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Abstract The schizophrenia susceptibility gene, Rgs4, is

one of the most intensively studied regulators of G-protein

signaling members, well known to be fundamental in

regulating neurotransmission. However, little is known

about its role in the developing nervous system. We have

isolated zebrafish rgs4 and shown that it is transcribed in

the developing nervous system. Rgs4 knockdown did not

affect neuron number and patterning but resulted in loco-

motion defects and aberrant development of axons. This

was confirmed using a selective Rgs4 inhibitor, CCG-4986.

Rgs4 knockdown also attenuated the level of phosphory-

lated-Akt1, and injection of constitutively-activated AKT1

rescued the motility defects and axonal phenotypes in the

spinal cord but not in the hindbrain and trigeminal neurons.

Our in vivo analysis reveals a novel role for Rgs4 in reg-

ulating axonogenesis during embryogenesis, which is

mediated by another schizophrenia-associated gene, Akt1,

in a region-specific manner.
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Introduction

G-protein-mediated signaling is initiated when G-protein-

coupled receptors (GPCRs) bind their ligands, triggering

GDP bound to the Ga subunits to be replaced with GTP. The

signaling is deactivated when the GTPase hydrolyzes the

GTP. Hydrolysis of GTP can be regulated by members of the

regulator of G-protein signaling (RGS) family which accel-

erate the intrinsic GTPase activity and consequently

negatively regulate G-protein signaling and act as G protein

GTPase-activating proteins (GAPs). Emerging evidence also

reveals that RGS proteins can bind to proteins other than Ga
(for example, GPCRs) to regulate G-protein mediated sig-

naling [1, 2]. To date, more than 20 RGS members have been

identified, recognized by a conserved RGS domain that is

responsible for hastening the intrinsic GTPase activity. These

proteins can be further classified into several subfamilies

according to sequence homology and the presence of domains

additional to the RGS domain [3].

RGS4 belongs to the R4/B subfamily which includes

RGS1-5, 8, 13, 16, 18, and 21. Like most of the R4/B mem-

bers, RGS4 regulates G proteins of the Gai/o and Gaq

families [2]. Mammalian RGS4 is highly expressed in adult

brain, most abundantly in the cerebral cortex [4–6] and has

been intensively studied for its role in modulating both pre-

and postsynaptic neurotransmission, such as calcium

homeostasis neurotransmitter release and opioid, cholinergic,

serotonergic, and acetylcholine signaling [7, 8]. More

recently, RGS4 has been revealed as a potential etiological
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factor for schizophrenia. Several independent genetic studies

have demonstrated an association between schizophrenia and

the RGS4 gene, and a relative decrease in the levels of RGS4

mRNA and protein have been found in samples from

schizophrenia patients. A current hypothesis therefore states

that aberrant RGS4 expression may lead to an abnormal

neurotransmission that is responsible for schizophrenia.

However, the physiological role of RGS4 in the progression

of this disease is currently not clear [9]. Indeed, although

previous studies have demonstrated abundant expression of

Rgs4 in the developing nervous system, very few studies of

the prenatal role of RGS4 have been reported. The Xenopus

orthologue of Rgs4 is expressed in the neural fold and

developing central nervous system [10], and mouse Rgs4 is

specifically expressed in central and peripheral neuronal

precursors [6]. Ectopic expression of the neuronal differen-

tiation regulators, PHOX2b and MASH1, induces Rgs4

expression in chicken spinal cord [6], suggesting that RGS4 is

involved in neurogenesis. The Rgs4 knockout mouse exhib-

ited normal formation of neurons, but it had behavioral

defects, such as subtle positive symptoms, although whether

axonogenesis was affected has not been investigated [11].

Therefore, the role of RGS4 in the developing nervous system

remains unclear.

In order to dissect the role of Rgs4 during neurodevel-

opment, we isolated its zebrafish homologue and showed

that the gene is transcribed in the developing nervous

system. Functional disruption of Rgs4 by morpholino

knockdown and an inhibitory chemical compound resulted

in aberrant axon formation and motility defects. We also

found phosphorylated Akt1 was downregulated in Rgs4

morphants. Strikingly, the axonal phenotypes seen when

RGS4 was inhibited could be rescued by phosphorylated

AKT1 in the spinal cord but not in the hindbrain and tri-

geminal neurons. Our results therefore reveal a novel role

of Rgs4 in the regulation of axonogenesis during

embryogenesis, which can be mediated by Akt signaling.

Materials and methods

Ethics statement

All experiments were performed in strict accordance to

standard guidelines for zebrafish work and approved by the

Institutional Animal Care and Use Committee of Chang

Gung University (IACUC approval number: CGU04-57

and CGU08-86).

Sequence comparisons and phylogeny

Amino acid sequences were aligned and displayed using

Vector NTI (Invitrogen). The GenBank accession numbers of

the compared proteins are as follows: zebrafish Rgs4

(BC154780.1); Xenopus laevis rgs4 (NM_001087536);

chicken Rgs4 (NM_204385); mouse RGS4 (NM_009062.3);

rat RGS4 (NM_017214); and human RGS4 (NM_005613.5).

Fish maintenance

Tü (wild-type) zebrafish embryos were purchased from the

Zebrafish International Resource Center (ZIRC, OR, USA).

The Tg(huC:eGFP) transgenic line was a kind gift from

Chang-Jen Huang [12] and the Tg(islet1:GFP) line was

obtained from Hitoshi Okamoto [13]. Zebrafish were

raised, maintained, and paired under standard conditions.

The embryos were staged according to the number of

somites, hours post-fertilization, and days post-fertilization

[14].

Construct generation

The open reading frame of zebrafish rgs4 was PCR amplified

with high fidelity Pfu polymerase (Fermentas) and primers

(50-AAGGATCCGGATCCATGTGTAAAGGGCTTGCTG

CTC-30 and 50-TAATCGATATCGATAGGCATAACTAG

GCAAACACTGAC-30) which were designed according to

the zebrafish genome database (http://www.ensembl.org,

version Zv6) (GenBank Accession Number BC154780.1).

rgs4 MO1 and MO2 binding sequences were inserted

upstream of an enhanced green fluorescent protein reporter in

the pCS2 vector to create a 50rgs4-EGFP construct to eval-

uate the specificity and efficiency of morpholinos. The open

reading frame of mouse Rgs4 was amplified with primers

(50-ATCGATATGTGCAAAGGACTTGCAGGTCTGC-30

and 50-ATCGATTTAGGCACACTGGGAGACCAGGGA

AG-30) which were designed according to the NCBI database

(GenBank Accession Number NM_009062.3).

