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An imbalance in dopamine-mediated neurotransmission is a hallmark physiological feature of neuropsychiatric disorders, such as
schizophrenia. Recent evidence demonstrates that dopamine D2 receptors, which are the main target of antipsychotics, modulate the
activity of the protein kinase Akt, which is known to be downregulated in the brain of patients with schizophrenia. Akt has an important
role in the regulation of cellular processes that are critical for neurodevelopment, including gene transcription, cell proliferation, and
neuronal migration. Thus, it is possible that during brain development, altered Akt-dependent dopamine signaling itself may lead to
defects in neural circuit formation. Here, we used a zebrafish model to assess the direct impact of altered dopamine signaling on brain
development and larval motor behavior. We demonstrate that D2 receptor activation acutely suppresses Akt activity by decreasing the
level of pAkt(Thr308) in the larval zebrafish brain. This D2-dependent reduction in Akt activity negatively regulates larval movement and
is distinct from a D1-dependent pathway with opposing affects on motor behavior. In addition, we show that D2-dependent suppression
of Akt activity causes a late onset change in GSK3b activity, a known downstream target of Akt signaling. Finally, altered D2 receptor
signaling, or direct inhibition of Akt activity, causes a significant decrease in the size of the GABAergic neuron population throughout
most of the brain. Our observations suggest that D2 receptor signaling suppresses Akt-GSK3b activity, which regulates GABAergic neuron
development and motor behavior.

Introduction
The neurotransmitter dopamine (DA) mediates numerous adult
brain functions (Di Chiara, 2005; Dunnet, 2005), and DAmediated neurotransmission imbalances are associated with several psychiatric disorders, notably schizophrenia (Hurd and Hall,
2005). DA binds to five-specific receptors in the mammalian
brain, which are classified into two subtypes: D1-like (D1, D5) and
D2-like (D2, D3, D4) (Neve et al., 2004). The D1 receptor is coupled to the stimulatory G protein (Gs), activating adenylyl cyclase
(AC), leading to an activation of protein kinase A (PKA). The D2
receptor is coupled to the inhibitory G protein (Gi), which inhibits the activation of AC (Missale et al., 1998). It was recently
shown that signaling through the D2 receptors can also modulate
the activity of the Akt pathway through a complex formation with
␤-arrestin and PP2A (Beaulieu et al., 2007). This complex inhibReceived Oct. 22, 2010; revised Jan. 26, 2011; accepted Feb. 17, 2011.
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its phosphorylation of Akt and modulates the reward system and
motor behavior of rodents (Beaulieu et al., 2004, 2005).
Components of the DA signaling pathway are expressed during mammalian development (Shearman et al., 1997; Araki et al.,
2007) and modulation of DA signaling alters the proliferation of
embryonic neural progenitor cells (for review, see Souza and Tropepe, 2011). Furthermore, it was recently shown that a balance
between D1 and D2 receptor signaling could control the migration of newly generated GABAergic neurons in the forebrain
(Crandall et al., 2007). These findings have important implications for understanding the neurodevelopmental basis of several
behavioral disorders, for which alterations in DA and GABAergic
neuronal systems have been implicated (Benes and Berretta,
2001; Seeman, 2006; Souza et al., 2006). However, the molecular
mechanisms underlying DA modulation of GABAergic neuron
development remain to be elucidated, and its direct impact on
behavior has not yet been firmly established.
Here, we report on the use of a zebrafish model to further
examine DA signaling, GABAergic neuron development, and the
emergence of simple movement behavior. Orthologous DA D1like and D2-like receptor expression is detected in specific embryonic and early larval brain regions (Boehmler et al., 2004, 2007; Li
et al., 2007). Furthermore, behavioral studies indicate that the
neural cells are competent to respond to DA signaling at a time
when simple motor behaviors are emerging in the young larvae
(Boehmler et al., 2007; Bretaud et al., 2007; Thirumalai and Cline,
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2008). This provides an excellent model to examine the immediate impact that alterations in DA signaling have on GABAergic
neuron development and behavior.
We show for the first time that D2-dependent modulation of
Akt activity is conserved in the larval zebrafish brain and that the
D2-Akt dependent pathway has a functional role in regulating
larval movement that is distinct from a D1-dependent pathway.
In addition, we demonstrate that imbalances in DA signaling
significantly influence the size of the GABAergic neuron population that forms in specific regions of the brain. Our observations
suggest that DA signaling imbalance can have a profound effect
on GABAergic development and motor behavior within a narrow
developmental time window.

Materials and Methods
Zebrafish strains and drug exposure. Adult zebrafish (Danio rerio) used in
this study were maintained at 28°C on a 14 h light/10 h dark cycle and
housed in an automated recirculating system (Aquaneering). Adult
males and females were used for breeding only. Animals were treated in
accordance with the regulations on animal experimentation established
by the Canadian Council on Animal Care. The experimental procedures
were approved by the University of Toronto Animal Care Committee.
Embryos were collected after natural spawning, staged as described by
Kimmel et al. (1995) and reared in embryo medium (EM) at 28°C according to standard procedures (Westerfield, 2007). The experiments
performed on 3–5 d larval zebrafish were before sex determination,
which normally occurs at ⬃1 month of age. The wild-type strain used was
AB (Zebrafish International Resource Center) and the Tg(dlx5a/6aIG:
GFP) transgenic strain was a kind gift from Dr. Marc Ekker (University of
Ottawa, Ottawa, ON, Canada). For drug exposures, the chemical was
added directly to embryo medium. In experiments in which the larvae
were exposed to a drug for 10 – 60 min, the larvae were transferred to a
24-well plate (Nunc) with the drug dissolved in embryo medium at
working concentrations. In experiments in which the larvae were exposed to a drug for 2 d, fresh embryo media containing the drug(s) of
interest were replaced every 24 h. Dopamine (DA; H8502), quinpirole
(Qui; Q111), eticlopride (Etic; E101), SCH-23390 (SCH; D054), SKF38393 (SKF; S101), fostriecin (Fost; F4425), and MPTP (M0896) were
purchased from Sigma-Aldrich. The Akt inhibitor (Akti-1/2) was purchased from EMD-Calbiochem.
Preparation of tissue sample for protein analysis in vitro. After drug
exposure, 3 d post fertilization (dpf) or 5 dpf larvae were first washed with
embryo medium and then immobilized in ice-cold PBS. The larvae were
decapitated, and the brains were dissected and incubated in Western blot
ice-cold lysis buffer [20 mM MOPS, pH 7, 2 mM EGTA, 5 mM EDTA,
protease inhibitor cocktail (P 8340, Sigma), Halt phosphatase inhibitor
cocktail (78420, Pierce), and 0.5% Nonidet P40, final pH 7.2] or ELISA
buffer (0.01N HCl, 1 mM EDTA, 4 mM sodium metabisulfite).
DA immunoassay. Fifty control and DA-treated 5 dpf zebrafish larval
brains were dissected, rinsed in EM, and placed in 100 l of ELISA buffer.
Measurement of total DA was performed using a DA enzyme immunoassay kit (BA 10 – 0300, Rocky Mountain Diagnostics). The data were
acquired in duplicate.
Immunoblot. Lysates were quickly sonicated on ice before centrifugation at 15,000 ⫻ g for 30 min at 4°C. Supernatants were stored at ⫺20°C
or prepared for electrophoresis with sample buffer NuPAGE LDS (Invitrogen) plus 5% ␤-mercaptoethanol and incubated at 70°C for 10 min.
The samples were loaded into bis-Tris NuPAGE 4 –12% gels (Invitrogen)
and submitted to electrophoresis followed by transfer to PVDF membrane (Hybond ECL, GE Healthcare Pharmacia Biotech). Membrane
blots were incubated with antibodies anti-pAkt(Thr308) (1:1000, #9275
Cell Signaling Technology), anti-pAkt(Ser473) (1:1000, #9271 Cell Signaling Technology), anti-pCREB(Ser133) (1:1000, #9198 Cell Signaling
Technology), anti-pGSK3␤(Ser9) (1:1000, #9323 Cell Signaling Technology), and anti-pERK (1:1000, #9101 Cell Signaling Technology) diluted in TBS Tween 20 0.1% overnight at 4°C, and anti-Akt (1:4000,
#9272 Cell Signaling Technology), anti-CREB (1:2000, #MAB1501 Mil-
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lipore Bioscience Research Reagents), anti-tyrosine hydroxylase (1:1000,
MAB318 Millipore Bioscience Research Reagents), anti-GSK3␤ (1:1000,
#9315 Cell Signaling Technology), anti-ERK (1:1000, #9102 Cell Signaling Technology), and anti-actin (1:5000, #MAB1501 Millipore Bioscience Research Reagents) diluted in PBS Tween 20 0.1% overnight at 4°C.
Thereafter, membranes were washed and incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies, goat anti-rabbit IgG (1:20,000), and goat anti-mouse IgG (1:7000)
(Invitrogen). Membranes were probed by chemiluminescent detection with
ECL Plus (GE Healthcare) and developed. Films were scanned and densitometric analysis was performed using NIH ImageJ version 1.43u.
Immunocytochemistry. Embryos were fixed overnight at 4°C in 4%
paraformaldehyde in PBS. The samples were infiltrated with gradients of
sucrose, and cryostat sections were refixed in 4% paraformaldehyde in
PBS. For the HuC labeling samples, antigen retrieval was performed
using 50 mM Tris buffer, pH 8.0, at 75⫺80°C for 30 min. The sections
were preincubated in dilution buffer (PBS, 3% goat serum, 5% BSA,
0.3% Triton X-100 and, for phosphorylation labeling, 5% Halt phosphatase inhibitor cocktail) for 1 h, followed by overnight incubation at 4°C
with antibodies anti-pAkt(Thre308) (1:100, #9275 Cell Signaling Technology), anti-tyrosine hydroxylase (1:100, #MAB318 Millipore Bioscience Research Reagents), anti HuC/D (1:400, A-21271 Invitrogen), anti-glutamine
synthetase (1:600, #MAB302 Millipore), or anti-GFP (1:1000,
#A21311 Invitrogen). Sections were subsequently washed four times
in PBS and incubated overnight at 4°C with Cy3 anti-rabbit (1:500,
Jackson ImmunoResearch) or Cy5 anti-rabbit (1:500, Jackson ImmunoResearch). The sections were counter-stained with Hoechst (Sigma,
861405) or propidium iodide (Sigma, 81845), washed three times in PBS
for 10 min, and covered by mounting with antifade (Invitrogen).
Image acquisition and cell counting. Immunostained sections were documented with a confocal microscope (Leica TCS SP5) using the 40⫻
oil-immersion objective. Cells were counted using the IMARIS 7.0 software, separately in each channel on multiple optical sections (1 m
thickness). Stacks of 10 images (10 m) are shown in Figures 1 and 4 – 8.
The proportions of distinct cell types were calculated in several brains,
normalized by the total number of cells (Hoechst labeling) and average
⫾SD are given as a result. Methods for grouped data (repeated measurements data) were applied in the statistical analysis, taking into account
data collected from several sections of several brains.
Recording movement episodes. For the experiments investigating the
involvement of DA signaling in movement behavior, 3 dpf and 5 dpf
larvae were treated with drugs for 30 min, washed, and transferred to
embryo medium for 20 min using clear 24-well tissue culture plates
(single larva/well) at 28°C (Nunc). During this time, larvae were recorded
using a digital camera (JVC–Everio). For the experiments investigating
the effects of long-term treatment with drugs, 5 dpf-treated larvae were
transferred to embryo medium for 30 min, rinsed, and transferred to
fresh embryo medium, where they were recorded for 30 min. Movement
episodes, defined here as the number of movements initiated by the
larvae regardless of the distance traveled per movement, were recorded
during the specified time intervals. The larvae were recorded in a clear
24-well tissue culture dish (single larva/well) at 28°C.
Statistical analysis. All data were analyzed by either Student’s t tests or
one-way ANOVA using SigmaPlot/SigmaStat. Values were expressed as
percentage of control, mean ⫾ SD. Differences were considered significant when p ⬍ 0.05.

