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Abstract
Calcium-dependent electrical activity plays a significant role in neurotransmitter specification at
early stages of development. To test the hypothesis that activity-dependent differentiation depends
on molecular context we investigated the development of dopaminergic neurons in the central
nervous system of larval Xenopus laevis. We find that different dopaminergic nuclei respond to
manipulation of this early electrical activity by ion channel misexpression with different increases
and decreases in numbers of dopaminergic neurons. Focusing on the ventral suprachiasmatic
nucleus and the spinal cord in order to gain insight into these differences, we identify distinct
subpopulations of neurons that express characteristic combinations of GABA and NPY as co-
transmitters and Lim1,2 and Nurr1 transcription factors. We demonstrate that the developmental
state of neurons identified by their spatial location and expression of these molecular markers is
correlated with characteristic spontaneous calcium spike activity. Different subpopulations of
dopaminergic neurons respond differently to manipulation of this early electrical activity.
Moreover, retinohypothalamic circuit activation of the ventral suprachiasmatic nucleus recruits
expression of dopamine selectively in reserve pool neurons that already express GABA and
neuropeptide Y. The results are consistent with the hypothesis that spontaneously active neurons
expressing GABA are most susceptible to activity-dependent expression of dopamine both in the
spinal cord and in the brain. Because loss of dopaminergic neurons plays a role in neurological
disorders such as Parkinson’s disease, understanding how subpopulations of neurons become
dopaminergic may lead to protocols for differentiation of neurons in vitro to replace those that
have been lost in vivo.
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INTRODUCTION
Calcium spike activity in embryonic and larval Xenopus regulates developmental
specification of glutamate, GABA, glycine, and acetylcholine in neurons of the spinal cord
(Borodinsky et al., 2004), dopamine in neurons of the ventral suprachiasmatic nucleus
(VSC) of the hypothalamus (Dulcis and Spitzer, 2008) and serotonin in neurons of the raphe
(Demarque and Spitzer, 2010). Neurons of the dopaminergic (DA) system are
distinguishable by their connectivity and function, and include separate populations in the
telencephalon, diencephalon, mesencephalon, and spinal cord (Smeets and Gonzalez, 2000).
The DA system in Xenopus consists of the telencephalic olfactory bulb (OB), concerned
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with olfaction and kin recognition (Blaustein and Waldman, 1992); the diencephalic VSC
and dorsolateral suprachiasmatic nuclei (DLSC) with roles in background adaptation (Ubink
et al., 1998); and the mesencephalic posterior tuberculum (PT), equivalent to the substantia
nigra and ventral tegmental area (VTA) in mammals, with roles in movement and reward
(Marin et al., 1997; Endepols et al., 2004). The DA neurons of the spinal cord are
cerebrospinal fluid (CSF)-contacting cells that extend an ascending axon toward the brain
and are believed to respond to changes in the CSF (González et al., 1993; 1994; Heathcote
and Chen, 1994; Vigh et al., 2004).

DA neurons are a heterogeneous population that expresses additional neurotransmitters. In
adult Xenopus, neuronal subpopulations within the VSC co-express dopamine with GABA
and/or NPY (de Rijk et al., 1992; Ubink et al., 1998; Tuinhof et al., 1994). In lamprey,
dopamine and GABA co-localize in different DA nuclei (Barreiro-Iglesias et al., 2009). In
rat, dopamine is co-expressed with GAD in the substantia nigra (Hedou et al., 2000) and in
mouse dopamine is co-expressed with VGlut2 in the VTA (Dal Bo et al., 2008; Mendez et
al., 2008). In addition, heterogeneity is observed in the transcription factors expressed by
DA neurons. In Xenopus, Pax6 is expressed in the diencephalon and OB during development
(Moreno et al., 2008). Pax6 has been associated with the development of diencephalic and
OB DA neurons in mice (Vitalis et al., 2000; Mastick and Andrews, 2001; Kohwi et al.,
2005) and zebrafish (Wullimann and Rink, 2001). Transcription factors Lim1 and Lim2 are
expressed in the developing diencephalon in Xenopus (Moreno et al., 2004) and in the
diencephalon of embryonic mouse brain (Mastick and Andrews, 2001). Nurr1 has been
linked to development of mouse mesencephalic DA neurons, both in the VTA and substantia
nigra (Zetterström et al., 1996, 1997; Jankovic et al., 2005; Ang, 2006) and zebrafish (Blin
et al., 2008).

Since expression of dopamine is regulated by calcium spike activity in the VSC (Dulcis and
Spitzer, 2008), we determined whether activity has a general role in dopamine specification
across the nervous system. We find that DA neurons in different nuclei express different
combinations of transmitters and transcription factors. Developing neurons exhibit distinct
patterns of spontaneous calcium spike activity and show different changes in the number of
DA neurons in response to manipulations of electrical activity. We conclude that activity-
dependent dopamine specification is favored by spontaneous activity in GABAergic
neurons.

MATERIALS AND METHODS
Animals

Xenopus laevis embryos were generated by in vitro fertilization and reared at 20–22°C.
Animals were staged according to Nieuwkoop and Faber (1967). Because TH expression in
the annulus of the VSC has been shown to be light-dependent (Dulcis and Spitzer, 2008) we
standardized light exposure (12L/12D) and background (gray) in our experiments. All
protocols were approved by the UCSD Institutional Animal Care and Use Committee.