RNA and morpholino injection

Capped RNA encoding the full coding sequence of zeb-

rafish rgs4, mouse Rgs4, and constitutively activated AKT1

was prepared as described previously [15]. The human

constitutive-active AKT1 (ca-AKT1) was composed of a

src myristoylation signal sequence fused to the N-terminus

of AKT1 (kindly provided by Chung-Der Hsaio [16]).

Since Akt1 plays crucial roles in multiple cellular pro-

cesses during development, and over-expression of ca-AKT

into zebrafish blastomeres could result in multiple devel-

opmental defects ([16] and unpublished observation), the

amount for ca-AKT1 injection was titrated and optimized

for a concentration that did not cause significant behavior

or axonal defects but was able to rescue the phenotype in

rgs4 morphants (25 pg). Antisense morpholino oligonu-

cleotides were purchased from Gene Tools (OR, USA).
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Two morpholinos against rgs4 were used: MO1

(AGCAGCAAGCCCTTTACACATGTTG) that overlaps

the ATG start codon (?4 to -21), and MO2 (TCCA

AAGCAAGAGAAAAGAAGTCTG) that corresponds to

-22 to -47 50 to the translation start site. A control

morpholino designed to a random sequence of nucleotides

not found in the zebrafish genome (50-CCTCTTACCTC

AGTTACAATTTATA-30; Gene Tools) or a morpholino

with 5 bases mismatch to MO2 (50-TCgAAAcCAAGAcA

AAAcAAcTCTG-30; mismatched bases are indicated by

small letters) was injected in an equal amount of MO2 as a

control experiment. All injections were performed at the

one- to two-cell stage and cRNAs or morpholinos were

introduced into blastomeres.

Behavioral tests and video recording

All tests were performed in three independent experiments.

Embryonic and larval behaviors were observed using a

Leica Z16 APO stereomicroscope. Video images were

captured using an Olympus C-7070 CCD camera and

analyzed with VirtualDub and ImageJ (National Institutes

of Health). For in-chorion coiling contraction, total con-

tractions of ten embryos in 3 min for each test were

counted and displayed as the number of times per second

(Hz). Touch and escape responses were analyzed at 48 hpf

and embryos were gently stimulated with a thin tungsten

probe near the region of trigeminal neurons. A total of 20

tactile stimuli with 5-s intervals were applied in batches of

ten embryos per experiment, and embryos with or without

response were shown in percentages.

Confocal microscopy and time-lapse imaging

Embryos were mounted in 1 % low gelling temperature

agarose (Sigma), and for time-lapse imaging, images were

taken at 30-min intervals at 28.5 �C using a Zeiss LSM 510

confocal microscope.

Quantification of axons

Affected embryos which showed at least 80 % truncated

axons were included in the percentage of defective

embryos and at least 30 embryos per batch were counted to

calculate embryos with or without phenotype. Control and

Rgs4-deficient groups were always processed in parallel

from embryos delivered from the same parents to avoid

differences in overall development from influencing

results. To count spinal cord axons, the axon tracks in 10

somitic segments from the level between the 9th to the 18th

somite were counted in each embryo. For primary motor

axons, axon tracts that failed to reach the choice point were

considered as a positive phenotype. Counts for Rohon–

Beard axons collectively comprise single axons, fascicles

of axons, and axonal branches. The acetylated a-tubulin-

labeled reticulospinal axons in the developing hindbrain

were too condensed and therefore only the commissures

between the two medial longitudinal fasciculus in rhom-

bomere segments 1–5 were counted. All tests were

performed in three independent experiments. Mean and

standard deviation were calculated from three independent

experiments and represented as mean ± SD.

Embryo dissociation and fluorescence activated cell

sorting

Embryos were dissociated using Nathan Lawson’s protocol

(available at http://lawsonlab.umassmed.edu) with slight

modification. In general, Tg(huC:eGFP) embryos (mixed

stages ranging from 16 to 22 hpf) were dechorionated and

the yolks were removed by gently pipetting in 100 ll

calcium-free Ringer’s solution, following digestion in a

solution containing 0.1 % collagenase P and 0.25 % tryp-

sin for 25 min at 28 �C. Cells were dissociated by pipetting

and resuspended in suspension medium (1 % calf serum,

0.8 mM CaCl2, 50 U/ml penicillin, and 0.05 mg/ml

streptomycin in DMEM) and then separated into GFP-

positive and GFP-negative fractions using a flow cytometer

(BD FACSAria; BD Biosciences).

Western blot analysis

Embryos were homogenized in SDS lysis buffer. 60 lg of

protein was loaded on 12 % SDS polyacrylamide gel and

transferred to a PVDF membrane and detected with anti-

body for phospho-Akt1 or total Akt1 (1:1,000; Cell

Signaling). After washes, membranes were incubated with

goat anti-Mouse HRP-conjugated secondary Ab (Cell

Signaling) and developed with ECL (Millipore). Band

intensities were quantified using Multi Gauge analysis

software. The results are representative of three separate

experiments performed in duplicate.

Statistical analysis

For spontaneous contraction, touch response, and axon

counts, statistical analysis was performed by unpaired

Student’s t test using Microsoft Excel 2007. p values less

than 0.05 were described as statistically significant. All

graphs show mean and standard deviation and represented

as mean ± SD in the text.

Chemical treatment

CCG-4986 was applied as a selective RGS4 inhibitor [17,

18, 19]. Embryos were treated with CCG-4986 (15 lM) at
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14 hpf, 1 h before the onset of first axon extension in the

spinal cord [20]. Vehicle control was 1 % dimethylsulf-

oxide (DMSO).

Histological analysis

For whole mount in situ hybridization, the full length

coding sequence of zebrafish rgs4 cDNA was cloned into

pCS2? vector and linearized with EcoRI. Riboprobes for

rgs4, neurogenin1 and pax2a were generated by in vitro

transcription with T7 RNA polymerase and labeled with

digoxigenin-11-UTP (Roche) and then purified using

Illustra Microspin G-25 Columns (GE Healthcare)

according to the manufacturer’s instructions. Zebrafish

embryos were fixed with 4 % paraformaldehyde and per-

meabilized by 100 % methanol for at least 10 h at -20 �C.

