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Regulate Axon Branching by the Cyclic GMP Pathway via
Inhibition of Glycogen Synthase Kinase 3 in Dorsal Root
Ganglion Sensory Neurons

Zhen Zhao,"? Zheng Wang,' Ying Gu,' Robert Feil,’ Franz Hofmann,? and Le Ma'>
1Zilkha Neurogenetic Institute, Department of Cell and Neurobiology, Keck School of Medicine, and ?Neuroscience Graduate Program, University of
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Cyclic GMP has been proposed to regulate axonal development, but the molecular and cellular mechanisms underlying the formation of
axon branches are not well understood. Here, we report the use of rodent embryonic sensory neurons from the dorsal root ganglion (DRG)
to demonstrate the role of cGMP signaling in axon branching and to identify the downstream molecular pathway mediating this novel
regulation. Pharmacologically, a specific cGMP analog promotes DRG axon branching in culture, and this activity can be achieved by
activating the endogenous soluble guanylyl cyclase that produces cGMP. At the molecular level, the cGMP-dependent protein kinase 1
(PrkG1) mediates this activity, as DRG neurons isolated from the kinase-deficient mouse fail to respond to cGMP activation to make
branches, whereas overexpression of a PrkG1 mutant with a higher-than-normal basal kinase activity is sufficient to induce branching. In
addition, cGMP activation in DRG neurons leads to phosphorylation of glycogen synthase kinase 3 (GSK3), a protein that normally
suppresses branching. This interaction is direct, because PrkG1 binds GSK3 in heterologous cells and the purified kinase can phosphor-
ylate GSK3 in vitro. More importantly, overexpression of a dominant active form of GSK3 suppresses cGMP-dependent branchingin DRG
neurons. Thus, our study establishes an intrinsic signaling cascade that links cGMP activation to GSK3 inhibition in controlling axon

branching during sensory axon development.
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Introduction

The development of neuronal circuits depends on the formation
of axonal branches at the right time and the right location
(O’Leary and Terashima, 1988). It involves cytoskeleton remod-
eling controlled by extracellular cues and intrinsic determinants,
but the signaling mechanisms underlying such regulation remain
poorly understood (Dent et al., 2003).

The pathway involving the cyclic guanosine-3',5'-
monophosphate (cGMP) may provide a unique signaling mech-
anism in regulating axon branching. cGMP is a second messenger
involved in a variety of biological regulation (Feil et al., 2005). In
the nervous system, it modulates neurotransmitter release, neu-
ronal survival, and possibly synaptic plasticity (Fiscus, 2002; Feil
etal., 2003; Kleppisch et al., 2003; Barnstable et al., 2004). During
axonal development, cGMP signaling has been implicated in
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modulating growth cone response to extracellular guidance cues,
with high levels of cGMP promoting attraction while low levels
promoting repulsion (Song and Poo, 2001). Pharmacological
studies in intact animals or slice cultures have shown that manip-
ulation of a number of enzymes that regulate cGMP levels
perturbs the growth of both axons and dendrites (Gibbs and
Truman, 1998; Cogen and Cohen-Cory, 2000; Polleux et al.,
2000; Seidel and Bicker, 2000; Xiong et al., 2007). Further-
more, the key enzymes in cGMP metabolism and signaling are
expressed in brain regions, such as cerebellum and hippocam-
pus, which are highly plastic during development (Lein et al.,
2007). Finally, the mouse lacking cGMP-dependent protein
kinase 1 (PrkG1) has a defect in the central axonal projection
of the dorsal root ganglion (DRG) sensory neurons (Schmidt
et al., 2002, 2007).

However, many questions remain regarding the precise mech-
anisms of cGMP signaling in axon branching. Although the no-
tion of its function in axon branching is consistent with its posi-
tive role in axon guidance as well as the defect in the PrkGI
knock-out mouse (Schmidt et al., 2007), it is not clear if activa-
tion of cGMP signaling is sufficient to promote branch forma-
tion. In addition, since the cGMP function is mediated by a num-
ber of immediate targets (Hofmann et al., 2000), it needs to be
firmly established that PrkG is the key molecular mediator of
branching. Furthermore, although many proteins mediate PrkG
signaling in other cellular processes (Hofmann et al., 2000), no
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substrate has been defined that is responsible for cGMP function
in axonal development, and particularly in branching.

In this report, we address these issues by investigating cGMP
signaling in a well established three-dimensional culture system
of embryonic DRG neurons (Wang et al., 1999). We find that
activation of the cGMP pathway indeed promotes branch forma-
tion, thus providing strong evidence to establish its role in
branching morphogenesis. We also demonstrate the requirement
of PrkG1 and reveal that its kinase activity is both necessary and
sufficient for this function. Finally, we provide biochemical and
functional evidence to link this novel activity to the regulation of
GSK3, a kinase involved in growth factor-dependent axon
branching (Kim et al., 2006). Thus, our study establishes an in-
trinsic signaling cascade that regulates branching by cGMP sig-
naling during axonal development.

Materials and Methods

Chemicals, animals, and DNA constructs. 8-Br-cGMP and 8-Br-cAMP
were obtained from Sigma and KT5823. YC-1, Wortmannin, LY294002,
U0126 were obtained from Axxora. All animal works were done accord-
ing to the protocols approved by the Institutional Animal Care and Use
Committees at the University of Southern California following the Na-
tional Institutes of Health regulations. Rat embryos were collected from
pregnant Sprague Dawley females (purchased from Charles River Labo-
ratories) with the plug day designated as embryonic day 0 (EO). PrkGI
mutant embryos in a mixed CD-1/C57B6 background were generated by
crossing heterozygous animals with the plug day as E0.5. Genotyping was
done by PCR as previously described (Wegener et al., 2002). The mouse
PrkGle full-length clone was obtained from RIKEN (DB0073L22), and
then cloned into the pCAGGS expression vector by PCR with the FLAG
sequence incorporated into the primers. The full-length HA-tagged
GSK3p (gift from Dr. Xi He, Children’s Hospital, Boston, MA) was
cloned into the pCAGGS vector by restriction digestions. All single
amino acid mutations were generated using QuickChange Mutagenesis
kit (Stratagene) and truncation mutants were generated by PCR. For
bacterial expression, His-tagged GSK3 3 was generated by subcloning the
full-length HA-tagged GSK3p to C terminal of the 6xHis sequence in the
PQE30 vector (Qiagen).