Immunocytochemistry
Larvae were fixed in 4% paraformaldehyde and 0.025% glutaraldehyde phosphate-buffered
saline (PBS) at pH 7.4 for 1–2 hr at 4°C. After fixation, larvae were rinsed twice in 1×
Dulbecco calcium-magnesium-free phosphate-buffered saline (1×CMF-PBS, Sigma) and
either cryoprotected in 30% sucrose in 1X CMF-PBS and embedded in optimal cutting
temperature (OCT) medium (Tissue-Tek) for cryostat sections or rinsed and incubated in
PBS-0.5% Triton (PBT) for 5 days for wholemounts. Cryostat 10 µm sections were taken
following an anterior to posterior progression through the whole brain or through 600 to 800
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µm of spinal cord starting 300–400 µm caudal to the eyes. For wholemounts, the brain and
spinal cord of larvae were dissected after permeabilization in PBT. Sections or dissected
wholemounts were permeabilized in PBT for 1 hr and then incubated in 1% fish gelatin
(Sigma) in 1X CMF-PBS blocking solution for 1 hr at 20–22°C. One or two night
incubation at 4°C with primary antibodies to tyrosine hydroxylase (TH; Imgenex), GABA
(Chemicon), neuropeptide Y (NPY; Immunostar), Pax6 (Covance), Nurr1 (Santa Cruz
Biotechnology), Lim3 (Millipore Bioscience Research Reagents), Lim1,2 and Isl1,2
(DSHB) was followed by incubation with fluorescently tagged secondary antibodies for 1 hr
30 min at 20–22°C. Sections were mounted with either Vectashield mounting medium with
DAPI or Fluoromount (Southern Biotech); wholemounts were cleared in successive washes
of 30%, 50%, and 80% glycerol and mounted in 80% glycerol. Immunoreactivity of singly
stained sections was examined with a 20X water immersion objective on a Zeiss Axioscope,
using a Xenon arc lamp attenuated by neutral density filters. Immunoreactivity of
wholemounts and of double and triple stainings of sections was examined on a SP5 Leica
confocal system; z-stacks were acquired to confirm co-localization and to generate through-
series projections. For both microscopes, appropriate filter combinations for excitation and
emission were used for Alexa 488, Alexa 594, Alexa 647, DAPI, FITC, or Cy3
fluorophores. Images were acquired and analyzed with either Axiovision or Leica
Application Suite software. TH, the rate-limiting enzyme for dopamine synthesis, was used
as a marker for dopamine. This enzyme has been shown to be a good marker for the DA
nuclei and spinal cord neurons described in this paper, since TH colocalizes with other DA
markers, including dopamine, DAT, and VMAT (Gonzalez et al., 1994; Dulcis and Spitzer,
2008), although TH has also been used as marker for noradrenaline in the locus coeruleus
(Gonzalez et al., 1994).

Ion channel misexpression and light adaptation
DNA constructs for the human inward rectifying potassium channel (hKir2.1) and the rat
voltage-gated sodium channel (rNav2a αβ) were gifts from E. Marban and W. Catterall.
These constructs were subcloned, transcribed and expressed in all cells by injecting mRNA
into both blastomeres at the two-cell stage along with a fluorescent tracer, Cascade Blue
dextran (Invitrogen), to identify successfully injected embryos (Borodinsky, et al. 2004;
Dulcis & Spitzer, 2008). Light-adaptation of stage 42 larvae was performed following the
protocol described in Dulcis and Spitzer (2008).

Calcium imaging followed by immunostaining
To image DA neurons in the VSC we cut sections through the heads of larvae at the relevant
stage and partially embedded these brain sections in low-melting point agarose (Promega) in
a well filled with saline. This method led to stable preparations for imaging. To image DA
neurons in the spinal cord, embryos were pinned ventral side up with 0.10-mm-diameter
stainless-steel Austerlitz Minuten pins (Fine Science Tools) to the side of a well carved in
the middle of a Sylgard-coated dish (Dow Corning). Incubation in 1–2% collagenase in
saline (in mM: 116.6 NaCl, 0.67 KCl, 1.31 MgSO4, 2.0 CaCl2, 4.6 Tris; pH adjusted to 7.8
with HCl) for 15 min facilitated removal of tissue covering the ventral surface of the spinal
cord, using forceps and tungsten needles. Brain sections and spinal cords were then rinsed in
2 mM calcium saline and incubated with Fluo-4 (5 µM Fluo4-AM/0.01% Pluronic Acid
F-127/1% DMSO) for 1 hr at room temperature and gently washed in saline before imaging.

Calcium imaging of the brain was focused on the mid-ventral region of the sections, using
the eyes, ventricle, and optic chiasm as landmarks to identify the VSC region. Calcium
imaging of the spinal cord was carried out on a field of view covering the rostral to mid
spinal cord regions, spanning 1,500 µm. The time-lapse imaging protocol lasted 30 min,
acquiring images at 0.2 Hz on a BioRAD MRC-600 confocal microscope with a 20X water
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immersion objective. Imaging was carried out at stages 39, 40, and 41 for the VSC and at
stages 27, 28, and 29/30 for the spinal cord. Brain sections and spinal cords were
immediately fixed with EDAC (Sigma-Aldrich, 40 mg/1 ml of 0.1X CMF-PBS) for 1 hr at
room temperature to fix the calcium indicator Fluo-4 (Invitrogen; Dallwig and Deitmer,
2002), and then fixed for another hour in 4% paraformaldehyde + 0.025% glutaraldehyde at
4°C. Three 1 hr washes in 1X CMF-PBS were followed by permeabilization for 1– 2 nights
in PBT. Brain sections and spinal cords were then incubated in blocking solution (1% fish
gelatin in 1X CMF/PBS) for 12–24 hr. Brain sections were stained for TH, Lim1,2, and
Nurr1; spinal cords were stained for TH and GABA. Incubation lasting 3–5 nights at 4°C
was followed by 1 hr 30 min incubation with appropriate secondary antibodies and PBS
washes. Immunopreparations were imaged on a Leica SP5 confocal by acquisition of 50–
100 µm optical stacks. Projection of the Fluo-4 channel was used to match the calcium
imaging movie to the staining. Changes in fluorescence in identified cells were analyzed by
digitizing the time-lapse videos on Image J with the “Measure Stacks” plug-in by Bob
Dougherty (Optinav, Inc). A region of interest (ROI) was drawn around the cell body, pixel
intensity was measured across all frames of the movie, and intensity values were exported to
Excel (Microsoft). Calcium spikes were identified on digitized traces as transients that
increased in fluorescence 2× the baseline with a single frame rise time. We analyzed spike
incidence (number of spiking neurons as a percent of the total number of neurons of that
staining class) and frequency (number of spikes/30 min).

