
Am J Transl Res 2017;9(2):762-773
www.ajtr.org /ISSN:1943-8141/AJTR0040942

Original Article 
Rho kinase regulates neurite outgrowth of hippocampal 
neurons via calcium dependent cytoskeleton regulation

Zhisheng Ji1,2, Zhenbin Cai1,2, Jifeng Zhang1,2, Nannuan Liu1, Jing Chen1, Minghui Tan1,2, Hongsheng Lin1, 
Guoqing Guo2

1Department of Orthopedics, The First Affiliated Hospital of Jinan University, Guangzhou 510630, China; 
2Department of Anatomy, Medical College of Jinan University, Guangzhou 510630, China

Received September 29, 2016; Accepted January 30, 2017; Epub February 15, 2017; Published February 28, 
2017

Abstract: Objective: To investigate whether calcium is involved in downstream signal transduction in neurite out-
growth regulated by Rho kinase. Methods: In vitro primary hippocampal neurons were cultured and treated with Rho 
kinase agonist (LPA) or antagonist (Y-27632). Then, the cytoskeleton and neurite outgrowth were observed. After 
addition of calcium antagonist BAPTA/AM to reduce intracellular calcium, the cytoskeleton distribution and neurite 
outgrowth were observed. Results: The activation or inhibition of Rho kinase could significantly alter the number 
and length of neurites of hippocampal neurons. Rho kinase regulated the cytoskeleton to regulate the neurite out-
growth, and LPA could significantly increase intracellular calcium. After BAPTA/AM treatment, the length and branch 
number of neurites of neurons reduced markedly. BAPTA/AM was able to reduce intracellular calcium and decrease 
neuronal cytoskeleton. Treatment with both BAPTA/AM and LPA could stop the retraction of neurites, but the length 
and branch number of neurites remained unchanged after treatment with Y-27632 and LPA. Conclusion: Calcium 
may affect the cytoskeleton arrangement to regulate neurite outgrowth, and calcium is involved in the downstream 
signal transduction of Rho kinase regulated neurite outgrowth of hippocampal neurons.  
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Introduction 

Rho kinase belongs to Rho GTPases family and 
may serve as a molecular switch in the cellular 
response depending on the different GDP-GTP 
binding statuses. Studies have shown that Rho 
kinase is involved in multiple cell processes 
such as differentiation, migration and polariza-
tion [1, 2]. As a negative regulator of neurite 
outgrowth of neurons, Rho kinase activation 
may inhibit the neurite outgrowth, and its inhi-
bition will facilitate the neurite outgrowth [3, 4]. 

In the neuronal development, the cytoskeleton 
movement leads to the formation of prototype 
of neurites, the polarization of which will lead to 
formation of neurites. The growth cone at the 
neurite terminal is able to explore the correct 
target structure to form synaptic connections. 
These neurites form precise neural networks 
via synaptic connections to maintain the nor-
mal function of neural tissues [5]. Neurite out-
growth is dependent on the cytoskeleton move-
ment including the polymerization, depolymer-

ization and arrangement alteration of cytoskel-
etons [6, 7]. The relationship between Rho 
kinase and cytoskeleton concentrates on the 
microfilament movement, but the neurite out-
growth and formation have involvement of 
microtubules [8, 9]. The microtubules are indis-
pensable for the maintenance of cell morphol-
ogy, and their structure is relatively stable, but a 
few instable dynamic microtubules are involved 
in the formation and growth maintenance of 
neurites [10]. After the initiation of Rho signal 
pathway, extracellular neurite growth and inhi-
bition signals usually cause the polymerization 
and depolymerization of microtubules, which 
may affect the cell polarization and neurite out-
growth. However, the mechanism and signal 
pathways underlying the Rho kinase regulated 
neurite outgrowth are still poorly understood.

Calcium is an important intracellular second 
messenger and involved in multiple cellular 
events including neuronal development [11-13]. 
Whether calcium also participates in the Rho 
kinase regulated neurite outgrowth is still un- 
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clear. In this study, primary hippocampal neu-
rons were cultured in vitro, Rho kinase agonist 
or antagonist was used to alter the Rho activity, 
and calcium chelator was used to reduce intra-
cellular calcium. Then, real-time imaging micro- 
scopy, fluorescence double staining and calci-
um fluorescence imaging were employed for 
the observation of neurite outgrowth of hippo-
campal neurons, cytoskeletal rearrangement 
and intracellular calcium, respectively, aiming 
to investigate the relationship of Rho kinase 
and calcium regulated neurite outgrowth with 
cytoskeletal rearrangement and whether calci-
um is involved in the downstream signal trans-
duction in Rho kinase regulated neurite out- 
growth. 

