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Arginine-vasopressin (AVP) is a nonapeptide of hypothalamic origin that has been shown to

exert many important cognitive and physiological functions in neurons and terminals of both
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the central and peripheral nervous system (CNS and PNS). Here we report for the first time

that AVP induced an increase in intracellular Ca2þ concentration ([Ca2þ]i) in non-neuronal

cells isolated from the rat dorsal root ganglion (DRG) and cultured in vitro. The ratiometric

[Ca2þ]i measurements showed that AVP evoked [Ca2þ]i responses in the non-neuronal cells

and these concentration-dependent (100 pM to 1 mM) responses increased with days in vitro in

culture, reaching a maximum amplitude after 4–5 day. Immunostaining by anti-S-100 anti-

body revealed that more than 70% of S-100 positive cells were AVP-responsive, indicating that

glial cells responded to AVP and increased their [Ca2þ]i. The responses were inhibited by

depletion of the intracellular Ca2þ stores or in the presence of inhibitors of phospholipase C,

indicating a metabotropic response involving inositol trisphosphate, and were mediated by

the V1 subclass of AVP receptors, as evidenced by the use of the specific blockers for V1 and OT

receptors, (d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin and (d(CH2)5

1 ,Tyr(Me)2,Thr4,Orn8,des-Gly-NH2
9)-

Vasotocin, respectively. V1a but not V1b receptor mRNA was expressed sustainably through the

culture period in cultured DRG cells. These results suggest that AVP modulates the activity of

DRG glial cells via activation of V1a receptor.
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1. Introduction

The effects of the nonapeptide arginine-vasopressin (AVP) on

the central nervous system (CNS) where they originate from

are well established and extensively documented. They range

from control of water homeostasis to stress (Volpi et al.,

2004), anxiety (Bielsky et al., 2004) and social behavioral

modulations (Tobin et al., 2010). AVP is synthesized in and

secreted by the magnocellular neurosecretory neurons of the

hypothalamo-neurohypophysial system. The action of AVP is

mediated through a specific subtype of 7 transmembrane

domains G-protein coupled receptors. The AVP receptors are

represented by 3 distinct subtypes classified as V1a, V1b and

V2 receptors (Manning et al., 2008). The AVP system is present

and/or active in peripheral organs such as heart (Dayanithi

et al., 2008), smooth muscles (Karashima, 1981; Li et al., 2001;

Van Putten et al., 1994) and also in the peripheral nervous

system (PNS) (Bone et al., 1984). In respect to the latter case,

the actual physiological role that AVP could play is still under

consideration.

Dorsal root ganglia (DRG) contain the cell bodies of pseudo-

unipolar neurons conveying and integrating somatic sensory

inputs (pain, temperature, mechanosensation) from the per-

iphery to the spinal cord. According to somata’s diameters,

one can distinguish 3 types of neurons: large, medium and

small, corresponding to different conductivities and sensory

modalities (Scroggs and Fox, 1992). Obviously, the classifica-

tion of DRG neurons is much more complex and is also based

on the action potential configuration, the level of myelination

and the expression of important molecular markers such as

ion channels (Lechner et al., 2009).

DRG neurons are surrounded by both satellite glial cells

(Hanani, 2005) and myelinating Schwann cells. Both types of

the DRG glial cells are derived from neural crest (Jessen and

Mirsky, 2005; Le Douarin et al., 1991), and express S-100

protein (Vega et al., 1991) but have several differences in their

functions and localization.

The satellite glial cells surround completely around the cell

bodies of DRG neurons, and the distance between the two

types of cells is about 20 nm (Pannese, 1981). Little is known

about the function of the satellite glial cells, but a recent

study suggests that the satellite glial cell has a significant role

in controlling the microenvironment in ganglia (Ohara et al.,

2009). The satellite glial cells express the glutamate–aspartate

transporter and glutamine synthetase (Miller et al., 2002) and

may play an important role in maintaining glutamate home-

ostasis in the DRG (Bak et al., 2006). Another investigation

implies the relevance between the satellite glial cells and the

pain sensing mechanisms (Vit et al., 2008). Silencing of the

inwardly rectifying potassium channels, which are expressed

only in the satellite cells among DRG cells, results in appear-

ance of both spontaneous and evoked pain and decreased

tolerance to innocuous stimuli.

The major physiological role of Schwann cells is myelinat-

ing the axons of PNS neurons and thus facilitating the

saltatory conduction. Schwann cells also contribute to the

neuronal survival and nerve regeneration processes by pro-

viding neurotrophic factors (Madduri and Gander, 2010). After

the denervation, Schwann cells produce many types of
neurotrophic factors such as brain-derived neurotrophic

factor, nerve growth factor (NGF), glial cell line-derived

neurotrophic factor, which stimulate the axonal growth and

support the neuronal survive (Shim and Ming, 2010).