Subsequently, embryos were rehydrated and digested with

proteinase K as recommended [21]. Embryos were then

hybridized with riboprobe for a minimum of 15 h at 68 �C.

Unbound and excessive probe was removed by three

washes in 50 % formamide in 29 SSC 0.1 % Tween-20,

followed by three washes in 0.29 SSC 0.1 % Tween-20.

After three rinses with PBST (PBS plus 0.1 % Tween-20),

embryos were blocked in 5 % sheep serum for 1 h at room

temperature and then incubated with sheep-anti-digox-

igenin-alkaline phosphatase (1:2,000; Roche) overnight at

4 �C. Unbound antibody was removed by washing six

times in PBST for 24 h with gentle agitation. Color was

developed in the dark at room temperature using NBT/

BCIP substrate (Roche). The reaction was stopped by

washing in TE (10 mM Tris–HCl pH 7.8, 10 mM EDTA).

For immunohistochemistry, the embryos were blocked

in 5 % goat serum and antibodies of HuC/HuD (1:500

dilution; Invitrogen), Islet1/2 (1:250 dilution; Develop-

mental Studies Hybridoma Bank), znp-1 (1:100 dilution;

Zebrafish International Resource Center), 3A10 (1;200

dilution; Developmental Studies Hybridoma Bank) or

acetylated a-tubulin (1:1,000 dilution; Sigma) were

applied. Fluorochrome conjugated antibodies Alexa Fluor

488 (or 594) goat anti-mouse IgG (Invitrogen) were used to

detect the primary antibodies. Embryos were mounted with

Vectashield mounting medium with DAPI (Vector Labo-

ratories). Confocal Microscopy was performed using a

Zeiss LSM 510 microscope, and a z-stack of fluorescence

images was acquired. The black-and-white fluorescent

signals were inverted to negative film for a clearer

presentation.

Quantitative real time PCR

For quantitative real-time PCR (qPCR), embryos were

homogenized in TRIzol reagent (Invitrogen) and total RNA

was extracted using a standard method. cDNA was

synthesized from total RNA with random hexamer priming

using RevertAid First Strand cDNA Synthesis Kit (Fer-

mentas). qPCR was performed on an ABI StepOneTM Real-

Time PCR System (Applied Biosystems) with SYBR green

fluorescent label (Fermentas). Primers for neurogenein1 (F:

50-CGCACACGGATGATGAAGACTCGCG-30; R: 50-CG

GTTCTTCTTCACGACGTGCACAGTGG-30), pax2a (F:

50-ACCGGGTGAAGCTTGTGAAC-30; R: 50-CGTCATG

CYCGTCCAGAAGTT-30) were used. Gene expression

levels were normalized to gapdh and assessed using the

comparative CT (40 cycles) according to the manufac-

turer’s instructions (Applied Biosystems).

Birefringence

Embryos were examined using a Leica DM 2500 upright

microscope. Muscle birefringence was analyzed by placing

embryos between two polarizing filters adjusted until only

the light refracting through the striated muscle was visible.

In order to observe the shape and boundaries of the somite

simultaneously, low level of transmitted light with No-

marski interference contrast optics was also used.

Results

Characterization of zebrafish rgs4

A 645-bp sequence encoding a 215 residue peptide of the

open reading frame of rgs4 was identified on the zebrafish

genome database (http://www.ensembl.org) and cloned by

PCR (Fig. 1a). Alignment with the genomic sequence

showed the open reading frame was contained within five

exons (Fig. 1b). The amino acid sequence of Rgs4 shows

structural features of the B/R4 subfamily that contains a

relatively short coding sequence in comparison to other

RGS members [2], an a-helix domain at the amino-termi-

nus (that has been shown to facilitate direct binding to

membrane phospholipids [22, 23]), and a highly conserved

RGS domain (Fig. 1a). Compared to other orthologues of

the B/R4 subfamily, zebrafish Rgs4 showed the highest

degree of similarity to chicken RGS4 with 51 % identical

and 67 % conserved amino acids and slightly weaker

homology with Xenopus rgs4 (49 % identical and 66 %

conserved amino acids) and mouse RGS4 (47 % identical

and 69 % conserved amino acids). Five RGS4 splice

variants were identified in human [24], and the zebrafish

Rgs4 described here is most similar to isoforms 1 and 2

which have different first exons but encode the same pro-

tein [24] (47 % identical and 69 % conserved amino acids)

(Fig. 1a, b). Within the RGS domain, the identity increases

to 58 % for chicken, 54 % for Xenopus, and 52 % for

mammalian homologues. Comparison of the exon–intron
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structure of the vertebrate Rgs4 homologues revealed that

all intron positions have been strictly conserved, which

provides strong evidence for evolution from a common

ancestor gene specific to this subgroup (Fig. 1a). In addi-

tion, zebrafish Rgs4 also contains conserved cysteines at

positions 2 and 12 which have been shown to be respon-

sible for palmitoylation [22, 23]. Syntenic comparison with

mammalian homologues showed the gene loci flanking the

zebrafish rgs4 gene are highly conserved with those gene

sets in human chromosome 1, mouse chromosome 1, and

rat chromosome 13 (Fig. 1c). This result further substan-

tiates the orthology of the zebrafish rgs4 homologue to

mammalian Rgs4.

rgs4 is expressed in the developing nervous system

Expression of rgs4 was analyzed by whole mount in situ

hybridization on zebrafish embryos age from 1-cell stage to

48 h post-fertilization (hpf). Ubiquitous weak expression

through the whole embryo before and during gastrulation

suggests that the gene is expressed as a maternal mRNA

(Fig. 2a, b). Continued expression in the developing ner-

vous system was detected in the brain and spinal cord from

12 hpf, but this general expression gradually disappeared

after 24 hpf (Fig. 2c–j) and was replaced by clusters of

neurons expressing much higher levels of rgs4 in the tel-

encephalon and diencephalon (Fig. 2j, l). In addition to the

developing nervous system, significant expression could be

seen in the developing pronephric ducts from 12 hpf

(Fig. 2c–l) and in the pancreas from 48 hpf (Fig. 2l). In

comparison, expression of mouse Rgs4 was identified in

motor neurons in the hindbrain, cranial ganglia, and dorsal

root ganglia, but expression in developing kidneys

and pancreas have not been described [6, 11], revealing

evolutionary diversity of expression between Rgs4

homologues.

