
The rat supraoptic and paraventricular nuclei contain two
populations of magnocellular neurones that synthesize
either vasopressin or oxytocin. Both peptides are released
from axon terminals in the neurohypophysis into the blood
circulation to exert their multiple peripheral hormonal
effects. The defined electrical patterns of vasopressin and
oxytocin neurones, as those recorded in vivo, stimulate the
release of neuropeptides from the neurohypophysis level (for
review see Dyball, 1988).

In addition to their peripheral hormonal action, both
peptides play various neurotransmitter-like roles in the
central nervous system and interestingly, one of these is the
regulation of the electrical activity of their own neurones
through a somatodentritic release (for review on oxytocin,

see Richard et al. 1991; and on vasopressin, see Landgraf,
1992). To date, while the facilitatory role of oxytocin on the
bursting activity of oxytocin neurones is clearly established,
the data concerning the autocontrol of vasopressin on vaso-
pressin neurones remains controversial with reports of
inhibitory or excitatory or no effects (Leng & Mason, 1982;
Abe et al. 1983; Inenaga & Yamashita, 1986; Ludwig &
Leng, 1997). In a recent study, vasopressin was reported to
regularize the characteristics of the phasic firing pattern of
vasopressin neurones in vivo (Gouz̀enes et al. 1998a). At the
subcellular level, the mechanisms by which vasopressin
exerts this autoregulation remain unknown. We have shown
that both oxytocin and vasopressin exert a direct and
specific action on freshly dissociated supraoptic nucleus by
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1. The intracellular mechanisms activated by the binding of vasopressin to its receptor(s) and
which result in the increase of [Ca¥]é were investigated in freshly dissociated supraoptic
nucleus neurones. Various pharmacological agents were used to investigate the possible
involvement of phospholipase C (PLC) and adenylate cyclase (AC) intracellular pathways in
the transduction of the vasopressin action.

2. Both the PLC inhibitor U_73122 and the protein kinase C (PKC) inhibitor calphostin C,
reduced the [Ca¥]é rise elicited by vasopressin. The cAMP analogue, 8_Br-cAMP produced
an increase in [Ca¥]é and IBMX, a phosphodiesterase inhibitor, potentiated the response to
vasopressin.

3. After pre-incubation with the AC inhibitor SQ-22536, 7 out of 18 vasopressin-sensitive
neurones showed no inhibition of the vasopressin response, while the response to vaso-
pressin was reduced by greater than 35% in each of the other 11 neurones.

4. The activation of protein kinase A (PKA) with Sp-cAMPS caused an increase in [Ca¥]é
which was additive to the vasopressin-elicited [Ca¥]é increase. After incubation with the
PKA inhibitors Rp-cAMPS or H-89, the [Ca¥]é responses triggered by Sp-cAMPS and vaso-
pressin were, respectively, abolished and greatly reduced.

5. A combined administration of SQ-22536 (AC inhibitor) followed by U_73122 (PLC inhibitor),
or U_73122 followed by H-89 (PKA inhibitor), virtually abolished the response to vaso-
pressin.

6. In vasopressin-responsive neurones, the pituitary adenylate cyclase-activating polypeptide
(PACAP) induced a [Ca¥]é increase similar to the response to vasopressin and in both cases
the increase was inhibited to the same extent by a combination of U_73122 and Rp_cAMPS.

7. In conclusion, we suggest that the autoregulation exerted specifically by vasopressin on
vasopressin-sensitive neurones involves the activation of both PLC- and AC-linked
pathways.
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increasing the intracellular Ca¥ concentration ([Ca¥]é)
(Lambert et al. 1994; Dayanithi et al. 1996). Oxytocin
induces the release of Ca¥ from intracellular stores
(Lambert et al. 1994) whereas the action of vasopressin
mainly requires an influx of external Ca¥ via L_, N- and T-
type Ca¥ channels (Sabatier et al. 1997) and also partially
involves Ca¥ release from thapsigargin-sensitive stores
(Dayanithi et al. 1996).

In peripheral targets, distinction is made between oxytocin
receptors and V1a-, V1b-, and Vµ-type vasopressin receptors.
Oxytocin and V1-type vasopressin receptors are associated
with hydrolysis of phosphatidylinositols and induce a rise in
[Ca¥]é while Vµ-type vasopressin receptors increase intra-
cellular cAMP levels. In the central nervous system,
pharmacological studies have demonstrated that vaso-
pressin receptors resemble the peripheral V1a-subtype and
expression of V1b- or Vµ-subtypes has never been clearly
reported (Barberis & Tribollet, 1996). Our microspectro-
fluorimetry studies have revealed that in supraoptic
vasopressin neurones, a V1a-type receptor antagonist,
SR 49059, inhibits the vasopressin-induced [Ca¥]é rise
(Dayanithi et al. 1996) but interestingly, we have also found
that a Vµ-type agonist is able to increase the [Ca¥]é in vaso-
pressin neurones (Gouz̀enes et al. 1998b).