Materials and methods 

Reagents 

SD rats (specific pathogen free) were purcha- 
sed from the Experimental Animal Center of 
Sun Yat-sen University. DMEM/F12 (Invitrogen), 
Neurobasal medium, B27 supplement (Gibco), 
polylysine (Sigma), cytosine arabinoside (Ara-C) 
(Invitrogen), fetal bovine serum (Gibco), anti-rat 
α-tubulin antibody (Sigma), Rhodamine-Phal- 
loidin (Invitrogen), FITC conjugated fluorescent 
secondary antibody (Amersham pharmacia), 
fluorescent secondary antibody (Jackson), LPA, 
Y27632 (Sigma), BAPTA/AM (Merck), and Fluo-
3/AM (Molecular probes) were used in the pres-
ent study. Other analytical reagents were do- 
mestic.  

Separation and culture of hippocampal neu-
rons 

The hippocampus was collected from 1-day SD 
rat pups and cut into blocks which were then 
transferred into 15-ml centrifuge tube. The tis-
sues were digested with 0.125% trypsin at 
37°C in an environment with 5% CO2 for 10 
min. The reaction was stopped, and cell sus-
pension was pipetted, followed by centrifuga-
tion at 800 rpm for 5 min. The supernatant was 
removed, and the sediment was re-suspended 
in Neurobasal medium containing 10% serum 
and 2% B27. After filtering, the cell density was 
adjusted, and cells were then seeded into PDL 
pre-coated coverslips. The medium was refre- 
shed with serum free medium 24 h later. There- 
after, the medium was refreshed once every 3 
days.  

Grouping 

The hippocampal neurons were seeded at a 
density of 2×105 cells/cm2, and the medium 
was refreshed 24 h later. Then, cells were divid-
ed into 4 groups: (1) control group: cells were 
maintained in DMEM/F12 containing 10% FBS 
at 37°C in an environment with 5% CO2 for 5 
days; (2) Y-27632 group: cells were treated with 
Y-27632 at 10 μmol/L for 5 days, and remain-
ing conditions were identical to those in control 
group; (3) LPA group: after 5-day culture, cells 
were treated with LPA at 1 μmol/L for 2 h; (4) 
Y-27632+LPA group: after 5-day culture, cells 
were treated with Y-27632 at 10 μmol/L for 30 
min and then with LPA at 1 μmol/L for 2 h. 

Delayed microscopic imaging

Electronically controlled inverted microscope 
with micro-culture system was employed for 
delayed imaging. After 5-day culture, cells were 
treated as above mentioned. Then, cells were 
observed under this microscope. Image was 
captured at 1 frame/3 min with Time-lapse pro-
gram of LEICA-Qwin software. The photographs 
were obtained via the LEICA DFC300 camera. 

Fluorescence staining of rat hippocampal neu-
rons 

Cells after calcium phosphate transfection we- 
re fixed in 4% paraformaldehyde. After treat-
ment with perforating agent twice (5 min for 
each), cells were blocked in 5% donkey serum 
at room temperature for 1 h. After incubation 
with primary antibody at 4°C over night, cells 
were washed with TTBS to remove non-specific 
binding. Following incubation with secondary 
antibody, cells were washed with TTBS again. 
Then, cells were stained with DAPI, mounted, 
and dried in dark, followed by observation un- 
der a laser scanning confocal microscope and 
photographing. 

Calcium imaging of cells

Neurons were seeded into Petri dish at a den-
sity of 2×105 cells/cm2. After 5-day culture, ce- 
lls were washed in Hank’s solution twice and 
the incubated in 10 μmol/L Fluo-3/AM KRH’s at 
37°C in an environment with 5% CO2 in dark for 
30 min. Following washing with KRH’s twice to 
remove Fluo-3/AM, the cells were observed 
under the Zeiss LSM 510 confocal microscopy. 
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Scanning was done at 1 frame/s with Time 
series program at Fluo-3 excitation wavelength 
of 488 nm and emission wavelength of 524 
nm. The intracellular calcium fluorescence was 
dynamically observed, and images with the res-
olution of 512×512 were consecutively cap- 
tured.  