In vitro primary DRG neuron culture. All cultures were done in an F12
medium (Invitrogen) with the N3 supplement, 40 mm glucose, 0.5% fetal
calf serum (FCS) plus NGF (25 ng/ml, 7 s, Sigma). For the in vitro
branching assay, DRG neurons from E14 rat embryos were dissociated
and cultured at 8000 cells per 20 ul of collagen gels (Wang et al., 1999).
After one day in culture, they were treated with 8-Br-cGMP and other
pharmacological reagents. Cells were fixed after another 24 h and stained
for visualization. For PrkGI mutant mouse neurons, they were collected
and pooled together from E12.5 embryos with the same genotype and
then dissociated and cultured as described above.

For expression of various constructs of PrkGla or GSK3p in rat E14
DRG neurons, ~1 X 10° dissociated cells were electroporated with 2—3
g of plasmid DNA using the nucleofection reagent for rat DRG neurons
(Amaxa). After electroporation, cells were diluted with 400 ul of growth
medium, incubated at 37°C for 10 min, and then plated together with
EGFP-transfected cells (1:1 or 1:2 ratio) at 3-5 X 10*in 20 ul of collagen
gels.

Immunohistochemistry and analysis of axon length and branching
points. Cultured neurons were fixed with 4% paraformaldehyde in PBS,
pH 7.4, for 1 h, and permeabilized and blocked with PBS containing 0.1%
Triton X-100 and 1% Goat Serum. For untransfected culture, neurons
were stained with a monoclonal antibody against neurofilament
(RM0270, 1:1000, gift from Dr. Virginia Lee, University of Pennsylvania,
Philadelphia, PA), an HRP conjugated secondary antibody (Jackson Im-
munoResearch, 1:1000), then developed with diaminobenzadine
(Sigma). Images were taken on a dissection scope with AxioCamHRc
(Zeiss). For TUNEL staining, cells were fixed as above and stained fol-
lowing the manufacturer’s protocol (Roche). The transfected cells were
stained with mouse anti-FLAG (M2, 1:2000, Sigma) or rabbit anti-HA
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(1:500, Santa Cruz), and then Alexa- (Invitrogen) or Cy3- (Jackson Im-
munoResearch) conjugated secondary antibodies to detected PrkGle or
GSK3p expression. Images were taken on an Axiovert 200 inverted mi-
croscope with AxioCamMRm (Zeiss).

Images were analyzed using the AxioVision software (Zeiss) or NIH
Image] for the following parameters: number of neurons with neurites,
neuritic length, number of branching points. Only neurons with axons
longer than 50 um were counted. Neurites longer than 20 um (about the
diameter of a soma) were traced and counted as branches. Each condi-
tion was repeated at least twice, and in a single experiment of each con-
dition, >50 neurons were analyzed. Statistical significance was deter-
mined with independent ¢ test and one way ANOVA. For distribution,
the data were presented as mean = STD, and for the rest of the analysis,
the data were presented as mean = SEM.

In situ hybridization. Mouse embryos from different stages were cut on
acryostat (Microm HM560). Sections (16 wm) were processed for in situ
analysis following a standard procedure using digoxigenin-labeled RNA
probes for PrkGla (1-267 bp), PrkG1B (1-322bp), and PrkG2 (1062—
1740bp). Images were obtained on a dissection microscope with Axio-
CamHMc (Zeiss).

DRG axon tracing with Dil. To label DRG axons inside the spinal cord,
E13.5 mouse embryos were fixed and implanted with large Dil crystals or
injected with small amount of Dil by iontophoresis as previously de-
scribed (Ma and Tessier-Lavigne, 2007). The dye was allowed to diffuse at
25°C overnight before visualization on an Axiolmager microscope with
AxioCamMRm (Zeiss).

Analysis of protein phosphorylation by Western blots. Proteins were sep-
arated by SDS-PAGE and transferred onto nitrocellulose membranes,
which were probed with the following antibodies: rabbit anti-HA (Santa
Cruz); rabbit anti-phospho-GSK3 (Ser9), rabbit anti-phospho-Akt
(Ser473), rabbit anti-phospho-ERK (Thr202) (Cell Signaling); and
mouse anti-tubulin (DMla). Alexa680- (Invitrogen) and IRDye800-
labeled secondary antibodies were used for detection on an infrared im-
aging system (Odyssey, LI-COR). Experiments were done multiple
times, and the quantification was done for the blots represented in the
figures.

GSK3 phosphorylation assay in neurons or COS cells. Neuronal cell
lysates were prepared in ice-cold RIPA buffer with protease inhibitors
and phosphatase inhibitors from E14 rat DRG neurons (4 X 10> cells/
well) that were cultured overnight, starved for 3 h without NGF and
stimulated for different times with 50 um 8-Br-cGMP or 50 ng/ml NGF.
COS cells transfected with different combinations of GSK38 and PrkGl«
were grown in serum-free medium for one day before lysed in the above
buffer. Proteins from the lysates were then subjected to Western blotting
described above.

Coimmunoprecipitation. COS cells were cultured in 6-well plates, and
transfected by FuGene 6 (Roche) with different combinations of HA-
tagged GSK3p, Flag-tagged PrkGla, Flag-tagged PrkGla-S64A, and
EGFP. Two days after transfection, cells from each well were collected by
scraping, pelleted by centrifugation, and then lysed in 100 ul of buffer
containing 50 mum Tris-HCI, pH 7.5, 50 mm NaCl,1 mm EDTA, 1.25%
Triton X-100 and a protease inhibitor mixture (Roche). Each 50 ul of
lysate was diluted to a final volume of 1 ml with PBS, incubated overnight
with anti-HA (Santa Cruz) or anti-Flag antibody (Sigma) at 4°C, and
then precipitated with precleaned protein A Sepharose beads (GE
Healthcare Life Sciences). The beads were washed three times with PBS
before elution with 50 ul of gel loading buffer for Western blot.