Little is known about vasopressin-induced intracellular
transduction pathways in the brain. It has been reported
that vasopressin increases the production of inositol
phosphates in the hippocampus (Diaz-Brinton et al. 1994;
Stephens & Logan, 1986), in septum (Shewey & Dorsa,
1988; Lebrun et al. 1990; Poulin & Pittman, 1993) and in
dorsomedial medulla oblongata (Moratalla et al. 1988). In
other studies, the vasopressin failed to activate adenylate
cyclase (AC) in hippocampus and septum (Barberis, 1983;
Dorsa et al. 1983; Audigier & Barberis, 1985; Brinton &
McEwen, 1989). In hippocampal cultures from rat fetuses,
vasopressin-induced cAMP increases occurred only during
the first few days in culture (Diaz-Brinton & Brownson,
1993). Interestingly, it has been demonstrated that
dibutyryl cAMP could mimic the effects of vasopressin on
the electrical activity of supraoptic neurones and that the
amount of cAMP in supraoptic tissues incubated with
vasopressin was significantly higher compared with control
conditions (Abe et al. 1983).

Here, we have characterized the intracellular messengers
involved in mediating the actions of vasopressin using
fura_2 microspectrofluorimetry on single magnocellular
vasopressin-sensitive neurones freshly dissociated from the
rat supraoptic nucleus. Finally, the vasopressin action was
compared with that of the pituitary adenylate cyclase-
activating polypeptide (PACAP) action. As this peptide is
known to bind to receptors coupled to both phospholipase C
(PLC) and AC (Spengler et al. 1993) and to induce [Ca¥]é
increases in supraoptic neurones as well as somatodendritic
release of vasopressin (Shibuya et al. 1998). Preliminary
accounts of this work have appeared in abstract form
(Sabatier et al. 1998).

METHODS

Supraoptic nuclei dissection and cell dissociation

The supraoptic tissues from two adult male Wistar rats (100—250 g
body weight) were used for each cell dissociation procedure. The
animals were killed by decapitation with a guillotine following the
guidelines laid down by the FrenchÏEuropean ethical committee.
The dissection of the supraoptic nuclei and the cell dissociation were
performed as previously described (Lambert et al. 1994; Dayanithi
et al. 1996; Sabatier et al. 1997) with modifications. After dissection,
the tissue pieces were transferred to Locke buffer containing (mÒ):
NaCl, 140; KCl, 5; KHµPOÚ, 1·2; MgSOÚ, 1·2; CaClµ, 1·8; glucose,
10; Hepes, 10; pH 7·2 adjusted with NaOH. The osmolarity of all
the solutions ranged between 298 and 303 mosmol l¢. The tissue
pieces were enzymatically dissociated by incubation in oxygenated
Locke buffer supplemented with 0·5 mg ml¢ deoxyribonuclease I,
1 mg ml¢ protease X (both from France Biochem, Meudon, France)
and 1 mg ml¢ protease XIV (Boehringer Mannheim) for 45 min.
After incubation, tissues were washed with Locke buffer and left in
Locke buffer for 15 min under Oµ before undergoing gentle
mechanical trituration. In contrast to Lambert et al. (1994) or
Dayanithi et al. (1996), in the current procedure using different
enzymes from different sources, we harvested a greater number of
cells possessing long dendritic processes. Under these conditions,
the dissociated fura_2-loaded cells survive for several hours
(8—10 h) and the responses to the test substances are more
consistent. The cell suspension obtained was used for dye loading.

Dye loading and measurement of [Ca¥]é

The dissociated supraoptic cells were loaded by incubation with the
Ca¥-sensitive dye fura_2 AM (2·5 ìÒ, dissolved in DMSO) plus
0·02% Pluronic F-127 (dissolved in water; Molecular Probes Inc.) in
Locke buffer. Dye loading was carried out for 40 min at 37°C in a
humidified atmosphere. [Ca¥]é in single cells was measured as
described previously (Dayanithi et al. 1996). Briefly, fluorescence
measurements of [Ca¥]é were performed with the Zeiss Microscope
Photometer System (FFP, Zeiss, Oberkochen, Germany), based on
an inverted microscope (Axiovert 100, Zeiss) equipped for
epifluorescence (objective, Plan-Neofluar ²100Ï1·30 oil immersion).
With fluorescence values corrected for background and dark
current, the [Ca¥]é values were calculated from the ratio between
340 and 380 nm recordings, in accordance with the equation given
by Grynkiewicz et al. (1985). Fura_2 calibration was performed
following the same procedure as described previously (Lambert et
al. 1994).