Measurement of branch number and length of 
neurites 

Image-Proplus software was used to determine 
the length and branch number of neurites: total 
length of neurites and number of axons (neu-
rites with the diameter two times larger than 
that of cell body), dendrites (neurites with the 
diameter no more than two times larger than 
that of cell body) and second neuronal branch-
es. The neurites with the length shorter than 2 

times of the diameter of the neurite were not 
included for analysis. 

Statistical analysis 

Statistical analysis was performed with SPSS 
version 19.0. All the data are expressed as 
mean ± standard deviation. Comparisons bet- 
ween groups were done with t test. A value of P 
< 0.05 was considered statistically significant.

Results 

Rho kinase regulated neurite outgrowth of 
neurons 

First, we investigated whether Rho kinase af- 
fected the neurite outgrowth of neurons. Under 
an electronically controlled inverted microsco- 
pe, the neuronal body protruded 4 primary pro-

Figure 1. Images from delayed microscopy of neurites of rat hippocampal neurons after treatment with LPA and 
Y27632 (200×). In the control group, the number and length of protrusions increased dramatically with the time. 
In LPA group, LPA was added to activate Rho kinase. Protrusions rapidly shortened with the time. In Y27632+LPA 
group, the first, second, third and fourth-level protrusions continued to extend and grow, and neurons showed favor-
able polarity.
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Figure 2. Cytoskeleton of rat hippocampal neurons after treatment with LPA and Y27632 (Confocal Microscopy). 
A1-A3: Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons in control group; B1-B3: 
Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons in Y-27632 group; C1-C3: Immuno-
fluorescence staining of α-tubulin in hippocampal neurons in LPA group; D1-D3: Immunofluorescence staining of 
α-tubulin and F-actin in hippocampal neurons in Y-27632+LPA group. 

Figure 3. Cytoskeleton of neurites of rat hippocampal neurons after treatment with LPA and Y27632 (Confocal Mi-
croscopy). Results showed Rho kinase may regulate the cytoskeleton (microfilaments and microtubules) to regulate 
the neurite outgrowth. A1-A3: Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons in 
control group; B1-B3: Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons in Y-27632 
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trusions, one of which was similar to axons and 
grew outward the cell body, but other protru-
sions were short, and there were no evident 
second-level protrusions. 30 min later, thin and 
small second and third-level protrusions grew 
from the base of first-level protrusions. The 
first-level protrusions extended, and a small 
protrusion was present at the opposite side. 60 
min later, second and third-level protrusions 
grew rapidly, their length increased significant-
ly, and at the same time fourth-level protru-
sions formed. 90 min later, no neuronal branch-
ing was observed again, but the number and 
length of protrusions increased dramatically 
(Figure 1; control group). 

In LPA group, LPA was added to activate Rho 
kinase. 30 min later, the first-level protrusions 
rapidly shortened, and their terminals became 
thin. 60 min later, the second-level protrusions 
shortened, a few third-level protrusions disap-
peared. 120 min later, the retracted first-level 
protrusions became thin (arrow), second-level 
protrusions shortened, and a fraction of third-
level protrusions disappeared (Figure 1). How- 
ever, in the presence of Y-27632 pre-treatment 
and treatment with LPA, neuronal body became 
oval, the small second-level protrusions at prox-
imal end of the cell body disappeared 30 min 
later, but the second-level protrusions from the 
large first-level protrusions rapidly grew. 60 min 
later, the cell body moved downward, a new 
thin first-level protrusion grew from the cell 
body, the original first and second-level protru-
sions continued to grow, and third-level protru-
sions appeared. 90 min later, neurons became 
polygonal, and fourth-level protrusions appear- 
ed. 120 min later, the neuronal body merged 
with a fraction of first-level protrusions, the 
number of first-level protrusions increased, the 
first, second, third and fourth-level protrusions 
continued to extend and grow, and neurons 
showed favorable polarity (Figure 1).