Results
DA modulates Akt(Thr308) phosphorylation in the larval
zebrafish brain
To examine the modulation of Akt signaling by DA in the zebrafish larval brain, we first tested whether brain DA levels could
increase as a result of treating live whole larvae with exogenous
DA dissolved in EM. We treated 5 dpf larvae (n ⫽ 50) with 100
M DA for 30 min. After extensive rinsing in EM, brain samples
were pooled and DA concentrations were evaluated by the ELISA
method. Based on three separate sample inputs, we observed that
exogenous DA treatment resulted in ⬃60 –90% more DA in the
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Figure 1. DA regulates phosphorylation of Akt in the developing brain of zebrafish. A, ELISA assay for DA levels in extracts from the brain of zebrafish nontreated and bath treated with DA for 30
min. Samples of different volumes (5, 15, and 30 l) were analyzed. B, Representative confocal images of pAkt in the 5 dpf larvae treated with DA and immunostained with anti-pAkt(Thr308)
(green) antibodies and counterstained with PI (red). The levels of pAkt(Thr308) are decreased in the brains of DA-treated larvae (ii, iv) compared with control (i, iii). C–H, Representative Western
blot (C, F) and densitometric (D, E, G, H) analyses of extracts prepared from brains of 5 dpf (C–E) and 3 dpf (F–H) larvae nontreated and DA-treated for 30 min. The modulation of pAkt(Thr308) is
DA-concentration-dependent(D,G),and3dpflarvalbrainismoresensitiveforlowerconcentrationsofDA(G)than5dpflarvalbrain(D).DAsimilarlymodulatespAkt(Thr308)inboth3dpfand5dpflarvalbrain
at 30 min. P, Pallium; Sd, dorsal subpallium; PI, propidium iodide; Po, preoptic region; Ctrl, control. Scale bar, 50 m. N ⫽ 4 –5 larvae per group; data are average ⫾ SD. *p ⱕ 0.05, **p ⱕ 0.01.

brain of 5 dpf larvae (Fig. 1 A). This result suggests that a significant amount of exogenous DA could be transported directly to
the brain through whole animal incubation.
We next investigated whether exogenous DA can regulate Akt
signaling in the zebrafish larval brain. To address this question,
we treated 5 dpf larvae with different concentrations of DA for 30
min. We observed a DA concentration-dependent modulation of
phosphorylation of Akt(Thr308) (Fig. 1C,D). There is a slight
decrease of pAkt(Thr308) levels at 50 M [N ⫽ 3– 4; one-way
ANOVA, Fisher least significant difference (LSD); p ⫽ 0.135],
and a significant decrease of 47% at 100 M (N ⫽ 4; one-way
ANOVA, Fisher LSD; p ⫽ 0.01) and 41% at 1 mM (N ⫽ 4; oneway ANOVA, Fisher LSD; p ⫽ 0.022) (Fig. 1 D). These findings
are consistent with previous experiments demonstrating that DA
results in Akt(Thr308) dephosphorylation in the mouse striatum,
which is critical for inhibiting its kinase activity (Beaulieu et al.,
2005). To assess the kinetics of DA-dependent alterations in Akt
phosphorylation, we exposed 5 dpf larvae to 100 M DA for 10,
30, and 60 min (Fig. 1 E). We observed a slight, but nonsignificant
decrease of pAkt(Thr308) levels after 10 min of treatment (N ⫽ 5;
Student’s t test; p ⫽ 0.216) and a significant decrease of 58% after
30 min of treatment (N ⫽ 4; Student’s t test; p ⫽ 0.03). After 60
min of 100 M DA treatment, pAkt(Thr308) returned to control
levels (N ⫽ 5; Student’s t test; p ⫽ 0.601) (Fig. 1 E). The kinetics of
the Akt response in the 5 dpf larval brain appears to be in line with
studies in the mammalian brain suggesting a relatively prolonged