Drugs and solutions

The Locke buffer described above was used as the control medium.
Stock solutions of vasopressin, oxytocin (Boehringer Mannheim)
and PACAP-38 (Isochem, Strasbourg, France) were prepared in
distilled water and diluted to working concentrations in the Locke
buffer before use. All pharmacological compounds used to interfere
with the different stages of intracellular transduction pathways
were obtained from Biomol Research Laboratories Inc. (Plymouth
Meeting, PA, USA) except 8_Br-cAMP, which was purchased from
Sigma. Concentrated stocks of SQ-22536 (AC inhibitor), 8_Br-
cAMP (cAMP analogue), Sp-cAMPS (SP-cyclic 3',5'-hydrogen
phosphorothioate adenosine triethylammonium salt; cAMP
analogue, protein kinase A (PKA) activator) and Rp-cAMPS (RP-
3',5'-hydrogen phosphorothioate adenosine triethylammonium salt;
cAMP analogue, PKA inhibitor) were prepared in distilled water,
stored at −20°C and dissolved in Locke buffer at appropriate
concentrations before use. Stock solutions of forskolin (AC
activator), 3-isobutyl-methyl-xanthine (IBMX, phosphodiesterase
inhibitor), H-89 (PKA inhibitor) and calphostin C (PKC inhibitor)
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were prepared in DMSO and diluted to working concentration. As
has been suggested by the drug company, (Biomol Research
Laboratories), U_73122 (PLC inhibitor) was dissolved in chloroform
at stock concentration, aliquots were left to evaporate at room
temperature and stored at −20°C. Immediately before use, dried
aliquots were first diluted in DMSO and finally dissolved in Locke
buffer to the appropriate concentration.

Drug application

In contrast to the methods used to apply the drugs in our previous
studies (Lambert et al. 1994; Dayanithi et al. 1996; Sabatier et al.

1997), the control and test solutions (vasopressin, PACAP-38, 8_Br-
cAMP, IBMX, Sp-cAMPS) were applied using a multiple capillary
perfusion system (200 ìm inner diameter capillary tubing, flow
rate 100 ìl min¢) placed to the proximity of each cell tested
(< 0·5 mm). Each capillary was fed by a reservoir 50 cm above
the bath. Complete solution changes were made by switching the
opening from one capillary to the next. After each application, the
cells were washed with the Locke buffer. Under these conditions,
the responses to vasopressin showed no desensitization after
repeated applications (L. Gouz̀enes, N. Sabatier, Ph. Richard,
F. Moos & G. Dayanithi, unpublished results) in contrast to long-
duration applications (Dayanithi et al. 1996). It should be noted that
incubations with inhibitory substances were carried out in a 500 ìl
bath containing the inhibitors diluted in Locke buffer.

Data analysis and statistical methods

The results were analysed by Student’s paired t test. Unless
otherwise stated, all inhibitors used in this study showed a
‘significant’ effect at P < 0·001. The results are expressed as
means ± s.e.m. The value of sample size (n) quoted in the paper is
based on the number of cells tested with the same protocol (control,
test drug, recovery) for each group (i.e. for example, n cells tested
with vasopressin, vasopressin + U_73122, recovery). The figures
(traces) represent on-line measurements showing the [Ca¥]é levels
both before and after application of the test substances whereas the
bar diagrams or the data given as means with s.e.m. represent the
‘mean evoked [Ca¥]é increase’. The mean evoked [Ca¥]é is
calculated by subtracting the [Ca¥]é levels under basal conditions,
i.e. prior to the stimulus, from the peak amplitude observed after
the application of the test substances.

RESULTS

Freshly isolated supraoptic magnocellular neurones of adult
male rats were chosen following the morphological criteria
as described in our previous papers (Lambert et al. 1994;
Dayanithi et al. 1996). Consistent with our previous findings,
in the present investigation, the neurones showed an increase
in [Ca¥]é in response to either vasopressin or to oxytocin or
to both. Moreover, in a previous study, the immuno-
cytochemistry performed after calcium measurements has
revealed that the neurones responding to vasopressin
contained vasopressin and the neurones responding to
oxytocin contained oxytocin (Dayanithi et al. 1996).
Although the intracellular transduction signals activated by
oxytocin on oxytocin neurones as well as on the population
of neurones that responded to both peptides are under
investigation, the present paper focuses only on the
neurones that responded selectively to vasopressin.

Since the effects of vasopressin on supraoptic magnocellular
vasopressin-sensitive neurones partially involves Ca¥

mobilization from thapsigargin-sensitive intracellular Ca¥
stores, suggesting activation of inositol 1,4,5-trisphosphate
(IP×) receptors (Dayanithi et al. 1996), we first investigated
the involvement of PLC-linked intracellular mechanisms. We
then analysed whether the AC-coupled transduction pathway
was also activated. To do this, specific pharmacological agents
were used to directly modulate different stages of these
intracellular pathways and the consequences on vasopressin-
elicited [Ca¥]é responses were observed. Unless otherwise
stated in the text, vasopressin was applied at 100 nÒ. It
should be noted that brief repeated applications of vaso-
pressin induced reproducible [Ca¥]é increases, the response
to the second application being 98·5% of the response to the
first application (first application, AVP = 632 ± 60 nÒ;
second application, AVP = 623 ± 58 nÒ; n = 6). In general,
the response to vasopressin was single and transient but
some neurones, after vasopressin application, showed a
second or biphasic response (example: Figs 1, 2, 4 and 6)
suggesting a release of calcium from internal stores
(Dayanithi et al. 1996).

Effects of PLC and PKC inhibitors

In order to determine whether the vasopressin action was
mediated by a PLC-coupled receptor, we first tested the
effects of U_73122, an inhibitor of PLC (Smith et al. 1990)
on the vasopressin-induced [Ca¥]é rise. Figure 1A shows
that 15 min pre-incubation with U_73122 (5 ìÒ) inhibited
the [Ca¥]é rise elicited by vasopressin by 75%. For the nine
cells tested with this protocol, the mean evoked [Ca¥]é
response induced by vasopressin under control conditions
was 687 ± 125 nÒ. After incubation with U_73122, the
[Ca¥]é rise was reduced to 197 ± 47 nÒ (Fig. 1B; n = 9).