Statistical analysis
The incidence of immunostaining determined per brain region or spinal cord was used to
calculate a mean ± SEM, using Excel (Figs. 1, 2, 4, 5, 8B & 10). To analyze changes in
staining following perturbations of calcium spiking we determined the mean staining
incidence, normalized it to control and calculated the mean ± SEM (Figs. 3 & 9). We
determined the incidence and frequency of spontaneous calcium spiking for each subclass of
neurons per brain slice or spinal cord and calculated the mean ± SEM (Fig. 7 & 8A).
Statistical analyses were performed using the online software provided by BrightStat
(Stricker, 2008). Comparisons between two groups were assessed by the non-parametric
Mann Whitney U test. For comparisons of more than two groups the non-parametric
Kruskal-Wallis test followed by Conover post-hoc test was used. Results are considered
significant when p<0.05.

RESULTS
Sequential development of dopaminergic neurons in the brain and spinal cord

Wholemount preparations of brain and spinal cord stained with an antibody to tyrosine
hydroxylase (TH), the rate-limiting enzyme for dopamine biosynthesis, established the time
course of appearance of different DA nuclei as well as changes in relative position and shape
of each nucleus throughout development (Fig. 1A,B). Our data confirm the caudal-to-rostral
progression of differentiation of the DA phenotype, and illustrate a distinct temporal and
spatial pattern for each nucleus (Gonzalez et al., 1994).

To obtain a more refined quantification of the temporal and spatial development of the DA
system as a baseline for comparing changes following activity manipulations, we quantified
the number of TH−immunoreactive (TH+) neuronal profiles in transverse sections through
the brain (Fig. 1C,D). At stage 35, TH is detected in a few cells in the PT, which is the most
caudal of the DA brain nuclei, and in the DLSC. At stage 40, TH is also expressed in the
VSC and there is an incipient OB, the most rostral of the DA nuclei, composed of only a few
TH+ cells. By stage 42 a cluster of TH+ cells is detected in the OB. All DA nuclei expand as
more cells start expressing TH during further development.
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TH+ neurons appear in the spinal cord at stage 28 (Heathcote and Chen, 1994). By stage 35,
these cells are located on the ventral side of the spinal cord in two longitudinal rows.
Developing spinal cord DA neurons undergo changes in size and position from the midline
through stage 45 (Fig. 2B,C), a process that continues at later stages (Heathcote and Chen,
1994). Neuronal processes start developing rostrally at stage 40 (Fig. 2B, arrows), and by
stage 42 axons extend anterolaterally along the longitudinal ventral axis. Confocal Z-stack
reconstructions of dissected spinal cord wholemounts quantify the increase in number,
decrease in size, and migration toward the midline during a 3-day period of development
(Fig. 2D–F).

Specification of the dopaminergic phenotype is modulated by calcium spike activity to
different extents in different regions

To test the activity-dependence of the DA phenotype, we overexpressed mRNA encoding
hKir2.1 (Kir), an inward rectifier potassium channel, or rNav2a αβ (Nav), a voltage-gated
sodium channel; expression of these channels has been shown to decrease or increase
calcium spike activity in the spinal cord and the brain (Borodinsky et al., 2004; Dulcis &
Spitzer 2008) (Fig. 3A). The results of activity manipulations were quantified at stage 42,
when all DA nuclei are present in control animals.

Nav mRNA-injected embryos exhibited an increase in the number of TH+ neurons in the
brain while Kir mRNA-injected embryos demonstrated a decrease compared to controls
(Supplementary Fig. 1A). However, the level of the response varied among nuclei (Fig. 3B–
E). Hyperactivity caused an increase in the number of TH+ neurons in the OB, DLSC, and
VSC. The same nuclei responded to hypoactivity with a decrease in number of TH+
neurons. In contrast, while the number of TH+ profiles in the PT decreased with
hypoactivity, hyperactivity yielded numbers that were not significantly different from
control (Fig. 3E). Overexpression of Nav resulted in similar changes in calcium spike
frequency in the VSC and PT (Supplementary Fig. 1B), suggesting that the PT is either less
able to increase the number of TH cells in response to increased activity or that it requires a
specific pattern of activity that is lost when activity is imposed by ion channel
overexpression. Assessment of activity manipulations at earlier stages (37 and 40) did not
reveal significant changes in the number of DA PT neurons, suggesting that the limited
responsiveness of the PT observed at stage 42 is not due to developmental compensation
(Supplementary Fig. 1C,D). Each brain nucleus responded to a different degree to the
activity imposed by channel overexpression. In the spinal cord we also found an increase in
the number of TH+ neurons following increased spike activity and a reduction in TH+
neurons following a decrease in spike activity compared to controls (Fig. 3F,G). Because the
diencephalic VSC was the most responsive nucleus to activity manipulations in the brain
and the spinal cord displayed the earliest onset of dopamine expression, we focused our
study on the VSC and spinal cord to investigate further the context dependence of activity-
dependent neurotransmitter specification.

Co-expression of neurotransmitters and transcription factors identifies subclasses of
dopaminergic neurons in the VSC and spinal cord

To test the hypothesis that activity-dependent expression of TH/dopamine depends on the
presence of additional molecular markers, such as neurotransmitters or transcription factors,
we investigated the molecular heterogeneity of developing VSC and spinal cord neurons by
immunocolocalizing TH with other molecular markers. Dopamine is co-expressed with
GABA or NPY in the adult Xenopus suprachiasmatic nucleus (de Rijk et al., 1992; Ubink et
al., 1998). A subpopulation of DA neurons of the VTA in mice and rat co-express VGlut2
(Kawano et al., 2006; Mendez et al., 2008, Hnasko et al., 2010). Dopamine is co-expressed
in a subset of CSF-contacting GABA neurons of the adult lamprey spinal cord (Rodicio et
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al., 2008), and dopamine and GABA colocalize to different degrees in various DA nuclei in
its brain (Barreiro-Iglesias et al., 2009).