Rho kinase regulates neurite outgrow via regu-
lating cytoskeleton

Then, we further investigated whether Rho reg-
ulated neurite outgrowth via regulating cyto-
skeleton in which immunocytochemistry was 
employed for cytoskeleton staining. As shown 
in Figure 2, green fluorescence was indicative 

of microtubules and red fluorescence was in- 
dicative of microfilaments. In control group, the 
green fluorescence was distributed in the whole 
cell body, protrusions and their terminals, but it 
reduced gradually with the outward extension 
of protrusions and the increase in the number 
of protrusions (Figure 2A1). The red fluores-
cence was also distributed in the whole neu-
rons, especially the protrusion terminals were 
rich in microfilaments with red fluorescence, 
and the protrusions at different levels (espe-
cially the small protrusions) were clear (Figure 
2A2). This was also observed in the merged 
images. However, at the protrusion terminals, 
the microfilaments were more than the microtu-
bules. In a fraction of protrusions, there were 
only microfilaments and microtubules were not 
observable at their terminals (Figure 2A3). At 
the magnified images, the microtubules were 
found to be distributed along the protrusions 
(Figure 3A1), but the microfilaments were 
mainly distributed along the boundary of pro-
trusions, the small spinous protrusions com-
posed of microfilaments grew outward longitu-
dinal to the protrusions with regular arrange-
ment (Figure 3A2). This was also confirmed in 
the merged images (Figure 3A3). 

In Y-27632 group, the neuronal body became 
larger and irregular after treatment, the num-
ber of branches increased and some small 
branches grew outward from the neuronal body 
(Figure 2B1). In a lot of protrusion terminals, 
spinous protrusions composed of microfila-
ments were observed (Figure 2B2). In the mag-
nified images, the main protrusions composed 
of microtubules displayed a short branch 
(Figure 3B1). As compared with control group, 
the red fluorescence in the protrusions 
increased. Some small spinous protrusions 
composed of microfilaments grew outward, and 
some of spinous protrusions were large and 
long (Figure 3B2). The increased red fluores-
cence was also observed in the merged imag-
es, but there were no evident microtubules in 
the spinous protrusions (Figure 3B3). Although 
the microtubules in the neuronal body and 
main protrusions were similar between LPA 
group and control group, the number of protru-
sions at different levels reduced significantly 
after treatment in LPA group, the second-level 

group; C1-C3: Immunofluorescence staining of α-tubulin in hippocampal neurons in LPA group; D1-D3: Immunofluo-
rescence staining of α-tubulin and F-actin in hippocampal neurons in Y-27632+LPA group. 
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protrusions became short, third-level protru-
sions disappeared, and the number of microtu-
bules also reduced (Figure 2C1), microfila-
ments reduced significantly in the neuronal 
protrusions, and especially there was a little 
red fluorescence in the small protrusions, but 
the microfilaments at protrusion terminals were 
more than microtubules (Figure 2C2). At  
the magnified protrusions, the microtubules 
distribution was even in the main protrusions 
(Figure 3C1), the microfilaments were mainly 
distributed at the boundary of main protru-
sions, but the microfilaments reduced signifi-
cantly, or even disappeared at some regions, 
and a few spinous protrusions grew outward 
from the main protrusions (Figure 3C2). 

In Y-27632+LPA group, LPA was added at 30 
min after Y-27632 pre-treatment, neurons we- 
re still rich in protrusions, both microfilaments 
and microtubules were observed at the neuro-
nal body and protrusions of different levels, 
which were similar to findings in control group. 
The microtubules were mainly distributed in the 
neuronal body and main protrusions (Figure 
2D1), but microfilaments were more evident in 
the second and third-level protrusions, and 
there were spinous protrusions composed of 
microfilaments at the small protrusions and 
protrusion terminals (Figure 2D2). In the 
merged images, the red fluorescence became 
more evident at the protrusion terminals (Figure 
3D1). In the magnified images, the microfila-

ments were more than in LPA group, and the 
number of spinous protrusions also increased 
significantly (Figure 3D2). These findings indi-
cate that Rho kinase may regulate the cytoskel-
eton (microfilaments and microtubules) to regu-
late the neurite outgrowth. 

