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INTRODUCTION

The function of the nervous system depends on the highly specific
pattern of connections formed between neurons during development.
The specificity of these connections requires neurite extension toward
the correct targets guided by the growth cone, and refinement and
remodeling of the initial pattern of connections, referred to as synaptic
plasticity, that are dependent on patterns of synaptic activity (1). The
growth cone receives several kinds of environmental signals, such as
diffusible chemoattractants and chemorepellants, extracellular matrix
components, and cell adhesion molecules (2), and then the growth cone
interprets these signals to generate a change in its shape and motility,
that results in the advance, turning, or collapse of the growth cone.

The Rho family of small GTPases, including Rac, Cdc42, and Rho,
has been implicated in the reorganization of the actin cytoskeleton and
subsequent morphological changes in various cell types (3, 4). Like
other GTPases of the Ras superfamily, they serve as molecular swithes
by cycling between an inactive GDP-bound state and an active GTP-
bound state. Activation of the Rho family proteins requires GDP-GTP
exchange catalysed by various guanine-nucleotide exchange factors
(GEFs), and their activation is also regulated by GTPase-activating
proteins (GAPs) which stimulate their intrinsic GTPase activities. In
addition, guanine-nucleotide dissociation inhibitors (GDIs) inhibit the
exchange of GDP for GTP and might also serve to regulate their
association with membranes (Fig. 0-1). Recent studies have shown that
the Rho family proteins play critical roles in the regulation of the
cytoskeleton required for neurite extension and retraction. Studies on
neuronal cell lines have shown that Rac and Cdc42 are involved in the

formation of lamellipodia and filopodia of the growth cone,
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respectively, and they are required for the outgrowth of neurites. On
the other hand, Rho is required for the collapse of the growth cone and
the retraction of neurites (5-7, Fig. 0-2). The functions of these
GTPases have been also examined in vivo, and defects in the regulation
of these GTPase activities have been demonstrated to affect the
development of the nervous system (8-10).

PC12 cells are derived from rat pheochromocytomas and serve as a
useful model system for the study of neuronal differentiation. When
PCI12 cells are exposed to nerve growth factor (NGF) for several days,
they acquire many features of sympathetic neurons, such as outgrowth
of neurites (11). Previous studies have found that the activation of a
certain heterotrimeric GTP-binding protein (G-protein)-coupled
receptor, such as lysophosphatidic acid (LPA) receptor, caused the rapid
collapse of growth cones and retraction of extended neurites in NGF-
differentiated PC12 cells (12-14). Clostridium botulinum C3
exoenzyme, which specifically ADP-ribosylates Rho and suppresses the
actions of Rho (15, 16), inhibits the receptor-mediated growth cone
collapse and neurite retraction (17, 18), indicating that Rho is required
for these morphological changes. However, the intracellular
mechanisms involved in Rho-mediated morphological changes in
neuronal cells have not yet been elucidated.

In this study, the auther has investigated the signal transduction
pathways upstream and downstream of Rho to induce growth cone
collapse and neurite retraction in NGF-differentiated PC12 cells. The
results obtained are described in the following, divided into three

chapters.
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Abbreviations used in the text

GEF, guanine nucleotide exchange factor
GAP, GTPase-activating protein

GDI, guanine nucleotide dissociation inhibitor
NGF, nerve growth factor

G protein, GTP-binding protein

LPA, lysophosphatidic acid

PH, pleckstrin homology

GST, glutathione-S-transferase

MLC, myosin light chain

PT, pertussis toxin

PCR, polymerase chain reaction

PKC, protein kinase C

TPA, 12-O-tetradecanoylphorbol-13-acetate
PLC, phospholipase C

PG, prostaglandin

PKA, protein kinase A

BtocAMP, dibutyryl cAMP

DMEM, Dulbecco's modified Eagle's medium



1. pl60 RhoA-binding Kinase ROKa Induces Neurite

Retraction

Summary

It is well known that activation of Rho by extracellular simuli, such
as LPA, causes neurite retraction through small GTPase Rho in NGF-
differentiated PC12 cells. However, a potential downstream effector of
Rho to induce neurite retraction was not identified. Here I examined the
effect of p160 RhoA-binding kinase ROKq, a target for RhoA recently
identified, on the morphology of NGF-differentiated PC12 cells.
Microinjection of the catalytic domain of ROKa rapidly induced neurite
retraction similar to that induced by microinjection of a constitutively
active RhoA, RhoAV!4, while microinjection of the kinase-deficient‘
catalytic domain of ROKo did not induce neurite retraction. This
morphological change was occurred even though C3 exoenzyme, which
was known to inactivate Rho, had been preinjected. On the other hand,
microinjection of the Rho-binding domain or the pleckstrin-homology
domain of ROKa inhibited the prostaglandin EP3 receptor-induced
neurite retraction. These results demonstrate that ROKa induces

neurite retraction acting downstream of Rho in neuronal cells.



Introduction

When cells are activated by extracellular stimuli, inactive GDP-
bound form of Rho is converted to active GTP-bound form of Rho, and
once activated, Rho probably interacts with its specific targets, leading
to a variety of biological functions (Fig. 0-1). Recently, several target
proteins that interact only with GTP-bound form of Rho have been
identified, including p128 protein kinase N (19, 20), p160 RhoA-
binding kinase ROKa (21) also known as its bovine counterpart Rho-
kinase (22) or its mouse counterpart ROCK-II (23), rhophilin (19),
thotekin (24), and p140mDia (25). Among them, ROKo has been
reported to be involved in several functions of Rho: the regulation of
myosin phosphorylation (26, 27), the formation of stress fibers and
focal adhesions (28, 29), and the regulation of cytokinesis (30).

In NGF-differentiated PC12 cells, activation of Rho by several
extracellular stimuli causes collapse of growth cones and retraction of
extended neurites (18, 31). These effects appear to be induced by the
contractility of the actin-based cytoskeleton (17, 32). However, a
downstream effector of Rho to induce neurite retraction has not yet
been identified. In the present study, I have examined the putative role
of ROKa in the receptor-mediated neurite retraction in the NGF-
differentiated PC12 cells. I demonstrate that ROKc is involved in the
receptor-mediated neﬁrite retraction acting downstream of Rho and that

the activation of ROK« is sufficient for inducing neurite retraction.



Results

Neurite Retraction Induced by RhoAV14

I obtained the evidence that M&B28767, an EP3 receptor agonist,
induced neurite retraction in the EP3 receptor-expressing PC12 cells,
and that this morphological change was completely inhibited when the
cells were microinjected with C3 exoenzyme, which ADP-ribosylates
and inactivates Rho (15, 16), indicating that the activation of Rho was
required for the EP3 receptor-induced neurite retraction (31, also see
Chapter 3). To determine whether activation of Rho is sufficient for
inducing neurite retraction in the PCI12 cells, I microinjected a
constitutively activated recombinant RhoA, RhoAV14, into the NGF-
differentiated PC12 cells and examined its effect. Microinjection of
RhoAV14 into the cytoplasm caused retraction of the neurites within 30
min (Fig. 1-1, C and D). More than 70% of the injected cells retracted
their neurites (Fig. 1-5). This morphological change was similar to that
stimulated by M&B28767 (Fig. 1-1, A and B). The neurite-retracted
cells by microinjection of RhoAV!4 was not stainined with trypan blue
(data not shown), indicating that they did not undergo cell death. On the
other hand, RhoAV!4 containing a T37A substitution in the effector
region, RhoAV14A37 had no effect on the differentiated cells after
microinjection (Fig. 1-1, E and F, and Fig. 1-5), suggesting that this
mutation blocked the interaction of RhoA with its target to induce
neurite retraction. This result also indicated that there were not any

nonspecific effects due to the microinjection itself.



Figure 1-1. Neurite retraction induced by M&B28767 or microinjection
of RhoAV14, A and B, M&B28767-induced neurite retraction. The cells were
differentiated with NGF for 3 days and photographed before (A) and 30 min after (B)
addition of 1 uyM M&B28767. C and D, microinjection of RhoAV14. The cells were
differentiated with NGF for 3 days and photographed before (C) and 30 min after (D)
microinjection of 1 mg/ml of RhoAV14. E and F, microinjection of RhoAV14A37 The
cells were differentiated with NGF for 3 days and photographed before (C) and 30 min
after (D) microinjection of 1 mg/ml of RhoAV14A37. The arrows indicate injected cells.
The results shown are representative of three independent experiments. The bar
represents 50 um.