Akt response to DA compared with the cAMP/PKA response
(Beaulieu et al., 2007). Using immunohistochemistry, we observed that the reduction in pAkt(Thr308) levels in 5 dpf larvae
treated with 100 M DA for 30 min affected several brain regions
that are known targets of endogenous DA signaling, including
those in the forebrain (Fig. 1 B) and midbrain (data not shown).
The zebrafish DA brain circuitry at 5 dpf resembles the adult
brain pattern (Schweitzer and Driever, 2009) and mediates simple visuomotor behaviors (Li and Dowling, 2000). We asked
whether DA-dependent modulation of Akt also occurs at an earlier stage of development after most DA neurons are generated,
but before the DA circuitry has fully matured. Thus, we treated 3
dpf larvae with three different concentrations of DA for 30 min.
We found that DA modulates pAkt(Thr308) at lower concentrations at this earlier stage of development (Fig. 1 F, G). DA caused
a 54% decrease of pAkt(Thr308) levels at 10 M (N ⫽ 5; one-way
ANOVA, Fisher LSD; p ⫽ 0.037) and a 63% decrease at 50 M
(N ⫽ 3– 4; one-way ANOVA, Fisher LSD; p ⫽ 0.027). However,
100 M DA treatment was more variable and did not result in any
change in the levels of pAkt(Thr308) compared with controls
(N ⫽ 3–5; one-way ANOVA, Fisher LSD; p ⫽ 0.898) (Fig. 1G).
Because the optimal DA concentration was 50 M, we treated 3
dpf larvae with this concentration for different periods of time
(Fig. 1 H). We did not find any changes in the levels of pAkt(Thr308) after 10 min of treatment (N ⫽ 5; Student’s t test; p ⫽
0.803), but there was a significant decrease of 63% after 30 min
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larval brains treated with 100 M DA for 30 min. However, we did
not observe significant changes in the pCREB(Ser133) levels after
DA treatment compared with control (N ⫽ 5–7; Student’s t test;
p ⫽ 0.768) (Fig. 2 E, F ). Because DA can activate calcium signaling by PKA and/or PLC (Lee et al., 2004; Neve et al., 2004), we
also investigated whether the ERK pathway, which is sensitive to
calcium modulation by PKA and crucial for normal brain development, was altered in 3 dpf larvae treated with 50 M DA for 30
min. As with pCREB, we found no alterations in the levels of
pERK(Thr202/Tyr204) (N ⫽ 3; Student’s t test; p ⫽ 0.555) (supplemental Fig. S1, available at www.jneurosci.org as supplemental material). Together, these data suggest a conserved
role for DA-dependent regulation of Akt function through the
modulation of pAkt(Thr308) levels at the onset of postembryonic brain development in zebrafish.

Figure 2. DA specifically regulates pAkt(Thr308). A–F, Representative Western blot (A, C, E)
and densitometric (B, D, F ) analyses of extracts prepared from brains of 5 dpf (A, B, E, F) and 3
dpf (C, D) larvae nontreated and DA-treated for 30 min. There is no modulation of pAkt(Ser473)
in the brain of 5 dpf (A, B) and 3 dpf (C, D) larvae treated with DA. Also, there are no changes in
the levels of pCREB(Ser133) in the brain of 5 dpf larvae treated with DA (E, F ). Ctrl, Control. N ⫽
3– 6 larvae per group; data are average ⫾ SD.

of treatment (N ⫽ 4 –5; Student’s t test; p ⫽ 0.004). Similar to 5
dpf larvae, after 60 min of 50 M DA treatment, the levels of
pAkt(Thr308) returned to control levels (N ⫽ 4 –5; Student’s t
test; p ⫽ 0.376) (Fig. 1 H). Thus, the magnitude and kinetics of
the pAkt modulation by DA was comparable at 3 dpf and 5 dpf,
although the exogenous DA concentration required to elicit the
response was twofold greater at 5 dpf. This could be due to the
efficiency of DA transport to the brain at older stages.
Previous studies demonstrated that DA receptor activation
regulates pAkt(Thr308) through a complex with ␤Arrestin2 and
protein phosphatase 2A (PP2A) that functions independently of
changes in pAkt(Ser473) (Beaulieu et al., 2005). Thus, we investigated whether DA regulates pAkt(Ser473) in the developing
zebrafish brain. Using our optimal DA treatment parameters, we
did not find any alterations in the levels of pAkt(Ser473) in 5 dpf
larval brains (N ⫽ 8; Student’s t test; p ⫽ 0.563) (Fig. 2 A, B) or 3
dpf larval brains (N ⫽ 3; Student’s t test; p ⫽ 0.729) (Fig. 2C,D).
DA receptor signaling is also mediated through the cAMP/PKA
and phospholipase C (PLC) pathways (Lee et al., 2004; Neve et al.,
2004). Thus, we investigated whether levels of pCREB(Ser133),
which is a substrate of PKA function, were altered in the 5 dpf