We studied co-localization of TH with additional neurotransmitters in the VSC at stages 40,
42, and 45, which span the onset of expression of TH in the core at stage 40, expression in
the surrounding annulus by stage 42, and continued growth to stage 45. We found no co-
localization of TH with VGlut2 at stages 40, 42 and 45 (data not shown) At stage 40 the DA
VSC consists of a TH+ core region that is largely GABA− (Fig. 4A, graph). At this stage,
neurons in the annular region are TH− but express NPY/GABA (not shown). By stage 42 a
larger set of DA neurons has been recruited from the NPY/GABA cells in the annulus while
the core retains a substantial TH+/GABA− composition (Fig. 4A). By stage 45, an
additional TH+ subpopulation appears in an outer annulus that co-expresses NPY but is
GABA−. This population persists in the adult suprachiasmatic nucleus (Ubink et al., 1998).
In the spinal cord TH+ neurons are NPY− (Supplementary Fig. 2) and largely GABA+ from
stage 29 to 45 (Fig. 5A,C).

Selective expression of transcription factors has been described for large regions of the
brain, but the level of heterogeneity of transcription factor expression within individual DA
nuclei in Xenopus during development has not received attention. We tested TH co-
expression with Pax6, Nurr1, and Lim1,2, which have been implicated in DA differentiation
in the developing diencephalon (Pax6, Lim1,2: Vitalis et al., 2000; Mastick and Andrews,
2001) and mesencephalon of mice (Nurr1: Zetterstrom et al., 1996, 1997; Ang, 2006). In
addition, Nurr1 controls differentiation of DA neurons of the PT in zebrafish (Blin et al.,
2008). Both Pax6 and Lim1,2 are expressed in the diencephalon throughout Xenopus
development (Moreno et al., 2004, 2008).

To determine whether specific transcription factor expression is correlated with the different
DA subclasses identified by their neurotransmitter expression pattern we co-stained neurons
in the VSC for TH along with GABA and either Lim1,2, Nurr1 or Pax6. At stage 42,
Nurr1+/TH+ cells expressing GABA are present in the outer annulus and the core is Nurr1−
and Pax6− (Fig. 4B and Supplementary Fig. 3). Lim1,2 is expressed in neurons in the core
and the annulus at this stage (Dulcis and Spitzer, 2008; Supplementary Fig. 3). The core
contains two subclasses of neurons that express either TH and Lim1,2 or TH, Lim1,2 and
GABA. Annular neurons expressing TH, GABA and NPY are Lim1,2+ but Nurr1− (Fig. 4C
and 6A), while neurons in the outer annulus expressing TH, GABA and NPY are Nurr1+ but
Lim1,2− (Fig. 4B and 6A). Thus, DA neuron subclasses defined by neurotransmitter co-
expression do not correspond to expression domains of Lim1,2 or Nurr1. Each of these
subpopulations –core, annulus, outer annulus- expresses specific combinations of
neurotransmitters and transcription factors before they start expressing TH (Fig. 6A).

No transcription factors have yet been associated with specification of dopamine in the
spinal cord. We tested the transcription factors linked to dopamine specification in the brain,
but found no co-expression of TH with Lim 1,2, Nurr1 or Pax6. We also examined
expression of Lim3, and Islet 1,2 that have been associated with neuronal differentiation of
the ventral spinal cord (Appel et al., 1995), but neither of these markers were detected in TH
+ spinal neurons (Fig. 5B and 6B).

With this developmental picture of TH+ neurons in the VSC and spinal cord based on their
temporal and spatial pattern of expression of neurotransmitters and transcription factors, we
determined whether different DA nuclei and neuronal subclasses exhibit different
frequencies of spontaneous calcium spike activity before the onset of TH expression and
once TH is expressed.
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Subclasses of dopaminergic neurons display distinct patterns of spontaneous calcium
spike activity

The heterogeneity of subclasses observed within the VSC led us to hypothesize that
individual subpopulations of DA neurons possess different endogenous calcium-mediated
electrical activity. We imaged subclasses of DA cells within the VSC that express different
combinations of molecular markers and the more homogeneous spinal cord DA neurons that
are distantly located along the rostro-caudal axis of the CNS for comparison.

We focused our analysis of spontaneous calcium spike activity on a window of development
that begins at a stage just prior to detection of TH expression (stage 27 for the spinal cord
and stage 39 for the brain). We were not able to identify VSC core neurons at earlier stages
because there is no Lim1,2+ cluster of cells 10 µm dorsal to the optic chiasm. This window
of development ends at the latest stage at which spiking is detected (stage 30 in the spinal
cord and stage 42 in the brain). In the VSC, Lim1,2+ (core + annulus) and Nurr1+ (outer
annulus) DA precursors can be identified at stage 39 before the appearance of TH. At stage
40, some Lim1,2+ core neurons express TH, while both Lim1,2+ annulus and Nurr1+ outer
annulus neurons are still TH−. By stage 41 TH starts to be expressed in the annular regions
as well. Thus, we characterized calcium spike activity in neurons of the Lim1,2+ core,
Lim1,2+ annulus, and the Nurr1+ outer annulus of the VSC before and after they acquired
TH.

We found that the activity of core and annular neurons is distinct: core neurons did not
exhibit spontaneous calcium activity, either before or after expressing TH (Lim1,2+ or TH+/
Lim1,2+), although they can generate spikes in response to overexpression of Nav (Dulcis
and Spitzer, 2008). On the other hand, annular neurons exhibited robust activity, the
incidence and frequency of which changed during development. At stage 39 TH− cells
expressing either Lim1,2 or Nurr1 have a similar incidence and frequency of spiking.
However, their activity patterns diverge by stage 41, with a lower spiking frequency for TH
−/Nurr1+ cells compared to TH−/Lim1,2+ cells. As annular cells now acquire the TH
phenotype, their activity patterns are correlated with the transcription factor they express.
TH+/Lim1,2+ neurons no longer exhibit spiking, while TH+/Nurr1+ cells are active at a
level similar to that of TH−/Nurr1+ cells at stage 41 (Fig. 7A,B).