Kai-Kai et al. (1986) have identified AVP immunoreactivity

in neurons of rat DRG. Shortly after, a different group

characterized the accumulation of inositol phosphates by

application of AVP at concentrations in the micromolar range

in rat DRG (Horn and Lightman, 1987), and this phenomenon

was dependent on the V1 AVP receptor subtype. Based on

these studies, we could assume that: (i) AVP is also present in

the PNS especially in neurons of the DRG and (ii) the inositol

phosphate pathway is involved through receptors coupled to

Gq proteins, suggesting the existence of AVP receptors in

ganglia cells and the possibility for the peptides to induce the

production of inositol 1,4,5-trisphosphate (InsP3) responsible

for the activation of Ca2þ release channels seated on the

membrane of the endoplasmic reticulum. Within the huge

family of 2nd messengers, Ca2þ is widely considered as the

most ubiquitous and the control of Ca2þ homeostasis in cells

is of major importance for the regulation of development,

excitation, contraction, neurotransmitter release, aging and

apoptosis (Thul et al., 2008). Taking all these aspects into

consideration, the aim of the present study is to investigate

the AVP-induced Ca2þ signaling in the cultured cells of the rat

DRG. Our results show that AVP induces consistently a clear

Ca2þ signal involving an InsP3-evoked release of Ca2þ from

the intracellular stores.
2. Results

2.1. AVP-induced [Ca2þ]i signals and immunoreactivity
against S-100 in DRG cell culture

At six days in culture, various cell types were present in our

DRG culture, that was distinguishable on morphological

criteria (Fig. 1D). The first type was roundly shaped and had

highly dense cytosol, resembling the morphology of the DRG

neurons (Kitamura et al., 2005b) (a), while a second type was

represented by polygonal or spindle shaped cells with lower

density cytosol in phase contrast microscopy (b). To identify

on a functional basis the types of cells, we have used a 60 mM

KCl (60Kþ) stimulation protocol (30 s) while performing [Ca2þ]i
measurements. As illustrated in Fig. 1 A and B, showing an

example of the [Ca2þ]i changes in a typical filed of the DRG

culture, only one cell responded with a [Ca2þ]i increase to the

60Kþ-induced depolarization. Panel C in Fig. 1 shows the

response of the culture to the bath application of 1 mM AVP

for 1 min after the exposure to 60Kþ for 30 s. The majority of

the cells responded with a clear Ca2þ signal, while the

neuronal cells failed to respond. This difference in response

is more clearly illustrated by the [Ca2þ]i traces in panels F,

where in a neuron (a) only 60Kþ evoked a rapid sharp rise in

[Ca2þ]i, whereas in a non-neuronal cell (b), only AVP evoked a

long-lasting [Ca2þ]i increase.

In the DRG, there are two types of glial cells, the satellite

glial cells and Schwann cells, and both show the expression

of the S-100 protein (Vega et al., 1991). Thus, to confirm the

glial nature of the cells responding to AVP but not to 60Kþ



Fig. 1 – [Ca2þ]i responses to high Kþ and AVP with S-100 antibody immuno-staining in rat cultured DRG cells. (A)–(C) Ca2þ

imaging pseudo color pictures obtained in basal conditions (A), after 60Kþ (B) and 1 lM AVP stimulations (C). (D) A bright field

picture of the cells shown in A, B and C. (E) A fluorescence image obtained with anti S-100 antibody after the [Ca2þ]i dynamic

measurement. (F) Time course of responses to Kþ and AVP obtained in the cells (a), (b), respectively (G), (H)

Immunocytochemistry with an anti-S-100 antibody in DRG cells. Normal bright field images (G), (H) of the same optical field

are shown. Cells numbered 1–3 in G are shown with an expanded scale in H. Only the cell 2 showed S-100-immunopositive.

Scale bars indicate 50 (A)–(G) and 100 lm (H). The results of (A)–(F) and (G), (H) are obtained from the culture DRG cells at DIV 6

and DIV 3, respectively.
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protocol in our DRG cultures on the basis of morphology and

functional responses, we have performed immunocytochem-

ical staining with an anti S-100 antibody on the coverslips

previously used for [Ca2þ]i recording. As shown in the cell

labeled ‘b’ in Fig. 1E, cells that responded to AVP were

positively stained by the S-100 antibody. On the other hand,

there was little S-100 immunoreactivity in the cell labeled ‘a’

that exhibited a transient rise in [Ca2þ]i to 60Kþ.
To investigate the relative abundance of the S-100-immuno-

positive non-neuronal cells, we performed specific immuno-

cytochemistry on the cultures. Under our experimental con-

ditions, 71% (392/575) of cells having morphology of non-

neuronal cells positively stained with S-100 antibody (Fig. 1G

and H). More importantly, of the S-100 positive cells, 74%

(103/139) responded with a Ca2þ signal to the application of

AVP. Overall, these cells were quiescent in the absence of
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stimulation, without signs of any spontaneous activities, such

as [Ca2þ]i oscillations, and showed, under our Ca2þ calibration

conditions, a resting [Ca2þ]i of 33.971.8 nM (n¼832).