Neurite Retraction Induced by ROK¢x

Previous studies have suggested that the generation of actin-based
contractile forces was required for neurite retraction (17, 32). Among
several targets of Rho, ROKa appears to participate in Rho-dependent
contractile events, such as the formation of stress fibers (28, 29) and the
regulation of cytokinesis (30). By Northern blot analysis, ROKo was
expressed in the NGF-differentiated PC12 cells (data not shown).
Therefore, I examined whether ROKa was involved in the Rho-
mediated neurite retraction in the NGF-differentiated PC12 cells.
ROKo contains the catalytic domain in its amino-terminus, the coiled-
coil domain, the Rho-binding domain, and the pleckstrin homology (PH)
domain in its carboxy-terminus (Fig. 1-2). It was recently shown that
the truncation mutant of ROKa containing the catalytic domain

displayed constitutive kinase activity without addition of an active form
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Fig. 1-2. Structure of ROKo.



of Rho, while the Rho-binding domain and the PH domain of ROK«
served as dominant negative forms of the kinase (28, 29). Based on
these characters, we generated recombinant proteins containing these
domains as fusion proteins with gulutathione S-transferase (GST): the
catalytic domain of ROKa (CD-ROKa, amino acids 1-543), the kinase-
deficient mutant of CD-ROKo (CD-ROKoK!12G) the Rho-binding
domain of ROKa (RBD-ROKoa, amino acids 932-1065), and the PH
domain of ROKoa (PHD-ROKa, amino acids 1116-1379) (Fig. 1-2). To
confirm that CD-ROKu really displayed constitutive kinase activity, I
examined its kinase activity using myosin light chain (MLC) as a
substrate. As shown in Fig. 1-3, CD-ROKa phosphorylated MLC,
while CD-ROKaK!12G or RBD-ROKa did not, indicating that CD-
ROKo« is constitutively active. Then I microinjected these recombinant
proteins into the NGF-differentiated cells and analyzed their

morphologies.

1 2 3

Figure 1-3. Phosphorylation of MLC by ROKa. Isolated MLC (4 pg) was
incubated with 10 ng GST-RBD (lane 1), GST-CD-ROKa (lane 2), or GST-CD-
ROKaK!112G (lane 3) for 10 min at 30°C. Phosphorylated MLC was resolved by SDS-
PAGE and visualized by an image analyzer. The results shown are representative of

three independent experiments.
— 10 —
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After the cells had been microinjected with CD-ROKq, they rapidly
retracted their neurites within 30 min (Fig. 1-4, A and B, and Fig. 5).
This morphological change was similar to that induced by
microinjection of RhoAV!4, The neurite-retracted cells by
microinjection of CD-ROKa was not stainined with trypan blue (data
not shown), indicating that they did not undergo cell death. On the
other hand, microinjection of CD-ROK ¥ 112G had no effect (Fig. 1-4, C
and D, and Fig. 1-5), indicating that the kinase activity of CD-ROKa
was required for inducing neurite retraction. When the cells were
microinjected with C3 exoenzyme, the M&B28767-induced neurite
retraction was cofnpletely suppressed (Fig. 1-4, E and F). However, the
CD-ROKo-induced neurite retraction was not inhibited after the cells
had been microinjected with C3 exoenzyme (Fig. 1-4, G and H),
indicating that CD-ROKa acted downstream of Rho.

Figure 1-4. Neurite retraction induced by ROKa. A and B, microinjection of
CD-ROKa. The cells were differentiated with NGF for 3 days and photographed
before (A) and 30 min after (B) microinjection of 2 mg/ml of CD-ROKa. C and D,
mijcroinjection of CD-ROKaK112G, The cells were differentiated with NGF for 3 days
and photographed before (C) and 30 min after (D) microinjection of 2 mg/ml of CD-
ROKoKI12G, E and F, the effect of C3 exoenzyme on the M&B28767-induced neurite
retraction. After the NGF-differentiated cells microinjected with 100 pg/ml of C3
exoenzyme had been preincubated for 30 min, they were photographed before (E) and
30 min after (F) addition of 1 pyM M&B28767. G and H, the effect of C3 exoenzyme
on the CD-ROKa-induced neurite retraction. After the NGF-differentiated cells
microinjected with 100 pg/ml of C3 exoenzyme had been preincubated for 30 min, they
were photographed before (G) and 30 min after (H) microinjection of 2 mg/ml of CD-
- ROKo. The arrows indicate injected cells. The results shown are representative of
three independent experiments. The bar represents 50 pm.

— 12 —
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Figure 1-5. Quantification of effects of M&B28767, RhoA, and ROKa
on neurite retraction. After the cells had been differentiated with NGF for 3 days,
they were exposed to 1 M M&B28767 or microinjected with the recombinant proteins
of the indicatéd mutants of RhoA or ROKa. The percentages of neurite-retracted cells
were determined 30 min after the addition of the agonist or the microinjection of the

proteins, as described under "Experimental Procedures”. RhoAV14 or RnoAV14A37
was injected at 1 mg/ml, and CD-ROKa or CD-ROKoK 112G was injected at 2 mg/ml,

respectively. Data are the mean * S.E. of triplicate experiments.

Effects of the Rho-binding Domain and the PH Domain of ROK on the
EP3 Receptor-mediated Neurite Retraction

Next I microinjected RBD-ROKa or PHD-ROKa, which served as
dominant negative forms of ROKq, into the differentiated cells and
examined each effect on the M&B28767-induced neurite retraction.
When the cells had been microinjected with RBD-ROKa or PHD-
ROK, the M&B28767-induced neurite retraction was inhibited (Fig. 1-
6). All the cells microinjected with RBD-ROKa or PHD-ROKa had no
response to M&B28767. These results suggest that ROKa is involved in

— 13—



the EP3 receptor-mediated neurite retraction in the PC12 cells. Taken
together, my results suggest that ROKa induces neurite retraction acting
downstream of Rho in the NGF-differentiated PC12 cells.

Figure 1-6. Effect of the Rho-binding domain and the PH domain of
ROK0o on M&B28767-induced neurite retraction. The NGF-differentiated
cells were microinjected with 2 mg/ml of RBD-ROKa (A and B), or 1 mg/ml of PHD-
ROKa (C and D), and photographed before (A and C) and 30 min after (B and D)
addition of 1 uM M&B28767. The arrows indicate injected cells. The results shown
are representative of three independent experiments. At least 20 cells were
microinjected in each experiment, and all cells microinjected gave the described
response. The bar represents 50 pm.
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Discussion

In the present study, I have found that ROKa is involved in the
receptor-mediated neurite retraction acting downstream of Rho in NGF-
differentiated PC12 cells. Recently, ROKo was shown to be involved in
Rho-induced formation of stress fibers and focal adhesion in other cell
types such as fibroblasts. However, the organization of stress fibers
induced by constitutively active ROKo was apparently different from
that induced by lysophosphatidic acid or constitutively active Rho (28,
29), suggesting that additional signals were required for Rho-induced
stress fiber formation. In this study, however, microinjection of CD-
ROKo sufficiently induced neurite retraction similar to that induced by
RhoAVi4 even though C3 exoenzyme had been preinjected, while CD-
ROK o K112G failed to induce neurite retraction (Figs. 1-4 and 1-5),
suggesting that the increase in the kinase activity of ROKa by Rho
appears to be sufficient for inducing neurite retraction. Since myosin-
binding subunit of myosin phosphatase and MLC are known to be
substrates for ROKa and activation of ROKo leads to phosphorylation
and activation of myosin (26, 27), neurite retraction may be induced by
ROK o-mediated regulation of myosin phosphorylation. In addition, it
was recently reported that glial fibrillary acidic protein, an intermediate
filament protein expressed in the cytoplasm of astroglia, was identified
as another substrate for ROKo (33). Therefore, I will consider
substrate(s) of this kinase for neurite retraction in future studies. Until
now, we have obtained evidence that the activation of EP3 receptor,
coupling to Rho activation, did not affect the NGF-induced MAP kinase
activation in the PC12 cells (data not shown), suggesting that the

activation of Rho or ROKa did not inhibit the NGF-induced signaling to
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the Ras-MAP kinase pathway. To examine the direct effect of Rho or
ROKa on the NGF-induced differentiation, I am currently establishing
PC12 cell lines that express RhoAV14 or CD-ROKa under the control of
an 1nducible promoter.