Modulation of Akt activity by DA receptor D2 , but not D1 , in
the larval zebrafish brain
To examine which family of DA receptors is involved in the regulation of Akt in the early larval zebrafish brain, we treated 5 dpf
larvae for 30 min with 100 M DA, 10 M quinpirole (D2 receptor
agonist), 10 M eticlopride (D2 receptor antagonist), and 10 M
SCH-23390 (D1 receptor antagonist) (Fig. 3A). Consistent with
our previous results, there was a 45% decrease in the level of
pAkt(Thr308) in the brains of larvae treated with DA (N ⫽ 7–9;
one-way ANOVA, Fisher LSD; p ⫽ 0.001). Interestingly, we observed a similar significant reduction (43%) in pAkt(Thr308)
levels in the brains of larvae treated with quinpirole (N ⫽ 7– 8;
one-way ANOVA, Fisher LSD; p ⫽ 0.003). However, we found no
change in the level of pAkt(Thr308) in the brains of those larvae
treated with eticlopride (N ⫽ 3–7; one-way ANOVA, Fisher LSD;
p ⫽ 0.706) or SCH-23390 (N ⫽ 3–7; one-way ANOVA, Fisher
LSD; p ⫽ 0.201). Although 30 min of eticlopride treatment was
not sufficient to alter the levels of pAkt(Thr308), we did observe
that pAkt(Thr308) levels were significantly increased in the
brains of larvae treated with both DA and eticlopride when compared with DA alone (N ⫽ 4 –7; one-way ANOVA, Fisher LSD;
p ⬍ 0.001), and this effect was similar to control levels (N ⫽ 4 –7;
one-way ANOVA, Fisher LSD; p ⫽ 0.273) (Fig. 3A). It was previously shown that the inhibition of PP2A, which modulates Akt
activity, by fostriecin could oppose the regulation of pAkt(Thr308) by DA (Beaulieu et al., 2005). We tested whether this
modulation could be recapitulated in the larval zebrafish brain by
cotreating 5 dpf larvae with 10 M quinpirole and 10 M fostriecin to see whether we could block the effect observed with quinpirole alone. Indeed, we found no significant difference in the
quinpirole⫹fostriecin group when compared with the control
(N ⫽ 3–7; one-way ANOVA, Fisher LSD; p ⫽ 0.088) (Fig. 3A). Therefore, DA modulation of pAkt(Thr308) is D2-receptor-dependent
and likely functions through a complex that has PP2A activity.
D2 receptor-Akt signaling suppresses motor behavior of 5 dpf
zebrafish larvae
It has been recently shown that DA regulates the behavior of
zebrafish larvae (Boehmler et al., 2007; Bretaud et al., 2007; Thirumalai and Cline, 2008). In particular, Thirumalai and Cline
(2008) showed that endogenous DA was required for movement
initiation. Therefore, we were interested in examining the role of
DA-dependent Akt signaling in motor behavior. To begin to address this question, we treated 5 dpf larvae with different DA
agonists and antagonists for 30 min, then rinsed the larvae in EM
and incubated them in fresh EM for a subsequent 30 min. We
quantified the number of times that the larvae initiated a move-
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ment (regardless of distance traveled during each movement), referred to here as a
movement episode, during this timeframe
using digital recording. Larval movement
episodes in the first 10 min with 100 M
DA exposure were not significantly different from nontreated controls (N ⫽ 6 –7;
Student’s t test; p ⫽ 0.443). However, we
observed a sharp 90% decrease in movement episodes between 10 and 30 min of
DA exposure (N ⫽ 6 – 8; Student’s t test;
p ⫽ 0.007), and this behavior was recovered during the 30 min after washing and
replacing the EM without DA (N ⫽ 8; Student’s t test; p ⫽ 0.536) (Fig. 3B). This
result indicates that exogenous DA treatment of 5 dpf larvae and 3 dpf larvae (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material)
causes a robust and reversible decrease in
movement episodes that occurs within 30
min of exposure, which correlates with
the kinetics of the pAkt(Thr308) modulation by DA.
Opposing roles for D1 and D2 receptor
signaling in regulating the motor
behavior of 5 dpf zebrafish larvae
We tested whether a D2 receptor-Akt sig- Figure 3. DA receptor D2 regulates Akt phosphorylation and motor behavior of 5 dpf larvae. A, Representative Western blot
nal transduction pathway mediates the densitometric analyses of extracts prepared from brains of 5 dpf larvae treated for 30 min. DA decreases levels of pAkt(Thr308). Qui
DA-dependent decrease in movement ep- decreases pAkt(Thr308) levels, which is partially rescued when treated with Fost. Etic does not change levels of pAkt(Thr308), but
isodes. Larvae (5 dpf) treated with 10 M rescues the DA-dependent modulation of pAkt(Thr308) to the control (Ctrl) levels. There are no changes in the pAkt(Thr308) levels
in the brain of larvae treated with SCH. B–D, Number of movements episodes by 5 dpf larvae during 30 min of treatment and during
quinpirole resulted in an 80% decrease in 30 min after drug washing. B, There are no changes in larvae in the first 10 min of DA treatment. There is a decrease in larval
movement episodes within the first 10 movement during the 10 –30 min period of DA treatment. Movement episodes are rescued to control levels during 30 min after
min of exposure (N ⫽ 5– 6; one-way drug washing. C, There is a decrease in larval movement during the first 10 min and 10 –30 min of Qui treatment. Movement
ANOVA, Fisher LSD; p ⫽ 0.005), and this episodes are rescued to control levels during the 30 min after drug washing. This modulation of motor control by Qui is partially
effect was exacerbated to a 94% decrease rescued with Fost treatment. D, SCH modulates movement during 10 –30 min of treatment, but not in the first 10 min. This
after 30 min (N ⫽ 5– 6; one-way ANOVA, modulation is intensified when the larvae are treated with SCH⫹DA. There is no rescue of movement episodes after drug washing.
Fisher LSD; p ⫽ 0.011) (Fig. 3C). Move- SKF increases movement episodes in the first 10 min. During the 10 –30 min period, the movement episodes are similar to control
ment episodes were recovered during the levels. There is an increase in movement episodes during the 30 min after drug###washing. N ⫽ 3– 8 larvae per group; data are
30 min after washing (N ⫽ 5– 6; one-way average ⫾ SD. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001 compared with control. p ⱕ 0.001 compared with Etic⫹DA.
ANOVA; p ⫽ 0.469) (Fig. 3C). To further
results demonstrate that D2 receptor, but not D1 receptor, actiexamine the involvement of the Akt pathway in response to D2vation can modulate Akt activity in the larval zebrafish brain and
receptor-specific activation, we cotreated the larvae with 10 M
that D2-specific signaling can alter larval motor behavior. Howquinpirole and 10 M fostriecin, which we previously showed
ever, this does not preclude a role for D1 receptor activation in
could significantly block the reduction of pAkt(Thr308) caused
mediating
motor behavior independently of Akt signaling. Thus,
by quinpirole alone. Compared with nontreated controls, the
to test a role for D1 receptor activation in the modulation of
larvae cotreated with quinpirole and fostriecin did not result in a
motor behavior, we treated 5 dpf larvae with 10 M SCH-23390
significant decrease in movement episodes after 10 min (N ⫽
(D1 receptor antagonist), 10 M SCH-23390 ⫹ 100 M DA, or 10
5– 6; one-way ANOVA, Fisher LSD; p ⫽ 0.086) or 30 min (N ⫽
M of the-specific D1 receptor agonist SKF-38393 (Fig. 3D). After
5– 6; one-way ANOVA, Fisher LSD; p ⫽ 0.201). These data indi10 min of drug exposure, we observed no difference in the numcate that Akt modulation is critical for D2-receptor-dependent larber of movement episodes between the control and SCH-23390
val motor behavior. During the 30 min after drug washout, the
groups (N ⫽ 4 – 6; one-way ANOVA, Fisher LSD; p ⫽ 0.624) and
quinpirole⫹fostriecin group showed no significant behavioral
a
slight, but nonsignificant decrease in the SCH-23390⫹DA
difference when compared with the nontreated control group
group (N ⫽ 4 – 6; one-way ANOVA, Fisher LSD; p ⫽ 0.119).
(N ⫽ 5– 6; one-way ANOVA; p ⫽ 0.469) (Fig. 3C), consistent
However, after 30 min, movement episodes were reduced by 94%
with the overall reversible effects of D2-receptor-specific
in the SCH-23390 group (N ⫽ 4 – 6; one-way ANOVA; p ⫽
modulation.
0.015) and 93% in the SCH-23390⫹DA group (N ⫽ 4 – 6; oneThe D1 and D2 DA receptors function to activate distinct signal
way ANOVA, Fisher LSD; p ⫽ 0.011). Thirty minutes after the
transduction pathways. D1 receptors activate the cAMP/PKA pathwashing out the drug, the number of movement episodes reway and, when dimerized with D2 receptors, activate the PLC
mained considerably reduced in both the SCH-23390 (N ⫽ 4 – 6;
pathway (Lee et al., 2004). On the other hand, D2 receptors modone-way ANOVA; p ⫽ 0.099) and SCH-23390⫹DA groups
ulate both cAMP/PKA and Akt pathways (Lee et al., 2004). Our
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Reducing endogenous DA levels in the
larval zebrafish brain suppresses
motor behavior
Our studies with exogenous DA agonist
and antagonist treatment reveal a complex regulation of zebrafish motor behavior whereby activation of the D2 receptors
lead to a strong suppression of movement
episodes, while activation of the D1 receptor
leads to an enhancement of movement episodes. We next asked whether reducing the
levels of endogenous DA would result in an
increase or decrease in movement episodes.
To address this question we used the DA
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which can either
cause a defect in DA function by decreasing
overall levels of tyrosine hydroxylase (TH)
expression (Anichtchik et al., 2004) or by
killing DA neurons (Lam et al., 2005;
McKinley et al., 2005; Panula et al., 2010).
Using our experimental parameters, we
treated 3 dpf zebrafish with MPTP for 2 d
(replenished once per day). After 2 d of
treatment, we incubated the larvae in fresh
EM to wash out the drug and then transferred the larvae to a new embryo medium
to assess their motor behavior. We performed Western blot analysis (Fig. 4A,B)
and demonstrated an MPTP concentrationdependent decrease in TH expression by
Figure 4. Chronic DA treatment changes larval motor behavior. A, B, Representative Western blot (A) and densitometric ⬃25% in the brains of 5 dpf larvae treated
analyses (B) of extracts prepared from brains of 5 dpf larvae incubated with MPTP for 2 d. The decrease of TH expression is MPTP with 0.1 M MPTP (N ⫽ 3; one-way
concentration dependent. C, Representative confocal images confirm the decrease of TH levels in the brain of 5 dpf larvae treated ANOVA, Fisher LSD; p ⫽ 0.097) and by
with MPTP. Samples were immunostained with TH (red) and counterstained with Hoechst (blue). There is a decrease of TH labeling 50% in the brains of larvae treated with 1 M
in the Pr of MPTP-treated larvae (ii, iv, vi, viii) when compared with control (i, iii, v, vii). D, E, Number of movements initiated MPTP (N ⫽ 3; one-way ANOVA, Fisher
during 30 min after drug washing, by 5 dpf larvae drug treated for 2 d. D, The depression in the motor behavior of MPTP-treated
LSD; p ⫽ 0.009). Immunohistochemical
larvae is concentration dependent. E, MPTP, DA, and Qui treatment suppresses movement episodes. Larvae treated with
analysis
demonstrated that the pretectal
DA⫹MPTP result in increased movement episodes. Pr, Pretectum; TeO, optic tectum; DT, dorsal thalamus; VT, ventral thalamus;
PT, posterior tuberculum; Hr, rostral hypothalamus; Ctrl, control. Scale bar, 50 m. N ⫽ 3– 4 larvae per group; data are average ⫾ cluster of TH-expressing neurons in the 5
dpf larvae was primarily affected by the neuSD. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001 compared with control. ###p ⱕ 0.001 compared with DA⫹MPTP.
rotoxicity of MPTP (Fig. 4C). In contrast,
(N ⫽ 4 – 6; one-way ANOVA, Fisher LSD; p ⫽ 0.087) (Fig. 3D).
the diencephalic group of DA neurons was relatively spared using
Thus, inhibition of the D1 receptor was sufficient to cause a decrease
this low dose and short duration of MPTP, although we cannot rule
in movement episodes, regardless of the presence of exogenous DA.
out the possibility that subtle changes in TH expression occurred
It is possible that blocking endogenous DA signaling through
that are not readily detectable using standard confocal microscopy.
the D1 receptor results in increased DA availability for signaling via
We next treated 3 dpf zebrafish larvae for 2 d with MPTP
other receptors, including D2. However, treatment with SCHfollowed by 30 min rinsing and transferring larvae to fresh EM to
23390 alone does not significantly alter pAkt(Thr308) levels (Fig.
evaluate the number of movement episodes. We observed a 60%
3A), suggesting that D2 signaling is not directly affected. Alternadecrease in motor behavior of larvae treated with 0.1 M MPTP
(N ⫽ 6; one-way ANOVA, Fisher LSD; p ⫽ 0.002) and a 79%
tively, D1 receptor signaling may have the opposite effect on motor
behavior compared with D2 receptor signaling and does not rely on
decrease in those treated with 1 M MPTP (N ⫽ 6; one-way
pAkt(Thr308) modulation. Consistent with this hypothesis, treatANOVA, Fisher LSD; p ⫽ 0.018) (Fig. 4 D). To confirm the specment with the D1 receptor agonist SKF-38393 resulted in a strong
ificity of the MPTP-induced motor deficit, we tested in a separate
increase in movement episodes by ⬃120% after 10 min (N ⫽ 4 – 6;
experiment whether cotreatment with MPTP and DA would resone-way ANOVA, Fisher LSD; p ⫽ 0.005). However, by 30 min of
cue the effect (Fig. 4 E). Consistent with previous result, 1 M
MPTP-treated larvae showed a ⬃55% decrease in movement epexposure to SKF-38393 (N ⫽ 4 – 6; one-way ANOVA, Fisher
isodes (N ⫽ 4; one-way ANOVA, Fisher LSD; p ⬍ 0.001). MoreLSD; p ⫽ 0.900) and after washing out the drug (N ⫽ 4 – 6; one-way
over, there was a 97% decrease in movement episodes in
ANOVA, Fisher LSD; p ⫽ 0.151), motor behavior returned to levels
DA-treated larvae (N ⫽ 4; one-way ANOVA, Fisher LSD; p ⬍
observed in the control (Fig. 3D). Overall, our findings support the
0.001) and a 96% decrease in quinpirole-treated larvae (N ⫽ 4;
hypothesis that activation of the D1 receptor results in a general
increase in zebrafish larval motor behavior, while activation of the
one-way ANOVA, Fisher LSD; p ⬍ 0.001). Importantly, we obD2 receptor has the opposite effect of decreasing motor behavior in
served a significant rescue in the number of movement episodes
an Akt-dependent manner.
in larvae cotreated with MPTP and DA compared with the
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Figure 5. Neurons expressing the Tg(dlx5a/6aIG:GFP) transgene in the developing brain are GABAergic. Representative confocal images of immunostained sections show that most GFP⫹
neurons also express GABA. A, Sagittal view of endogenous expression of GFP (green) in 5 dpf Tg(dlx5a/6aIG:GFP) transgenic zebrafish head. There are GFP⫹ neurons in the 5 dpf brain regions: S,
Po, VT, PT, H, and TeO. B–D, F–H, Transversal sections of 5 dpf Tg(dlx5a/6aIG:GFP) transgenic zebrafish brains were immunostained with GFP (C, G; green) and GABA (D, H; red) antibodies, and
counterstained with Hoechst (B, F; blue). E, I, There is colocalization of GFP and GABA in the brain of 5 dpf larvae. P, Pallium; S, subpallium; VT, ventral thalamus; Po, preoptic region; PT, posterior
tuberculum; TeO, optic tectum; H, hypothalamus. Scale bar, 50 m. N ⫽ 3 larvae per group.