In the spinal cord we examined endogenous calcium activity of DA neurons at stages 27, 28,
and 29/30, which encompass the period during which GABAergic ventral midline neurons
acquire the additional DA phenotype. Calcium spike frequency increases in the GABA+/TH
+ population at stage 28 (Fig. 8A). The spike incidence of the GABA+/TH+ cells remains
constant during this period. The proportion of TH− and TH+ cells within the GABA+
population on the ventral surface of the spinal cord reverses during this period of
development, as the GABA+/TH− population decreases and the GABA+/TH+ population
increases (Fig. 8B), coincident with increased spike frequency at stage 28.

These results are consistent with the hypothesis that subclasses of TH− precursors and TH+
cells identified by different molecular markers and by their spatial location display different
patterns of calcium spike activity at the same time point during development. The results
also indicate that single molecular markers of DA neuron precursors are not always
correlated with specific patterns of activity. Cells that express Lim1,2 can be active or not,
depending on whether they are located in the core region or annular region of the VSC.
Moreover, cells that express different transcription factors (Nurr1 or Lim1,2), but are located
in the annular regions initially display similar incidence and frequency of calcium spikes.
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Dopaminergic subclasses display different responsiveness to activity manipulation
We next characterized the expansion of the DA phenotype in the VSC and spinal cord
following an increase in activity by overexpression of Nav channels. The neurons in both
regions are responsive to an increase in activity, but the induction of neurotransmitter
specification is different in each region.

In the VSC, increased activity leads to expression of Pax6 that is not normally present in
controls (Dulcis and Spitzer, 2008). Most of the newly TH+ reserve pool neurons induced
by increased activity are recruited from this ectopic Pax6+/Lim1,2+ neuronal population.
We focused on the core and annular region that have been previously studied following
manipulations of activity (Dulcis and Spitzer, 2008). Following Nav overexpression we
found that the increase in the number of TH+/Lim1,2+ neurons in the annular region is
larger than the increase in the number of neurons that are TH+/Lim1,2+ in the core (Fig.
9A). Annular reserve pool neurons, which display endogenous calcium spike activity during
normal developmental acquisition of the TH phenotype, are more responsive to activity
manipulation than neurons in the core. While the expansion of the TH phenotype occurs
within the available Lim1,2+ cell pool, the total number of Lim1,2+ neurons in the core and
annulus does not change following activity manipulation (Dulcis and Spitzer, 2008); thus it
is unlikely that neurogenesis contributes to these results.

Expansion of the TH phenotype in the spinal cord occurs within the GABA+ cells localized
in ventral longitudinal rows and adjacent to the central canal. In controls, TH+/GABA+ cells
are distributed along the spinal cord and only single cell profiles are seen in 10 µm
transverse sections. The number of ventral GABA+ cells is not significantly altered by
increased activity, but Nav overexpression causes more of these GABA+ cells to acquire the
TH phenotype, increasing the occurrence of clusters of TH+/GABA+ cells in transverse
sections (Fig. 9B). The limited induction of TH expression within these cells suggests that
ventral spinal GABA+ cells possess a selective responsiveness to activity, and that a subset
of these GABA+ cells serves as reserve pool neurons for additional TH expression in the
spinal cord.

Circuit activity recruits TH expression selectively in GABAergic annular neurons of the
VSC

To understand the physiological relevance of the molecular and spatio-temporal calcium
spike diversity identified within the DA system, including the different responsiveness of
TH+ neuronal subclasses to activity manipulations, we tested the effect on transmitter
specification of activity triggered by sensory circuit stimulation. In contrast to molecular
overexpression of ion channels, a 2 hr period of white light illumination on a white
background affects the activity of neurons without affecting the endogenous diversity of
developmental calcium spike activity at earlier stages. Annular NPY neurons of the VSC
acquire the DA phenotype following calcium-dependent activation of the
retinohypothalamic projection by light (Dulcis and Spitzer, 2008). We found that NPY+
neurons acquiring TH in light-adapted larvae are GABA+ (Fig. 10) as well as Lim1,2+
(Dulcis and Spitzer, 2008); NPY+ neurons lacking GABA were not recruited to express TH
in response to sensory stimulation. Dark adaptation on a black background causes a
reduction in number of TH+ and TH+/NPY+/GABA+ neurons in the annulus compared to
control (Fig. 10C). GABA expression detected in NPY+ annular neurons before TH
specification persists after circuit activation and DA induction, leading to co-expression of
three inhibitory transmitters (GABA, NPY, and dopamine). These experiments suggest that
VSC neurons expressing GABA serve as a reserve pool of neurons that can acquire an
additional neurotransmitter - dopamine. Our results show that not all of the potentially
available reserve pool neurons are recruited by activity for dopamine specification in a
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circuit-dependent fashion. Among the NPY+ annular neurons, only those co-expressing
GABA were selected.

DISCUSSION
Calcium spike activity is required for transmitter specification in neurons of the spinal cord
and VSC of Xenopus embryos and larvae (Borodinsky et al., 2004; Dulcis and Spitzer,
2008). Here we extend these results, showing that calcium spikes modulate dopamine
specification in multiple regions of the CNS and in a heterogeneous population of DA cells
that display additional neurotransmitters and particular transcription factors. Specification of
another monoamine, serotonin, is also activity-dependent in the raphe (Demarque and
Spitzer, 2010). These studies demonstrate that calcium spike activity-dependent transmitter
specification is a general process across the Xenopus nervous system and for a variety of
neurotransmitters, consistent with developmental activity-dependent regulation of dopamine
expression in rat primary sensory neurons (Brosenitsch et al., 1998, 2002) and acetylcholine
in mouse hypothalamic neurons (Liu et al., 2008).