As shown in Fig. 1-6, two fragments of ROKa, the Rho-binding
domain and the PH domain served as dominant negative forms of ROK«
in the EP3 receptor-mediated neurite retraction, as reported for the
formation of stress fibers and focal adhesion (28, 29). ROKa has been
shown to be translocated to peripheral membranes upon transfection
with RhoAV14 (21). Since PH domains are supposed to play a key role
in localization of molecules to the specific target regions in the
membranes, the PH domain of ROKx may localize this kinase at the
specified region in response to the EP3 receptor-induced activation of
Rho, and this translocation of ROKa to its target region seems to be
essential for inducing neurite retraction. On the other hand, RBD-
ROKao may block the interaction between endogenous Rho and ROKa.
We also showed that RhoAV14A37, a mutant at the effector region, lost
the ability to induce neurite retraction in the differentiated PC12 cells
(Fig. 1-1, E and F, and Fig. 1-5). Indeed, RhoAV!4 bound to the RBD-
ROKa but RhoAVI4A37 did not (data not shown). This defect in binding
to ROKo seems to be the reason for the inability of RhoAV14A37 to
induce neurite retraction.

In this study, I have shown that ROKq: is an essential component of
Rho-mediated neurite retraction in neuronal cells. Considering that
ROKa is enriched in the brain (28) and expressed in neurons (34),
ROKo may play a critical role in the regulation of neuronal cell

morphology and axonal guidance in the nervous system.
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2. Constitutively Active Go12, Gogs, and Go.q Induce Rho-
dependent Neurite Retraction through Different Signaling
Pathways

Summary

In neuronal cells, activation of a certain heterotrimeric G protein-
coupled receptor causes neurite retraction and cell rounding via small
GTPase Rho. However, the specific heterotrimeric G proteins that
mediate Rho-dependent neurite retraction and cell rounding have not yet
been identified. Here I investigated the effects of expression of
constitutively active Ga subunits on the morphology of differentiated
PC12 cells. Expression of GTPase-deficient Gy, Go13, and Gog, but
not Goj2, caused neurite retraction and cell rounding in differentiated
PC12 cells. These morphological changes induced by Goip, Gogs, and
Gog were completely inhibited by C3 exoenzyme, which specifically
ADP-ribosyrates and inactivates Rho. A tyrosine kinase inhibitor
tyrphostin A25 blocked the neurite retraction and cell rounding induced
by Go13 and Gog. However, tyrphostin A25 failed to inhibit the Gouyz-
induced neuronal morphological changes. On the other hand, inhibition
of protein kinase C or elimination of extracellular Ca?+ blocked the
neurite retraction and cell rounding induced by Goq, whereas the
morphological effects of Goij2 and Gaj3 did not require activation of
protein kinase C and extracellular Ca2+. These results demonstrate that
activation of Goy2, Goy3z, and Gog induces Rho-dependent
morphological changes in PC12 cells through different signaling

pathways.
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Introduction

The activation of a certain heterotrimeric G protein-coupled
receptor, such as LPA, sphingosine-1-phosphate and thrombin
receptors, was shown to cause Rho-dependent neurite retraction in
several neuronal cell lines (17, 18, 35). However, the heterotrimeric G
proteins, which are coupled to those receptors for induction of neurite
retraction, have not yet been identified. Previous studies demonstrated
that pertussis toxin (PT) did not inhibit receptor-mediated neurite
retraction (12, 36), indicating that this action was not mediated by G;j or
Go. Furthermore, the activation of Gg by cholera toxin or an elevation
of cAMP by forskolin failed to induce neurite retraction but rather
suppressed the receptor-mediated neurite retraction (31, 37), suggesting
that Gg activation was not linked to induction of neurite retraction.

The G2 family of heterotrimeric G proteins, defined by Goyz and
Ga13, is the most recent family to be identified using a homology-based
polymerase chain reaction (PCR) strategy (38, Fig. 2-1). Although
immediate downstream effectors have not yet been identified, studies
with the constitutively active mutants of Goij2 and Goi13 have resulted in
the identification of several novel functions regulated by these Go
subunits, including transformation of fibroblasts (39, 40), activation of
the c-Jun N-terminal kinase cascade (41-43), stimulation of stress fiber
formation and focal adhesion assembly (44, 45), stimulation of the Nat-
H+ exchanger (46-48), the activation of phospholipase D (49), and the
induction of apoptosis (50). These studies also indicate that the Ras or
Rho family small GTPases appear to be involved in the downstream

. responses regulated by Ga12 and Gos.
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To investigate the role of the G family and other Go subunits in

neuronal cell morphology, I microinjected expression plasmids encoding

GTPase-deficient mutants of Ga subunits into the nucleus of NGF-

differentiated PC12 cells bearing neurites. In this study, I have shown

that expression of constitutively active mutants of Goij2, Gop3, and Gog

cause Rho-dependent neurite retraction and cell rounding through

different pathways.
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Results

Expression of Constitutively Active Ga Subunits in NGF-differentiated
PCI2 Cells

To determine the role of the Gj, family of heterotrimeric G

proteins in neuronal cell morphology, I expressed constitutively active

mutants of Gaj2 and Gouj3 in NGF-differentiated PC12 cells by nuclear

microinjection of expression plasmids. Replacing a conserved glutamine

Vector

G(X120L

Goc1 3QL

Figure 2-2. Neurite retraction and cell rounding induced by
constitutively active Goij2 and Gop3. Expression plasmids (30 pg/ml) encoding
Goa12QL, Ga13QL, or the empty vector (Vector) were microinjected into the nucleus of
NGF-differentiated PC12 cells. Cells were photographed before (left panels) and 3 h
after (middle panels) microinjection under the microscope with phase contrast, or by
fluorescence of Texas red-coupled dextran co-microinjected with the expression vectors
(right panels). The arrows indicate injected cells. The results shown are representative
of three independent experiments. The bar represents 50 pm.
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with a leucine in the G3 region of Go subunit, which corresponds to
residue 229 in Goj2 or residue 226 in Gotp3, has been shown to result in
a GTPase-deficient, constitutively active form of Go subunit (51, 52).
As shown in Fig. 2-2, microinjection of expression plasmids (30 pg/ml)
encoding constitutively active Go12 (Ga12Q229L; Ga12QL) and Goi3
(Go13Q226L; Go13QL) into the nucleus of NGF-differentiated PC12
cells caused retraction of their extended neurites and rounding of the
cell body within 3 h. Cells microinjected with the empty vector did not

exhibit any morphological changes, indicating that there were not any

RhoAV14

| Bk 7

Figure 2-3. Neurite retraction and cell rounding induced by
constitutively active Goq and RhoA. Expression plasmids (30 pg/ml) encoding
GagQL, Gaij2QL, or RhoAV14 were microinjected into the nucleus of NGF-
differentiated PC12 cells. Cells were photographed before (left panels) and 3 h after
(middle panels) microinjection under the microscope with phase contrast, or by
fluorescence of Texas red-coupled dextran co-microinjected with the expression vectors
(right panels). The arrows indicate injected cells. The results shown are representative
of three independent experiments. The bar represents 50 pm.



nonspecific effects due to nuclear microinjection itself. I also examined
the effects of GTPase-deficient mutants of Goq (GogQ209L; GogQL)
and Gai2 (Gai2Q205L; Gai2QL) on differentiated PC12 cell
morphology. As shown in Fig. 2-3, Ga,qgQL, when expressed in
differentiated PC12 cells, mimicked Got12QL and Goi13QL in induction
of neurite retraction and rounding of the cell body. In contrast,

expression of Goj2QL neither stimulated outgrowth nor caused

retraction of neurites.

Goc1 2QL

G(X13QL

Figure 2-4. Effect of C3 exoenzyme on neuronal morphological changes
induced by constitutively active Go. subunits. C3 exoenzyme (100 pg/ml)
was co-microinjected with expression plasmids (30 pg/ml) encoding Go2QL,
Ga13QL, or GogQL into differentiated PC12 cells. Cells were photographed before
(left panels) and 3 h after (middle panels) microinjection under the microscope with
phase contrast, or by fluorescence of Texas red-coupled dextran co-microinjected with
the expression vectors (right panels). The arrows indicate injected cells. The results
shown are representative of three independent experiments. The bar represents 50 pm.
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Effect of C3 Exoenzyme on Constitutively Active G Subunits-induced
Neuronal Morphological Changes

Previous studies have shown that small GTPase Rho is required for
neurite retraction in response to a certain G protein-coupled receptor
- agonist such as LPA (17, 18, 35). As shown in Fig. 2-3, microinjection
of expression plasmids encoding a constitutively active form of RhoA,
RhoAV14, caused the retraction of neurites and rounding of the cell
body. These morphological changes induced by RhoAV14 were quite
similar to those induced by Go12QL, Go3QL, and GogQL (Figs. 2-2
and 2-3). Therefore, to examine whether the neuronal morphological
changes induced by constitutively active forms of Ga subunits were

Rho-dependent, I co-microinjected the constitutively active Ga-encoding
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Figure 2-5. Quantification of effect of C3 exoenzyme on neurite
retraction induced by constitutively active Go subunits. Differentiated

PC12 cells were microinjected with expression plasmids (30 pg/ml) encoding Goj2QL,
Gou13QL, GogQL, GaijzQL, or the empty vector (Vector) in the absence (-C3) or the
presence (+C3) of 100 pug/ml C3 exoenzyme. The percentages of neurite-retracted cells
were determined 3 h after microinjection as described under "Experimental

Procedures". Data are the means + S.E. of triplicate experiments.



plasmids into the cells with C3 exoenzyme. As shown in Figs. 2-4 and
2-5, co-microinjection of C3 exoenzyme (100 pg/ml) completely
blocked both neurite retraction and cell rounding induced by Go12QL,
Ga13QL, and GogQL. 1 also co-microinjected expression plasmids
encoding dominant negative form of RhoA, RhoAN19, into the cells
with the constitutively active mutants of Go subunits. Coexpression of
RhoAN19 slightly blocked neurite retraction induced by Gt subunits but
was less effective than co-injection of C3 exoenzyme (data not shown).
RhoAN19 would not be an effective inhibitor for complete suppression
of Ga subunits-induced morphological changes due to coexpression of
RhoAN19 and Go. subunits or requirement of large amount of RhoAN12

for the suppression.