In vitro phosphorylation assays. In vitro phosphorylation of GSK3/3
using COS cell lysates or the purified kinase was performed in a total
volume of 40 ul of kinase assay buffer containing 20 mm Tris-HCI, pH
7.5,20 mm magnesium acetate, 100 um ATP, 2 mm dithiothreitol, with or
without 20 M 8-Br-cGMP. The reaction was incubated at 30°C for dif-
ferent time points, and stopped by heating at 95°C for 5 min. Protein
samples were separated by SDS-PAGE and blotted as described above.
His-tagged GSK38 was expressed in E. coli (strain M15) and purified
from the soluble lysate using a Hi-Trap Ni column (Pharmacia) under
the native condition. Purified GSK3f proteins were dialyzed against a
buffer containing 20 mm Tris-HCI, pH 7.5, and 20 mm magnesium ace-
tate, and 200 ng was used in each kinase assay. The PrkG1a-S64A lysate
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was prepared from transfected COS cells (100
ul per 10 cm culture dish) and 5 ul of the lysate
was used in the assay. Purified PrkGle protein
from bovine lung was purchased from Calbio-
chem, and ~400 ng (1500) units of proteins
were used per reaction.

Results

c¢GMP activation in cultured DRG
neurons leads to the formation of
multiple axonal branches

To identify signaling mechanisms in-
volved in axon branching, we tested a
number of chemical activators in an in
vitro culture of dissociated E14 rat DRG
neurons. As described previously (Wang et
al,, 1999), DRG neurons at this age normally
have simple morphology when cultured in
collagen gels, with a single axon extending
out from the cell body (Fig. 1A-C). As
shown by the distribution, >40% of neu-
rons had no branch, about half made one,
and <10% generated more than two
branches (Fig. 1 M). Interestingly however,
when treated with 8-bromoguanosine-3’,5'-
cyclic monophosphate (8-Br-cGMP), a
commonly used membrane-permeable
analog of cGMP (Schwarzschild and Zig-
mond, 1991) for just 1 d, these neurons
made more than one branches from the
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single axon, with some having four or five
per axon (Fig. 1 D-F). This effect can be
seen at the 8-Br-cGMP concentration as
low as 2 uM, and with the increasing ana-
log concentration, the distribution shifted
toward the right, indicating an increase in
neurons with more branches (Fig. 1 M). At
the highest concentration (200 uM) tested,
>50% cells had more than two branches,
while <10% had no branches (Fig. 1 M).
On average, the number of branching
points per cell at 200 um 8-Br-cGMP
reached 2.8-fold of that from the control
neurons, which contain less than one
branch per cell (Fig. 1P).

This ¢GMP effect on DRG axon
branching is specific, because
8-bromoadenosine-3',5"-cyclic ~ mono-
phosphate (8-Br-cAMP), an equivalent
analog to activate the cAMP pathway, did
not elicit the same effect (Fig. 1G-I). Nei-
ther the distribution nor the average number of branching points
changed significantly in the 8-Br-cAMP-treated culture com-
pared with the untreated one (Fig. 1N, P). Furthermore, YC-1, a
small molecule that activates the soluble guanylyl cyclase (sGC)
to produce cGMP (Galle et al., 1999), induced branch formation
in a dose dependent manner, reaching a similar level as in the
8-Br-cGMP-treated culture (Fig. 1J-L,0,P). Conversely, Zapri-
nast, an inhibitor that prevents cGMP degradation by
phosphodiesterase-5 (Dundore et al, 1993), also induced
branching (data not shown).

We further examined several parameters to determine if the in
vitro effect reflects the role of cGMP signaling in axon growth or
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Activation of cGMP promotes axon branchingin cultured DRG neurons. A-L, DRG neurons from E14 rat embryos were
dissociated and cultured in collagen gels in the presence of NGF for 24 h and then treated with buffer (4—C), 8-Br-cGMP (50 rum,
D-F), 8-Br-cAMP (50 jum, G-1), or YC-1 (20 pum, J-L). After cultured for another day, they were fixed and stained with antibody
against neurofilament. Regions of the cultures are shown at low magnification in 4, D, G, andJ, while individual cell morphologies
are shown at high magnificationin B,C, E, F, H, I, K, and L. Neurons treated with 8-Br-cGMP or YC-1 but not 8-Br-cAMP showed a
significant increase in branches formed from a single axon extending from the cell body. Scale bars, 100 pm. M—0, Comparison
of axon branching by the distribution of neurons with different number of branches in the above cultures treated with different
concentrations of each chemical. P, Comparison of the average number of branching points measured from neurons cultured
under different chemical concentrations. Q, R, Comparison of the length of total neurites (L,), primary axons (Lp) and total
branches (L,) and the number of branching points of total (B, = B, and B,), primary (B,) and secondary (B,) branches in separate
experiments. The numbers in parentheses indicate the fold change between neurons treated with and without 50 tum 8-Br-cGMP.

branching. First, neurons from the control cultures had a total
length (L,) of 254 = 14 pm, but neurons treated with 8-Br-cGMP
had a nearly twofold increase, reaching 467 = 20 uwm per cell (Fig.
1Q). The 80% increase in L, is not contributed solely by the
elongation of primary axons, as its length (L,) increased only
modestly by 30% (Fig. 1Q). Instead, it reflects the increased
length of primary and secondary branches, as the total branch
length (L)) per cell had a twofold increase (Fig. 1Q). In addition,
this increase appears to be driven by the increased branching
numbers in cGMP-treated neurons, as we found a 1-fold increase
for primary branches (B,), a 6-fold increase for secondary
branches (B,), and an overall 1.3-fold increase in all branches (B,)
(Fig. 1 R). Furthermore, we found no linear correlation between
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PrkG1is both necessary and sufficient for DRG axon branching in culture. A-D, DRG neurons from PrkG7 mutant mice do not support axon branching after cGMP activation. E12.5 mouse