PLC activation leads to production of both IP×, an intra-
cellular Ca¥ mobilizer, and diacyl glycerol, which is a
protein kinase C activator. Thus, in a second series of
experiments, vasopressin-sensitive neurones were treated
with calphostin C, an inhibitor of PKC (Kobayashi et al.

1989). Brief application of vasopressin triggered a [Ca¥]é
rise that was reduced by 75% during calphostin C (100 nÒ)
administration (Fig. 2A). Reduction of the mean evoked
[Ca¥]é response generated by vasopressin before and after
calphostin C treatment is quantified in Fig. 2B (vasopressin,
760 ± 54 nÒ; calphostin C, 192 ± 39 nÒ; n = 17). Together,
these results suggest that both PLC and PKC activation are
involved in the vasopressin-induced [Ca¥]é rise in vaso-
pressin-sensitive neurones.

Modulation of cAMP signal transduction pathway

We next investigated the possible involvement of the cAMP
messenger pathway in these responses. The effects of 8_Br-
cAMP, a cAMP analogue, on vasopressin-sensitive neurones
were first investigated. Figure 3A shows that in vaso-
pressin-sensitive neurones, application of 1 mÒ 8_Br-cAMP
during 70 s induced a small increase in [Ca¥]é (vasopressin,
607 ± 97 nÒ; 8_Br-cAMP, 170 ± 33 nÒ; n = 16). We then
tested IBMX, which inhibits the enzyme phosphodiesterase
and thus prevents cAMP degradation. For this particular
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test, we used vasopressin at 1 nÒ instead of 100 nÒ to get a
small [Ca¥]é increase in order to detect whether IBMX
potentiates the response to vasopressin. Applied separately
during 50 s, vasopressin at the lower concentration (1 nÒ)
and IBMX at 100 ìÒ induced a moderate increase of [Ca¥]é
but when IBMX was given in combination with vasopressin
we observed a potentiation of the vasopressin-elicited
[Ca¥]é rise (Fig. 3B; vasopressin (1 nÒ), 55 ± 8 nÒ; IBMX,
130 ± 40 nÒ; vasopressin (1 nÒ) + IBMX, 570 ± 75 nÒ;
n = 14).

These data suggest that an increase in intracellular cAMP
level might be involved in the vasopressin-elicited [Ca¥]é
increase. In order to further investigate this possibility, we
examined the effect of SQ-22536, an adenylate cyclase
inhibitor (Madison & Nicoll, 1986). After pre-incubation
with SQ-22536 (100 ìÒ), 7 out of 18 vasopressin-sensitive
neurones showed no inhibition of the vasopressin-induced

[Ca¥]é response, while the response to vasopressin was
reduced by 35% in the other 11 neurones (Fig. 4A). For this
set of 11 neurones, the mean evoked [Ca¥]é increase before
and after SQ-22536 is illustrated in Fig. 4B (vasopressin,
538 ± 73 nÒ; SQ-22536, 354 ± 55 nÒ). The statistical test
was not applied here because the SQ-22536 was ineffective
in some vasopressin-sensitive neurones. The SQ-22536
inhibitory effect was reversed after washing. These results
reveal that modulation of cAMP intracellular concentration
might interfere with the level of [Ca¥]é rise triggered by
vasopressin in about 60% of the vasopressin-sensitive
neurones.

To determine whether the cAMP-activated protein kinase
PKA plays a role in the actions of vasopressin, we tested the
effects of Sp-cAMPS (the SP-diastereomer of cAMPS), an
activator of PKA and of two inhibitors of PKA, Rp-cAMPS
(the RP-diastereomer of cAMPS) and H-89 (Chijiwa et al.
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Figure 2. Effects of the protein kinase C inhibitor,

calphostin C, on the [Ca¥]é increase elicited by

arginine vasopressin

A, vasopressin (AVP) applied briefly (arrow) at 100 nÒ
triggered a rise in [Ca¥]é (left trace). Neurones were then
subjected to calphostin C (100 nÒ) for 15 min and
challenged again with vasopressin. Note the strong
inhibitory effect of calphostin C on the vasopressin-
induced [Ca¥]é response (right trace). B, the mean evoked
[Ca¥]é increase elicited by vasopressin before (5) and
after application of protein kinase C inhibitor (4),
represented by a bar graph.

Figure 1. Effects of the phospholipase C inhibitor

U_73122 on the [Ca¥]é rise induced by arginine

vasopressin (AVP) in supraoptic neurones

A, left trace shows a typical transient [Ca¥]é response
after a brief application of vasopressin (100 nÒ) in a
representative vasopressin-sensitive neurone. The same
neurone was exposed to U_73122 (5 ìÒ) for 15 min and
then challenged with vasopressin. Note that the vaso-
pressin-induced [Ca¥]é rise was strongly depressed by
U_73122 (right trace). B, bar diagram representing the
mean evoked peak amplitude of the [Ca¥]é response
triggered by vasopressin before (5) and after (4)
exposure to U_73122. Arrows indicate brief
applications (10 s) of drugs and the open bar represents
the actual duration of application.



