frequency increased in the absence of extracellular calcium, likely attributable to a hyperpolarizing shift in the activation of sodium channels (Armstrong and
Cota, 1991). Together, these observations indicate that the pacemaker in zebrafish DC2/4 dopaminergic neurons is calciumindependent.
We also found that several other mechanisms implicated in
mammalian dopaminergic neuronal pacemakers are not essential
for autonomous firing of zebrafish DC2/4 neurons. HCN cation
channels are essential for pacemaker activity in diverse CNS neurons and the heart (Pape, 1996; Surmeier et al., 2005). HCN channels are expressed in mammalian dopaminergic neurons (Yung et
al., 1991) and are involved in pacemaker activity in juvenile wildtype (Neuhoff et al., 2002) and adult CaV1.3–/– and isradipineexposed (Chan et al., 2007) mouse SNc neurons, which (in contrast
to adult wild-type SNc neurons) do not rely on calcium currents
for autonomous activity. However, similar to mammalian VTA
neurons (Neuhoff et al., 2002), application of the HCN antagonist
ZD7288 did not alter pacemaker activity in zebrafish DC2/4 neurons and we found no evidence of membrane potential sag indicating an Ih current during hyperpolarizing pulses. Furthermore,
calcium-dependent potassium conductances, including SK channels thought critical for pacemaker firing in mammalian SNc neurons (Ping and Shepard, 1996; Wolfart et al., 2001; Wolfart and
Roeper, 2002), were not necessary for pacemaker activity in zebrafish DC2/4 neurons, although they did influence AHP.
These data, supported by computational simulations using
experimentally-derived conductance measurements, show that
only three elements, a small leak conductance, voltage-gated sodium channels and voltage-gated potassium channels, are necessary for autonomous firing of zebrafish DC2/4 neurons. This is
significantly simpler than in rodent neurons, where pacemaker
mechanisms include calcium oscillations in SNc and non-voltage-dependent sodium currents in VTA, suggesting that the
more complex features of the mammalian pacemakers are a
recent evolutionary development.
Regulation by synaptic inputs
Current injection could modulate or suspend pacemaker activity
in DC2/4 neurons, suggesting that synaptic inputs may regulate
intrinsic activity. This is compatible with prior work showing
changes in the firing frequency of larval DC2 neurons that were
dependent on synaptic function (Jay et al., 2015). Calcium-imaging studies in transgenic GCaMP7a zebrafish larvae suggested
that episodes of spontaneous and stimulus-evoked neural activity
correlated strongly between dopaminergic neurons (Reinig et al.,
2017). We predict that synchronous periods of activity and inactivity within neuronal ensembles could be driven by shared synaptic inputs that modulate cell-intrinsic pacemakers. However,
studies using a preparation that preserves synaptic inputs will be
necessary to investigate this possibility.
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Implications for using zebrafish models to study PD
It is important to understand the extent to which model systems
replicate human disease, since this has important consequences
for the applicability of experimentally-derived insights to pathophysiology. In the mouse SNc, pharmacological blockade of
CaV1.3 channels mediating pacemaker currents prevented toxicant-induced pathology and was proposed as a neuroprotective
intervention in PD (Chan et al., 2007). However, a Phase III clinical trial (Simuni, 2020) did not find evidence that isradipine prevented the progression of PD, so the contribution of L-type
channel-mediated calcium currents to pathophysiology remains
uncertain. The absence of a CaV1.3-dependent pacemaker in
zebrafish DC2/4 dopaminergic neurons may provide opportunities to resolve this question experimentally, for example, by testing whether transgenic expression of CaV1.3 channel subunits
will modulate the susceptibility of zebrafish dopaminergic neurons to genetic or environmental etiologic triggers relevant to
PD. Furthermore, the calcium-independent pacemaker of zebrafish DC2/4 neurons may allow the pathogenic role of sustained
autonomous firing to be dissociated from the ionic fluxes that
drive the pacemaker. Regardless, cellular and molecular insights
gained into PD pathogenesis using both genetic (Flinn et al.,
2013; O’Donnell et al., 2014; Soman et al., 2017; Zhang et al.,
2017) and toxicant (Dukes et al., 2016; Lulla et al., 2016) models
suggest the lack of a CaV1.3-mediated pacemaker current in
DC2/4 neurons is not a serious limitation to the use of zebrafish
to study PD. However, it is important to note that the absence of
a calcium-dependent pacemaker and lack of a significant contribution of calcium currents to the AP do not imply that calcium
plays no part in the physiology or pathophysiology of zebrafish
DC2/4 neurons. Activity-dependent changes in cytosolic calcium
have been demonstrated in zebrafish dopaminergic neurons by
imaging (Reinig et al., 2017), our data strongly implicate calcium
in regulating the AHP of DC2/4 neurons through calcium-sensitive potassium channels, and published studies show that intracellular calcium dynamics are critically important in mediating
loss of dopaminergic neurons in zebrafish lacking the PD-related
protein Pink1 (Soman et al., 2017).
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