DRG neurons from wild-type (+/+, A, B) or PrkG1 mutant (—/—, C, D) littermates were cultured for 2 d in collagen gels and treated with (B, D) or without (4, €) 50 1M 8-Br-cGMP on the second
day. They are visualized by antibody staining for neurofilament. Note that wild-type neurons (B), but not the PrkG7 ™ cells (D), generated more branches in the presence of Br-cGMP. Scale bar,
100 m. E, F, The difference in the above culture is shown by the change in the distribution of cells with different branch numbers (E) and the average number of branching points (F). G-M,
Overexpression of PrkG1a mutants modulates axon branching in DRG neurons. Dissociated rat E14 DRG neurons transfected with either EGFP (G, H), the full length (-FL, 1, J), the S64A mutant
(-S64A) (K, L) or the N-terminal fragment (N) (M, N) of PrkG1cc were cultured for 2 d in collagen gels and treated with (H, J, L, N') or without (G, I, K, M) 50 . 8-Br-cGMP. They are visualized based
on the EGFP fluorescence (G, H) or antibody staining against the FLAG tag fused to the PrkG1c proteins (I-N). The S64A mutant induced the formation of multiple branches (arrows) in the absence
of 8-Br-cGMP (K), while the N-terminal fragment blocked 8-Br-cGMP-induced branching (M). Arrows point to the end of axonal branches. Scale bars, 100 wm. 0-Q, The difference in the above
culture is shown by the change in the distribution of cells with different branch numbers (@, P) and the average number of branching points (Q). Statistical differences are shown by the p values.

L, and B, for all the neurons analyzed (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material), indicating
cGMP-stimulated branch formation is independent of the
growth of primary axons. Thus, the effect of cGMP on axon
branching is mediated mainly by promoting branch formation
instead of accelerated axon growth.

Finally, we examined the possible role of cGMP signaling in
regulating neuronal survival and axongenesis as previously sug-
gested (Thippeswamy and Morris, 1997; Seidel and Bicker, 2000;
Fiscus, 2002). As shown by TUNEL staining, the cell death did not
change significantly in the cultures treated with 8-Br-cGMP com-
pared with the untreated control (supplemental Fig. 2 A, available
at www.jneurosci.org as supplemental material). In addition,
these neurons usually made only one axon per cell body in colla-
gen gels, and this number did not change after cGMP stimula-
tion, indicating that the pathway does not promote axonogenesis
(data not shown). This conclusion is further supported by our
study of BAX null DRG neurons (Lentz et al., 1999), which sur-
vived in the absence of NGF but did not make more axons in the
presence of 8-Br-cGMP (supplemental Fig. 2B, available at
www.jneurosci.org as supplemental material).

Together, these analyses have revealed that the cGMP pathway
can provide a specific intracellular signaling mechanism that pro-
motes branch formation in culture.

Activation of PrkGl is both necessary and sufficient for DRG
axon branching in culture

Since a number of immediate downstream targets are known for
mediating cGMP signaling in different cellular processes, we next
wanted to identify the mediator for this novel branching activity.
We focused our study on PrkGl1, because it is expressed in the
DRG (see Fig. 3F-I) (Schmidt et al., 2002). In addition, KT5823,
a specific inhibitor that interferes with the ATP binding site of the
catalytic domain of PrkG (Hidaka and Kobayashi, 1992), blocked
the branching effect in culture (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). To test its require-
ment in the in vitro assay, we isolated DRG neurons from E12.5
PrkG1I null embryos (Wegener et al., 2002) and examined their
response to 8-Br-cGMP in culture. These neurons, equivalent to
E14 rat DRG cells, normally had simple morphology but made
more branches in response to 8-Br-cGMP (Fig. 2A,B). However,
despite growing normally (Fig. 2C) with no defect in survival
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Requirement of PrkG1 in DRG axon bifurcation during early embryonic development. A, A diagram showing the projections of sensory neurons in the E13.5 spinal cord. B—E,

Visualization of Dil-labeled DRG axon projections at the single-cell resolution. Images were taken from the lateral side of E13.5 spinal cords in an open book preparation. Normally in the wild-type

spinal cord, sensory axons bifurcate (arrows) at the DREZ, resulting two daughter branches that extend in opposite directions along the rostrocaudal axis (B, €). However, in the PrkGT ™~

/~ mutant

spinal cords (D, E), one of the branches is missing, while the other appears to grow normally but turn to either rostral or caudal direction (arrows point to the turning point). Note that the collaterals
(arrowheads) are still formed from the remaining axons. Scale bar, 500 m. F-0, Expression of three different PrkG isoforms is analyzed in the DRG from E10.5 (F), E12.5 (G, J, M), E15.5 (H, K, N),
or E18.5 (1, L, 0) mouse embryos by RNA in situ hybridization using digoxigenin-labeled RNA probes for PrkG1cx (F-1), PrkG1 (J-L), and PrkG2 (M—0). Scale bar, 100 pum.

(data not shown), they failed to make more branches when
treated with 8-Br-cGMP (Fig. 2 D), as compared with wild-type
neurons (Fig. 2E, F). Thus, PrkG1 is indeed required for cGMP-
stimulated branching in culture.

To further characterize the function of PrkG1, we asked if
perturbation of its activity at the molecular level could modulate
branching. We generated several mouse PrkGla mutants and
expressed them in E14 rat DRG neurons by electroporation. We
first tested the full-length wild-type PrkGla and found only a
modest increase in basal branching (by 20%) as well as in cGMP-
stimulated branching (by 20%), as compared with neurons ex-
pressing EGFP that were cultured together (Fig. 2G—J, O-Q). We
then tested an S64A mutant, which has twice the basal kinase
activity of the wild type and 10-fold higher affinity for cGMP

(Busch et al., 2002). Strikingly, neurons expressing this mutant
displayed excessive branches even in the absence of 8-Br-cGMP
(Fig. 2K-L, O—Q). The number of branching points increased
nearly 1.5-fold, indicating that it could promote branching with
the endogenous cGMP level (Fig. 2K,0-Q). Not surprisingly,
8-Br-cGMP did not further increase the branching number (Fig.
2L), suggesting that the kinase was already fully activated or the
downstream branching program was limiting. Finally, we over-
expressed the N-terminal fragment containing the regulatory do-
main of PrkGle, which was reported to be dominant inhibitory
(Browning et al., 2001). This protein had little effect on basal
axon growth and branching, but blocked branching in neurons
treated with 8-Br-cGMP (Fig. 2 M—N, O-Q). Thus, these results
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demonstrate that PrkGl is the key mediator for the cGMP path-
way in axon branching.