1990). In vasopressin-sensitive neurones, application of Sp-
cAMPS (100 ìÒ) over 50 s induced a rise in [Ca¥]é (Fig. 5A;
vasopressin, 781 ± 133 nÒ; Sp-cAMPS, 190 ± 47 nÒ;
n = 9). Figure 5B shows [Ca¥]é responses elicited by a lower
concentration of vasopressin (1 nÒ) alone, by Sp-cAMPS
(100 ìÒ) alone and by a mixture of both compounds. The
effects of vasopressin and Sp-cAMPS were additive (vaso-
pressin (1 nÒ), 76 ± 6 nÒ; Sp-cAMPS, 101 ± 20 nÒ; vaso-
pressin (1 nÒ) + Sp-cAMPS, 141 ± 20 nÒ; n = 11). After
administration of Rp-cAMPS (500 ìÒ) for 15 min to vaso-
pressin-sensitive neurones, the [Ca¥]é increase induced by
Sp-cAMPS was totally abolished while the vasopressin-
elicited [Ca¥]é increase was inhibited by 71% (Fig. 6A;

vasopressin, 547 ± 70 nÒ; Rp-cAMPS, 156 ± 24 nÒ;
n = 12). Similarly to Rp-cAMPS, incubation with H-89
(10 ìÒ) resulted in a reduction of the response to vaso-
pressin by 70% (Fig. 6B). The mean vasopressin-evoked
[Ca¥]é response in control conditions and during H_89
treatment is shown in Fig. 6C (vasopressin, 453 ± 96 nÒ;
H-89, 181 ± 42 nÒ; n = 13). The inhibitory effects of both
Rp-cAMPS and H-89 were reversed after several washings.

The use of all of these compounds which interfere with the
major steps of the cAMP signalling cascade allowed us to
reveal that each of these steps might play a role in [Ca¥]é
responses induced by vasopressin in vasopressin-sensitive
neurones.
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Figure 3. Effects of compounds increasing

intracellular cAMP levels in vasopressin-

sensitive supraoptic neurones on vasopressin-

induced [Ca¥]é increase

A, 8_Br-cAMP, an analogue of cAMP, was tested at
1 mÒ on vasopressin (AVP)-responsive neurones. A
moderate increase of [Ca¥]é could be observed in
response to 8_Br_cAMP about 1 min after the
beginning of the application. B, vasopressin was
tested at a lower concentration (1 nÒ) followed by the
phosphodiesterase inhibitor IBMX at 100 ìÒ. Left
trace shows that both vasopressin and IBMX
triggered a small [Ca¥]é increase which appeared
after about 30 s of application. After washout, the
same neurone was subjected to administration of a
mixture of 1 nÒ vasopressin and 100 ìÒ IBMX
(right trace). Note that the vasopressin-induced
[Ca¥]é response at 1 nÒ was greatly increased in the
presence of IBMX.

Figure 4. Effects of the adenylate cyclase inhibitor

SQ-22536 on the vasopressin-induced [Ca¥]é rise in

supraoptic neurones

A, left trace shows a [Ca¥]é response induced by a brief
application (arrow) of vasopressin (AVP; 100 nÒ). The
cells were then pre-incubated for 15 min with the AC
inhibitor SQ_22536 (100 ìÒ), and then challenged with
vasopressin and the vasopressin-induced [Ca¥]é rise was
reduced (n = 11) by SQ-22536 (right trace). Note that the
SQ-22536 block was reversible. B, the mean evoked
[Ca¥]é increase elicited by vasopressin in the absence (5)
and in the presence (4) of the inhibitor SQ-22536,
represented by a bar graph.



AC- and PLC-coupled transduction pathways are both

involved in vasopressin action

The findings so far described indicate that the activation of
both AC- and PLC-coupled intracellular mechanisms are
required for the vasopressin-induced [Ca¥]é rise in vaso-
pressin-sensitive neurones. Furthermore, we checked this
hypothesis by using combinations of inhibitors of both
transduction pathways. Figure 7A shows a vasopressin-
sensitive neurone treated successively with SQ-22536
(100 ìÒ) and U_73122 (5 ìÒ) in which the mean vaso-
pressin-evoked [Ca¥]é response is reduced by 45% by the
adenylate cyclase inhibitor and nearly totally abolished

(93% reduction) by further treatment with the PLC
inhibitor (Fig. 7B; vasopressin, 413 ± 60 nÒ; SQ-22536,
228 ± 61 nÒ; SQ-22536 + U_73122, 30 ± 9 nÒ; n = 10). It
should be noted that the effects of a combination of
SQ_22536 and U_73122 were tested only on the cells which
were affected by SQ-22536 and considered for statistical
analysis. In another batch of experiments, the vasopressin-
evoked [Ca¥]é response was monitored in the presence of
U_73122 alone or in combination with H-89 (Fig. 8A). The
PLC inhibitor first reduced the mean vasopressin-evoked
[Ca¥]é rise by 68% and this rise was further inhibited by
92% with the PKA inhibitor (Fig. 8B; vasopressin,
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Figure 5. Effects of the protein kinase A activator