2.2. Dependence of AVP-evoked [Ca2þ]i rises on the culture
period and the AVP concentrations

Maintenance of neural cells in primary cultures is usually

associated with changes in the expression of various recep-

tors, either as a function of the developmental stages or in

response to the culture conditions (Abramov and Duchen,

2010; Costantini et al., 2010; Orlandi et al., 2011). To assess

this possibility in our conditions, we have measured the

amplitude of AVP-evoked (1 mM for 3 min) [Ca2þ]i responses

and in cultures of different ages, between 0 and 10 DIV (days

in vitro). For the sake of analysis, cells were divided into three

groups depending on the amplitude of [Ca2þ]i increase in

response to AVP:o10 nM (i.e., non-respondent), 10–30 nM

(small responses) and430 nM (large responses), and the

relative proportion of these cell groups as a function of the

age of the culture is plotted by columns in Fig. 2A. At DIV 0,
Fig. 2 – Dependence of AVP-evoked [Ca2þ]i responses on the

dependence of AVP-evoked [Ca2þ]i responses in non-neuronal c

groups depending on the amplitudes of the [Ca2þ]i responses a

and430 nM (solid column). (B) The mean amplitudes of the [Ca2

shown. The total numbers of the cells in this group are indicated

responses in non-neuronal cells at DIV 9. Cells were divided into

in each group is shown by columns. (D) The mean amplitudes

430 nM in C are shown. The total numbers of the cells in this

[Ca2þ]i responses (D[Ca2þ]i) was calculated by subtracting the ba
11% (35/331) of the cells showed responses larger than 30 nM,

but the proportion of cells in this group gradually increased

with the age in culture until DIV 4, and reached 72% (224/310).

From the DIV 4 to DIV 10, the ratio of this group remained

stable (approximately 70%). The average amplitudes of [Ca2þ]i
responses in cells in the group showing responses larger than

30 nM in Fig. 2A are illustrated in Fig. 2B, demonstrating that

the amplitude of the AVP-induced [Ca2þ]i response in the

non-neuronal cells increased with culture age.

To examine the relationship between the concentration of

AVP and the amplitude of the [Ca2þ]i responses, effects of AVP

at different concentrations varying between 0.1 and 1000 nM on

[Ca2þ]i were examined. To minimize the influence of the culture

age on the amplitudes of AVP-induced responses, only DIV 9

cells were used in this experiment. Responses in individual

cells were divided into three groups as Fig. 2A. Even at the low

concentration (0.1 nM) of AVP, 16% of the cells showed [Ca2þ]i
responses larger than 30 nM (Fig. 2C). The proportion of cells

showing responses with the amplitude of larger than 30 nM

gradually increased in a concentration-dependent manner.

Fig. 2D shows the averaged amplitudes of the AVP-induced
culture day and the concentration of AVP. (A) Culture day

ells. Cells on each day of culture were divided into three

s o10 nM (open column), 10–30 nM (hatched column),
þ]i responses in cells showing responses of 430 nM in A are

in the columns. (C) Dose dependence of AVP-evoked [Ca2þ]i
three groups as in A and the relative proportion of the cells

of the [Ca2þ]i responses in the cells showing responses of

group are indicated in the columns. The amplitude of the

sal level from the peak amplitude of the evoked responses.
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[Ca2þ]i increase in the group of the cells showing responses

exceeding 30 nM as in Fig. 2C. The amplitudes also increased

in a concentration-dependent manner.
2.3. [Ca2þ]i responses to repetitive stimulations with AVP

Assessment of the main parameters of Ca2þ homeostasis

requires, in some experimental paradigms, repeated expo-

sures to the activator agent. It has been shown previously

that in the SON-AVP neurons, the [Ca2þ]i response to repeated

stimulations with AVP shows desensitization (Dayanithi

et al., 1996). A similar protocol was adopted in this study,

involving 3 repetitive applications of a low, concentration of

AVP (at 1 nM for 3 min), separated by 20 min intervals

(Fig. 3A). Twenty-six out of 30 cells showed a good [Ca2þ]i
response (i.e., larger than 30 nM) to all 3 repetitive applica-

tions of AVP. However, the [Ca2þ]i responses after the 1st and

2nd AVP applications were smaller suggesting a desensitiza-

tion of the AVP receptors. The amplitudes of the [Ca2þ]i
responses to the 1st, 2nd and 3rd stimulations were

231724 nM, 13879 nM, 90715 nM, respectively (n¼30) and

significantly different (1st and 2nd, Po0.01 by ANOVA; 2nd

and 3rd, Po0.05 by ANOVA). Relative amplitudes of the

responses to those evoked by the first stimulation are shown

in Fig. 3B.
Fig. 3 – Effect of repetitive AVP stimulation on [Ca2þ]i in non-

neuronal cells obtained from the DRG culture.

(A) Representative traces of [Ca2þ]i responses to 3 repetitive

AVP applications (3 min each) with 20 min interval.

(B) Summarized results showing an amplitude decay of the

[Ca2þ]i responses obtained from 30 non-neuronal cells.

The amplitude of the [Ca2þ]i responses (from the basal level

to the peak) was normalized to the 1st [Ca2þ]i response and

the values are shown as the mean7SEM.
2.4. The source of Ca2þ in response to AVP

To clarify the origin of Ca2þ in response to AVP in the non-

neuronal cells from DRG cultures, experiments were first

performed to assess the response to AVP in the absence of

external Ca2þ. For these experiments, cells were first stimu-

lated with 1 nM AVP for 3 min (as shown in Fig. 4A) in the NL

containing 2 mM CaCl2 and then perfused with Ca2þ-free
Fig. 4 – Involvement of external and intracellular Ca2þ in the

AVP response. This panel displays the effects of low

external Ca2þ and the sarco-endpalsmic reticulum Ca2þ

ATPase inhibitor, CPA, on [Ca2þ]i responses to AVP in non-

neuronal cells. (A) A representative trace showing [Ca2þ]i
responses to AVP (1 nM) before, during, and after perfusion

with Ca2þ free solution. (B) A representative example of

[Ca2þ]i responses to AVP (1 nM) before, during, and after

perfusion with CPA-containing Ca2þ-free solution.