Effect of a Tyrosine Kinase Inhibitor Tyrphostin A25 on Neuronal
Morphological Changes Induced by Constitutively Active Go Subunits

A previous study showed that a tyrosine kinase inhibitor tyrphostin
A25 inhibited stress fiber formation stimulated by LPA but not by
microinjection of constitutively active Rho in quiescent Swiss 3T3
fibroblasts, indicating that a tyrosine kinase was mvolved in the LPA-
stimulated stress fiber formation acting upstream of Rho (53).
Therefore, I examined the effect of tyrphostin A25 on neuronal
morphological changes induced by constitutively active Go subunits. As
shown in Figs. 2-6 and 2-7, treatment of differentiated cells with
tyrphostin A25 (150 pM) inhibited the Go13QL- and GogQL-induced
neurite retraction and cell rounding. In contrast, the neurite retraction
and cell rounding induced by Ga12QL were not influenced by this
tyrosine kinase inhibitor. Thus, tyrphostin A25 specifically inhibited
the signaling of Goj3QL and GochL. In addition, I examined the

effect of another tyrosine kinase inhibitor tyrphostin AG1478 on
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morphological changes induced by constitutively active Go subunits.
Treatment of differentiated cells with tyrphostin AG1478 (10 uM) also
specifically inhibited the Ga13QL- and GogQL-induced neurite

retraction and cell rounding, and Go12QL-induced morphological

changes were not inhibited by this inhibitor (data not shown).

Goc12QL

GochL

Figure 2-6. Effect of tyrphostin A25 on neuronal morphological
changes induced by constitutively active Go subunits. After differentiated
PC12 cells had been microinjected with expression plasmids (30 pg/ml) encoding
Ga12QL, Ga13QL, GogQL, they were incubated with tyrphostin A25 (150 uM) for 3
h. Cells were photographed before (left panels) and 3 h after (middle panels)
microinjection under the microscope with phase contrast, or by fluorescence of Texas
red-coupled dextran co-microinjected with the expression vectors (right panels). The
arrows indicate injected cells. The results shown are representative of three
independent experiments. The bar represents 50 pm.
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Figure 2-7. Quantification of effect of tyrphostin A25 on neurite
retraction induced by constitutively active Go subunits. After differentiated

PC12 cells had been microinjected with expression plasmids (30 pg/ml) encoding
Go12QL, Ga13QL, or GogQL, they were incubated with vehicle (-Tyr) or 150 uM
tyrphostin A25 (+Tyr) for 3 h. The percentages of neurite-retracted cells were
determined 3 h after microinjection as described under "Experimental Procedures”.

Data are the means * S.E. of triplicate experiments.

Effects of Protein Kinase C Inhibition and Elimination of Extracellular
Ca?+ on Neuronal Morphological Changes Induced by Constitutively

Active Go Subunits

A number of the cellular responses caused by activation of Gog
have been shown to be mediated by activation of protein kinase C (PKC)
or elevation of intracellular Ca2+ concentration. Therefore, I examined

whether activation of PKC was required for neuronal morphological

changes induced by constitutively active qu and Goj2/Gay3. Exposing
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PC12 cells to 12-O-tetradecanoylphorbol-13-acetate (TPA) for more
than 24 h has been reported to induce down-regulation of PKC (54). As
shown in Figs. 2-8 and 2-10, down-regulation of endogenous PKC by
24-h exposure to 1 UM TPA diminished the amount of neurite-retracted
cells caused by GogQL, whereas the Goi12QL- and Go13QL-induced
morphological changes were not significantly altered by PKC depletion
from cells. Similar results were obtained in the treatment of cells with

the PKC inhibitor Ro31-8220 (300 nM) (Fig. 2-10). These results

G(X120L

GochL

Figure 2-8. Effect of depletion of intracellular PKC on neuronal
morphological changes induced by constitutively active Go subunits.
Differentiated PC12 cells, which had been pretreated with TPA (1 uM) for 24 h, were
microinjected with expression plasmids (30 pg/ml) encoding Go12QL, Gop3QL,
GogQL. Cells were photographed before (left panels) and 3 h after (middle panels)
microinjection under the microscope with phase contrast, or by fluorescence of Texas
red-coupled dextran co-microinjected with the expression vectors (right panels). The
arrows indicate injected cells. The results shown are representative of three

independent experiments. The bar represents 50 pm.
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indicate that inhibition of PKC activity specifically interferes with the
signaling pathway of Goq for neurite retraction and cell rounding.

Next I examined the role of Ca2+ signaling in neuronal
morphological changes induced by activated Goa subunits.
Differentiated PC12 cells were incubated in a Ca2+-free medium in the
presence of 2 mM EGTA during expression of Gou subunits. Under

these conditions, expression of GogQL failed to induce neurite

retraction and cell rounding. In contrast, neuronal morphological

G0c1 2QL

G(X1 3QL

GochL

Figure 2-9. Effect of elimination of extracellular Ca2+ on neuronal
morphological changes induced by constitutively active Go subunits.
After differentiated PC12 cells had been microinjected with expression plasmids (30
pg/ml) encoding Goy2QL, Ga13QL, GogQL, they were incubated in the Ca2+-free
medium containing EGTA (2 mM) for 3 h. Cells were photographed before (left
panels) and 3 h after (middle panels) microinjection under the microscope with phase
contrast, or by fluorescence of Texas red-coupled dextran co-microinjected with the
expression vectors (right panels). The arrows indicate injected cells. The results
shown are representative of three independent experiments. The bar represents 50 pm.
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changes induced by Gaj2QL and Go1zQL were normally occurred in a
Ca?t-free medium with EGTA (Figs. 2-9 and 2-10). These results

indicate that CaZ+ influx is required for the GogQL-induced neuronal

morphological changes.
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Figure 2-10. Quantification of effects of inhibition of PKC and
elimination of extracellular CaZ?* on neurite retraction induced by
constitutively active Go subunits. After differentiated PC12 cells had been
microinjected with expression plasmids (30 pg/ml) encoding Gop2QL, Go3QL, or
GogQL, they were incubated in the absence (Control} or the presence of 300 nM Ro31-
8220 (+R031-8220), or in the Ca2*-free medium containing 2 mM EGTA (Ca2*-free)
for 3 h. Or expression plasmids were microinjected into differentiated cells which had
been treated with 1 pM TPA for 24 h before microinjection to induce down-regulation
of endogenous PKC (PKC-depleted). The percentages of neurite-retracted cells were
determined 3 h after microinjection as described under "Experimental Procedures”.

Data are the means + S.E. of triplicate experiments.
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Discussion

Activation of a certain G protein-coupled receptor has been
reported to induce Rho-dependent neurite retraction and cell rounding
in neuronal cell lines (17, 18, 31, 35). Here I have demonstrated that
constitutively active forms of Goyz, Goups, and Gog, but not Goyz, can
trigger neurite retraction and cell rounding in NGF-differentiated PC12
cells. These morphological changes were similar to those induced by
constitutively active RhoA, RhoAV14 (Fig. 2-3), and C3 exoenzyme,
which specifically ADP-ribosyrates and inactivates Rho (15, 16),
completely inhibited both neurite retraction and cell rounding induced
by Go12QL, Go13QL, and GogQL (Figs. 2-4 and 2-5), indicating that
activation of Gouj2, Goys, and Gog induces neurite retraction and cell
rounding through a Rho-dependent signaling pathway in differentiated
PC12 cells.