MPTP-only group (N ⫽ 4; one-way ANOVA, Fisher LSD; p ⬍
0.001), or the DA-only group (N ⫽ 4; one-way ANOVA, Fisher
LSD; p ⬍ 0.001). Thus, a reduction in endogenous DA, primarily
within the pretectal DA neurons, reduces larval motor behavior.
Acute DA and quinpirole treatments suppressed the larval motor
behavior (Fig. 3 B, C), which were rescued after 30 min of drug
washing. However, the motor behavior was still decreased in the
larvae chronically treated even after washing for 30 min in EM.
Therefore, we wondered whether DA signaling was directly affecting
motor behavior or whether DA was affecting the development of
neuronal circuits that might be involved in the motor behavior.
DA modulates GABAergic neuron development in the early
larval brain
GABAergic circuitry is involved in motor behavior (Kawaguchi
and Hirano, 2002; McCairn et al., 2009). The Dlx genes regulate
neurogenesis and are essential for the development of GABAergic
neurons in the forebrain (Ellies et al., 1997; Stühmer et al., 2002).
We used a zebrafish transgenic line Tg(dlx5a/6aIG:GFP), which
expresses GFP in GABAergic neurons in the embryonic and

postembryonic brain (Zerucha et al., 2000; Mione et al., 2008;
MacDonald et al., 2010). We tested whether neurons expressing
GFP in the 3–5 dpf Tg(dlx5a/6aIG:GFP) transgenic zebrafish
brain coexpress GABA by using immunohistochemistry with
anti-GFP and anti-GABA antibodies, and confocal microscopy.
Consistent with previous findings (Mione et al., 2008), GFP⫹
neurons were found in the 5 dpf subpallium, preoptic region,
thalamus, as well as the region encompassing the posterior tuberculum and hypothalamus (Fig. 5A). We also observed GFP⫹
neurons in the optic tectum (Fig. 5A). GFP and GABA colocalized to cell bodies in these regions (Fig. 5B–I ) as well as processes,
which was evident from the expression in neuron tracts such as
the anterior commissure, postoptic commissure, or lateral forebrain bundle (Fig. 5B–I ). The vast majority of GFP⫹ neurons
were GABAergic, but there were GABAergic neurons that did not
express the transgene.
To determine the role of DA signaling in the development of
GABAergic neurons, we treated 3 dpf Tg(dlx5a/6aIG:GFP) embryos for 2 d with 50 M DA, 1 M MPTP, MPTP⫹DA, or 10 M
quinpirole. At 5 dpf, larval brain sections we analyzed by immu-
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Figure6. ImbalanceintheDAsignalingdisturbsdevelopmentofGABAergicsystem.ConfocalimageswerestudiedtoevaluatetheeffectsofDAimbalanceonthenumberofGFP⫹neuronsgeneratedduring
3–5 dpf. Transverse sections of brains of 5 dpf Tg(dlx5a/6aIG:GFP) transgenic zebrafish treated with drugs for 2 d. Samples were immunostained with GFP (green) antibodies and counterstained with Hoechst
(blue). A–J, Z, There is a decrease in the number of GFP⫹ neurons in both P and Sd of larvae treated with DA, MPTP, and Qui. This decrease is rescued to control levels in the P and Sd of larvae treated with
MPTP⫹DA. K–O, Z, DA treatment does not change the number of GFP⫹ neurons in the Po, but there is a decrease in the Po of larvae treated with MPTP and Qui. Also, MPTP⫹DA rescue the number of GFP⫹
neurons to the control levels. P–T, V, There is an increase of GFP⫹ neurons in the VT/DT of larvae treated with DA, but a decrease in the VT/DT of larvae treated with MPTP and Qui. There is also a rescue to the
control levels of the number of GFP⫹ neurons in the brain of MPTP⫹DA-treated larvae. U–Z, All the treatments (DA, MPTP, MPTP⫹DA, and Qui) diminished the number of GFP⫹ neurons in the PT/TeO. P,
Pallium; Sd, dorsal subpallium; VT, ventral thalamus; DT, dorsal thalamus; Po, preoptic region; PT, posterior tuberculum; TeO, optic tectum; Hr, rostral hypothalamus; Ctrl, control. Scale bar, 50 m. N ⫽ 3–9
larvae per group; data are average ⫾ SD. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001 compared with control. #p ⱕ 0.05, ##p ⱕ 0.01, compared with DA⫹MPTP.
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nohistochemistry with anti-GFP antibodies, and the numbers of GFP⫹ neurons
were quantified using confocal imaging.
We focused our attention on five distinct
brain regions, from the telencephalon rostrally to the optic tectum caudally, based
on the neuroanatomical subdivisions described by Mueller and Wullimann
(2005).
Subpallium
We first examined the population of
GFP⫹ neurons within the region of the
subpallium, focusing on coronal sections
that included the anterior commissure as
an anatomical landmark. There was a decrease in the number of GFP⫹ neurons in
larvae treated with DA (N ⫽ 3– 4; oneway ANOVA, Fisher LSD; p ⬍ 0.001) or in
larvae treated with MPTP (N ⫽ 3– 4; oneway ANOVA, Fisher LSD; p ⫽ 0.04) (Fig.
6 A–C,F–H ). In contrast, we did not observe any changes in the number of GFP⫹
cells in the MPTP⫹DA-treated group
compared with the untreated control
group (N ⫽ 4; one-way ANOVA, Fisher
LSD; p ⫽ 0.516) (Fig. 6 A, D, F, I ). These Figure 7. Loss of GFP⫹ cells corresponds to a loss of GABA-expressing neurons. A, C, D, Confocal images of sections double immunodata suggest that an imbalance in DA sig- labeled with antibodies against GFP and GABA reveal that the vast majority of GFP⫹ cells coexpress GABA (C, D, arrows) under control
naling during the 3–5 dpf developmental conditionsintheregionofthepallium(A;P)andoptictectum(C;TeO).B,D,Aftera2d treatmentwithDA,thenumberofGFP⫹/GABA⫹
window reduces the number of GABAer- cells decreases in both regions of the brain. Images counterstained with Hoechst (blue). Scale bar, 50 m.
gic neurons. D2-receptor-dependent signaling was sufficient to elicit this effect,
number of GFP⫹ cells compared with untreated controls (N ⫽
since the quinpirole-treated group resulted in a similar decrease
5– 6; one-way ANOVA, Fisher LSD; p ⫽ 0.771) tending to apparin GFP⫹ neurons in the subpallium (N ⫽ 4; one-way ANOVA,
ently rebalance DA levels (Fig. 6 P, T ).
Fisher LSD; p ⬍ 0.001) (Fig. 6 A, E, F, J ).
Preoptic area
Treatment with exogenous DA did not alter GABAergic neuron
development in the preoptic region, ventral to the lateral forebrain bundle (N ⫽ 4 – 6; one-way ANOVA, Fisher LSD; p ⫽
0.424) (Fig. 6 K, L). Nonetheless, we did observe a significant decrease in the number of preoptic GFP⫹ cells in the quinpiroletreated larvae (N ⫽ 4 –5; one-way ANOVA, Fisher LSD; p ⫽
0.013) and MPTP-treated larvae (N ⫽ 4 – 8; one-way ANOVA,
Fisher LSD; p ⫽ 0.009), consistent with our observation in the
subpallium (Fig. 6 K, M,O). As before, larvae-treated with MPTP
and DA showed no change in the number of GFP⫹ cells in the
preoptic region of the forebrain compared with untreated
controls (N ⫽ 3– 4; one-way ANOVA, Fisher LSD; p ⫽ 0.996)
(Fig. 6 K, N ).
Thalamus
In the more caudal sections incorporating the dorsal and ventral
thalamus at the level of the habenula (dorsally) and the postoptic
commissure (ventrally), we observed an increase in the number
of GFP⫹ neurons in DA-treated larvae compared with untreated
controls (N ⫽ 6 –9; one-way ANOVA, Fisher LSD; p ⫽ 0.032)
(Fig. 6 P, Q). In contrast, the number of GFP⫹ neurons in the
MPTP-treated larvae (N ⫽ 4 – 6; one-way ANOVA, Fisher LSD;
p ⫽ 0.012) (Fig. 6 P, R) and quinpirole-treated larvae (N ⫽ 6;
one-way ANOVA, Fisher LSD; p ⫽ 0.004) (Fig. 6 P, S) was significantly reduced, comparable to effects observed in the subpallium
and preoptic region. As before, MPTP⫹DA does not alter the