(C) Summarized results showing [Ca2þ]i responses to AVP

obtained in control (n¼30), Ca2þ free (n¼40), and Ca2þ free

with CPA (n¼25). Summarized data of control are obtained

from the result of second time application of AVP in Fig. 3.

The values are shown as the mean7SEM. The [Ca2þ]i
responses are expressed as relative responses in

comparison to the 1st AVP-induced peak in each

experiment (���: Po0.001).



Fig. 5 – The possibility of PLC participation in the [Ca2þ]i
responses evoked by AVP. This panel displays the effects of

the PLC inhibitor, U73122 and inactive analog of U73122,

U73343 on [Ca2þ]i responses to AVP in non-neuronal cells.

(A), (B) Representative traces of [Ca2þ]i responses to AVP

(1 nM) in the presence of U73122 (1 lM) or U73343 (1 lM).

(C) Summarized results showing [Ca2þ]i responses to AVP

obtained in U73122 (n¼48), and U73343 (n¼30). The values

are shown as the mean7SEM. The [Ca2þ]i responses are

expressed as relative responses in comparison to the 1st

AVP-induced peak in each experiment (��: Po0.01).
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solution prior to 2nd application of AVP. The NL was then

reintroduced as shown in the traces (Fig. 4). While data in

Fig. 3B, show that the second AVP exposure induces a [Ca2þ]i
response that is 6072.7%, in the absence of external Ca2þ, the

second response was 5273% (n¼40), a value that was not

significantly different (P40.05 by Student’s t-test) from that

recorded in the presence of Ca2þ (Fig. 4C), indicating that the

AVP-induced Ca2þ signal originates in the intracellular Ca2þ

compartments.

This is further supported in experiments using CPA, a drug

known to block the reuptake of Ca2þ into the endoplasmic

reticulum Ca2þ stores, but also to release Ca2þ from these

stores in a manner controlled by the resting levels of InsP3

(Bentley et al., 2010). In these experiments, CPA (10 mM) alone,

in the absence of external Ca2þ, induced an sustained

increase in [Ca2þ]i, indicating of a release from the intracel-

lular Ca2þ stores (Fig. 4B); and in these conditions AVP failed

to initiate any [Ca2þ]i increase. However, when the Ca2þ

concentration in the bath solution was restored to 2 mM,

there was a prolonged rise in [Ca2þ]i, which indicates a

sustained store-operated Ca2þ entry (SOCE) was evoked, and

the Ca2þ stores were refilled. In such conditions, a further

AVP application is able to generate a transient [Ca2þ]i
response; and these results are summarized in Fig. 4C.

The final indication that AVP generates a Ca2þ signal

mediated by intracellular signaling involving InsP3 and sub-

sequent intracellular Ca2þ release, comes from experiments

using modulators of phospholipase C (PLC) activity. The

compound U73122 has been used extensively as a relatively

specific inhibitor of PLC (Sabatier et al., 1998), while the

related compound U73343 has no inhibitory activity (Smith

et al., 1990). The cultures were thus exposed to AVP, and then

pre-incubated with U73122 for 3 min prior to the 2nd AVP

administration (Fig. 5A). While U73122 addition did not

affected the levels of resting Ca2þ, it significantly reduced

the AVP-evoked [Ca2þ]i rises (Fig. 5A and C); Fig. 5B and C

shows that the non-specific agent U73343 had no effect.

2.5. The subtype of AVP receptors contributing to the
[Ca2þ]i rises

In order to examine whether AVP-induced [Ca2þ]i responses

in non-neuronal cells of DRG cell cultures are mediated by

specific AVP receptors, we then pharmacologically targeted

the subtypes of AVP receptor contributing to the [Ca2þ]i
response by use of the V1 receptor antagonist, (d(CH2)5

1,

Tyr(Me)2,Arg8)-Vasopressin. Initially the cells were stimulated

with a low AVP concentration (at 1 nM for 3 min) to identify

the AVP-responsive cells; subsequently cells were stimulated

by a much larger AVP concentration (1 mM, 3 min, n¼25,

control) (Fig. 6A). The rationale for the use of a much larger

concentration of AVP for the secondary exposure was to

counteract the desensitization effect. To test the effect

of the antagonist, the cells were perfused with (d(CH2)5
1,

Tyr(Me)2,Arg8)-Vasopressin at 100 nM for 3 min before the

2nd AVP stimulation, and continuously perfused further for

9 min. (d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin alone had no effect

on resting [Ca2þ]i. In the presence of the antagonist, the

[Ca2þ]i response evoked by AVP was completely abolished in

all cells recorded (n¼18, Fig. 6B) and there was a significant
difference between the amplitudes of AVP-evoked [Ca2þ]i
responses in control cells and the ones obtained in the cells

treated with (d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin (tested by

Student’s t test; Po0.05). Since AVP at higher concentrations

was shown to activate oxytocin (OT) receptors (Chini and

Manning, 2007), we also examined the specificity of the

involvement of AVP receptors by using the OT receptor

antagonist, dOVT, on the [Ca2þ]i responses evoked by AVP in

non-neuronal cells. Using the same protocols as, application

of dOVT did not affect the AVP-evoked Ca2þ signal (tested by

Student’s t test; P40.05 vs. control) (n¼34, Fig. 6C) suggesting

the specificity of action of AVP in non-neuronal cells in DRG.