Ga12 and Goqs, the members of the G127 class of heterotrimeric G
protein, show a 67% amino acid identity with each other, and often
cause similar responses in various cell types, including transformation
of fibroblasts, activation of the c-Jun N-terminal kinase cascade, and
stimulation of stress fiber formation and focal adhesion assembly (55).
I have also shown that both Goijz and Gas can trigger Rho-dependent
neurite retraction and cell rounding. These findings suggest that Gojz
and Go13 may interact with a common effector. In this study, however,
the tyrosine kinase inhibitor tyrphostin A25 blocked the Go.13QL-
induced neurite retraction and cell rounding, whereas the GoroQL-
induced morphological changes were not influenced by this tyrosine
kinase inhibitor (Figs. 2-6 and 2-7), indicating that a tyrphostin-sensitive

tyrosine kinase was involved in the signaling of Got13 but not in that of
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Goyp. This finding strongly suggests that Gojp and Gous use different
signaling pathways to regulate neuronal cell morphology. The
differences in the sensitivity to tyrphostin between Ga 2 and Gou3 were
also shown in the signaling of Gotyz- ahd Go.13-stimulated stress fiber
formation and focal adhesion assembly in Swiss 3T3 fibroblasts (45).
Furthermore, it was previously reported that Goij2 and Ga13 stimulated
Nat-H+ exchangers through different mechanisms in COS-7 cells (56,
57). Therefore, it is likely that Gojz and Goryz activate different
effectors to regulate their cellular functions.

Activation of Gog can stimulate the family of phospholipase C
(PLC)-B, which results in stimulation of PKC activity and elevation of
intracellular Ca2+ concentration. In this study, both depletion of
endogenous PKC by TPA and the PKC inhibitor Ro31-8220 specifically
diminished the amount of neurite-retracted cells induced by GogQL,
whereas the Go12QL- and Go13QL-1nduced morphological changes
were not influenced (Figs. 2-8 and 2-10). In addition, elimination of
extracellular Ca2+ also inhibited the effects of GogQL but not those of
Go12QL and Go3QL (Figs. 2-9 and 2-10). It has been known that
inositol 1,4,5-trisphosphate and inositol 1,3,4,5-tetrakisphosphate,
products of PLC activation pathways, activate Ca2+-permeable channels
in plasma membranes (58, 59). Recently, Gog was reported to activate
inositol 1,4,5-trisphosphate-operated Ca2t-permeable channels (60).
The requirement of extracellular CaZ+ for the Gog-induced
morphological changes could be interpreted by this Goig-mediated Ca2+-
permeable channel activation. Therefore, both PKC activation and Ca2+
influx are essential elements in the signaling of Goq upstream of Rho. I
also examined the involvement of PLC in the GogQL signaling using a
PLC inhibitor U-73122, but this compound was cytotoxic for
differentiated PC12 cells, and treatment with U-73122 alone caused cell
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detachment. Interestingly, both PKC activity and Ca2+ influx as a result
of PLC activation appeared to be required for LPA-induced neurite
retraction in NGF-differentiated PC12 cells (18). Therefore, it is likely
that a Gq-coupled LPA receptor stimulates PLC activity and resultant
activation of PKC and Ca2*+ influx induces Rho-dependent neurite
retraction in PC12 cells.

Interestingly, the GoqQL-induced neurite retraction and cell
rounding were also blocked by treatment of cells with the tyrosine
kinase inhibitor tyrphostin A25 (Figs. 2-6 and 2-7), indicating that a
tyrphostin-sensitive tyrosine kinase is involved in the signaling from
Gog to Rho. My present study did not show whether this tyrphostin-
sensitive tyrosine kinase acts upstream or downstream of Ca2+ and PKC
in the signaling from Gog to Rho. Since activation of Gog can directly
stimulate PLC which results in stimulation of PKC activity and elevation
of intracellular Ca2+ concentration, this tyrphostin-sensitive tyrosine
kinase may act downstream of Ca2+ and PKC. Recently, a novel
nonreceptor tyrosine kinase PYK?2 has been shown to mediate Gg-
coupled receptor-stimulated activation of MAP kinase cascade in PC12
cells, and the activity of this tyrosine kinase appears to be regulated by
the elevation of the intracellular Ca2+ concentration as well as by PKC
activation (61). Therefore, PYK2 can be speculated to be a candidate
for the tyrosine kinase, which links the signal of Gog to Rho for the
induction of neurite retraction and cell rounding. A tyrphostin-sensitive
tyrosine kinase was of course involved in the signaling of Goj3 to Rho.
However, in contrast to Gog, Goy3 did not require either PKC
activation or Ca2+ influx. Two potential explanations for the difference
between signaling pathways of Ga13 and Gog can be presented. One
explanation is that an identical tyrosine kinase mediates the signals of

Ga13 and Gog to Rho, but the pathways of both o subunits to activate
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the tyrosine kinase are different; Goiq activates the kinase through PKC
and Ca?* influx while Gouis activates the kinase independent of PKC.
The other explanation is that different tyrosine kinases are involved in
the pathways of both o subunits. Further investigations are necessary to
understand the signaling pathways from Go subunits to Rho in neuronal
cells.

Expression of a GTPase-deficient form of Gogq in undifferentiated
PC12 cells was recently shown to induce neurite outgrowth during 2-3
weeks using the retrovirus-mediated infection procedure (62). In
contrast, my results showed that expression of GugQL in NGF-
differentiated PC12 cells triggered neurite retraction within 3 h after
microinjection. Therefore, these opposite effects of Goag on the
regulation of neurites may be due to different condition of cells in
differentiation or different time scale for examination of morphological
effects.

The data presented here demonstrated that constitutively active
mutants of Goyp, Gois, and Gocq can Induce neurite retraction and cell
rounding through different signaling pathways which, however, finally
converge at activation of Rho. Rho, like other small GTPases, functions
as a molecular switch; it is active in its GTP-bound state and inactive in
its GDP-bound state. Upstream activation of the cycle is mediated by
GEFs, which promote the exchange of GDP for GTP (Fig. 0-1). A
number of putative GEFs for Rho and other Rho family GTPases have
been identified, and some of these demonstrate Rho-specific GEF
activity in vitro, including Lbc, Lfc, and Lsc (6, 63-65). In addition,
they appear to be expressed in the same cell type (64). Therefore, one
possibility for the existence of multiple GEFs for Rho in the same cell
type may be related to the existence of different signaling pathways

from Go. subunits to activation of Rho.
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Recent studies have shown the involvement of the Rho family of
small GTPases in the regulation of neurite outgrowth in primary
neurons (66, 67). In embryonic chick dorsal root ganglion, inhibition
of Rho with C3 exoenzyme stimulated the outgrowth of neurites (66),
suggesting that activation of Rho suppresses neurite outgrowth in
primary neurons. Therefore, Ga1z, Goi3, and Gog may play a
negative regulator for neurite outgrowth through activation of Rho in

primary neurons.
In this study, I have shown that activation of Goi12, Ga13, and Gog

can trigger Rho-dependent neurite retraction and cell rounding in
differentiated PC12 cells through different signaling pathways. This
study will contribute to the understanding of the signal transduction
between heterotrimeric G protein-coupled receptors and Rho in

neuronal cells.
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3. Prostaglandin EP3 Receptor Induces Neurite Retraction
through Small GTPase Rho

Summary

Prostaglandin EP3 receptor is widely distributed in the nervous
system and 1s specifically localized to neurons, suggesting that EP3
receptor plays important roles in the nervous system. I established a
PCI2 cell line which stably expresses the EP3B receptor isoform
isolated from bovine adrenal chromaffin cells and examined the effect
of agonist stimulation on the neuronal morphology of the PC12 cells. In
the differentiated cells, M&B28767, an EP3 agonist, caused neurite
retraction in a PT-insensitive manner. Clostridium botulinum C3
exoenzyme completely inhibited the EP3 receptor-induced neurite
retraction when microinjected into the cells, indicating that the
morphological effect of the EP3 receptor is dependent on Rho activity.
The EP3 receptor-mediated neurite retraction occurred normally in the
PKC-down-regulated cells. Similar to the Go13QL-induced neurite
retraction, tyrphostin A25, a tyrosine kinase inhibitor, blocked neurite
retraction induced by activation of the EP3 receptor. These results

indicate that the EP3 receptor is coupled to Gj3, stimulating Rho-

mediated neurite retraction.