Classifying dopaminergic neurons in space and time
Dopamine expression appears in the Xenopus CNS in a distinct spatial and temporal pattern,
following a caudal-to-rostral progression (Gonzalez et al, 1994) as observed in zebrafish and
lamprey (McLean and Fetcho, 2004; Abalo et al., 2005). Expression of a particular
transcription factor or neurotransmitter provides a basis for classifying neurons. However,
cell identity is a complex combinatorial signature that includes co-expression of multiple
transmitters and transcription factors in subsets of neuronal populations (Hökfelt, 1991;
Trudeau and Gutierrez, 2007). Developing DA neurons in the VSC are heterogeneous, with
subpopulations that display specific combinations of GABA, NPY, Lim1,2, and Nurr1. Each
subpopulation can also be identified by its stereotypic anatomical location within each
nucleus and the stage of development at which this subpopulation appears.

The additional subpopulations that appear during normal development are most likely
postmitotic cells acquiring their final neurotransmitter phenotypes and not newly generated
neurons. The first wave of neurogenesis in Xenopus occurs during gastrulation, with the
final mitosis occurring between stages 13–16 (Lamborghini, 1980; Hartenstein, 1989). The
second wave of neurogenesis begins at stage 46 in the spinal cord and stage 48 in the brain
(Schlosser et al., 2002; Wullimann et al., 2005), after the stages covered in the present study
(stages 29 to 45). The DA subpopulations within the VSC are molecularly distinct prior to
expression of the DA phenotype, and not simply members of the same neuronal population
at different stages of differentiation.

Interestingly, VSC neurons can be clustered into two groups expressing different
transcription factors, Lim1,2 and Nurr1. Nurr1 expression has been implicated in the
survival and differentiation of mesencephalic DA neurons in mice (Zetterstrom et al., 1997)
and zebrafish (Blin et al., 2008). Here we report expression of Nurr1 in DA neurons in the
diencephalon as well. Future work will identify additional transcription factors expressed in
these neurons.

In the spinal cord dopamine is expressed in a subset of the GABAergic CSF-contacting
Kolmer-Agduhr (KA) neurons (Dale et al. 1987a,b; Binor and Heathcote, 2001).
Dopaminergic and GABAergic KA cells were thought to be different populations. Here we
show that some of these GABAergic cells co-express TH. Developmentally, GABA
expression precedes TH expression. GABA is first detected in the ventral spinal cord at
stage 25 (Dale et al., 1987b), while TH expression starts at stage 28 (Heathcote and Chen,
1994).
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It is becoming clear that the differentiation of neuronal populations thought to be
homogeneous for neurotransmitter expression occurs in a complex spatio-temporal pattern.
The DA system exemplifies a highly heterogeneous population of neurons, all of which
share the expression of the transmitter dopamine yet diverge in their expression of additional
markers. Brain nuclei previously described as cell clusters sharing the same function
actually include subclasses of neurons with distinct endogenous calcium spike activity and
responsiveness to activity that may enable accomplishment of the myriad tasks that a single
brain nucleus controls.

Relationship of transmitters and transcription factors to endogenous patterns of
excitability

Given the diversity of molecular markers within the DA system, we tested the hypothesis
that developing DA neurons with different molecular markers display different patterns of
calcium spike activity. VSC neurons exhibit different patterns of calcium spike incidence
and frequency that are correlated with location within the nucleus and the transcription
factor(s) they express. Neurons in the core expressing either Lim1,2, or TH/Lim1,2 did not
exhibit calcium spike activity between stage 39 and 41. In contrast, Lim1,2+ and Nurr1+
annular and outer annular cells exhibit spiking that diverges during development.
Acquisition of TH in GABA+ cells is associated with a decrease in frequency of calcium
spiking. Examination of spinal cord neurons identified as GABA+/TH− or GABA+/TH+
revealed that each population has different frequencies of spiking that change during
development and cell differentiation. A peak in spiking frequency is observed at the time
that spinal cord GABA+ cells are acquiring TH. Thus DA neurons and precursors identified
by specific molecular markers and located in different regions of the CNS display particular
patterns of spiking during the stages in which TH is acquired.

Dopamine and GABA: co-expression partners?
Dopamine and GABA appear to be preferred co-expression partners. Tottering (Hess and
Wilson, 1991; Fletcher et al, 1996) and leaner (Abbott et al, 1996; Austin et al, 1992) mice
with calcium channel mutations and neurological abnormalities including seizures and
ataxia exhibit ectopic TH expression in a subset of normally GABAergic cerebellar Purkinje
cells. TH is transiently expressed in Purkinje cells during normal development; in contrast,
co-expression in these mutant mice persists throughout adulthood, suggesting that GABA+
Purkinje cell clusters responding to altered activity have a predisposition to acquire the DA
phenotype by increasing TH co-expression. Under normal conditions, only a few intrinsic
putatively GABAergic neurons in the rodent striatum co-express dopamine (Tashiro et al.,
1989; Mao et al., 2001). When the substantia nigra is damaged in mice, striatal GABA+/TH
+ neurons increase in number (Lopez-Real et al., 2003). Similarly, the normal monkey and
human striatum, which contain more DA neurons than that of rodents (Dubach et al., 1987;
Palfi et al., 2002), respond to massive striatal DA denervation by recruiting GABAergic
striatal neurons to express TH (Tande’ et al., 2006; Hout and Parent, 2007). These
GABAergic neurons that can be induced to express TH appear to correspond to the reserve
pool neurons described for the VSC and spinal cord.