Hypothalamus, posterior tuberculum, and caudal dorsal
thalamus
The number of GFP-expressing neurons in the region encompassing the rostral hypothalamus, posterior tuberculum, and
dorsal thalamus was investigated. Since relatively few GFP⫹ neurons were distributed across this general region, we included all of
the GFP⫹ cells for quantification, without separating in specific
subregions. In contrast to the effects in more rostral regions of the
diencephalon, we did not find any significant alterations in the
number of GFP⫹ cells in the larvae treated with DA, MPTP, or
quinpirole (data not shown). Thus, although altering DA signaling primarily results in a widespread effect on GABAergic neuron
development, there are region-specific effects as well.
Optic tectum
Finally, we examined the number of GFP⫹ neurons in sections of
the rostral optic tectum just caudal to the pretectum and likely
including part of the tegmentum ventrally. We observed a significant decrease in the number of GFP⫹ cells in DA-treated (N ⫽
4 – 6; one-way ANOVA, Fisher LSD; p ⫽ 0.015) (Fig. 6U,V ),
MPTP-treated (N ⫽ 4 –5; one-way ANOVA, Fisher LSD; p ⬍
0.001) (Fig. 6U,W ), and quinpirole-treated (N ⫽ 4 – 8; one-way
ANOVA, Fisher LSD; p ⬍ 0.001) (Fig. 6U,Y ) larvae. Although the
cotreatment of MPTP and DA resulted in a decrease in the number of GFP⫹ cells compared with untreated controls (N ⫽ 4 – 6;
one-way ANOVA, Fisher LSD; p ⫽ 0.022) (Fig. 6U,X ), we did
observe a significant increase in GFP⫹ cells in this group com-
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prevent the loss of GFP⫹ GABAergic neurons due to MPTP treatment, suggesting
that MPTP does not have an independent neurotoxic effect on GABAergic
neurons in our assay. To further support
this notion, we treated 4 dpf larvae for 1 d
with 1 M MPTP, which we showed was
sufficient to result in similar neurotoxic
effects in the pretectal dopaminergic neuronal cluster (supplemental Fig. S3C,D,
available at www.jneurosci.org as supplemental material), but had no effect on
GFP⫹ GABAergic neurons in the pallium/subpallium region of the brain (supplemental Fig. S3 A, B, available at www.
jneurosci.org as supplemental material).
Together with the evidence mentioned
above, these data indicate that the loss of
DA neurons (or reduced DA signaling)
precedes the loss of GABAergic neurons,
which would normally occur when exposed to MPTP from 3–5 dpf, and that
MPTP does not directly kill GABAergic
neurons.
DA is known to modulate neurogenesis in the embryonic brain (Ohtani et al.,
2003; Popolo et al., 2004; McCarthy et al.,
2007). Given that our treatments occurred over the course of 2 d of development, it is possible that exogenous DA,
quinpirole, or MPTP affects the survival
of neurons that were postmitotic at the
onset of treatment or the differentiation
of progenitor cells during the 2 d interval.
We investigated whether there were any
major changes in the number of differentiated cells that might account for the
changes in the number of GFP⫹ neurons
Figure 8. Akt inhibition causes a decrease in GFP⫹ GABAergic neurons. Confocal images were studied to evaluate the effects of in the 5 dpf brains from larvae treated
Akt inhibition on the number of GFP⫹ neurons generated during 3–5 dpf. Transverse sections of brains of 5 dpf Tg(dlx5a/6aIG: with DA for 2 d. Immunohistochemistry
GFP) transgenic zebrafish treated with drugs for 2 d. Samples were immunostained with GFP (green) antibodies and counter- was performed using specific antibodies
stained with Hoechst (blue). A–D, K, There is a decrease in the number of GFP⫹ neurons in both P and Sd of larvae treated with for glutamine synthetase, as glial marker,
Akti-1/2 (Akt Inhib). E, F, L, There is a decrease of GFP⫹ neurons in the VT/DT of larvae treated with Akt Inhib. G, H, M, There is a or HuC/D, a differentiated neuronal
decrease in the number of GFP⫹ neurons in the Po of larvae treated with Akt Inhib. I, J, N, There is a decrease in the number of marker. Compared with untreated conGFP⫹ neurons in the optic tectum of larvae treated with Akt Inhib. P, Pallium; Sd, dorsal subpallium; VT, ventral thalamus; DT,
trols, the pattern of expression of these
dorsal thalamus; Po, preoptic region; PT, posterior tuberculum; TeO, optic tectum; Hr, rostral hypothalamus; Ctrl, control. Scale bar,
two markers was virtually indistinguish50 m. N ⫽ 3–7 larvae per group; data are average ⫾ SD. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001 compared with control.
able. In controls, glutamine synthetaseexpressing glial cell bodies were present in
pared with MPTP-only treated group (N ⫽ 5– 6; one-way
the periventricular zones with long radial processes that were
ANOVA, Fisher LSD; p ⫽ 0.022) (Fig. 6W,X ), consistent with the
perpendicular to the ventricle (supplemental Fig. S4 Ai–iii, availabove results showing that the effects of DA and MPTP on
able at www.jneurosci.org as supplemental material). This
GABAergic development are counteracting.
pattern of expression was the same in DA-treated larvae (suppleTo confirm that the loss of GFP⫹ cells corresponded to a loss of
mental Fig. S4 Aiv-vi, available at www.jneurosci.org as suppleGABA-expressing neurons, rather than a downregulation of transmental material). Similarly, many HuC/D⫹ neurons were
gene expression, we used double-immunolabeling to detect GFP
present in the brain parenchyma (excluding the periventricular
and GABA in 3 dpf larvae treated with 50 M DA for 2 d. Our results
zones) in both the control (supplemental Fig. S4 Bi-iii, available
showed that there is a loss of GFP⫹/GABA⫹ neurons in the palliat www.jneurosci.org as supplemental material) and DA-treated
um/subpallium (Fig. 7A,B) and optic tectum (Fig. 7C,D), confirm(supplemental Fig. S4iv-vi, available at www.jneurosci.org as
ing the loss of GABAergic neurons.
supplemental material) groups. Similar observations were made
We used relatively low MPTP concentrations that are exin other brain regions where changes in the number of GFP⫹
pected to be selectively neurotoxic to DA neurons with few, if any,
neurons occurred as a result of DA modulation (data not shown).
off-target effects. Consistent with this expectation, our experiFinally, DA treatment itself has no effect on the number of TH⫹
ments in Figure 6 show that exogenous DA alone is sufficient to
neurons in the brain (supplemental Fig. 5, available at www.
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jneurosci.org as supplemental material). Therefore, overall viability of differentiated cells appears unaffected by DA modulation,
suggesting that there may be a cell type-specific effect on GABAergic
cell fate during neurogenesis. However, further detailed cell lineage
experiments in the context of modulated DA signaling are required
to confirm this hypothesis.
Direct inhibition of Akt activity affects GABAergic neuron
development
Our results implicate Akt activity as a strongly correlated component
of the D2 signaling pathway regulating GABAergic neuron development. To test whether Akt activity is required for GABAergic neuron
development, we treated 3 dpf larvae for 2 d with 100 nM of an Akt
inhibitor (Akti-1/2). This experiment showed that Akt inhibition
caused a significant decrease in the number of GFP⫹ GABAergic
neurons in the pallium/subpallium (N ⫽ 4 –7; Student’s t test; p ⫽
0.003) (Fig. 8A–D,K), the region of the thalamus (N ⫽ 3; Student’s
t test; p ⫽ 0.045) (Fig. 8E,F,L), the preoptic area (N ⫽ 3–5; Student’s
t test; p ⫽ 0.020) (Fig. 8G,H,M), and the optic tectum (N ⫽ 3– 6;
Student’s t test; p ⫽ 0.005) (Fig. 8I,J,N). Therefore, Akt inhibition is
sufficient to phenocopy the effect on GABAergic neurons that
we observed with exogenous quinpirole. Together with our
previous results, these data suggest that Akt signaling is required downstream of D2 receptor activation to promote
GABAergic neuron development.
Chronic DA treatment alters GSK3␤ activity in the larval
brain
Our data indicates that modulation of DA signaling during the
3–5 dpf developmental window affects GABAergic neuron development in specific brain regions and that these neuroanatomical
changes are correlated with alterations in motor behavior. Since
we observed that DA D2 signaling acutely modulates Akt activity
in the brain at both 3 dpf and 5 dpf (Fig. 1), we hypothesized that
the Akt pathway might be disrupted after chronic DA treatment
(between 3 and 5 dpf). However, after washing out DA for 30 min
with EM, we did not find any difference in brain pAkt(Thr308)
levels in larvae treated with 50 M DA after two consecutive days
compared with untreated controls (N ⫽ 4; Student’s t test; p ⫽
0.873) (Fig. 9 A, B). Although alterations in pAkt levels may provide an immediate readout of D2 receptor signaling, it is possible
that the longer term effects of sustained activation of this signaling pathway is manifested by changes in components that are
downstream of Akt. Thus, we examined the level of GSK3␤,
which is a downstream target of Akt and has an important role in
neurodevelopment (Harwood, 2001). First, we tested whether
the level of pGSK3␤(Ser9) in the 5 dpf larval brain was altered due
to an acute treatment with 100 M DA for 30 min. Western blot
analysis showed that there is no change in pGSK3␤(Ser9) levels
between the groups (N ⫽ 7; Student’s t test; p ⫽ 0.166) (Fig.
9C,D). In contrast, even after washing out DA for 30 min with
EM, a 2 d treatment of 50 M DA (between 3 and 5 dpf) resulted
in a 49% decreased in brain pGSK3␤(Ser9) levels compared with
untreated controls (N ⫽ 3– 4; Student’s t test; p ⫽ 0.042) (Fig.
9 E, F ). These data indicate that sustained, but not acute, DA
treatment affects the activity of GSK3␤ in the larval brain.