Rho kinase regulates the intracellular distribu-
tion of free calcium 

We further investigated which pathway was 
involved in the Rho kinase regulated neurite 
outgrowth via Cytoskeleton. Under a confocal 
microscopy, the intracellular calcium displayed 
green fluorescence after the neurons were in- 
cubated with Fluo-3/AM. In the neuronal body, 
the intensity of calcium fluorescence was high-
er than in the protrusions. In control group, neu-
rons were scanned for 1 min. When the intra-
cellular calcium fluorescence remained stable, 
10 μl of PBS was added. Under a microscope, 
the calcium fluorescence was evenly distribut-
ed, and there was no significant increase or 
decrease in the intensity of calcium fluores-
cence. At 410 s, the intensity of intracellular cal- 
cium fluorescence reduced, and that in the pro-
trusions disappeared, but green fluorescence 
was still observable in cells. In a few cells, the 
fluorescence intensity reduced significantly. In 
the fluorescence intensity-time curve, the intra-
cellular calcium fluorescence intensity curve 
was relatively straight, the addition of PBS did 
not increase the intensity, and the intensity 

Figure 4. Calcium real-time imaging of intracellular calcium of neurons and calcium fluorescence intensity curve-
time curve in control group and LPA group (scale bar: 50 μm). In control group, the calcium fluorescence was evenly 
distributed, and there was no significant increase or decrease in the intensity of calcium fluorescence. In LPA group, 
calcium fluorescence intensity of hippocampal neurons was stable at baseline. Several seconds after LPA treat-
ment, the intracellular calcium increased abruptly and reached a peak. The peak level of calcium fluorescence 
intensity was about 2 times that at baseline. Thereafter, the calcium fluorescence intensity slightly reduced and 
then remained stable and at a high level. 
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reduced gradually over time (Figure 4, Control 
group). 

In LPA group, the intracellular calcium fluores-
cence became stable within 1 min. After incu-
bation of 1 μmol/L LPA, the calcium increased 
significantly at 7 s. Under the microscope, the 
intracellular fluorescence intensity increased 
dramatically in neurons and glial cells. The nu- 
clear fluorescence intensity was the highest in 
glial cells. The fluorescence intensity increased 
markedly in only the cell body and main pro- 
trusions, but in distal protrusions and small 
branches. At 240 s, the fluorescence intensity 
became to reduce in a majority of glial cells, 
and the fluorescence intensity also decreased 
in neurons, but it in the cell body and protru-
sions was still higher than that at the begin- 
ning. In some small protrusions and protrusion 
terminals, the fluorescence intensity reduced 
or even the fluorescence disappeared. At 410 
s, the intracellular calcium fluorescence inten-
sity in neurons was still at a high level and did 
not reduce. In LPA group, the calcium fluores-
cence intensity-time curve showed the calcium 
fluorescence intensity of hippocampal neurons 
was stable at baseline. Several seconds after 
LPA treatment, the intracellular calcium incre- 
ased abruptly and reached a peak. The peak le- 
vel of calcium fluorescence intensity was about 
2 times that at baseline. Thereafter, the calci-
um fluorescence intensity slightly reduced and 
then remained stable and at a high level. The 

curve was nearly horizontal, which remained for 
3-4 min. Thereafter, the calcium fluorescence 
intensity began to fluctuate with small ampli-
tude, but it still remained at a high level (Figure 
4, LPA group). These findings indicate that Rho 
kinase may affect the calcium concentration to 
regulate cytoskeleton and subsequent neurite 
outgrowth of neurons.   

Calcium is involved in the Rho kinase regulat-
ed neurite outgrowth of hippocampal neurons 

To elucidate whether Rho kinase regulates neu-
rite outgrowth in a calcium dependent manner, 
pharmacological experiment was performed. 
When compared with control group, the neuro-
nal volume was smaller in BAPTA/AM group, on- 
ly several thin first-level protrusions grew out-
ward through the cell body, and these protru-
sions were short and often disappeared near 
the cell body. Few branches were observed in 
the protrusions, and occasionally, several small 
and thin second-level protrusions grew from 
the terminal of first-level protrusion, but no 
third-level protrusions were observed (Figure 
5). 