Introduction

Prostaglandin (PG) E; is synthesized via cyclooxygenase pathway
from arachidonic acid by a variety of cells in response to various
physiological or pathological stimuli (Fig. 3-1). PGEz is one of the
major PGs synthesized in the nervous system (68), and it has several
important functions in the nervous system, such as generation of fever
(69, 70), regulation of luteinizing hormone-releasing hormone secretion
(71), pain modulation (72), and regulation of neurotransmitter release
(73, 74). Although cyclooxygenase products including PGE; have been
suggested to be involved in regulation of memory consolidation (75),
the biological significance of PGE; in synaptic plasticity is not yet
understood.

PGE; acts on cell surface receptors to exert its actions (76). PGE
receptors are pharmacologically divided into four subtypes, EP1, EP2,
EP3 and EP4, on the basis of their responses to various agonists and
antagonists (77, 78). Among these subtypes, EP3 receptor has been
most well characterized and has been suggested to be involved in such
PGE; actions as contraction of the uterus (79), inhibition of gastric acid
secretion (80), modulation of the neurotransmitter release (81), lipolysis
in adipose tissue (82), and sodium and water reabsorption in the kidney
tubules (83). Although the well-known EP3 receptor-mediated actions,
mentioned above, are believed to be mediated through inhibition of
adenylate cyclase by activation of Gi, coupling of EP3 receptors to other
signal transduction pathways has been suggested (84, 85). The four
subtypes of mouse PGE receptors have been cloned and it is
demonstrated that they are heterotrimeric G protein-coupled rhodopsin-

type receptors (86-89). Among these sufatypes, the EP3 receptor was
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most abundant in the brain and was specifically localized to neurons (90,
91).

To assess the role of the EP3 receptors in the nervous system, I
introduced the cDNA for the EP3B receptor, one of the EP3 receptor
isoforms isolated from bovine adrenal medulla (85), into PC12 cells. In
this study, I have shown that the activation of the EP3 receptor causes
neurite retraction through small GTPase Rho and that a tyrosine kinase
is involved in the EP3 receptor-mediated neurite retraction acting

upstream of Rho.
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Results

Effect of M&B28767 on Morphology of the EP3 Receptor-Expressing
PC12 Cells, Differentiated with NGF

To assess the role of EP3 receptors in neuronal morphology, I
established PC12 cells, which stably expressed the EP3B receptor (151
fmol/mg protein). I initially examined the coupling.of the EP3 receptor
to the classical signal transduction pathways, the adenylate cyclase and

Ca2+ mobilization pathways. In these cells, the EP3 receptor inhibited

Figure 3-2. M&B28767-induced neurite retraction in EP3B receptor-
expressing PC12 cells. After the cells had been differentiated for 5 d with NGF, 1
UM M&B28767 was added to the cells and they were photographed at the times
indicated as described under "Experimental Procedures". The result shown is
representative of three independent experiments that yielded similar results. Bar
represents 50 pm.



adenylate cyclase activity through a PT-sensitive heterotrimeric G
protein, but the receptor could not stimulate adenylate cyclase,
phosphatidylinositol hydrolysis, or Ca2+ mobilization (data not shown),
suggesting that the EP3 receptor is coupled to Gi, but not to Gs or Gq.
I next examined the effect of M&B28767, a specific EP3 agonist, on the
neuronal morphology of the EP3 receptor-expressing PC12 cells. As
shown in Fig. 3-2, treatment of the cells with NGF induced neurite
outgrowth. Addition of M&B28767 caused a dramatic morphological
change in the NGF-differentiated PC12 cells. Within 10 min of the
addition of the agonist neurites began to retract, and within 30 min,
most neurites had retracted completely. Fig. 3-3A shows the time
course of the effect of the agonist on neurite length. The neurite length

became half of the original length within 20 min. The rate of neurite
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Figure 3-3. The time course and concentration dependency of

M&B28767-induced neurite retraction. (A) Time course. After cells had been
differentiated with NGF for 5 d, 1 pM M&B28767 was added. The average neurite
length at the times indicated was measured as described in the Experimental Procedures.
Data are means + S.E. of triplicate experiments. (B) Concentration dependency. The
differentiated cells were exposed to the indicated concentrations of M&B28767 for 60
min. The percentage of neurite retracted cells was determined as described in the

Experimental Procedures. Data are means + S.E. of triplicate experiments.
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retraction was not dependent on the concentration of the agonist (data
not shown). M&B28767 concentration-dependently increased the
population of neurite retracted cells, and more than 90% of the total
cells responded to 1 uM M&B28767 (Fig. 3-3B). However, a few cells
resisted even high concentrations of the agonist. M&B28767-induced
neurite retraction was not seen for more than 60 min in the
untransfected cells (data not shown).

The EP3 receptor inhibited adenylate cyclase via a PT-sensitive
heterotrimeric G protein. However, pretreating the EP3 receptor-

expressing cells with PT for 12 h did not affect M&B28767-induced

Figure 3-4. Effect of PT on M&B28767-induced neurite retraction. (A)
Cells were differentiated with NGF for 5 d. (B) Cells in A were exposed to 1 uM

M&B28767 for 60 min. (C) NGF-differentiated cells were treated with 20 ng/ml PT
for 12 h. (D) Cells in C were exposed to 1 uM M&B28767 for 60 min. The results

shown are representative of three independent experiments that yielded similar results.
Bar represents 50 pm.
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neurite retraction (Fig. 3-4 and 3-8), indicating that the EP3 receptor-
mediated neurite retraction was not mediated through- a PT-sensitive G
protein.

I further examined the effect of protein kinase A (PKA) activation
on the EP3 receptor-mediated neurite retraction. As shown in Fig. 3-5,
whereas dibutyryl cAMP (BtcAMP) did not affect the morphology of
the differentiated cells, it strongly prevented M&B28767-induced
neurite retraction. Fig. 3-8 shows the quantitative examination of the
effect of BtocAMP. It decreased the percentage of neurite-retracted

cells in response to M&B28767 from 93.9% to 13.4%. These results

Figure 3-5. Effect of BtcAMP on M&B28767-induced neurite
retraction. (A) Cells were differentiated with NGF for 5 d. (B) Cells in A were
exposed to 1 uM M&B28767 for 60 min. (C) Differentiated cells were pretreated with
500 uM BtacAMP for 15 min. (D) Cells in C were exposed to 1 pM M&B28767 for
60 min. The results shown are representative of three independent experiments that
yielded similar results. Bar represents 50 pm.
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indicate that the activation of PKA suppresses EP3 receptor-mediated

neurite retraction.

Effect of C3 Exoenzyme on M&B28767-induced Neurite Retraction

A small G protein, Rho, appears to be required for the retraction
of neurites (17). To evaluate the participation of Rho in the EP3
receptor-mediated neurite retraction, the cells were microinjected with
C. botulinum C3 exoenzyme, which specifically ADP-ribosylates Rho
and suppresses the actions of Rho (15, 16). As shown in Fig. 3-6,
M&B28767-induced neurite retraction was completely inhibited in a cell
microinjected with C3 exoenzyme, whereas M&B28767-induced
morphological change was not inhibited in a cell microinjected with the
buffer alone (data not shown), indicating that microinjection itself did
not inhibit neurite retraction. These results demonstrate that the EP3
receptor-mediated neurite retraction is required for the activation of

Rho.

Figure 3-6. Effect of C3 exoenzyme on M&B28767-induced neurite
retraction. Differentiated cells were microinjected with 100 pg/ml C3 (A) and then
stimulated with 1 pM M&B28767 for 60 min (B). M&B28767 was added 30 min after
injection. The arrows indicate injected cells. The results shown are representative of
three independent experiments. At least 20 cells were microinjected in each experiment
for C3 exoenzyme and the control buffer, and all cells microinjected gave the described
response. Bar represents 50 um.
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Effect of Depletion of Intracellular PKC on M&B28767-induced
Neurite Retraction

As shown in Chapter 2, constitutively active Ga.q induces Rho-
dependent neurite retraction and cell rounding, and these morphological
changes are required for activation of PKC. Therefore, I examined
whether the morphological action of the EP3 receptor was mediated by
the activation of PKC. Even though the cells had been exposed to 1 uM
TPA during differentiation and endogenous PKC had been down-
regulated, PC12 cells were normally differentiated by NGF and neurite

Figure 3-7. Effect of depletion of intracellular PKC on M&B28767-
induced neurite retraction. (A) Cells were differentiated with NGF for 5 d. (B)
Cells in A were exposed to 1 UM M&B28767 for 60 min. (C) Cells were differentiated
with NGF for 5 d in the presence of 1 uM TPA. (D) Cells in C were exposed to 1 pM
M&B28767 for 60 min. The results shown are representative of three independent
experiments that yielded similar results. Bar represents 50 pm.
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retraction induced by M&B28767 was not affected (Fig. 3-7 and 3-8).
These results indicate that EP3 receptor-mediated morphological change

does not involve the activation of PKC.