Rgs4 knockdown resulted in motility defects

In order to delineate the role of Rgs4 in zebrafish, the

morpholino (MO) knockdown approach was used to

interfere with its expression. Two 25-bp antisense mor-

pholinos (MO1 and MO2) were synthesized to target

different regions 50 to the translation start site of the rgs4

mRNA to block protein production. Blast analysis revealed

homology of less than 20 bp identity for MO1 or MO2 to

other genomic sequences, none of which corresponded to

50 UTR or exon–intron splicing site of predicted or

Fig. 1 Alignment of Rgs4 homologues and synteny comparison.

a Amino acid alignment of human, rat, mouse, chicken, Xenopus
laevis, and zebrafish Rgs4 sequences. Residues identical in all

proteins are marked in black boxes and similarity is shown in grey
boxes. The a-helix domain and RGS domains are indicated. The

intron positions are marked with arrowheads and the conserved

cysteines that are putative targets for palmitoylation are shown with

arrows. A conserved asparagine (N) within the RGS domain

necessary for GAP activity for Ga is indicated with an asterisk.

Initial letters: h human, r rat, m mouse, c chicken, x Xenopus laevis,

z zebrafish. b Schematic representation shows the genomic organi-

zation of the rgs4 gene in zebrafish. c Synteny comparison between

the human, mouse, rat, and zebrafish Rgs4/rgs4 loci reveals that the

genomic organization of the genes is largely conserved. Genes are not

drawn to scale.
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characterized genes, suggesting that MO1 and MO2 will

act specifically on rgs4. This specificity was confirmed by

rescue experiments in which the MOs were coinjected with

cRNA for rgs4, as described for each experiment below.

To confirm the efficacy of the morpholino knockdown

approach, each of the two rgs4 morpholinos was coinjected

with the cRNA of a reporter construct that contained the

rgs4 MO1 and MO2 binding sequences upstream of an

enhanced green fluorescent protein reporter (50rgs4-

EGFP). Effective knockdown of the translation of this

construct (evident by loss of EGFP protein) was observed

upon coinjection with either of the two rgs4 morpholinos

but unaffected by coinjection with control morpholino

(Supplementary Fig. 1a).

Embryos injected with MO1 or MO2 were analyzed at

24 h post-fertilization (hpf), 3 days post-fertilization (dpf)

and 5 dpf for morphological defects. Amounts of 8 ng of

MO1 or 1.5 ng of MO2 injection exhibited identical phe-

notypes, and therefore only embryos injected with 1.5 ng

of MO2 are shown. Although Rgs4 knockdown resulted in

no significant morphological abnormalities (Supplementary

Fig. 1b), locomotor defects were observed at all stages

analyzed (see below).

We first examined the earliest motor behavior, spon-

taneous coiling, in the rgs4 morpholino-injected embryos.

Spontaneous coiling consists of alternating side-to-side

metronome-like contractions of the tail, a behavior that

does not require forebrain, midbrain, or hindbrain input

Fig. 2 rgs4 expression in the developing zebrafish. rgs4 expression

was detected during zebrafish embryogenesis analyzed by in situ

hybridization. Stages of embryos shown in bottom right corner of

each panel. a–d, i–m Lateral view, dorsal to the top. f, g Dorsal view,

anterior to the left, yolk removed and embryos flat-mounted. rgs4
expression is expressed as a maternal mRNA (a, b) and then first

appears in the developing nervous system at 12 hpf (c, f) and is

retained in the brain until 24 hpf (a–j). Transverse sections as marked

in (g) showing expression in the developing brain (h) and spinal cord

(i) (dashed circle). Strong expression, restricted to compact clusters of

neurons, can be detected from 24 hpf (arrows in j, l). k, m No

signal was detected using sense riboprobe. Arrowheads in all panels

indicate rgs4 expressing cells in the pronephros. OV otic vesicle,

P pancreas
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[20]. rgs4 morpholino-injected embryos exhibited only a

very slight coiling angle and a single one-sided coiling

contraction in comparison to the alternating contractions

observed in controls (Fig. 3a, b). Time-lapse analysis

showed that the coiling behavior first appeared in control

embryos around 17 hpf (0.46 ± 0.03 Hz), and the fre-

quency peaked at 19 hpf (0.74 ± 0.04 Hz) and gradually

decreased as reported previously (Fig. 3b) [25], whereas

embryos injected with rgs4 morpholino displayed severely

reduced coiling frequencies at all stages examined

(Fig. 3b). In comparison to the control embryos, the

coiling frequency in rgs4 morphants dropped to 0.06 ±

0.01 Hz at 17 hpf (p = 0.00046) and the maximum fre-

quency was 0.08 ± 0.02 Hz at 19 hpf (p = 0.00029),

after which the frequency decreased and the morphants

stopped coiling almost completely after 30 hpf (Fig. 3b).

Previous studies have shown that spinal cord activity was

sufficient to generate spontaneous coiling and that this

locomotion is independent of sensory stimulation [25].

Therefore, defective coiling motion and decreased coiling

frequency in Rgs4 knockdown embryos suggests that

Rgs4 is necessary for proper function of the spinal motor

circuit.

We next analyzed touch response and swimming

behavior in the Rgs4 knockdown embryos. Wild-type

zebrafish embryos become sensitive to touch and respond

with vigorous coiling (after 21 hpf) and later swimming

(from 28 hpf); both responses require intact neural circuits

in hindbrain and spinal cord, and this is also one of the first

indications that afferent connections have formed [25, 26].

Later, from 48 to 60 hpf, zebrafish embryos hatch from

their chorions and react to tactile stimuli with a fast escape

response. Embryos at 48 hpf were dechorionated manually

and tested for their response to stimuli applied close to the

region of the trigeminal ganglia; 84 ± 7.19 % of rgs4

morphants showed no respond to stimuli and 17 ± 7.19 %

showed a slight response to stimulus but were not able to

escape (in comparison to 99.8 ± 1.23 % response to

stimuli for control embryos; Fig. 3c, d). Since touch

response requires the activation of both hindbrain and

spinal neuron, these results suggest that the spinal neural

networks are defective in Rgs4 knockdown embryos and

that the hindbrain networks might also be impaired.