Dopamine is co-expressed with GABA in the olfactory bulb of mice (Hack et al., 2005), in
specific subpopulations of the DA system in adult lamprey (Rodicio et al., 2008; Barreiro-
Iglesias et al., 2009) and in the adult suprachiasmatic nucleus as well as the developing VSC
and spinal cord in Xenopus (Ubink et al., 1998; this study). In white-adapted Xenopus laevis
larvae, NPY+ annular reserve pool neurons of the VSC that are recruited to co-express
dopamine (Dulcis and Spitzer, 2008) belong to a GABAergic neuronal population
surrounding the core neurons.
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The DA phenotype often appears to be recruited by altered circuit activity in GABAergic
neurons of brain regions that have been shown to be capable of spontaneously expressing
dopamine either transiently during development or persistently throughout adulthood. These
observations suggest the existence of activity-dependent regulatory components controlling
dopamine expression in reserve pool GABAergic neurons. Two regulatory elements in the
TH promoter, the TH−Fat Specific Element (TH−FSE) that binds the Fos-Jun complex and
the cAMP Response Element (CRE) that binds CREB, have been implicated in regulating
TH gene transcription (Ghee et al., 1998). Since expression of both CREB (Hardingham et
al., 1997) and Fos-Jun (Xia et al., 1996) transcription factors is activity-dependent, they may
be links through which activity triggers dopamine specification in GABAergic neurons.
Linkage to GABAergic neurons could also be provided by GABA spillover (Scanziani,
2000) that can activate GABAB receptors on GABAergic neurons (Liang et al., 2000); direct
interaction of GABAB receptors with CREB2 and ATFx transcription factors (White et al.,
2000) would provide a potential route for dopamine specification.