Sp-cAMPS on the vasopressin-induced [Ca¥]é rise

in vasopressin-sensitive neurones

A, neurones responding to vasopressin (AVP; 100 nÒ)
(left trace) were subjected after a wash to the application
of Sp-cAMPS at 100 ìÒ (right trace). Sp-cAMPS alone
triggered a small [Ca¥]é increase. B, the [Ca¥]é rise
induced by vasopressin at 1 nÒ was similar to the Sp-
cAMPS-elicited rise (left trace) and no potentiation of
response to vasopressin in the presence of Sp-cAMPS was
observed (right trace).

Figure 6. Effects of the protein kinase A inhibitors

Rp-cAMPS and H-89 on the vasopressin-induced

[Ca¥]é rise

A, the [Ca¥]é responses to vasopressin (100 nÒ) and
Sp_cAMPS (100 ìÒ) (left trace). The neurones were pre-
incubated for 15 min with Rp-cAMPS (500 ìÒ) which
abolished the [Ca¥]é rise elicited by Sp-cAMPS and
strongly reduced the response induced by vasopressin
(right trace). B, neurones were subjected to a second
protein kinase A inhibitor, H-89, applied at 10 ìÒ for
15 min. Note that H_89 also strongly depressed the vaso-
pressin-induced response. It should be noted that the
effects of these inhibitors were reversible. C, bar diagram
shows the mean vasopressin-induced [Ca¥]é rise before (5)
and after H-89 incubation (4).



486 ± 79 nÒ; U_73122, 156 ± 27 nÒ; U_73122 + H-89,
40 ± 6 nÒ; n = 10).

Comparison of the mechanisms of vasopressin- and

PACAP-induced [Ca¥]é rise

We performed experiments in vasopressin-sensitive neurones
to demonstrate the parallel regulation of the [Ca¥]é increase
induced either by activation of vasopressin receptors or by
activation of neuropeptide receptors known to be linked to

both PLC and AC, that is, PACAP type I receptors
(Spengler et al. 1993).

Figure 9 shows that vasopressin-sensitive neurones are also
sensitive to PACAP which induced a rise in [Ca¥]é at 10 nÒ.
The [Ca¥]é response induced by PACAP is reproducible
without any desensitization (results not shown). The same
neurone was first incubated with U_73122, which reduced
both vasopressin- and PACAP-induced [Ca¥]é responses
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Figure 7. Effect of combined application of the AC

inhibitor SQ-22536 and PLC inhibitor U_73122 on the

vasopressin-induced [Ca¥]é rise

A, brief repeated applications (arrows) of vasopressin (AVP;
100 nÒ) elicited reproducible [Ca¥]é responses (left trace).
This representative vasopressin-sensitive neurone was first
pre-incubated with 100 ìÒ SQ-22536 for 15 min (middle
trace) and then challenged with vasopressin. After washout,
the cells were subjected to a mixture of both SQ-22536
(100 ìÒ) and U_73122 (5 ìÒ) for 15 min (right trace). The
reduction of the [Ca¥]é response by adenylate cyclase
inhibitor SQ-22536 was further decreased in the presence of
the phospholipase C inhibitor U_73122. For statistical
analysis, the comparisons were made between each group
(SQ-22536 and SQ-22536 + U_73122) compared with the
control vasopressin. B, the nearly complete blockade of vaso-
pressin response by combination of inhibitors of cAMP and
IP× second messenger pathways is illustrated by graphical
representation of the evoked mean vasopressin [Ca¥]é
responses.

Figure 8. Effects of a combination of the

phospholipase C inhibitor U_73122 and the protein

kinase A inhibitor H-89 on vasopressin neurones

The same experimental design was used as described in
Fig. 7. A, selected neurones responding to 100 nÒ vaso-
pressin (left trace) were first pre-incubated with U_73122
(5 ìÒ) for 15 min before being challenged for a second time
with vasopressin. Following a wash, the cells were pre-
incubated with a buffer containing both U_73122 (5 ìÒ) and
H-89 (10 ìÒ) for 15 min and then challenged with vaso-
pressin. The reduction of the [Ca¥]é response by the
phospholipase C inhibitor U_73122 was further decreased in
the presence of the protein kinase A inhibitor H-89. For
statistical analysis, comparisons were made between each
group (U_73122 and (H-89 + U_73122) and the control
vasopressin response. B, the bar diagram shows the mean
amplitude of the [Ca¥]é responses evoked by vasopressin
and in the absence and presence of inhibitors.



(vasopressin, 792 ± 130 nÒ; PACAP, 662 ± 127 nÒ; vaso-
pressin + U_73122, 253 ± 55 nÒ; PACAP + U_73122,
275 ± 61 nÒ). In this neurone, further treatment with
Rp_cAMPS abolished both responses (vasopressin +
U_3122 + Rp-cAMPS, 22 ± 3 nÒ; PACAP + U_73122 +
Rp-cAMPS, 31 ± 4 nÒ, n = 7). Furthermore, in the
presence of the V1a-type vasopressin receptor antagonist
SR 49059 (10 nÒ), shown to inhibit the response to vaso-
pressin in supraoptic neurones (Dayanithi et al. 1996), the
PACAP-induced [Ca¥]é rise was not affected (vasopressin,
415 ± 65 nÒ; PACAP, 452 ± 63 nÒ; PACAP + SR 49059,
504 ± 69 nÒ; n = 8).