Early neuronal differentiation appears normal in Rgs4

knockdown embryos

The locomotor phenotypes seen in Rgs4 knockdown

embryos suggested a possible defect in neuronal differen-

tiation. Therefore, the generation of neurons was analyzed

in rgs4 morphants. Markers for neuronal precursors

(neurogenin1), pan-post-mitotic neurons (HuC/D), inter-

neurons (pax2a), primary motor neurons (Islet1/2), and cell

apoptosis (active caspase-3) were investigated. No signifi-

cant alteration in the number or localization of different

types of neurons was observed in rgs4 morphants by 24 hpf

(Supplementary Fig. 2), indicating that knockdown of

Rgs4 does not affect neural patterning nor neuronal dif-

ferentiation and survival in the hindbrain and spinal cord.

This result is consistent with the previous observation in

RGS4 knockout mice which also showed normal neuronal

differentiation [11]. In conjunction with the results from

our knockdown approach, we suggest that endogenous

RGS4/Rgs4 is not required for normal neuronal differen-

tiation under physiological conditions.

Loss of Rgs4 is sufficient to cause an axonogenic

phenotypes in spinal cord

Since the rgs4 morphants showed abnormal motility,

despite apparently normal neuronal differentiation, we

questioned whether axon formation was affected. The

zebrafish has recently emerged as an excellent vertebrate

model to study axon outgrowth, guidance, and branching

due to the highly stereotypical trajectory of axons, which

can be conveniently examined in the transparent embryos

[27, 28]. In wild-type zebrafish embryos, three primary

motor neurons, CaP (caudal primary), MiP (middle pri-

mary), and RoP (rostral primary), are located in the middle

of each spinal cord hemisegment that project axons in a

common path from the spinal cord to the medial surface of

the myotomes, where they encounter a somitic choice

point. At this choice point, the axons of the three primary

motor neurons make cell type-specific decisions and con-

tinue on divergent pathways (Fig. 4a). Motor axons were

detected using the znp-1 monoclonal antibody and, as

shown in a control embryo at 24 hpf, CaP axon projections

navigate to the choice point and project into ventral myo-

tome (Fig. 4b). In contrast, 90.8 % (n = 153) of Rgs4

knockdown embryos displayed truncated motor axons

(with an average of 65.33 ± 3.27 % truncated axons in

each embryo counted; see ‘‘Materials and methods’’ for

details) that did not fully project into the ventral myotome

and stalled at or before the choice point (Fig. 4b, d). In

addition to truncation, aberrant CaP axon branching was

observed (Fig. 4b, d) in 85.0 % of embryos (n = 153, with

an average of 38.33 ± 2.15 % axon with branches;

Fig. 4d). Dorsally projecting motor nerves (MiP) also

exhibited truncation defects as the result of Rgs4 knock-

down (62.67 ± 2.99 %; Fig. 4b, d; Supplementary Fig. 6).

These defects suggest that motoneuron projections are

affected by reduction of Rgs4 protein. To determine if

Rgs4 knockdown also affected other spinal cord axons, we

examined the Rohon–Beard sensory axons detected by

acetylated a-tubulin antibody. In control embryos, Rohon–

Beard neurons were located in the dorsal spinal cord and

Zebrafish rgs4 is essential for motility and axonogenesis 941

123



Fig. 3 Rgs4 knockdown resulted in locomotor phenotypes. a Spon-

taneous coiling behavior is defective in rgs4 morphants. Individual

frames from a time-lapse video showing two consecutive coils by a

control embryo at 24 hpf (top panels). Time of each frame is shown at

the top. Tail movement is shown by a solid line in the first panel by

tracking analyses. Both the frequency and angle of tail coiling is

reduced in rgs4 morpholino-injected embryos (lower panels).

b Kinetic analysis of the spontaneous coiling between 17 and

30 hpf. The frequency of coiling was reduced at all stages in rgs4
morphants (red) and CCG-4686 treated embryos (cyan) compared

with the controls (blue). The defect in coiling frequency in rgs4
morpholino injected embryos could be rescued by concomitant

injection of either zebrafish rgs4 (orange), mouse Rgs4 (brown), or

ca-AKT1 (green) cRNA. Each data point represents the average

frequency of contractions and standard errors for all freely moving

embryos examined. Note that all p values were significant before

26 hpf. *p \ 0.05, **p \ 0.01, ***p \ 0.001. c Video capture of

aberrant touch and swim responses in Rgs4 knockdown embryos at

48 hpf. Tactile stimuli were applied at a region close to trigeminal

ganglia. Control embryos responded to stimuli with a rapid escape

response contraction followed by swimming. In contrast, Rgs4

morphants did not respond and were not able to escape. Times

indicated on the top are milliseconds. d Proportion of embryos

swimming after a tactile stimulus. Aberrant responses were observed

in rgs4 morphants and CCG-4686 treated embryos whereas injection

of zebrafish rgs4 or mouse Rgs4 cRNA in rgs4 morphants could

restore the touch and swim responses. Note that injection of ca-AKT
failed to rescue the touch and swim phenotype in Rgs4 deficient

embryos. Measurements in (b) and (d) were performed on 20

embryos per batch, and 3 batches were used per time point. rgs4 MO,

rgs4 morpholino; rgs4 zebrafish rgs4; mRgs4, mouse Rgs4
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sent axons ventrally into the peripheral muscle and skin

[29] (Fig. 4c). In contrast, Rohon–Beard axon fibers were

both fewer and tended to be truncated in rgs4 morpholino

injected embryos (Fig. 4c, e; 25.7 ± 2.90 compare to

127.2 ± 7.83 in the controls, p = 1.22 9 10-40). The

defects of motor and sensory axon caused by Rgs4

knockdown could be rescued by concomitant injection of

zebrafish rgs4 or mouse Rgs4 cRNA, indicating that the

morpholino-induced defects were the result of specific

inhibition of Rgs4 function (Fig. 4b–e), and that Rgs4/

RGS4 has a similar role in different organisms. In contrast,

widespread over-expression of rgs4 cRNA alone did not

cause an axonal defect (data not shown). Taken together,

these results reveal that Rgs4 knockdown is sufficient to

cause axonogenic phenotypes in both motor and sensory

axons in spinal cord.