Developmental requirement of cGMP signaling in DRG axon
bifurcation in mice

To understand the physiological significance of the branching
activity we found in culture, we next examined the development
of DRG axons in the PrkG1 knock-out mice, in which DRG cen-
tral afferents have been shown to misproject at the dorsal root
entry zone (DREZ) (Schmidt et al., 2002). Consistently, mutant
DRG afferents labeled by Dil were often found more in one di-
rection than the other in the DREZ, without a clear rostral or
caudal preference (supplemental Fig. 4, available at www.jneuro-
sci.org as supplemental material). To examine individual axons,
we used Dil iontophoresis to label DRG axon in the E13.5 spinal
cord (Fig. 3A-E). As described previously (Ozaki and Snider,
1997; Ma and Tessier-Lavigne, 2007), nearly all axons formed
symmetric T- or Y-shaped bifurcation fork in wild-type or het-
erozygous littermates, and very rarely did they turn to the longi-
tudinal tract without bifurcation (1.4% for wild type and 5.5%
for the heterozygous) (Fig. 3 B, C; supplemental Table 1, available
at www.jneurosci.org as supplemental material). However, the
majority of Dil-labeled axons (98.6%) in the mutants did not
have two branches and lost either the rostral or the caudal branch
in a random manner. The remaining branch turned correctly
into the longitudinal track and some already sprouted nascent
collaterals, suggesting that the defect is not due to a delay in
bifurcation (Fig. 1D-F). This defect is consistent with the
recent report by Schmidt et al. (2007), and correlates well with
the expression of PrkGla but not the other isoforms during
early embryonic development (Fig. 3F-0O). Like those re-
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ported by the immunohistochemical

+ + 4+ studies (Qian et al., 1996; Schmidt et al.
* = = 2002), PrkGla transcript appears at
-+ - E10.5 (Fig. 1 F) when the pioneer axons
. reach the spinal cord and begin to bifur-
—— cate,.peaks at E12.5, and becomes more
o restricted between E15.5 and E18.5 (Fig.

3G-I). Thus, these in vivo analyses indi-

cate that cGMP signaling indeed plays a
role in DRG axon bifurcation, which is

consistent with its activity in promoting
branching in culture.

¢GMP activation leads to phosphorylation of GSK3 sin DRG neurons and COS cells. 4, Western blot of phospho-GSK3 «x
(Ser21) and phospho-GSK3 3 (Ser9) in extracts from dissociated E14 rat DRG neurons cultured for 24 h. These cells were starved for
3 h by removing NGF and then treated with 8-Br-cGMP (50 rum) or NGF (50 ng/ml) for the time periods indicated. Tubulin was
blotted as a loading control. B, The relative level of phosphorylation on the above Western blot (A) was calculated based on the
intensity of each band, normalized to the expression of tubulin on the same membrane, and compared with the control sample.
Note the increase in phosphorylation in extracts treated with 8-Br-cGMP or NGF. €, HA-tagged GSK3 3 was expressed in COS cells
along with EGFP, the full length (FT) or the S64A mutant of PrkG1cv. Its phosphorylation was detected by a GSK3 phosphoantibody,
whileits expression was probed by HA antibody. PrkG1c expression was revealed by antibodies against the FLAG tag fused to the
protein. Tubulin staining was used as a loading control. D, Quantification of the GSK33 phosphorylation level from the above
Western blot (€) and the band intensity is normalized sequentially to that from blots for HA for GSK33 and FLAG for PrkG1. The
number in the parentheses indicates the fold change compared with the control sample expressing GSK3 3 and EGFP.

c¢GMP activation leads to
phosphorylation of GSK3 in DRG
neurons and COS cells

To understand how PrkG1 activation by
c¢GMP controls branching, we attempted
to identify the downstream pathways
that mediate this novel activity in axonal
development. Since our DRG neurons
were cultured in the presence of NGF, a
possible mechanism for cGMP signaling
would be targeting a common down-
stream pathway involved in branching.
Therefore, we examined several targets
downstream of NGF signaling, with a fo-
cus on GSK3a and GSK3, two proteins
that have been shown to negatively reg-
ulate axon growth and branching but
can be inhibited by growth factor signal-
ing in DRG neurons (Kim et al., 2006).

We first examined their phosphorylation in cultured DRG
neurons by Western blot using a phosphospecific antibody
that recognized phosphoserine at position 21 in GSK3« and
position 9 in GSK3 (Fig. 4A). Within 5 min of 8-Br-cGMP
treatment, the phosphorylation level of both isoforms started
to increase, and at 30 min, reached at ~1.5-fold of the basal
level (Fig. 4B). As a comparison, their phosphorylation in
response to NGF reached nearly twofold of the basal level
within 5 min, similar to what was reported recently (Zhou et
al., 2004). In addition, this cGMP-stimulated phosphorylation
is dependent on PrkG1, as it was no longer observed in PrkG1
null neurons, which still retained NGF-dependent phosphor-
ylation (supplemental Fig. 5, available at www.jneurosci.org as
supplemental material).

We also examined other known downstream molecules in-
volved in NGF signaling, including Akt, the kinase that is acti-
vated by phosphatidylinositol 3-kinase (PI3-K) and phosphory-
lates GSK3, and ERK, the kinase that mediates a separate Raf
signaling pathway (see Fig. 7A) (Markus et al., 2002; Zhou et al.,
2004; Zhong et al., 2007). Neither protein showed any significant
change in phosphorylation in DRG neurons in response to 8-Br-
c¢GMP, although they both respond to NGF stimulation (supple-
mental Fig. 6, available at www.jneurosci.org as supplemental
material). Thus, cGMP activation specifically phosphorylates
GSK3 in DRG neurons.