To clarify the subtype of vasopressin receptors expressed in

the DRG, RT-PCR was carried out. As shown in Fig. 7A, PCR

products corresponding to V1a and V1b cDNAs were observed

when using samples from rat DRG tissues, but no signal was



Fig. 6 – A specific subtype of vasopressin receptor mediates AVP-induced Ca2þ transients. This panel displays the effects of

the V1 receptor antagonist, (d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin, and the effects of the OT receptor antagonist, dOVT, on

[Ca2þ]i responses to AVP in non-neuronal cells. (A) Typical traces of [Ca2þ]i responses to AVP (1 and 1 lM) administered with

20 min intervals. (B) Representative traces of [Ca2þ]i responses to AVP (1 lM) in the presence of V1 receptor antagonist,

(d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin (100 nM) (n¼25) or an OT receptor antagonist, dOVT (1 lM) (C) (n¼34).

Fig. 7 – The expression of AVP receptor mRNAs in DRG

tissues and cultured DRG cells. (A) The expression of V1a,

V1b and V2 receptor mRNAs in rat DRG tissue was analyzed

by RT-PCR using the specific primers listed in Table 1.

(B) The expression of GAPDH (G), V1a and V1b receptor

mRNAs in cultured DRG cells at DIV 0, 5 and 10.
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detected with the V2 receptor primers. Because amplitudes of

[Ca2þ]i responses evoked by AVP increased during culture days

in our study (Fig. 2B), we also examined culture-day-dependent
changes in expressions of mRNAs in cultured DRG cells (Fig. 7b).

V1a receptor mRNA was expressed in cultured DRG cells at DIV

0, 5 and 10. In contrast, weak signal of V1b mRNA in cells at DIV

0 and 5 was observed weakly and no signal was detected in

cells at DIV 10.
3. Discussion

Although the presence of AVP and of a neuropeptidergic

system in DRG has been known for some time (Horn and

Lightman, 1987; Kai-Kai et al., 1986) there are no detailed

studies of the possible effects and signaling pathways evoked

by involvement AVP. Therefore the purpose of this work was

to elucidate how various types of DRG cells, specifically
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non-neuronal cells, could respond to the challenges of AVP in

terms of Ca2þ handling.

3.1. AVP induces [Ca2þ]i transients in cultured DRG
glial cells

We demonstrated that DRG cells showed rapid [Ca2þ]i
responses to AVP in a concentration-dependent manner in

the physiological range. The results of the immunocytochem-

ical staining in combination with the [Ca2þ]i measurement

revealed that the majority of the non-neuronal cells having

high sensitivity to AVP in the DRG was S-100-immunopositive.

It has been reported that the two types of glial cells in the DRG

are S-100-immunopositive (Vega et al., 1991). Taken together, it

is considered the cells that did not respond to 60Kþ but

responded to AVP in the present study are most likely to be

either satellite glial cells or Schwann cells.

The minimum effective concentrations of AVP causing

[Ca2þ]i responses were 100 pM in non-neuronal cells in DRG

culture. This concentration is close to that reported for AVP-

evoked [Ca2þ]i responses in hippocampal and cortical astro-

cytes (Syed et al., 2007).

3.2. AVP receptor subtype

Our pharmacological approach led us to identify important

features of the [Ca2þ]i response evoked by AVP. This response

shows a significant desensitization. The AVP-evoked [Ca2þ]i
response was completely blocked by the selective V1 antago-

nist, (d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin, and unaffected by

the selective OT receptor antagonist, dOVT, indicating that

AVP receptors mediating the [Ca2þ]i response are the V1

subclass. The AVP-evoked [Ca2þ]i response showed clear

desensitization when AVP was administered repeatedly. The

results are consistent with previous reports that cellular

responses via V1 AVP receptors undergo strong desensitiza-

tion in AVP-evoked [Ca2þ]i responses from smooth muscle

cells of rat aorta (Briner et al., 1992; Schrier et al., 1993)

porcine retinal arteries (Caramelo et al., 1991), secretory

responses from ovine pituitary corticotrophs (Hassan et al.,

2003; Hassan and Mason, 2005), and SON-AVP neurons

(Dayanithi et al., 1996; Gouzenes et al., 1999).

V1a and V1b PCR products were observed when using

samples from DRG tissues, suggesting that both V1a and V1b

receptor mRNAs are expressed in rat DRG tissues. In cultured

DRG cells prepared by the same method as used for cell

isolation for the [Ca2þ]i measurement, clear V1a PCR products

were observed sustainably during the culture days, but a

weak V1b PCR signal was observed at DIV 0 and 5, and no

signal was observed at DIV10. Considering the larger [Ca2þ]i
responses in the later culture days, these results indicate that

the AVP receptor subtype responsible for the [Ca2þ]i
responses in rat DRG culture cells may be the V1a subtype.