Since the phenotype of rgs4 morphants showed a defect

of movement, we also examined the development and

patterning of somitic trunk muscles. Birefringence of

polarized light through the parallel fibrillar arrays of the

trunk muscle [30–32] revealed normal patterns in rgs4

morphants compared to control embryos (Supplementary

Fig. 3). In addition, no defect was detected in the somite/

muscle morphology or patterning between controls and

Fig. 4 Rgs4 knockdown caused axon trajectory defects in the spinal

cord. a Schematic representation of axon trajectories of primary

motor neurons at 24 hpf. Axons from three types of spinal neurons

share a common path from the spinal cord to the choice point (dashed
line). At the choice point, CaP axons extend into the ventral

myotome, MiP axons sprout dorsally, and RoP axons pause. b Spinal

cord axon tracts immunostained with znp-1 at 24 hpf. Truncated (red
arrows) and branched motor axons (red arrowheads) can be detected

in rgs4 morpholino-injected and CCG-4986-treated embryos. c The

axons of Rohon–Beard sensory cells stained for acetylated a-tubulin

at 27 hpf were also defective following Rgs4 knockdown and CCG-

4986 treatment. d Quantitative data showing significant increased

motor axonal defects caused by Rgs4 deficiency. e Rohon–Beard

axon counts confirm significantly reduced axon numbers presented as

average number of axons in somitic segments 9–18. The defects of

motor and sensory axon caused by morpholino injection were rescued

by concomitant injection of zebrafish rgs4 or mouse Rgs4 cRNA

(b–e). CaP caudal primary motor neuron; MiP middle primary motor

neuron; RoP rostral primary motor neuron. a–c are lateral views

(rostral to the left; dorsal to the top). rgs4 MO, rgs4 morpholino.

z-stacks of fluorescence images were acquired by confocal micros-

copy. The black-and-white fluorescent signals were inverted to

negative film for a clearer presentation. Data in (d, e) are mean ± SD.

***p \ 0.01. rgs4, zebrafish rgs4; mRgs4, mouse Rgs4
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rgs4 morpholino-injected embryos analyzed by differential

interference contrast optics with transmitted light (Sup-

plementary Fig. 3). These data suggest that knockdown of

Rgs4 does not affect myotome differentiation and organi-

zation, but specifically regulates axon formation.

Knockdown of Rsg4 affects hindbrain axon formation

and pathfinding

The axonal defects observed in the spinal cord of rgs4

morphants suggested this could be the cause for the aberrant

spontaneous coiling and swimming behavior. We next

studied whether the hindbrain neural circuits were also

affected. We first analyzed the bilaterally paired Mauthner

cells located in rhombomere 4, since these are the most

prominent members of the reticulospinal population, which

have been shown to control the touch-escape response in

teleost fish and amphibians [33]. Immunohistochemistry

with the 3A10, anti-neurofilament, antibody-stained Mau-

thner neurons revealing that the axonal trajectory was

affected. Wild-type Mauthner cells project axons symmet-

rically to the contralateral spinal cord and form the medial

longitudinal fasciculus starting at 17 hpf [28]. In embryos

injected with rgs4 morpholino, axons of the paired Mau-

thner neurons were able to project to the contralateral spinal

cord, but were deflected sharply or far more laterally, so

failing to cross each other precisely at the ventral midline in

comparison to the control (Fig. 5a, b; p = 0.005431),

indicating a defect in Mauthner axon pathfinding. Axons of

other hindbrain neurons were examined with the pan-axonal

maker acetylated a-tubulin antibody revealing that the

ladder-like arrays of commissures were much less dense

and less well organized in the hindbrain of Rgs4 knockdown

embryos (Fig. 5c, d; 52.7 ± 2.90 compared to 25.4 ± 2.97

in the controls, p = 1.68 9 10-38). These knockdown

phenotypes could be largely rescued by concomitant

injection of zebrafish rgs4 or mouse Rgs4 cRNA (Fig. 5a–d).

Over-expression of rgs4 cRNA alone did not cause axonal

defect in the hindbrain (data not shown). In conclusion, our

results show that Rgs4 is essential for correct formation of

the hindbrain commissural trajectories.

Rgs4 knockdown resulted in defective trigeminal axons

The essential components of the touch response include the

trigeminal sensory neurons of the head, Mauthner neurons

in the hindbrain, and motor neurons in the spinal cord. In

addition to the axonal defects in the hindbrain and spinal

cord, we found that the growth of trigeminal axons was

also severely impaired in Rgs4-deficient embryos

(Supplementary Fig. 7), and that this phenotype could be

rescued by injection with zebrafish rgs4 or mouse Rgs4

cRNA. The axons of the trigeminal neurons and hindbrain

were both defective, so our results demonstrated that loss

of Rgs4 produced various axonal phenotypes in the hind-

brain and trigeminal neurons, and deviant touch and escape

responses.

Rgs4 regulated axonogenesis requires GAP activity

for Ga subunits

We next studied whether Rgs4-regulated axonogenesis

requires its Ga binding and GTPase activity. Methyl-N-[(4-

chlorophenyl)sulfonyl]-4-nitrobenzenesulfinimidoate (CCG-

4986) has been shown to be a selective RGS4 inhibitor that

disrupts RGS4-Ga interaction and inhibits GTPase accel-

eration [17–19]. Therefore, 15 lM of CCG-4986 was

applied to zebrafish embryos at one- to two-cell stage or at

the 10-somite stage (just before the onset of axonogenesis),

and embryos were analyzed at the same stages as for

morpholino injections (Figs. 4, 5). CCG-4986-treated

embryos showed motility defects very similar to rgs4

morphants (Fig. 3b for spontaneous coiling, and Fig. 3d for

touch response). Axonal defects, such as truncation and

branching in the spinal cord (Fig. 4b–e), irregular path-

finding in the hindbrain, and fewer axonal tracts in the

hindbrain and trigeminal nerves, were also very similar to

those observed in rgs4 morphants (Fig. 5; Supplementary

Fig. 7). These results demonstrated that Rgs4 regulated

axonogenesis requires GAP (GTPase-accelerating proteins)

activity for Ga subunits, suggesting that the RGS domain

was essential for its function. They also support the con-

clusion that the same phenotype seen following rgs4

morpholino injection was due to the specific knockdown of

Rgs4.