After treatment, the fluorescence intensity of 
microtubules and microfilaments in the cell 
body and main protrusions in BAPTA/AM group 
did not reduce when compared with control 
group. In BAPTA/AM group, the microfilaments 
at protrusion terminals were evident, and a few 

Figure 5. Effects of BAPTA/AM on the rat hippocampal neurons and their neurites (Phase contrast microscope; 
200×). When compared with control group, the neuronal volume was smaller in BAPTA/AM group, only several thin 
first-level protrusions grew outward through the cell body, and these protrusions were short and often disappeared 
near the cell body. Few branches were observed in the protrusions, and occasionally, several small and thin second-
level protrusions grew from the terminal of first-level protrusion, but no third-level protrusions were observed. A: Rat 
hippocampal neurons and their protrusions in control group; B: Rat hippocampal neurons and their protrusions after 
BAPTA/AM treatment.
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spinous protrusions grew from the main protru-
sions. At magnified protrusions, the microtubu- 
les were evenly distributed, but microfilaments 
displayed discontinuous distribution, more mi- 
crofilaments were found at the boundary of pro-
trusions, microfilaments at some regions even 
disappeared, and a few spinous protrusions 
growing from the main protrusions disappeared 
near the main protrusions. In BAPTA/AM+LPA 
group, neurons were pre-treated with BAPTA/
AM for 30 min and then with LPA. Results sho- 
wed the neurite branches of neurons increased, 
the microfilaments and microtubules were ob- 
served in the neuronal body and protrusions of 
different levels, and microfilaments were obvi-
ous in the protrusions of different levels (Figure 
6). In the magnified images, the red microfila-
ments in protrusion terminals showed increas- 
ed fluorescence intensity, and the spinous pro-
trusions composed of microfilaments increased 
significantly when compared with LPA group 

and BAPTA/AM group (Figure 7). These findings 
confirm that Rho kinase may regulate neurite 
outgrowth via regulating intracellular calcium.  

Discussion 

Rho kinase plays an important regulatory role 
in the neurite outgrowth. Inhibition of Rho ki- 
nase may promote neurite outgrowth and in- 
crease the number of neurites, and activation 
of Rho kinase pathway may cause neurite re- 
traction and reduce the number of neurites [8, 
9]. In addition, calcium has complex regulatory 
effects on the neurite outgrowth of hippocam-
pal neurons, and excess reduction or increase 
in intracellular calcium may cause the neurite 
outgrowth arrest [14, 15]. Our results showed 
Rho kinase could regulate the cytoskeleton-
---microtubules and microfilaments, to regulate 
the neurite outgrowth. In addition, our findings 
also indicated that Rho kinase agonist PLA was 

Figure 6. Cytoskeleton of rat hippocampal neurons after treatment with BAPTA/AM and LPA (Confocal Microscopy). 
Neurite branches of neurons increased, the microfilaments and microtubules were observed in the neuronal body 
and protrusions of different levels, and microfilaments were obvious in the protrusions of different levels. A-C: Im-
munofluorescence staining of α-tubulin and F-actin in hippocampal neurons in BAPTA/AM group; D-F: Immunofluo-
rescence staining of α-tubulin and F-actin in hippocampal neurons in BAPTA/AM+LPA group.



Rho kinase regulates neurite outgrowth

771	 Am J Transl Res 2017;9(2):762-773

able to significantly increase the intracellular 
calcium, and inhibition of calcium increase was 
able to antagonize the protrusion inhibition sec-
ondary to the treatment of Rho kinase agonist. 
This indicates that calcium is involved in the 
Rho kinase regulated neurite outgrowth. 

The effects of calcium on the neurite outgrowth 
are related to the regulation of cytoskeletal 
rearrangement, and calcium signal is an up-
stream signal in the regulation of cytoskeletal 
rearrangement [12]. Under a confocal micro-
scope, although the fluorescence of microtu-
bules and microfilaments did not reduce signifi-
cantly in the cell body and main protrusions of 
neurons after BAPTA/AM treatment, the num-
ber of protrusions and their branches reduced 
markedly, the fluorescence of microfilaments 
was weak in a majority of regions of protru-
sions, and a few spinous protrusions grew out-
ward from the main protrusions. In the magni-
fied images, the microfilaments in the protru-

sions reduced, only a few short spinous protru-
sions grew outward from the main protrusions. 
These indicate that reduction in intracellular 
calcium is able to decrease the microfilaments 
in the protrusion terminals and small bran- 
ches. 