3.3. Signal transduction mechanism of AVP receptors
in the DRG

The V1 receptor is known to be coupled to Gq/11 proteins,

which activate PLC and lead to the production of InsP3 (Viero

et al.). Several lines of the argument supports the view that
the AVP-evoked Ca2þ signals in the DRG glial cells are

mediated by an InsP3-dependent signaling pathway: (i) the

response was not affected by the removal of extracellular

Ca2þ but (ii) abolished by the release from the intracellular

Ca2þ stores with CPA, and (iii) the PLC blocker U-73122

inhibited AVP-evoked [Ca2þ]i rises. Presence of PLC has been

reported in DRG neurons (Han et al., 2006; Joseph et al., 2007;

Lagercrantz et al., 1995) with all the major PLC isoforms

beta1, beta3 and beta4 being expressed, although there

appear to be a prevalence of the beta3 isoform (Han et al.,

2006), which has been shown to play a critical role in

neuropathic pain in mouse and human DRG (Shi et al.,

2008). The present results indicate the existence PLC also in

the DRG glial cells, although little is known about the isoform

expressed.

The Gq-PLC-InsP3 mechanism is well known to evoke InsP3-

dependent Ca2þ release from intracellular Ca2þ stores, and

Ca2þ store depletion due to massive Ca2þ release has been

shown to activate store-operated Ca2þ entry (SOCE) through

plasma membrane Ca2þ channels (Parekh and Putney, 2005).

The present results that a prolonged [Ca2þ]i increase was

observed upon CPA removal and extracellular Ca2þ restoration

indicates such mechanism is present also in DRG glial cells.

Activation of SOCE could be one of the reasons why AVP-evoked

[Ca2þ]i responses in glial cells showed very slow recovery when

a high concentration of AVP was applied (Fig. 1F).

3.4. Possible physiological roles of AVP in DRG

The probable sources of AVP to activate V1 receptors of non-

neuronal cells in the DRG are the neurons themselves (Kai-

Kai et al., 1986) but the circulating AVP could also have an

effect. It has been documented that, in the hypophysial portal

blood, the plasmatic AVP concentration is around 0.5 nM

(Link et al., 1992). In other models, Lee and collaborators

reported a physiological concentration of AVP of 50–100 pg/ml

(46–92 pM) in the heart (Lee et al., 2003), and physiological

effects of AVP were seen at 3–30 pM in the pancreas of the rat

(Yibchok-Anun et al., 1999). Circulating AVP concentration

changes mainly during dehydration and it has been reported

that over 48–72 h of dehydration condition, plasma AVP

concentration increases more than 10 times above basal

levels (Steiner and Phillips, 1988; Terada et al., 1993). There-

fore it would be plausible that AVP concentrations similar to

those used in our study to elicit Ca2þ signals could be found

in physiological states. If AVP was released from DRG neurons

themselves, the AVP concentration in the DRG would reach a

much higher level than that discussed above, and thus be

even more likely to induce a Ca2þ signal in neighboring

glial cells.

Local functional regulation by small peptidetgic signaling is

not uncommon. Bradykinin (BK), another nonapeptide, has

been shown to cause a [Ca2þ]i signal in DRG Schwann cells,

with a release of glutamate and aspartate (Parpura et al., 1995).

The BK-evoked increase of [Ca2þ]i in satellite glial cells from

postnatal DRG also activate a Ca2þ-dependent Cl� conduc-

tance, with a putative participation in the inflammatory

process (England et al., 2001). Moreover, AVP has been shown

to elevate [Ca2þ]i and release glutamate in hippocampal and

cortical astrocytes of rats (Syed et al., 2007). Whether or not
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AVP can have similar effects and induce a glial release of

bioactive substances in the DRG remains to be determined.

In the present study, the amplitude of [Ca2þ]i responses

evoked by AVP (1 mM) increased with an increase in the

culture time. Even under an acute condition (day 0), about

10% of cells examined showed [Ca2þ]i responses larger than

30 nM upon AVP application, indicating that the AVP-

mediated [Ca2þ]i response of glial cells in the DRG could exist

also in vivo. Moreover, if AVP was released from neighboring

DRG neurons, the concentration of AVP would reach a level

much higher than the level of AVP in the systemic circulation

discussed above, and it would be sufficient to evoke the

[Ca2þ]i response in DRG glial cells. At day 0, the mean

amplitude of [Ca2þ]i responses obtained from the group

showing responses larger than 30 nM was six times smaller

than that obtained at day 10. The differences in the ampli-

tudes of the [Ca2þ]i responses due to culturing time could

result from differences in the expression density of the AVP

V1 receptor on the plasma membrane. There are at least two

possibilities that the density of V1 receptor expressed at day 0

could be low: (1) V1 receptors are highly expressed on the glial

cells in vivo but internalized or damaged during the enzy-

matic and mechanical digestions, and recover during cell

culture; (2) The density of V1 receptors expressed on the glial

cells increases during the day of cell culture. Our RT-PCR

results showed that V1a receptor mRNA was strongly

expressed both in DRG tissues and in cultured DRG cells even

at culture day 0, and that there was no evident change in the

expression during culture. These results support the first

possibility.