Effect of Tyrphostin A25 on M&B28767- or RhoA-Induced Neurite
Retraction

As shown in Chapter 2, constitutively active Ga13-induced neurite
retraction was inhibited by a tyrosine kinase inhibitor tyrphostin A25.
Therefore, 1 next examined whether tyrphostin A25 blocked
M&B28767-induced neurite retraction in the NGF-differentiated PC12

cells. In the vehicle-treated cells, they retracted their extended neurites
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Figure 3-8. Quantification of effects of various reagents on
M&B28767-induced neurite retraction. The percentages of neurite-retracted
cells was determined as described under "Experimental Procedures”. Data are means +
S.E. of triplicate experiments.
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in response to 1 uM M&B28767 within 30 min (Fig. 3-9, A and B). In
contrast, pretreatment of the cells with 300 uM tyrphostin A25 for 15
min blocked M&B28767-induced neurite retraction (Fig. 3-9, C and D).
Fig. 3-11 shows the quantitative examination of the effect of tyrphostin
A25. It decreased the percentage of the neurite-retracted cells in
response to M&B28767 from 97.0 to 13.7%. The cells treated with
tyrphostin A25 alone caused no morphological change for at least 60
min (data not shown). These results indicate that a tyrphostin A25-

Figure 3-9. Effect of tyrphostin A25 on neurite retraction induced by
M&B28767. The cells differentiated with NGF for 3 days were pretreated with
vehicle (A and B) or 300 uM tyrphostin A25 (C and D) for 15 min. Then the cells were
photographed before (A and C) and 30 min after (B and D) the addition of 1 uM
M&B28767. The results shown are representative of three independent experiments.
The bar represents 50 pm.
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sensitive tyrosine kinase was involved in the EP3 receptor-mediated
neurite retraction.

‘To determine whether this tyrphostin A25-sensitive tyrosine kinase
functioned upstream or downstream of Rho, I next microinjected
constitutively active RhoA, RhoAV14, into the cytoplasm of the
differentiated PC12 cells. More than 70% of the cells microinjected
with 2 mg/ml of RhoAV14 caused neurite retraction and cell rounding

within 30 min. However, pretreatment of the cells with 300 uM

Figure 3-10. Effect of tyrphostin A25 on neurite retraction induced b y
RhoA V14, The cells differentiated with NGF for 3 days were pretreated with vehicle
(A and B) or 300 uM tyrphostin A25 (C and D) for 15 min. Then the cells were
photographed before (A and C) and 30 min after (B and D) microinjection of 2 mg/ml
RhoAV14. The arrows indicate injected cells. The results shown are representative of
three independent experiments. The bar represents 50 um.
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tyrphostin A25 for 15 min did not blocked neurite retraction induced by
microinjection of RhoAV14 (Fig. 3-10, and Fig. 3-11). These results
indicate that a tyrphostin A25-sensitive tyrosine kinase is not involved in

the neurite retraction induced by Rho.
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Figure 3-11. Quantification of effect of tyrphostin A25 on neurite
retraction induced by M&B28767 and RhoAV14, The cells differentiated with
NGF for 3 days were pretreated with vehicle (-Tyr) or 300 UM tyrphostin A25 (+Tyr)
for 15 min. Then the cells were exposed to 1 pM M&B28767 or microinjected with 2
mg/ml RhoAVY14, The percentages of neurite-retracted cells were determined 30 min
after the addition of the agonist or microinjection of RhoAV!4, as described under

"Experimental Procedures”. Data are the mean £ S.E. of triplicate experiments.
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Discussion

Information on the function of EP3 receptors in the nervous system
is scarce, although several findings have been reported, for example,
they inhibit neurotransmitter release and have hyperalgesic effects (92,
93). In this study, I described a new possible function of EP3 receptors,
modulation of a neuronal morphological change through a novel
pathway distinct from adenylate cyclase inhibition or PKC activation.
In EP3 receptor-expressing PC12 cells differentiated with NGF,
M&B28767 induced neurite retraction. However, no morphological
change was caused by the agonist in untransfected cells, indicating that
M&B28767-induced neurite retraction is mediated by EP3 receptor.

Growing evidence suggests that Rho plays a key role in the
regulation of the actin cytoskeleton. The functions of Rho have been
explored using the C3 exoenzyme, which ADP-ribosylates and
inactivates Rho protein (15, 16). Many studies using C3 exoenzyme
demonstrated that Rho is involved in the control of cell shape, adhesion,
and motility by regulating the actin cytoskeleton in fibroblasts (3), and it
is also involved in neurite retraction in neuronal cells (17). Since
microinjection into the EP3 receptor-expressing cells with the C3
exoenzyme completely inhibited M&B28767-induced neurite retraction
(Fig. 3-6), Rho was shown to be an essential element in the EP3
receptor-mediated neurite retraction.

Among classical second messenger pathways, EP3 receptor is
coupled to adenylate cyclase inhibition through Gi in PC12 cells, but the
receptor stimulates neither adenylate cyclase nor PLC, indicating that
EP3 receptor is exclusively coupled to Gi. However, neurite retraction

mediated by this receptor was not suppressed by PT treatment (Figs. 3-4
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and 3-8), indicating that G; is not involved in the EP3 receptor-mediated
neurite retraction. In Chapter 2, expression of constitutively active
mutants of Gayo, Goys, and Gog induced Rho-dependent neurite
retraction and cell rounding in NGF-differentiated PC12 cells. Among
these Ga subunits, Gouy3- and Gog-induced neuronal morphological
changes were blocked by tyrphostin A25, whereas the morphological
changes by Gajz were not influenced by this tyrosine kinase inhibitor.
Because tyrphostin A25 blocked the EP3 receptor-mediated neurite
retraction, Goj2 does not appear to mediate the signaling from EP3
receptor to Rho activation. Neuronal morphological changes by Gog
also required activation of PKC and Ca2+ influx. However, activation
of the EP3 receptor did not increase intracellular Ca2+ concentration in
the PC12 cells, and the neuronal morphological changes by the EP3
receptor were not blocked by inhibition of PKC activity (Figs. 2-7 and
2-8) or elimination of extracellular Ca2+ (data not shown). Taken
together, these results suggest that Gaj3 may be involved in the EP3
receptor-mediated Rho activation leading to neurite retraction in the
differentiated PC12 cells.

I examined the regulation of the EP3 receptor-mediated neurite
retraction by PKA, and revealed that activation of PKA inhibited EP3
receptor-mediated neurite retraction, indicating that PKA is a negative
regulator. As the potential PKA phosphorylation site is located in the
first cytoplasmic loop of the EP3 receptor, it is possible that PKA
phosphorylates the EP3 receptor. The phosphorylation of this site by
PKA may stop the EP3 receptor-mediated signaling. The second
possible site of the action of PKA is on a downstream component. LPA-
induced neurite retraction was recently reported to be prevented by
pretreatment with BtacAMP in PC12 cells (37). Furthermore, it was
recently reported that PKA directly phosphorylated Rho and this
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phosphorylation resulted in termination of Rho signaling (94). As LPA
and EP3 receptors use different pathways to activate Rho, PKA may
block Rho-mediated morphological regulation by phosphorylating Rho
in PC12 cells.

From this study, we propose new possible functions of PGE; acting
through EP3 receptors in the nervous system. EP3 receptors have been
shown to be expressed in a variety of neurons in the brain (90, 91), and
neurons in the dorsal root ganglion (95). PGE, is normally produced in
the brain, and its production is dramatically stimulated by brain injuries,
such as concussion, trauma, and asphyxia (96-99). When the brain is
injured, newly synthesized PGE; may retract the neurites of EP3
receptor-expressing neurons and reorganize damaged neuronal
connections. In addition, the levels of PGE, are also increased in the
brain by synaptic activity or during development (100). Furthermore,
cyclooxygenase, a rate-limiting enzyme in PG synthesis, has been
reported to be markedly induced by seizures or N-methyl-D-aspartate-
dependent synaptic activity, especially in the cortex and hippocampus
(101), in which EP3 receptors are highly expressed (90). PGE; may be
.involved in refining and remodeling the initial neuronal connections
through EP3 receptors.

In the present study, I have shown that EP3 receptor elicits neurite
retraction in a Rho-dependent fashion. This study will contribute not |
only to the understanding of neuronal PGE, function, but it will also
help to elucidate the molecular mechanisms of signal transduction

pathways between heterotrimeric G protein-coupled receptors and Rho.
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CONCLUSION

The summaries of the results obtained here are as follows:

1) pl60 RhoA-binding kinase ROKa, a target for RhoA acts
downstream of Rho to induce neurite retraction in PC12 cells.