There is evidence showing that LPA is able to 
specifically induce the increase in intracellular 
calcium, and the higher the extracellular LPA 
concentration, the higher the intracellular cal-
cium concentration was [16-18]. Our results 
showed the calcium fluorescence intensity was 
stable at baseline; several seconds after addi-
tion of LPA, intracellular calcium concentration 
increased dramatically and reached a peak 
which was about 2 times of that at baseline, 
thereafter it reduced gradually. In control group, 
the calcium fluorescence intensity remained 
stable without significant fluctuation, although 
a slow reduction was observed at late stage; 
the calcium fluorescence also remained un- 

Figure 7. Cytoskeleton of neurites of rat hippocampal neurons after treatment with BAPTA/AM and LPA (Confocal Mi-
croscopy). In the magnified images, the red microfilaments in protrusion terminals showed increased fluorescence 
intensity, and the spinous protrusions composed of microfilaments increased significantly when compared with LPA 
group and BAPTA/AM group. A-C: Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons 
in BAPTA/AM group; D-F: Immunofluorescence staining of α-tubulin and F-actin in hippocampal neurons in BAPTA/
AM+LPA group.
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changed. These findings suggest LPA is able to 
increase the intracellular calcium of hippocam-
pal neurons. The effects of LPA on the intracel-
lular calcium of hippocampal neurons are ascri- 
bed to the influx of extracellular calcium. If cells 
are maintained in calcium free buffer, the ef- 
fects of LPA on the intracellular calcium are sig-
nificantly compromised or even disappeared. 
The calcium imaging in living cells is dependent 
on the type and status of neurons and the 
experimental preparation. Zhou et al found LPA 
induced the slow increase in intracellular calci-
um of chick embryonic neural retinal cells 
which lasted for a short time. Moreover, they 
also found that the release of intracellular cal-
cium seemed to be a major cause of increase 
in intracellular calcium, but more studies are 
required to confirm these findings [16]. 

The LPA induced neurite retraction is closely 
related to the activation of RhoA/Rho. In the 
present study, the LPA induced neurite retrac-
tion disappeared after inhibition of intracellular 
calcium with BAPTA/AM. Immunofluorescence 
staining of cytoskeleton showed the LPA in- 
duced neurite retraction was also related to the 
cytoskeletal rearrangement in neurons after 
inhibition of intracellular calcium with BAPTA/
AM. Under a confocal microscope, neurons in 
BAPTA/AM+LPA group were rich in neurites, 
and microtubules and microfilaments were dis-
tributed along the neuronal body and protru-
sions of different levels. The microfilaments 
were obvious in the protrusions of different lev-
els, and the red fluorescence of microfilaments 
was strong at the protrusion terminals. In the 
magnified images, the fluorescence of microfil-
aments was strong in the main protrusions, the 
spinous protrusions were short, but their num-
ber increased significantly when compared wi- 
th LPA group and BAPTA/AM group. In studies 
on neuroblastoma, LPA may activate calcium-
actinin signal pathway to induce the depolymer-
ization of actin, leading to the neurite collapse. 
Other studies also indicate that the increase in 
intracellular calcium is able to activate calmod-
ulin kinase (CaM) or calpain and calmodulin 
phosphatase, leading to the cytoskeletal rear-
rangement [19, 20] and subsequent neurite 
retraction. Although our study did not confirm 
which downstream signal was involved in the 
LPA induced increase in intracellular calcium 
and the subsequent cytoskeletal rearrange-
ment and neurite retraction in rat hippocampal 
neurons, the LPA induced cytoskeletal rear-

rangement (especially the microfilament rear-
rangement) was significantly compromised af- 
ter reduction in intracellular calcium, the actin 
in protrusions increased, but the spinous pro-
trusions composed of microfilaments increas- 
ed significantly. Rho kinase plays an important 
role in the regulation of T-type calcium channel 
on cell membrane [21, 22]. After LPA induced 
activation, Rho kinase may cause the close of 
T-type calcium channel Cav3.1 in Y79 neuro-
blastoma cells and lateral lacing neurons, but it 
may up-regulate the Cav3.2 channel dorsal root 
ganglion neurons, leading to the increase in 
calcium influx and membrane depolarization, 
which will affect the bioeffects of LPA [22]. 

Our results indicate that Rho kinase may regu-
late cytoskeletons to affect neurite growth. Cal- 
cium is an important signal molecule in the re- 
gulation of neurite outgrowth of hippocampal 
neurons, and has complex regulatory role in the 
neurite outgrowth. The calcium regulated neu-
rite outgrowth is closely related to cytoskele-
tons, and calcium is involved in the Rho kinase 
regulated neurite outgrowth of hippocampal 
neurons. 
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