DISCUSSION

In the present study, we characterized the intracellular
mechanisms involved in vasopressin-induction of [Ca¥]é
increases in vasopressinergic magnocellular supraoptic
neurones. The use of compounds that inhibited the PLC
pathway (U_73122 and calphostin C) and that inhibited
(SQ-22536 and PKA inhibitors) or activated (cAMP
analogues and IBMX) the AC pathway allowed us to
interfere with several stages of these mechanisms. Our
findings suggest that both PLC- and AC-linked signal
transduction pathways play an important role in the vaso-
pressin action on intracellular Ca¥. Results obtained by
affecting these two pathways during activation of vaso-
pressin receptors were similar to those observed during
activation of PACAP receptors, which are known to couple
to both pathways.

Vasopressin activates phospholipase C pathway

PLC-mediated hydrolysis of phosphatidylinositol phosphates
leads to the production of the second messenger IP×. This
messenger binds to IP× receptors expressed on the
membranes of intracellular Ca¥ stores to release Ca¥ from
these stores. In this study, we demonstrated the involvement
of PLC in the [Ca¥]é increase elicited by vasopressin in
isolated vasopressin-sensitive neurones, suggesting the
activation of a V1-type vasopressin receptor. This is in

agreement with our previous findings that an antagonist of
V1a-receptors, SR 49059, specifically inhibited the vaso-
pressin-induced [Ca¥]é rise (Dayanithi et al. 1996). In
addition, studies on IP× accumulation measurements have
shown that in many brain areas, vasopressin stimulation of
the production of phosphatidyl-inositols is inhibited by a
V1-type antagonist (Stephens & Logan, 1986; Moratalla et

al. 1988; Shewey & Dorsa, 1988; Hatton et al. 1992). In the
supraoptic nucleus, the vasopressin-induced [Ca¥]é increase
is totally dependent upon extracellular Ca¥ but nevertheless
is also significantly depressed by emptying the Ca¥ from
intracellular stores by thapsigargin (Dayanithi et al. 1996).
Thus, the IP× production triggered by vasopressin is
probably not sufficient to lead to a release of stored Ca¥
(Berridge, 1993; Diaz-Brinton et al. 1994).

Diacylglycerol (DAG) is the other second messenger
produced by PLC-mediated phosphatidylinositol hydrolysis
and is known to activate PKC. We found that PKC played
an important role in [Ca¥]é increase induced by vasopressin.
Activation of PKC by phorbol esters has been shown to
modulate Ca¥ currents in various neuronal models and
notably, stimulation of PKC by 12,13-phorbol dibutyrate
enhances N- and L-type Ca¥ channel currents in frog
sympathetic neurones (Yang & Tsien, 1993). Similarly, the
constitutively active form of PKC increases high threshold
voltage-activated Ca¥ currents in rat dorsal root ganglion
neurones (Hall et al. 1995). In supraoptic neurones, Ca¥
currents expressed on the plasma membrane (Foehring &
Armstrong, 1996) and involved in the vasopressin-elicited
[Ca¥]é rise (Sabatier et al. 1997) might be modulated by
PKC.

Vasopressin activates adenylate cyclase pathway

The cAMP signal transduction pathway also clearly
appeared to be involved in the [Ca¥]é rise triggered by vaso-
pressin. In vasopressin-sensitive neurones, we first observed
that increasing cAMP intracellular levels by using
phosphodiesterase-resistant cAMP analogues (8-Br-cAMP
and Sp-cAMPS) or by preventing cAMP degradation with
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Figure 9. Inhibition of the PACAP-induced [Ca¥]é

response by both phospholipase C and protein kinase A

inhibitors

Left traces show the transient [Ca¥]é response induced by
10 nÒ PACAP in a vasopressin-sensitive neurone. Neurones
were then pre-incubated for 15 min in a medium containing
U_73122 (5 ìÒ) and challenged again with vasopressin (AVP)
and PACAP (middle traces). After washout, the cells were
incubated in a mixture of U_73122 and Rp-cAMPS for about
15 min and the responses to vasopressin and PACAP were
monitored (right traces). Note that the responses to both vaso-
pressin and PACAP were significantly reduced by U_73122
and the remaining response was almost completely abolished
by Rp-cAMPS.



the phosphodiesterase inhibitor IBMX, produced a [Ca¥]é
response. Potentiation or inhibition of vasopressin-induced
[Ca¥]é increase by IBMX and SQ_22536, respectively,
provided evidence of the contribution of AC activation to
this increase. Direct induction of cAMP production by vaso-
pressin is uncommon in the central nervous system. In
membranes prepared from the hippocampus and septum,
specific vasopressin binding sites have been revealed but AC
assays failed to detect any cAMP accumulation in response
to vasopressin treatment (Barberis, 1983; Dorsa et al. 1983;
Audigier & Barberis, 1985). However, it has been shown
that the vasopressin can act through the cAMP system in
guinea-pig supraoptic neurones in vitro (Abe et al. 1983).
Indeed, vasopressin and dibutyryl-cAMP were shown to
induce similar electrophysiological effects on the supraoptic
neurone membrane which could be potentiated by papaverine,
a phosphodiesterase inhibitor. In the same study, the cAMP
levels in the supraoptic tissues incubated with vasopressin
were significantly higher than in control tissues.