Conclusions
We have shown that dopamine specification is activity-dependent to different extents across
the DA nervous system. Specific co-transmitters and transcription factors identify subgroups
of DA neurons that display distinct patterns of calcium spike activity during development.
GABA and spontaneous activity appear to be common factors in DA neurons responsive to
calcium spike activity. A model emerges in which electrical activity regulates transmitter
specification by mediating expression or activation of transcription factors. Lmx1b and Tlx3
are regulated by calcium spike activity, and changes in their expression and activation lead
to changes in transmitter expression (Demarque and Spitzer, 2010; Marek et al., 2010). The
results support the hypothesis that the molecular context provided by specific combinations
of co-transmitters and transcription factors regulates calcium spike activity and dopamine
specification. Calcium spikes may also act as an upstream signal to recruit specific
transcription factors that activate terminal selector genes to achieve spatio-temporal
specification of dopamine expression in reserve pool neurons (Flames and Hobert, 2009).
Understanding how transcription factors and electrical activity participate together in
differentiation of neuronal precursors into mature DA neurons could help improve clinical
treatments such as stem cell transplantation. Specific patterns of calcium activity may be
important in regulating the expression of combinations of transcription factors and
transmitters that subclasses of DA neurons display in vivo.
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Figure 1. Development of brain dopaminergic nuclei
A. Developmental timeline showing stages and corresponding hr post fertilization (hpf) at
which larvae were fixed for the images shown below. B. Wholemount projections of brains
stained for TH show caudal to rostral appearance of dopaminergic nuclei. Images are ventral
side and rostral end up. The PT nucleus is visible from stage 35; by stage 40 the VSC can be
detected; by stage 42 the OB is also present. C. Cross sections through the brain were used
for quantification of TH+ cells. TH staining is shown in green and DAPI staining of cell
nuclei is shown in blue. Arrows point to TH+ cells in each section. The first row shows the
olfactory bulb (OB), the second row shows the dorsolateral suprachiasmatic nucleus
(DLSC). Arrowheads in this row point to a medial branch of the DLSC that becomes more
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prominent during development. The third row depicts the ventral suprachiasmatic nucleus
(VSC). The arrows point to the core and the arrowheads to TH+ cells in the annular region
of the VSC, present from stage 42. The fourth row shows the PT nuclei. D. Quantification of
the number of TH+ neurons per nucleus during development. Scale bars in B and C are 50
µm. Values are mean ± SEM for n≥6 larvae per stage.
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Figure 2. Development of spinal cord dopaminergic neurons
A. Developmental timeline as in Fig. 1. B. Wholemount projections of spinal cords stained
for TH immunoreactivity. At each stage, large midbody segments of spinal cord are shown
on the left side and an inset expansion is shown on the right. Projections are shown ventral
side and rostral end up. Arrows on the stage 40, 42 and 45 panels point to axons extending
rostrally. C. Cross sections through the spinal cord at different stages of development.
Dopaminergic spinal neurons are located on the ventral side of the spinal cord. The arrow
points to microvilli and cilia extending into the central canal. D. Quantification of the
number of neurons per 100 µm of spinal cord at different stages of development. E. Length
and width measurements of dopaminergic spinal neurons. F. Quantification of the distance
to the midline. B,C, scale bars are 15 µm. Values are mean ± SEM for n≥4 larvae per stage.
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Figure 3. Dopaminergic specification is activity-dependent
A. Embryos at the two cell stage were injected bilaterally with either hKir2.1 or rNav2a αβ
mRNA along with Cascade Blue tracer, to decrease or increase calcium spike activity,
respectively (Borodinsky et al, 2004; Dulcis & Spitzer, 2008). B–F. Number of TH+
neurons (%) in activity-manipulated embryos in the OB (B), DLSC (C), VSC (D), PT (E)
and spinal cord (F). G. Spinal cord wholemounts from stage 42 larvae stained for TH
immunoreactivity (in green) show the effect of channel misexpression. The tracer (in blue)
is seen in spinal cords from activity-manipulated larvae. Numerical percent change is
indicated in cases of significant difference, marked by asterisks (n≥6 larvae per stage; values
are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, comparing control values to hKir2.1 or
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rNav2a αβ. The Mann Whitney U test was used to assess statistical significance). B, scale
bar is 25 µm.
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Figure 4. Co-expression of TH with other molecular markers during development of the VSC
GABA, NPY, or GABA/NPY are co-expressed in distinct regions of the VSC during
development. A. Some TH+ cells in the core region (inner dashed circle) co-express GABA
(arrow) while others are GABA− (arrowheads). TH+ neurons in the annular region are TH+/
GABA+/NPY+ (outer dashed circle, open arrows). Graph shows developmental changes in
proportions of GABA and NPY co-expression with TH. B. TH+ cells of the outer annular
region co-express GABA and Nurr1 (arrows). This brain section depicts a more caudal
region of the VSC. Graph shows the proportion of TH co-expression with GABA and Nurr1.
C. TH+ cells of the core all co-express Lim1,2 (arrowheads), but some are also GABA+
(arrows), while the TH+ cells in the annulus co-express Lim1,2 and GABA (arrows). Cells
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in the outer annular region are Lim1,2− but co-express TH and GABA (open arrows). Graph
shows the proportion of TH co-expression with GABA and Lim1,2. A–C. Images are from
stage 42 larvae. Scale bars in A apply to all figures in each column and are 80 µm for the
first column and 40 µm for the second and third columns. Values are mean ± SEM for N≥4
larvae per stage.
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Figure 5. Co-expression of TH with GABA during development of the spinal cord
A. Upper panel: cross section through a stage 35 spinal cord shows co-expression of GABA
in ventrally located dopaminergic cells. Dorsal GABAergic interneurons are also evident.
Ventral side is down. Lower panel: wholemount of the spinal cord shows dopaminergic
neurons within the rows of GABAergic ventral neurons in a stage 42 spinal cord. Ventral
side is shown. B. TH does not co-localize with Lim3 or Isl1,2; stage 35 spinal cord. C.
Percent co-expression of TH and GABA during development. Scale bars are 15 µm. Values
are mean ± SEM for N≥4 late tailbud embryos or larvae per stage.
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Figure 6. Subclasses of VSC and spinal cord dopaminergic neurons
The VSC is composed of four subclasses of dopaminergic neurons that can be identified by
their co-expression of Lim1,2 or Nurr1 transcription factors and NPY and GABA
neurotransmitters at stage 42. Spinal cord dopaminergic neurons constitute a single class at
this stage. Panels on the right show expanded views of regions at the left.
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Figure 7. Spontaneous calcium spike activity in the VSC during TH acquisition
A. The incidence of spiking is different in VSC neurons expressing distinct molecular
markers or located in different regions. Spikes were not detected in Lim1,2+ core and TH+/
Lim1,2+ core neurons at stages 39–41, while spikes were initially observed in TH−/Lim1,2+
and TH−/Nurr1+ annular and outer annular neurons. At stage 41 spikes were not observed
in annular TH+/Lim1,2+ neurons, although still recorded in some TH+/Nurr1+ outer annular
neurons. B. The frequency of spiking is also different. TH−/Lim1,2+ and TH−/Nurr1+
annular and outer annular neurons initially have a similar frequency of spiking that diverges
during development. By stage 41 annular TH+/Nurr1+ cells spike at a relatively low
frequency, annular TH−/ Lim1,2+ cells spike at a relatively high frequency and spikes were
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not observed in TH+/Lim1,2+ annular cells (n≥4 brain sections per stage with n≥4 neurons
per class across brain sections; values are mean ± SEM. Asterisks indicate significant
differences between cell types, color coded according to the figure labels. *p<0.05,
**p<0.01, ***p<0.001; comparing across DA subtypes and across stages. The Kruskal-
Wallis test followed by Conover post-hoc analysis was used to determine statistical
significance).
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Figure 8. Spontaneous calcium spike activity and neurotransmitter expression in the spinal cord
during TH acquisition
A. The incidence of calcium spiking is constant in spinal cord neurons at stages 27–29 (data
not shown), but the frequency varies during this period: TH+/GABA+ neurons display a low
and constant frequency of calcium spikes, while the TH−/GABA+ population shows an
increase in frequency at stage 28 that decreases again by stage 29 (**p<0.01, comparing
across stages; the Kruskal-Wallis test followed by Conover post-hoc analysis was used to
determine statistical significance). B. The proportion of cells within the GABA
immunoreactive population of the ventral spinal cord that are TH−/GABA+ and TH+/
GABA+ changes during development, with the first group decreasing and the second
increasing between stages 27, 28 and 29/30. Asterisks indicate significant differences
between the TH−/GABA+ and TH+/GABA+ populations by stage (black asterisks; *p<0.05
assessed by the Mann-Whitney U test) and across developmental stages for each cell
population (colored asterisks; *p<0.05 assessed by the Kruskal-Wallis test followed by
Conover post-hoc analysis). (n≥4 neural tubes with n≥7 TH−/GABA+ or TH+/GABA+
neurons per neural tube per stage; values are mean ± SEM).
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Figure 9. Neurotransmitter expansion in the VSC and spinal cord of activity-manipulated larvae
A. The number of TH neurons in the VSC core and annulus increases upon overexpression
of rNav2a αβ. Expansion of the TH phenotype occurs within the Lim1,2 population in both
core and annulus (**p<0.01, ***p<0.001, compared to control by the Mann-Whitney U
test), and the expansion in the annulus is significantly greater than the expansion in the core
(*p<0.05, comparing normalized control to rNav2a αβ values for the core and annulus with
the Kruskal-Wallis test followed by the Conover post-hoc analysis). Stage 42; values are
mean ± SEM for n=6 embryos. B. rNav2a αβ overexpression expands the TH phenotype
within the ventral GABA+ population of the spinal cord (*p<0.05, comparing control versus
rNav2a αβ values by the Mann-Whitney U test), increasing the number of clusters of TH+/
GABA+ cells (*p<0.05, comparing control versus rNav2a αβ values by the Mann-Whitney
U test). Stage 35; values are mean ± SEM for n≥4 larvae.
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Figure 10. TH specification of NPY+/GABA+ VSC annular neurons following light adaptation
A. The VSC of a larva dark adapted on a black background for 2 hr and triple stained for
TH, NPY and GABA is shown in a merged image of a transverse section. Arrows indicate
TH−/NPY+/GABA+ neurons before induction of TH. B. The VSC of a larva light adapted
on a white background for 2 hr and triple stained for TH, NPY and GABA in a merged
image. Arrows indicate TH+/NPY+/GABA+ neurons following TH induction. A,B. Stage
42. Scale bars are 30 µm. C. Quantification of the number of neurons in the VSC that
express TH, NPY, or TH+/NPY+/GABA+. Exposure to light increases and dark decreases
the number of TH+ neurons recruited from the NPY+/GABA+ annular pool (n=6 larvae;
values are mean ± SEM. *p<0.05 comparing light or dark conditions with low illumination
on a gray background using the Mann-Whitney U test).
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