To further verify this connection, we analyzed GSK3 phos-
phorylation by Western blots in COS cells expressing both
PrkGla and GSK3 (Fig. 4C). In the presence of the full-length
PrkGla or the S64A mutant, GSK3 3 phosphorylation increased
to 3.4-fold or 4.9-fold, respectively, over the control with EGFP
(Fig. 4D). As a comparison, phosphorylation of the endogenous

(1.0) (3.4) (4.9)
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Akt did not change significantly (data not
shown). Thus, these studies reveal that
GSK3 is a potential downstream target for
PrkG1 and suggest a mechanism in which
c¢GMP signaling leads to GSK3 phosphor-
ylation and thereby relieves its inhibition
of branching in DRG neurons.

PrkG1la binds and phosphorylates

GSK3 directly

The sequence surrounding the phos-
phorylation site in both GSK3a and
GSK3p is highly conserved among dif-
ferent species, and the four adjacent res-
idues share high similarity with the con-
sensus sequence (-Arg-Arg-X-Ser/Thr-
X-) for known PrkG substrates (Fig. 5A).
To test if GSK3 could be a direct sub-
strate of PrkGla, we first determined if
GSK3B could physically associate with
PrkGla in COS cells by immunoprecipi-
tation (Fig. 5B). When the full-length
wild type or the S64A mutant of PrkGla
was coexpressed with HA-tagged GSK33
in COS cells, either PrkGla protein
could be precipitated by the HA-specific
antibody. As a control, neither protein
came down when they were coexpressed
with EGFP, confirming the specificity of
the association. In a reciprocal experi-
ment using a FLAG antibody, GSK3f3
could be coprecipitated with both FLAG
tagged PrkGla proteins, but not EGFP.
Consistently, the S64A mutant had
stronger binding than the wild type in
both cases.

Next, we asked if GSK3f3 can be phos-
phorylated in vitro by COS cell extracts
containing overexpressed PrkGla. We
purified the native recombinant GSK3f3
proteins from bacteria and incubated
them with the COS cell lysates containing
the S64A mutant of PrkGla. Phosphory-
lation of GSK3p revealed by the phos-
phospecific antibody on Western blots
(Fig. 5C) increased by 80% after 5 min in-
cubation, peaked at 15 min with 2.6-fold
of the basal level, and plateaued between
30 and 60 min (Fig. 5D).

Finally, we tested if GSK3 could be
phosphorylated directly by purified
PrkGla proteins. When the recombinant
GSK3p protein was incubated with the ki-

nase purified from the bovine lung tissues at 30°C for 30 min (Fig.
5E), the phosphorylation signal was increased dramatically by
~3-fold over the basal condition without the kinase. Moreover,
stimulation of the kinase by including 8-Br-cGMP induced an
additional 1.8-fold increase in phosphorylation (Fig. 5F), indi-
cating that PrkG1 phosphorylates GSK3 in a cGMP-dependent

manner.

Together, these studies in heterologous cells and with purified
proteins suggest that GSK3 3 is a direct target for cGMP signaling

via PrkGla phosphorylation.
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Figure 5.  Biochemical interaction of GSK33 with Prk@1 in COS cells and in vitro. A, Comparison of the sequences surrounding
the N-terminal phosphorylation site in GSK3cand GSK3 3 from different species. B, Coimmunoprecipitation of HA-tagged GSK3 3
and Flag-tagged PrkG1a-FL or PrkG1ce-S64A. COS-7 cells were transfected with a combination of constructs for GSK3 3, PrkG1a-
FL, PrkG1a-S64A, and EGFP as indicated in the label above the blot. Cell lysates were immunoprecipitated (IP) with anti-HA or
anti-Flag antibodies, and probed with antibodies against Flag or HA on Western blots (WB) as indicated on the left side of the top
four blots. Coimmunoprecipitation of GSK3 3 and PrkG1c or PrkG1c-S64A is shown on the fourth and fifth lane. The cell lysates
used for immunoprecipitation were also blotted and probed as input controls (bottom 2 blots). C, D, In vitro phosphorylation of
purified GSK33 by COS cell extracts containing PrkG1a-S64A. Cell extracts were prepared from C0S-7 cells transfected with a
PrkG1a-S64A expression construct and then mixed with recombinant GSK33 proteins (200 ng) purified from bacteria in the
kinase assay buffer at 30°Cfor various time points. Phosphorylation of GSK3 3 at serine-9 was detected by Western blot using the
anti-phospho-GSK3 antibody, and the amount of GSK33 and PrkG1-S64A was probed with antibodies against HA and Flag,
respectively (). The level of phosphorylation was calculated from the band intensity that was normalized to that of 0 min (D). E,
F, GSK3 3 can be directly phosphorylated by PrkG1cx in vitro. Purified bovine PrkG1c proteins (400 ng) and GSK3 3 proteins (200
ng) were incubated in the kinase assay buffer with or without 20 rum 8-Br-cGMP at 30°C for 30 min. GSK3 3 phosphorylation at
serine-9 was analyzed using the specific antibody on the Western blot (E). The relative level of phosphorylation was calculated
from the band intensity (F) normalized to the amount of GSK3 3 in the reaction that was determined by the HA antibody (E). Note
the huge signal of GSK3 3 phosphorylation when the kinase was added to the reaction and another nearly twofold increase when
8-Br-cGMP was also included.

A dominant active GSK3 3 phosphomutant inhibits cGMP-
induced branching in DRG neurons

To further test the role of GSK3 phosphorylation in ¢cGMP-
induced branching, we generated an expression construct for a
GSK3B mutant (S9A), which had the phosphorylation site
mutated from serine to alanine. Because the kinase can no
longer be inactivated by phosphorylation (Eldar-Finkelman et
al., 1996), we reasoned that this mutant could act as a domi-
nant active kinase to prevent cGMP signaling from promoting
branching. Indeed, DRG neurons expressing this mutant gen-
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A dominant active GSK3 3 mutant blocks branch formation stimulated by 8-Br-cGMP in DRG neurons. A-H, Disso-
ciated E14 DRG neurons were electroporated with plasmids expressing EGFP (A, B), GSK3 3 full length (FL, C-D), the S9A mutant
(E, F), or the S9D mutant (G, H), cultured in collagen gels, and treated without (4, C, E, G) or with (B, D, F, H) 50 um 8-Br-cGMP
for 1 d. Cells are visualized with the EGFP fluorescence (A, B) or an antibody against the HA tag attached to GSK33 (C-H).
Expression of the S9A mutant blocked cGMP-induced branches (F, arrows), while expression of the wild type or the S9D mutant

at www.jneurosci.org as supplemental ma-
terial). Second, blocking ERK activity by
U126 had no effect on cGMP-stimulated
branching either. As a comparison, the in-
hibitory effect of these antagonists on
» 8-Br-cGMP-stimulated branching was
<10%, while the inhibition by KT5823
and the S9A mutant of GSK33 reached
74% and 91%, respectively (Fig. 7B).
Therefore, these results suggest that GSK3
specifically mediates the downstream
branching signaling of cGMP via the con-
trol of its phosphorylation.