With this communication we show that the neuropeptide AVP

generates Ca2þ signals in DRG glial cells, in a concentration-

dependent and receptor-specific manner. This suggests that the

vasopressinergic molecular machinery could play a role in the

physiology and/or pathophysiology of the peripheral sensory

system.
4. Experimental procedures

4.1. DRG cell isolation and culture

DRG cells were isolated from adult male Sprague-Dawley rats

(7–12 weeks old), using the procedures reported previously

(Kitamura et al., 2005a; Komagiri and Kitamura, 2003; Ozaki

et al., 2009). Animals were sacrificed according to the guide-

lines of the ethical committee of Tottori University, Japan.

The rats were killed by cervical dislocation under anesthesia

by an intraperitoneal injection of pentobarbital (5 mg/kg bw).

Ganglia were dissected from the entire length of the vertebral

column. Axons extending from the ganglia were removed

under a stereoscopic microscope. The ganglia were incubated

in Ca2þ/Mg2þ-free phosphate-buffered saline (PBS) containing

300 U/ml collagenase type IV (Worthington Biochemical,

Lakewood, NJ, USA), 0.12 mg/ml DNase I and 1 mg/ml BSA

for 2 h at 37 1C and then rinsed with PBS to remove the

enzymes. They were then incubated in PBS containing 0.25%

trypsin (Life technologies, California, USA) and 1 mg/ml BSA

for 15 min at 37 1C. After the enzymatic digestion, the cells

were gently triturated with a silicon-coated Pasteur pipette
and centrifuged at 1000 rpm for 5 min to remove the

enzymes. The cells were suspended in DMEM (Life technol-

ogies) with glucose (4.5 g/l) and plated onto coverslips (11 mm

in diameter) coated with 50 mg/ml poly-D-lysine. The cells

were kept at 37 1C in a humidified atmosphere of 95% air and

5% CO2 until use. The DMEM was supplemented with 10% FBS

(MP Biochemicals, Irvine, CA, USA), 100 U/ml penicillin (Life

technologies), 100 mg/ml streptomycin (Life technologies) and

5 mM cytosine-b-D-arabinofuranoside. The culture medium

was changed every 2 day. The [Ca2þ]i measurements were

performed between the 5th and 11th day of culture.

4.2. [Ca2þ]i measurements

The [Ca2þ]i in cultured rat DRG cells was measured with Fura-2,

a fluorescent Ca2þ indicator, according to the procedure

reported previously (Ozaki et al., 2009). The cultured cells were

incubated in HEPES-buffered Normal Locke’s solution (NL; in

mM: 140 NaCl, 5 KCl, 2 CaCl2, 1.2 MgCl2, 10 glucose, 10 HEPES,

pH was adjusted to 7.4 with Tris; the osmolarity was between

298 and 300 mOsmol/l) containing 2 mM Fura-2/AM (Merck,

Whitehouse Station, NJ, USA) and 0.01% Pluronic acid F-127

(Life technologies) for 60 min at room temperature (22–24 1C) in

the dark. After the incubation, the coverslip was mounted onto

the recording chamber (RC-25F, Warner Instruments, Hamden,

USA) which is fixed on the stage of an inverted fluorescence

microscope (IX71, Olympus, Tokyo, Japan). The cells were

continuously perfused with solutions containing various

experimental drugs through polypropylene tubes connected to

a peristaltic pump (Minipuls 3, Gilson, Middleton, WI, USA) at a

flow rate of 1.4 ml/min. In this system, the solution around the

cells could be changed rapidly within a few seconds. The Fura-2

fluorescence signal was detected through a UV objective lens

(UApo 20�3/340, Olympus), and the florescence image passing

through a band-pass filter (500710 nm) was captured by a

cooled CCD camera (ORCA-ER, Hamamatsu Photonics). All

experiments were performed at room temperature (22–24 1C).

4.3. Data acquisition and analysis

Data acquisition was made according to the procedure

reported previously (Ozaki et al., 2009). Briefly, Fura-2 images

were captured at a sampling frequency of 0.2 Hz using Aqua

Cosmos software (Hamamatsu Photonics). The fluorescent

intensity at the excitation wavelengths of 340 (F340) and

380 nm (F380) was determined by the analyzing software

(Aqua Cosmos, Hamamatsu Photonics). The ratio of fluores-

cence for each pixel obtained with the excitation at 340 and

380 nm (F340/F380) was used to calculate [Ca2þ]i. A calibration

curve of [Ca2þ]i for F340/F380 was determined using a series

of Ca2þ-buffered solutions (Life technologies). To estimate the

[Ca2þ]i levels in individual cells, regions of interest (ROIs)

were chosen to include the soma of each DRG cell, and

average values for [Ca2þ]i in pixels contained in each ROI

were calculated. The amplitude of [Ca2þ]i responses was

expressed as D[Ca2þ]i, which was calculated by subtracting

average [Ca2þ]i levels during 2 min before AVP application

from peak [Ca2þ]i amplitudes detected during 5 min after the

onset of AVP application. Changes in the calculated [Ca2þ]i
were analyzed by IGOR Pro (Wavemetrics, Lake Oswego, OR,



Table 1 – Primers for RT-PCR.