Rgs4 regulated axonogenesis requires Akt activation

Our next question was how Rgs4 regulates axonogenesis at

a molecular level. PI3K-Akt is one of the major signaling

pathways downstream of receptor tyrosine kinases (RTKs)

that have been intensively analyzed and shown to be fun-

damental in axonogenesis [34]. This pathway is also

regulated by G-protein-coupled receptor (GPCR) signaling

[35]. More recently, Leone et al. [36] showed that activa-

tion of Akt pathway by serotonin receptors can be inhibited

by RGS4 in neuroblastoma cells. We therefore investigated

whether Rgs4-regulated axonogenesis was mediated by

PI3K-Akt pathways. Western blot analysis of whole

embryo extracts at 14 hpf showed that knockdown of Rgs4

decreased the levels of phosphorylated Akt (Fig. 6a;

p = 0.003396), suggesting that Rgs4 positively regulates

the Akt signaling pathway. To show that this effect occurs

in neurons, HuC-positive neurons were sorted from

Tg(huC:eGFP) embryos using flow cytometry, followed by
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western blot analysis, and the results showed that down-

regulation of phosphorylated Akt occurred in the neurons

of the rgs4 morphants (Fig. 6b). Injection of rgs4 cRNA

into the rgs4 morphants restored the level of phosphory-

lated Akt, whereas injection with rgs4 cRNA alone did not

induce the level of phosphorylated Akt (Fig. 6b). This

suggested that an additional cofactor was required to fur-

ther elevate the level of phosphorylated Akt. To further

determine if this regulation could modulate motor behavior

and axonogenesis, constitutively active AKT1 (ca-AKT1)

was injected into rgs4 morphants. This resulted in resto-

ration of spontaneous coiling (Fig. 3b; all p values showed

statistically significant in comparison to rgs4 morpholino

injection alone); however, this could not rescue the touch

response (Fig. 3d). This suggests that the motor activity of

the spinal cord might have been rescued but the hindbrain

and trigeminal circuits were still impaired. Indeed, analysis

of axonal markers showed that injection of ca-AKT1 cRNA

in rgs4 morphants or CCG-4986-treated embryos rescued

the axonal defects in the spinal cord (Fig. 6c–e), but was

not able to restore the axonal phenotype observed in the

hindbrain and trigeminal nerves (Fig. 7; Supplementary

Figs. 5, 7). In conclusion, these results demonstrate that

Rgs4-regulated axonogenesis could be positively mediated

by the Akt signaling pathway in the spinal motor and

sensory neurons.

Fig. 5 Knockdown of Rgs4 resulted in aberrant axon growth in the

hindbrain. a Mauthner neuron cell bodies and axons were stained with

3A10 antibody in 24-hpf embryos. The crossing points of the bilateral

projected Mauthner fibers are shown by arrows and midlines of neural

tube are indicated with dashed lines. The Mauthner axons failed to

project symmetrically to the contralateral side and did not cross each

other at the midline in Rgs4 knockdown or CCG-4986 treated

embryos. Hindbrain midlines are judged by the location of the central

canal. b Quantification of embryos with aberrant Mauthner axon

trajectory, which shows significantly increased numbers of defective

embryos in Rgs4 knockdown or CCG-4986 treated embryos. c Pan-

axonal marker, acetylated a-tubulin-labeling, shows significantly

reduced number of axons in rgs4 morpholino-injected or CCG-4986-

treated embryos in comparison to the control confirmed by axon

counts. d The axonal phenotypes detected by 3A10 and acetylated

a-tubulin in Rgs4 morphants was rescued by co-injection with

zebrafish rgs4 or mouse Rgs4 cRNA (a–d). Dorsal view, anterior to

the top. rgs4 MO, rgs4 morpholino. **p \ 0.01; ***p \ 0.001
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Discussion

Rgs4 is essential for axon formation

During development, neurons become assembled into

functional networks by dentritic and axonal outgrowths

(broadly termed neurite outgrowth) and connect synap-

tically. Many downstream molecules in the G-protein

signaling pathway, such as small GTPases Rap1 and Rac,

Src, STAT3, and MAP kinases, have been described that

control neurite outgrowth [37]. Although RGS proteins are

well known for regulating G-protein signaling, there is

little direct evidence of a role for RGS proteins in neurite

outgrowth. RGSZ1 and RGS6 directly interact with the

microtubule-destabilizing protein, SCG10, and regulate

the SCG10-induced microtubule organization [38, 39].

The Ras-binding domain of RGS14 facilitates the forma-

tion of the Ras/Raf/MEK/ERK complex to regulate

Fig. 6 Rgs4-regulated

axonogenesis is mediated by

Akt1 in the spinal cord. a Left
western blot analysis with

antibody for phospho-Akt1 (p-

AKT) and total Akt1 (AKT)

shows reduced p-AKT in rgs4
morphants analyzed at 14 hpf.

Right densitometric analysis

shows that knockdown of Rgs4

significantly reduced p-AKT/

AKT levels. p = 0.003396.

b Western blot analysis with

antibodies for phospho-Akt1

(p-AKT) and total Akt1 (AKT)

indicated the downregulation of

p-AKT in HuC-positive

neurons, which were sorted

from the Tg(huC:GFP) embryos

injected with the rgs4
morpholino by flow cytometry,

when compared with the

controls. The level of p-AKT

was restored by co-injection

with rgs4 cRNA, whereas

injection with rgs4 cRNA alone

did not significantly affect

p-AKT expression.

c Immunohistochemistry with

znp-1 and acetylated a-tubulin

shows the axonal defects

observed in the spinal cord of

rgs4 morphants could be

rescued by injection of

constitutively-activated AKT1
cRNA, and this was confirmed

by quantitative analysis (d, e).

The crossing points of Mauthner

axons are shown by arrows, and

dashed lines indicate hindbrain

midlines. ca-AKT1,

constitutively-activated AKT1;

rgs4 MO, rgs4 morpholino.