Discussion
The development of axonal branches is
critical to establishing functional and plas-
:‘: tic neuronal circuits. Diverse branched ax-
oz ons have been documented for more than
o a century, but how they are formed re-
mains to be one of the central questions in
understanding circuitry formation. Al-
though many factors can modulate
branching morphogenesis, the intrinsic
signaling mechanisms are not well de-
fined. In this study, we provide evidence to
show that the cGMP pathway provides one
of such mechanisms. We have mapped the
pathway to the upstream activator that
produces cGMP, identified PrkG1 as the
key molecular player, and linked the path-
way to GSK3, a downstream kinase associ-
ated with cytoskeleton regulation. We pro-
pose that this pathway can provide a
general mechanism to establish complex
branched neuronal circuits and regulate
synaptic plasticity in the brain.

S9A
GSK3

S9D

had no effect (H). Note, many non-neuronal cells were also stained and shown in the background, and arrows point to the end of

axonal branches. Scale bar, 100 m. I-K, Comparison of the distribution of neurons with different branch numbers (/,J) and the
number of branching points (K) between cells expressing different proteins described above. Statistical differences are shown by

the p values.

erated much simpler morphology even in the presence of
8-Br-cGMP (Fig. 6 E, F). At the basal level, the cell distribution
as well as the number of branching points in these neurons was
very similar to that of control cells expressing EGFP (Fig.
6A,E). However, when these cells were treated with 8-Br-
c¢GMP (Fig. 6F), the branched morphology normally exhib-
ited in the control cells was completely abolished (Fig. 6 B,F),
with the average number of branching points dropped to that
of unstimulated neurons (Fig. 6 K). Not surprisingly, overex-
pression of the wild-type full-length GSK3p also reduced the
response to cGMP activation, although to a lesser extent (Fig.
6C,D). Finally, a phosphorylated mutant (S9D), which is in-
active toward its downstream substrate, had no effect on the
response of DRG neurons to 8-Br-cGMP (Fig. 6G-H, I-K).
To understand if GSK3 is the only downstream target shared
by both cGMP and NGF signaling, we also examined other inter-
mediate signaling molecules of the NGF pathways (Markus et al.,
2002; Kim et al., 2006). First, inhibition of PI3-K by wortmannin
and LY294002 reduced basal level branching to different extents
but did not block new branch formation stimulated by 8-Br-

c¢GMP signaling can positively regulate
axon branching during

circuitry development

Cyclic nucleotides including cAMP and
c¢GMP have been known for their roles in
regulating axon guidance in vitro (Song and Poo, 1999), yet no
direct roles in regulating axon branching have been documented
for either cyclic nucleotide. Here, we provide pharmacological,
molecular, and genetic evidence to establish the involvement of
the cGMP pathway in regulating axon branching, an important
step in establishing neuronal circuits. Our results from cultured
DRG neurons treated with pharmacological reagents as well as
overexpressing PrkG1 mutants (Figs. 1, 2) provide compelling
evidence to demonstrate a direct role of this pathway in axon
branching. In addition, our study of PrkGI deficient mouse pro-
vides both in vitro and in vivo (Figs. 2, 3) support for the requirement
of the kinase in the formation of sensory circuitry in the spinal cord.
These conclusions not only are consistent with the hypothesis that
higher levels of cyclic nucleotides lead to positive regulation of ax-
onal development (Song and Poo, 1999), but also further extend it to
axon branching, a process that is intimately associated with but
mechanistically different from axon guidance and growth. This no-
tion is further supported by the loss of bifurcated branches in PrkG1
mutants (Fig. 3). Therefore, together with the study by Schmidt et al.
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(2007), our study has revealed a novel role of A
the ¢cGMP pathway in regulating axon
branching and demonstrated that such reg-

Receptor GC
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ulation is mediated by PrkG1.

How is the cGMP level controlled to >
fulfill this novel function in circuitry de- "NOST\-‘
velopment? One route is mediated by ;ch =@ e
membrane-bound  guanylyl  cyclases i |

(mGCs) (Wedel and Garbers, 2001), as ev-
idenced from the study of the receptor
type mGC Npr2, which, like PrkGl, is re-
quired for bifurcation of DRG axons in
mice (Schmidt et al., 2007). Such route of
c¢GMP production is consistent with the
genetic study of an mGC and its involve-
ment in motor neurons pathfinding in
flies (Ayoob et al., 2004). Alternatively,
sGC (Friebe and Koesling, 2003) may pro-
vide a different route to produce cGMP,
which is supported by our observation that
sGC activation is sufficient to reproduce
the same cGMP-induced branching phe-
notype in culture (Fig. 1). It is also consis-
tent with the genetic study of the require-
ment of an sGC for optic nerve targeting in
flies (Gibbs et al., 2001) and pharmacological study of sGC and its
physiological activator nitric oxide in dendritic branching of mo-
tor neurons in mammals (Xiong et al., 2007).

Thus, the spatial and temporal regulation of cGMP produc-
tion can provide a versatile mechanism to pattern different ax-
onal branches during development, although further studies are
needed. We speculate that this pathway can also regulate synaptic
plasticity, as rapid production of cGMP locally provides an effi-
cient mean to induce structural changes necessary for synaptic
remodeling. In fact, many enzymes involved in cGMP produc-
tion and stability are expressed in the synapses and implicated in
synaptic transmission (Mungrue and Bredt, 2004). This proposi-
tion is also consistent with the reduced long-term potentiation in
hippocampus and the loss of long-term depression in cerebellar
Purkinje cells found in PrkGI mutant mice (Feil et al., 2003;
Kleppisch etal., 2003), but detailed analyses are needed to link the
morphological changes to synaptic modulation in the future.