Gene Sequence Product size (bp) Reference

V1a receptor GCGGAAAGACAGCGTCCTCGCGACA 416 (Chritin et al., 1999)

GCTCATGCTATCGGAGTCATCCTTGGCGAAT

V1b receptor GTCAGCAGCATCAGTACCATCTCCAGCGCA 462 (Chritin et al., 1999)

CATAGTGGCTTCCCCGTCCACCTGCTCTA

V2 receptor TACCTGCAGATGGTGGGCAT 581 (Machida et al., 2007)

AGCAACACAAAGGGGGGTCT

GAPDH AGTCGGAGTGAACGGATTTGG 488

AGTTGTCATGGATGACCTTGG
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USA) and Excel (Microsoft, Redmond, WA, USA). Data are

presented as the means7SEM. The statistical significance

was assessed by One-factor analysis of variance (ANOVA) or

Student’s t-test. Differences were considered statistically

significant if Po0.05.

4.4. Immunocytochemistry

After the [Ca2þ]i measurements, the cells on some coverslips

were analyzed for fluorescent immunocytochemistry to dis-

tinguish glial cells from other types of cells. All staining

processes were made in the recording chamber keeping the

observation field of the [Ca2þ]i measurement. After the [Ca2þ]i
measurement, cells on the coverslips were perfused with PBS

for 5 min and then fixed with PBS containing 4% paraformal-

dehyde (PFA) for 15 min. After the fixation, the cells were

perfused with PBS for 5 min to remove PFA and then permea-

bilized with PBS containing 0.1% Triton X-100 for 5 min. They

were then perfused with PBS for 5 min and perfused with the

blocking solution that consisted of PBS containing 10%

donkey serum for 30 min. After the blocking, the cells were

probed by the rabbit anti-bovine S-100 polyclonal antibody

(dilution: 1:50; AbD Serotec, Kidlington, UK) for 12–15 h. Then

the primary antibody was removed by perfusing the cells

with PBS for 5 min. During this step, auto-fluorescence of the

cells, those used for the [Ca2þ]i measurements, was captured

by the CCD camera. Then, cells were probed with the

secondary antibody, the donkey anti-rabbit IgG antibody

(dilution: 1:300) conjugated with Alexa 488 (Life technologies).

They were then mounted on the chamber to label anti-S-100

antibody for 1 h. Finally, the stained cells were perfused with

PBS for 5 min, and fluorescence images of Alexa 488 were

captured by the CCD camera.

In addition to the fluorescent immunocytochemistry,

S-100-immunopositive cells were detected by the enzymatic

immunocytochemistry, the procedures which have been

reported previously (Kitamura et al., 2005a). In brief, after

the blocking with 10% goat serum in PBS, the cells were

probed by the anti-S100 antibody (dilution: 1:50; AbD Serotec)

for 12–15 h. Then primary antibody was washed with PBS and

cells were probed with the secondary antibody, HRP-

conjugated goat anti-rabbit IgG antibody (dilution: 1:200)

for 2 h. Finally, the probed cells were visualized by 3,30-diamino-

benzidine tetrahydrochloride (1 mg/ml) for 10 min and were

counter stained with hematoxyline. All immunocytochemical

experiments were performed at room temperature (22–24 1C).
4.5. RNA isolation and RT-PCR

Total RNAs used for reverse transcription-polymerase chain

reaction (RT-PCR) were isolated from DRG tissues and cul-

tured DRG cells using Trizol reagent (Life technologies)

according to the manufacture’s protocol. Reverse transcrip-

tion was performed with 1 mg (DRG tissue) and 0.4 mg (cul-

tured DRG cells) total RNA using PrimeScript RT-PCR Kit

(Takara Bio Inc., Shiga, Japan) according to the manufacture’s

protocol. PCR was performed with 1 ml of first-strand cDNA, a

primer pair listed in Table 1 and Emerald Amp MAX PCR

Master Mix (Takara Bio). The PCR profile was as follows: 94 1C

for 30 s, 60 1C for 30 s, 72 1C for 30 s, for 30 cycles. After

amplification, PCR products and 100 bp DNA ladder (New

England Ipswich, MA, USA) were electrophoresed with TAE

buffer on a 1.5% agarose gel (Bio-Rad laboratories, Inc.,

California, USA) containing 1 mg/ml ethidium bromide. Bands

were excited by ultraviolet light and photographed.
4.6. Solutions and drugs

A solution containing high Kþ (60 mM) was made by the isotonic

replacement of Naþ of HEPES-buffered NL with Kþ. A Ca2þ-free

solution was made by simply omitting CaCl2 from the NL.

A concentrated stock solution of cyclopiazonic acid (CPA), an

inhibitor of the Ca2þ-ATPase of the intracellular Ca2þ store

(Seidler et al., 1989), at 10 mM were made in dimethyl sulfoxide

and stored at �30 1C until use. A concentrated stock solution of

[Arg8]-Vasopressin (Peptide Institute, Osaka, Japan) at 0.1 mM,

(d(CH2)5
1,Tyr(Me)2,Arg8)-Vasopressin, a receptor antagonist of V1

and (d(CH2)5
1,Tyr(Me)2,Thr4, Orn8,des-Gly-NH2

9)-Vasotocin (dOVT),

a receptor antagonist of OT (BACHEM, Bubendorf, Switzerland)

at 1 mM were made in double distilled water and stored at

�30 1C until use. All standard chemicals were from Sigma-

Aldrich, St Louis, MO, USA, unless stated otherwise.
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