**p \ 0.01; ***p \ 0.001
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H-Ras-dependent neuritogenesis [40], and RGS2 directly

interacts with tubulin, enhancing microtubule polymeriza-

tion and neurite outgrowth [41]. However, these studies

were based on in vitro analyses. We have shown that

knockdown of Rgs4 in zebrafish embryos is sufficient to

cause aberrant axon formation, and this may be responsible

for the locomotor defects we observed. To our knowledge,

this is the first report demonstrating the role of a RGS

protein specifically in axon formation. In addition, unlike

the studies describe above showing that RGS proteins

regulate neurite outgrowth through the domains other

than RGS, we showed that Rgs4-regulated axonogenesis

requires GAP activity of the RGS domain. Therefore, our

results not only provide in vivo evidence of a critical role

of RGSs in neuritogenesis but also reveal a novel function

of the RGS domain that might apply to other RGS family

members.

Rgs4-regulated axonogenesis is mediated

by Akt signaling

We found that Rgs4 could regulate Akt signaling during

axon formation. Akt is phosphorylated by PI3K signaling

following activation of a tyrosine kinase or GPCR at the

plasma membrane, and subsequently regulates a number of

substrates that are involved in aspects of neurite outgrowth

[42]. The ability of RGS proteins to accelerate GTPase

activity suggests that RGSs may negatively modulate

GPCR-induced Akt activation. Indeed, a previous study

by Leone et al. [36] demonstrated that RGS4 is able to

attenuate serotonin receptor-initiated AKT signaling in

neuroblastoma cells. Intriguingly, our results demonstrated

that phosphorylated Akt1 is essential for Rgs4-regulated

G-protein signaling in axon formation. Therefore, Akt may

regulate, or respond to, Rgs4-regulated G-protein signaling

Fig. 7 Injection of ca-AKT1 in rgs4 morphants could not rescue

axonal defects in the hindbrain. a Defects such as failure of Mauthner

axons to cross each other at the midline and fewer acetylated a-

tubulin stained commissural axons could be detected in Rgs4

knockdown embryos, and neither of these phenotypes could be

restored by injection of constitutively-activated AKT1. b Quantifica-

tion confirms number of embryos with aberrant Mauthner axon

trajectory are significantly increased in either rgs4 morphants or

embryos coinjected with rgs4 morpholino and constitutively-activated

AKT1. c Quantification of axons indicates significant loss of hindbrain

commissural axons in rgs4 morpholino-injected embryos, and injec-

tion of constitutively-activated AKT1 failed to restore the hindbrain

phenotypes. ca-AKT1, constitutively-activated AKT1; rgs4 MO, rgs4
morpholino. *p \ 0.05; ***p \ 0.001
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in axonogenesis by a mechanism yet to be identified.

Although this seems to contradict the previous in vitro data

[36], this can be explained by the fact that G-proteins can

regulate Akt by two opposing mechanisms, either activating

PI3K-dependent AKT signaling by Gbc subunits, or by

inhibiting AKT activation by Gaq [43]. Indeed, we show

that Rgs4 requires the GAP activity of its Ga subunits to

regulate axonogenesis, and that this requires Akt activation.

This, therefore, favors the latter mechanism that this regu-

lation may be mediated by a Ga subunit (Rgs4 inactivates

GTP-bound Ga signaling and relieves the inhibition of Akt

signaling). Unfortunately, this issue is currently difficult to

address due to very limited knowledge about G-protein

subunits with only a few homologues identified in zebrafish.

Our results also suggest that Rgs4 may regulate axono-

genesis via a GPCR-modulated mechanism that differs from

its mechanism in neurotransmission.

The trigeminal nerves, hindbrain and spinal cord play

key roles in the generation of motor activities that are

evolutionary conserved across species [20]. We show that

rgs4 morphants exhibit defects in both touch responses and

swimming capability which suggests impaired neural cir-

cuits in the trigeminal nerves, hindbrain, and spinal cord.

However, distinct aspects of axonal defects were observed

in Rgs4 knockdown embryos. The axons of the spinal cord

showed aberrant elongation and branching, whereas rela-

tively few axonal tracts were observed in the hindbrain and

trigeminal nerves, as well as mis-oriented pathfinding of the

hindbrain commissures nerves. Akt has been shown to be

essential for neurite elongation, branching, and caliber

[42, 44–46]. We found that co-injection with constitutively-

active AKT1 attenuated the effect of rgs4 morpholinos in

the spinal cord, indicating that Akt activation is required for

Rgs4-modulated axonogenesis. Strikingly, activation of Akt

could not restore the axonal phenotypes in the hindbrain and

trigeminal nerves of rgs4 morphants, suggesting a different

pathway is involved. One candidate is MEK-Erk1/2 sig-

naling, since this signaling can also be activated by GPCR

and has been shown to be essential for neurite pathfinding

[47, 48]. Indeed, we found the level of phosphorylated

Erk1/2 was down-regulated in Rgs4 knockdown embryos

(unpublished observation). In summary, our work shows

that Rgs4 regulates axonogenesis and may regulate pro-

cesses by different downstream mechanisms.

The pathophysiological role of Rgs4 in axonal defects

and schizophrenia

Several genes, including RGS4, have been found to have a

significant genetic association with schizophrenia [9].

Aberrant expression has been described, and defects in

these genes may lead to abnormal neurodevelopment and

dysregulation of dopamine and/or glutamine signaling,

which provides a possible pathological mechanism for

schizophrenia at a molecular level [49]. In the neurode-

velopmental hypothesis, susceptibility genes, such as AKT1,

ErbB4, neuregulin-1 (NRG1), dysbindin-1, and disrupted-

in-schizophrenia-1 (DISC1), that regulate progenitor cell

proliferation, neuronal migration, and synaptic connectiv-

ity, have been proposed [50]. Recent studies have revealed

that these genes are also implicated in the process of neurite

formation, providing a model in which abnormalities in

neurite formation could have potential etiologic implica-

tions for schizophrenia [51]. Although direct evidence of

abnormal neurite formation in patients is still missing, there

is evidence that at least some neuropathological defects

may be explained by defects in dendrites and/or axons [51,

52]. In the present study, we showed that in zebrafish

embryos a schizophrenic susceptibility gene, rgs4, is

essential for axon formation, and that this regulation is

mediated by another schizophrenia candidate gene, Akt1.

This result provides further evidence for the neuritogenetic

model for schizophrenia and suggests a possible intracel-

lular signaling cascade for the association of axonogenesis

with schizophrenia worthy of further investigation.
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