2)  Activation of Go12, Gay3, and Gog induces Rho-dependent neurite
retraction in PC12 cells through different signaling pathways.

3) Prostaglandin EP3 receptor is coupled to Goj3 causing neurite

retraction through a Rho/Rho-associated kinase-dependent pathway
in PC12 cells.

The present study will not only contribute to the understanding of
the signal transduction pathway involving Rho in neuronal cells, but will
also help to elucidate the molecular mechanisms for neuritogenesis and

axonal pathfinding during neuronal development.
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EXPERIMENTAL PROCEDURES

Materials

M&B28767 was a generous gift from Dr. M. P. L. Caton of
Rhone-Poulene Ltd. NGF 2.5S was purchased from Promega
Corporation, and Clostridium botulinum C3 exoenzyme was from
Seikagaku Kogyo. Texas red-coupled dextran was from Molecular
Probes, tyrphostin A25 and tyrphostin AG1478 were from Calbiochem,
R031-8220 was from Nacalai Tesque, BtocAMP was from Sigma, and
TPA was from Funakoshi Pharmaceuticals. The sources of the other

materials are shown in the text.

Expression and Purification of Recombinant Proteins

The coding region of human RhoA was generated by reverse
transcription-PCR from HeLa cells using primers 5-CTGGACTCGAA
TTCGTTGCCTGAGCAATGG-3" and 5-GCAAGATGAATTCTGATT
TGTAATCTTAGG-3'. The PCR product was digested with EcoRI ,
cloned into the pBluescript KS(+), and completely sequenced. cDNAs
for RhoAV14 and RhoAV14A37 were generated by PCR-mediated
mutageneis (102), subcloned into the BamHI/EcoRI sites of pGEX-4T-2
vector, and sequenced. Recombinant RhoAV14 and RhoAV14A37 were
expressed as GST fusion proteins in E.coli, and purified on glutathione-
Sepharose beads according to the method of Self, A. J. and Hall, A.
(103). The sequence encoding ROKa containing the catalytic domain
(CD-ROKoa., amino acids 1-543), the Rho-binding domain (RBD-ROKaq,
amino acids 932-1065), and the PH domain (PHD-ROKa, amino acids
1116-1379) were generated by reverse transcription-PCR from PCI2
cells, using primers 5-ATGAGCGGATCCCCGCCGACGGGGAAA-3'
and 5'-ACCTTCTGAATTCATATCTGAGAGCTCTGG-3' for CD-
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ROKo, 5'-GACGGATCCAAAGAGAAGATCATGAAAGAGC-3' and
5'-GTTGTGTGAATTCTTAACGTTCAG-3' for RBD-ROKd, and 5'-
TCGCAGGGATCCGCCTTGCATATTGG-3" and 5-TCTTGTGGATG
GAAGAATTCGATCACCTTC-3' for PHD-ROKq, respectively. The
kinase-deficient mutant of CD-ROKo (CD-ROK0K112G) was generated
by PCR-mediated mutageneis. All PCR products for each domain of
ROK o were cloned into the pCR2.1 vector and sequenced completely.
The PCR products for RBD-ROKo and PHD-ROK«a were subcloned
into the BamHI/EcoRI sites of pGEX-4T-2 vector, and recombinant
proteins were expressed as GST fusion proteins in E.coli and purified
on glutathione-Sepharose beads. The PCR products for CD-ROKao and
CD-ROKaK112G were subcloned into the BamHI/EcoRI sites of pAcG2T
vector, and recombinant proteins were expressed as GST fusion proteins
in Sf9 cells with BaculoGold™ system (PharMingen) and purified on
glutathione-Sepharose beads according to the method of Matsui, T. et al.
(23). All recombinant proteins were dialyzed with an injection buffer
(10 mM Tris-HCI, pH 7.6, 150 mM NaCl, 2 mM MgCl;, and 0.1 mM
dithiothreitol) at 4 °C overnight for microinjection. Protein
concentration was determined by comparing with bovine serum albumin
standards after electrophoresis on a SDS-polyacrylamide gel and
staining with Coomassie Brilliant Blue. Purified proteins showed only

one band on Coomassie-stained gel.

Construction of Mammalian Expression Plasmids

Wild type mouse Gou12 and Goyz were generous gifts from Dr. M.
I. Simon (California Institute of Technology). Wild type rat Go;z was
kindly provided from Dr. T. Katada (Tokyo University). Mammalian
expression vector pEF-BOS was kindly provided from Dr. S. Nagata

(Osaka University). Wild type mouse Gog was generated by reverse
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transcription-PCR from mouse brain using primers 5'-GAGGCACTTC
GGAAGAATGA-3' and 5-AAGAACCAGTTTCTGGGAGG-3', and
the PCR product was cloned into the pCR2.1 vector and sequenced
completely. The cDNAs of the constitutively active mutants of Goj2
(Ga12Q229L; Goi2QL), Gaiz (GoizQ226L; Ga13QL), Gag
(GagQ209L; GogQL), Gy (Gai2Q205L; GaijpQL), and the cDNA of
RhoANI19 were generated by PCR-mediated mutagenesis (102), and
sequenced completely. The cDNAs of constitutively active mutants of
Go subunits were inserted into the pcDNA3 expression vector
(Invitrogen), and the cDNAs of RhoAV14 and RhoAN19 were inserted
into pEF-BOS.

Cell Culture and Microinjection

PC12 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 5% fetal bovine serum, 10% horse serum, 4 mM
glutamine, 100 units/ml penicillin, and 0.2 mg/ml streptomycin under
humidified conditions in 95% air and 5% CO; at 37 °C. To obtain EP3
receptor-expressing PC12 cells, cDNA encoding the EP3B receptor was
inserted into the expression vector, pcDNA3, and the plasmid
constructed was transfected into PC12 cells by lipofection (104). Stable
transformants were cloned by selection with 500 ng/ml of G418 (Gibco
laboratories life technologies, Inc.). For microinjection, cells were
seeded at a density 2 x 104 onto poly-D-lysine (Sigma)-coated 35 mm
dishes, which were marked with a cross to facilitate the localization of
injected cells. Microinjection was performed using an IMM-188
microinjection apparatus (Narishige).  After cells had been
differentiated in serum-free DMEM containing 50 ng/ml NGF for 3 or
4 days, 30 pg/ml of the indicated plasmids were microinjected into the

nucleus with 1 mg/ml Texas red-coupled dextran to visualize injected
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cells, or 2 mg/ml of recombinant proteins were microinjected into the
cytoplasm. During microinjection, differentiated cells were maintained
in Hepes-buffered DMEM (pH 7.4) at 37 °C. After microinjection, cells
were replaced into NGF-containing serum-free DMEM and incubated
for the indicated times. To examine the effect of extracellular Ca2+,
microinjected cells were replaced into Hepes-buffered saline containing
140 mM NaCl, 4.7 mM KCl, 5 mM MgClz, 1.2 mM KH2PO4, 11 mM
glucose, 2 mM EGTA, and 15 mM Hepes, pH 7.4. Cells were
photographed at x 400 magnification under the microscope with phase
contrast or by fluorescence of Texas red-coupled dextran. A neurite
was identified as a process greater than one cell body diameter in length.
For the quantitative examinations in Chapters 1 and 3, neurite-retracted
cells were defined as the cells that retracted by more than 10% of their
original length within 30 min of the addition of the agonist or of the
microinjection of recombinant proteins. For the quantitative
examinations in Chapter 2, neurite-retracted cells were defined as the
cells that almost completely retracted their neurites and caused rounding
of the cell body within 3 h of the microinjection of plasmids. To
-establish the time course in Chapter 3, the average neurite length was
measured from at least 30 cells in the same field, excluding the cells that
did not respond to the agonist. The percentages of neurite-retracted
cells were calculated by counting at least 30 microinjected cells in the

same field, and all data were obtained from triplicate experiments.

MLC Phosphorylation Assay

MLC phosphorylation assay was performed according to the
method of Amano et al. (28). The kinase reaction for ROKo was
carried out in 50 pl of the reaction mixture (50 mM Tris-HC1 (pH 7.5),
2 mM EDTA, 1mM dithiothreitol, 7 mM MgClaz, 0.1% 3-[(3-
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cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, 250 uM
[v-32PJATP (2.5 GBg/mmol), and 4 pg of purified MLC) with each
GST fusion protein (10 ng). After an incubation for 10 min at 30 °C,
the reaction mixtures were boiled in SDS-sample buffer and subjected to

SDS-PAGE. The radiolabeled bands were visualized by an image

analyzer (Fuji).
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