Figure 7.

—1)/(Fold

control

Axon bifurcation: a looking glass into the cellular mechanism
of axon branching
Although the branched morphology of cultured DRG neurons is
quite different from bifurcation regulated by PrkG1 in vivo, our
studies of mice lacking either cGMP or Slit signaling suggest that
they may well share a common cellular mechanism. Despite the
loss of one daughter branch, the proper turning of the DRG axon
in the PrkGI mutant (Fig. 3) (Schmidt et al., 2007) suggests that
bifurcation involves branching and guidance, two separate events
regulated by different signals. This idea is supported by the defect
found in the Slit mutants, where neither branch is lost but one
branch misprojects into the spinal cord (Ma and Tessier-Lavigne,
2007). These phenotypes are consistent with the model in which
the two branches are not created equally but have different mo-
lecular and biochemical properties. For example, one axon, likely
the incoming primary axon, can respond to Slit to stop at the
DREZ and turn into the longitudinal track; the other axon may
emerge from the turning point as a collateral branch in a process
that is regulated by cGMP signaling locally.

Such a model in which a bifurcated axon arises from a collat-
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Summary of the common targets for the cGMP and NGF pathways and the inhibition study. 4, A working model
summarizing the molecular pathways involved in both cGMP and NGF signaling. The dashed lines include the factors and connec-
tions identified i this study that promote axon branching in DRG neurons. B, A summary of all inhibition studies of c@MP-induced
axon branching in DRG neurons. They are divided into three groups: studies targeting PI3-K and ERK with chemical inhibitor
wortmannin (wort), LY294002 (LY) or U0126; studies targeting PrkG1 with KT5823 (KT), by overexpression of the N-terminal
fragment of PrkG1, or using PrkG 7 null DRG neurons; studies targeting GSK3 3 by overexpressing the full length or the S9A mutant.
The percentage of inhibition is based on the fold change in the number of branching points comparing cells treated with and
without 50 uum 8-Br-cGMPand calculated from comparing each testing condition and its control [Inhibition% = (1—(Fold,
—1))*100%].

eral branch indicates that bifurcation may be a special case of a
common branching process shaped by multiple local environ-
mental cues. This explains the difference in morphologies be-
tween bifurcated DRG axons in mice and ¢cGMP-stimulated
branches in culture, as the lack of other physiological cues to
control proper guidance permits cGMP-activated axons to form
multiple branches in culture (Fig. 1). This model is also consis-
tent with the recent in vivo observation of cortical axons, which
do not split growth cones to make collateral branches (Portera-
Cailliau et al., 2005). However, further studies will be needed to
test this model and understand how branching and guidance are
regulated coordinately by local cues to generate bifurcated axon
as well as other branching patterns.

Activation of cGMP signaling modulates a common
branching pathway
Although several substrates have been identified in non-neuronal
cells (Hofmann et al., 2000), little is known about the factors that
mediate the activity of cGMP signaling in axonal development.
Only L-type calcium channel has recently been implicated in
cAMP/cGMP-regulated growth cone turning (Nishiyama et al.,
2003). Our study now provides both biochemical and molecular
evidence to directly link cGMP signaling to GSK3, a molecule
known to phosphorylate cytoskeletal proteins (Zhou et al., 2004;
Yoshimura et al., 2005). Consistent with the observation that
inhibiting GSK3 activity promotes branch formation (Kim et al.,
2006), we find that PrkG1 activation leads to the phosphorylation
of GSK3 in DRG neurons while overexpression of a non-
phosphorylated form of GSK3p blocks the branching activity.
More importantly, we find a direct interaction between PrkG1
and GSK3p that is supported by their biochemical properties as
enzyme and substrate and consistent with GSK3 being phosphor-
ylated by the PrkG2 in osteoblasts and chondrocytes (Zhao et al.,
2005; Kawasaki et al., 2008). Thus, our study identifies GSK3 as a
new substrate for PrkG1 in mediating the branching activity of
c¢GMP signaling in axonal development.

This conclusion is consistent with a recent proposal that GSK3
is a convergent point for regulatory pathways to control axonal



Zhao et al.  cGMP Regulates Axon Branching via GSK3

morphology (Kim et al., 2006). In this proposal, GSK3 inactiva-
tion in the growth cone mediates NGF-dependent axon growth,
while partial inactivation along the axons leads to nonpolarized
activation of primed substrates CRMP2 and APC along the axon
and hence branch formation. Since the level of cGMP-dependent
GSK phosphorylation is half of that from NGF treatment in DRG
neurons, it is conceivable that this model explains the branching
phenotype observed in culture. In addition, the bifurcation defect
is consistent with the idea that local inhibition of GSK3 leads to
branch formation by activating CRMP2 and APC, two proteins
that control microtubule assembly (Kim et al., 2006). In fact,
GSK3 regulates the association of CRMP2 with microtubules in
establishing neuronal polarization (Yoshimura et al., 2005), and
mediates APC localization and microtubule assembly in the
growth cone that is regulated by Wnt signaling, another pathway
that can promote branching in DRG neurons (Purro et al., 2008).
Although the exact detail remains to be worked out, local modu-
lation of microtubule assembly via the control of GSK activity
could provide a key mechanism to link cell signaling to the cy-
toskeleton in branching morphogenesis.

The link between GSK3 and ¢cGMP also reinforces the idea
that cGMP signaling regulates axon branching but not growth.
GSK3 is part of a pathway involved in NGF signaling in axonal
development, and overexpression of its upstream kinase Akt pro-
motes branching in DRG neurons (Markus et al., 2002). Al-
though Akt was not found to be the target, our study connects
c¢GMP signaling to GSK3 in the middle of a pathway involved in
branching. Moreover, cGMP signaling does not target the sepa-
rate Raf pathway that mediates NGF-dependent axon growth
(Zhonget al., 2007). Thus, our study reveals that cGMP signaling
is linked to a common pathway that controls axon branching
during circuitry development.
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