Discussion
Several components of the DA biosynthetic and signaling pathways are expressed in the zebrafish larval brain (Holzschuh et al.,
2001; Boehmler et al., 2004, 2007; McLean and Fetcho, 2004;
Anichtchik et al., 2006; Li et al., 2007), but which intracellular
pathways are modulated by DA and its role in mediating behav-

Figure 9. DA treatment for 2 d downregulates GSK3␤ activity. A–F, Representative Western
blot (A, C, E,) and densitometric (B, D, F ) analyses of extracts prepared from brains of 5 dpf
larvae DA-treated for 2 d. A, B, There is no change in the levels of pAkt(Thr308) in the 5 dpf
larvae treated with DA over 2 d. C, D, DA does not modulate pGSK3␤(Ser9) after 30 min of
treatment. E, F, The level of GSK3␤(Ser9) is reduced in the brain of 5 dpf larvae treated with DA
for 2 d. Ctrl, Control. N ⫽ 3– 4 larva per group; data are average ⫾ SD. *p ⱕ 0.05.

ior, as well as how DA signaling regulates zebrafish brain development, is not well characterized. Previous studies have
demonstrated that DA is involved in larval motor regulation and
that this is mediated, in part, by cAMP signaling (Boehmler et al.,
2007; Thirumalai and Cline, 2008). Here, we extend these observations by demonstrating that DA also modulates Akt signaling
in the zebrafish forebrain and midbrain, primarily through D2
receptors. Furthermore, we show that Akt modulation by D2 receptor signaling is involved in controlling larval movement. Recent studies demonstrated that DA modulates Akt signaling in
the adult rodent and primate striatum, which is associated with regulating motor control (Beaulieu et al., 2004, 2005). Although our
study focused on early larval stages, the larval pattern of DA circuitry
in zebrafish is comparable to the adult pattern (McLean and Fetcho,
2004), suggesting that this pattern of DA-dependent Akt modulation is maintained in adulthood. However, future investigations are
necessary to confirm this hypothesis. DA-dependent regulation of
Akt signaling may be an evolutionarily conserved mechanism for
controlling motor behavior in young and older animals.
GSK3␤, a downstream component of Akt signaling, is important for neurodevelopment (Harwood, 2001). Beaulieu et al.
(2004) demonstrated that DA regulates Akt signaling and, consequently, GSK3␤ activity, and this appears to be comparable to the
regulation of this pathway that we observed. For example, acute DA
treatment led to a decrease in pAkt levels, but had no effect on the
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Figure 10. Model of DA function in the developing zebrafish larval brain. A, DA decreases both motor behavior and pAkt(Thr308) in the brain of 5 dpf larvae. D2 antagonist eticlopride (Etic) blocks
the modulation of pAkt(Thr308) and motor behavior. D2 agonist quinpirole (Qui) decreases pAkt(Thr308) and motor behavior. This modulation is partially rescued by the inhibitor of phosphatase 2A
(PP2A) fostriecin (Fost). D1 antagonist SCH-23390 (SCH) slightly decreases the level of pAkt(Thr308) and motor behavior. On the other hand, the D1 agonist SKF-38393 (SKF) increases motor behavior.
Thus, the DA-dependent modulation of pAkt(Thr308) is through D2 receptors. B, The theoretical inverted-U model for DA effects in 5 dpf zebrafish GABAergic neuron development and larval motor
behavior. C, DA regulates the development of GABAergic neurons in the brain of zebrafish larvae. Decreases and increases in DA levels modulate the number of GABA cells in the Sd/P and PT/TeO. The
number of GABAergic neurons in VT/DT is correlated with the levels of DA. In the case of Po, DA levels modulate the number of GABA cells, with a plateau in the control levels. DA levels do not affect
the number of GABAergic neurons in Hr/PT/DT. D, Table summarizing the overall effects of DA imbalance on development and behavior in 5 dpf zebrafish larvae. P, Pallium; Sd, dorsal subpallium;
VT, ventral thalamus; DT, dorsal thalamus; Po, preoptic region; PT, posterior tuberculum; TeO, optic tectum; Hr, rostral hypothalamus.

level of GSK3␤ activation. In contrast, even after washing out the
excess of DA for 30 min, chronic DA treatment decreased the levels
of pGSK3␤ in the brain of 5 dpf zebrafish, while the same chronic DA
treatment had no effect on the levels of pAkt. Thus, at least one
downstream consequence of DA-dependent Akt modulation is a
change in the activity of GSK3␤, which may play a role in mediating
GABAergic neuron development and/or function. However, the
complexity of the signaling and the duration over which these
changes take place indicates that multiple additional pathways are
likely required to mediate this effect.
DA circuits have a complex role in the manifestation of motor
behavior (Bentivoglio and Morelli, 2005). Here, we demonstrate
that, in 5 dpf zebrafish, acute activation of D1 receptors increase
movement episodes over the first 10 min of stimulation independently of Akt activity. On the other hand, a D2-Akt-dependent
decrease in movement occurs within 10 –30 min of treatment.
These observations are consistent with known DA receptor response kinetics in mammals. Namely, that D1 receptor activation
is faster than D2 receptor activation, and that D2 receptors have

higher affinity to DA than D1 receptors (Beaulieu et al., 2007).
Thus, acute D1 and D2 receptor activation appear to have opposing roles in mediating movement in zebrafish larvae, suggesting
that a balance in signaling between these two receptors is required
for normal motor behavior (Fig. 10 A).
DA is known to regulate mammalian neural progenitor proliferation (Popolo et al., 2004; McCarthy et al., 2007) and migration of
GABAergic neurons in the telencephalon (Crandall et al., 2007). In
addition, deficiencies and specific polymorphisms in Akt1 affect the
structure of mammalian cortical regions that are modulated by DA
pathways (Lai et al., 2006; Tan et al., 2008). In a recent study, Oishi and
colleagues (2009) demonstrated that Akt activity [pAkt(Thr308)dependent] mediates exogenous growth factor signaling to promote the differentiation of mouse ganglionic eminence neural
progenitor cells into GABAergic neurons, but not glutamatergic
neurons. This study also revealed that the Akt-induced GABAergic neuronal differentiation requires the function of the transcriptional regulator Mash1 (Oishi et al., 2009). Thus, Akt
signaling has an important role in GABAergic neuronal differen-
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tiation and our present data extend these findings by showing
that one of the signaling pathways that promotes GABAergic
neurogenesis during development is the DA signaling pathway.
In our chronic DA treatments we demonstrated that excessive
DA signaling caused a decrease in the number of GABAergic neurons in specific brain regions, such as the pallium, subpallium, and
optic tectum. The reduced number of GABAergic neurons was extended to other brain regions, such as the preoptic area and thalamus, when the specific D2 agonist quinpirole was used. Interestingly,
MPTP treatment, which can kill DA neurons in zebrafish larvae
(Panula et al., 2010), resulted in a widespread defect in GABAergic
neuron development that was comparable to that observed with
quinpirole treatment. Thus, in general, there is an inverted-U effect
of chronic DA signaling on GABAergic neuron development (Fig.
10B). We can also conclude that much of the DA signaling that
follows this pattern of activation/suppression is mediated through
D2 receptors. However, the effects of DA and quinpirole were not
identical. For example, chronic DA treatment resulted in a significant increase in GABAergic neurons in the region of the thalamus,
whereas chronic quinpirole or MPTP treatment resulted in a decrease in GABAergic neurons in the same region (Fig. 10C). Furthermore, DA had no effect on the development of GABAergic neurons
in the preoptic area, whereas quinpirole or MPTP caused a decrease
in the number of GABAergic neurons in this region. One hypothesis
to account for these complex observations is that DA signaling
through D1 and D2 receptors has subtle differential consequences on
GABAergic neuron development that is also region specific. For instance, antagonistic D1 and D2 receptor signaling might account for
the difference in thalamic GABAergic neuron development observed between DA treatment (increase in GABAergic neurons) and
quinpirole treatment (decrease in GABAergic neurons). However,
more detailed experiments are required to address this hypothesis.
It is well known that both DA and GABAergic neurons are involved in motor behavior and motivation (Bentivoglio and Morelli,
2005; Breakefield et al., 2008). However, the interaction between the
different circuits involved in these behaviors is complex. Here, we
treated 3 dpf zebrafish for 2 d with a concentration of MPTP (1 M)
that is lower than what is reported in most previous studies and
observed a decrease in TH expression, primarily confined to pretectal DA neurons, which are known to project to the telencephalon,
thalamus, and optic tectum (Ma, 2003). Our main findings are summarized in Figure 10D. MPTP alone or DA alone significantly decreased movement episodes at 5 dpf, which correlated with the loss
of endogenous GABAergic neurons in the brain. The numbers of
endogenous TH⫹DA neurons are not changed in larvae treated
with DA. This suggests a model whereby a decrease in the number of
GABAergic neurons reduces the overall GABA-dependent modulation that promotes movement downstream of dopamine signaling.
We were also able to test the effects of reduced numbers of endogenous DA neurons while maintaining the overall numbers of GABAergic neurons similar to controls by performing a combined
MPTP⫹DA chronic treatment. In this case, there was an increase in
movement initiation. We posit that the regulation of movement
initiation in the 5 dpf zebrafish larvae is a complex interaction of DA
and GABA circuits. A reduced level of endogenous DA increases
movement initiation when GABAergic neuronal circuitry is relatively normal, suggesting that DA negatively regulates this aspect of
motor behavior. In contrast, reduced numbers of GABAergic neurons, regardless of the state of endogenous DA signaling, causes a
decrease in movement initiation. Thus, while DA likely regulates
motor behavior through a combination of direct and indirect pathways, our findings suggest that GABAergic modulation is downstream of DA signaling and has an overall positive role in regulating

movement initiation, or perhaps a form of motivation. The neuroanatomical loci mediating these effects are not entirely clear. Our
evidence suggests that GABAergic neurons throughout the telencephalon, diencephalon, and optic tectum are regulated by DA neurons, especially those within the pretectal cluster. The precise
interconnections that ultimately modulate glutamatergic neurons
for motor output remain to be determined, but we suggest that DAdependent GABAergic modulation of these effector (presumably
glutamatergic) neurons is a central feature of larval motor behavior.
Several studies have shown that disturbances in both DA regulation and GABAergic neural circuitry occur in the brain of patients
with neuropsychiatric disorders, such as schizophrenia (Hurd and
Hall, 2005; Souza et al., 2006; Uhlhaas and Singer, 2010). It is suggested that alterations in the DA system in the brain of schizophrenics occurs during development and may not be due to secondary
effects of drug treatment (Albert et al., 2002; Koh et al., 2003; Souza
et al., 2008, 2010). The main target for antipsychotics, the DA receptor D2, modulates the Akt pathway in mammals (Lai et al., 2006;
Beaulieu et al., 2007; Tan et al., 2008), and our data show that this
effect is conserved in zebrafish. Furthermore, genetic associations of
Akt1 with schizophrenia and alterations in the levels of Akt in the
brains of schizophrenics (Emamian et al., 2004) also emphasize the
importance of this signaling pathway in the development of psychiatric disorders. To our knowledge, our study is the first to show
modulation of Akt signaling by DA in the developing brain. Also,
our findings support the view that DA has an important role in
GABAergic neuron development and function. Since the GABAergic system in the zebrafish brain is highly conserved with that of the
mammalian brain (Mueller et al., 2006), we suggest that imbalances
of DA might lead to disturbances in the development of the GABAergic neurons that are reported in the brains of schizophrenic patients. Thus, our study emphasizes the utility of zebrafish larvae as a
tool for uncovering the mechanisms of neurodevelopmental disorders that affect brain structure and function in a defined developmental time window.
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