The results obtained with specific PKA inhibitors further
support the findings that the cAMP-linked intracellular
cascade plays an important role in the action of vasopressin.
An increasing body of evidence suggests that the regulation
of Ca¥ influx through voltage-dependent Ca¥ channels by
PKA could influence Ca¥-dependent neurotransmitter
release as well as Ca¥-activated enzymes and gene expression
within hippocampal neurones (Hell et al. 1995). There are
other possible targets for the PKA and PKC modulation: for
example, cation channel opening is reported to occur upon
vasopressin and PACAP receptor activation in various types
of cells. In our hands, the most probable functional role for
PKA during the action of vasopressin is to modulate L_ and
N-type Ca¥ channels or it could be multiple types of ion
channels and this remains to be clearly established by
measuring membrane currents or phosphorylation of
channel proteins.

Receptor-mediated actions of vasopressin

Here, we have clearly demonstrated that the vasopressin-
induced [Ca¥]é increase in vasopressin-sensitive neurones
involves multiple intracellular mechanisms. These findings
raise the question of the precise nature of vasopressin
receptors expressed on vasopressin neurones of the
supraoptic nucleus. To date, different types of vasopressin
receptors have been identified in peripheral tissues, such as
V1a, V1b and Vµ (for review, see Barberis & Tribollet, 1996).
In peripheral targets, V1a-type (liver, vascular smooth
muscle and most of peripheral vasopressin receptor) and
V1b-type receptors (adenohypophysis) stimulate PLC, while
Vµ-type (kidney) activate AC to increase intracellular cAMP
levels. Recently, a vasopressin-activated Ca¥-mobilizing
receptor (VACM-1) has been cloned from rabbit kidney
medulla but this receptor seems to be totally different from
G protein-coupled receptors (Burnatowska-Hledin et al.

1996). In vasopressin-sensitive neurones, according to the
double intracellular signal transduction profile involved in
the vasopressin-elicited [Ca¥]é response, we may first

hypothesize that both V1- and Vµ-type receptors are
expressed at the plasma membrane (see Fig. 10A). We have
shown that V1a-receptors are probably present on
vasopressin-sensitive neurones (Dayanithi et al. 1996). The
lack of specific and selective pharmacological agents does not
allow a precise characterization of V1b-receptors with our
technique but reverse transcriptase (RT)-nested polymerase
chain reaction (PCR) and in situ hybridization have revealed
that V1b-receptor mRNA is expressed in low quantities in
vasopressin neurones (Hurbin et al. 1998). The [Ca¥]é
measurement experiments using currently available
Vµ_receptor agonists and antagonists provide direct
pharmacological evidence that the Vµ-type receptor is
involved in the [Ca¥]é response induced by vasopressin
(Gouz̀enes et al. 1998). However, so far, autoradiographic
and in situ hybridization studies have failed to clearly
detect any Vµ-receptor protein or mRNA in the central
nervous system (for review, see Barberis & Tribollet, 1996).
In addition, in the supraoptic nucleus, the presence of
Vµ_receptor mRNA was not detectable using RT-nested
PCR (Hurbin et al. 1998).

A second possibility may be the presence of a unique
vasopressin receptor on vasopressin neurones that could be
coupled to both PLC and AC (see Fig. 10B). In various
studies, VÔ-receptors have been shown to stimulate multiple
signalling pathways when expressed in tissues or cell lines
(Thibonnier et al. 1991; Briley et al. 1994). Notably, when
expressed in Chinese hamster ovary (CHO) cells, V1b-type
pituitary vasopressin receptors have been found to activate
several signalling pathways including PLC, PLAµ and AC,
via different G proteins and depending on receptor density
(Thibonnier et al. 1997). In the present study, we have
demonstrated that the [Ca¥]é response induced by vaso-
pressin was regulated by the same mechanisms as those
observed for the PACAP-induced [Ca¥]é response. At
concentrations varying from 10

−12

to 10¦Ê Ò, PACAP
increases [Ca¥]é in freshly dissociated supraoptic neurones
by enhancing Ca¥ entry via voltage-dependent Ca¥ channels
and consequently these Ca¥ events resulted in stimulation
of somatodendritic vasopressin release (Shibuya et al. 1998).
In our hands, PACAP (10¦Ì Ò) induced an increase in [Ca¥]é
in vasopressin-sensitive neurones. At this concentration,
PACAP binds to high affinity PACAP type I receptors that
are both PLC- and AC-positively coupled receptors
(Spengler et al. 1993). In addition, gene expression of type I
receptors has been detected throughout the paraventricular
and supraoptic nucleus of the rat (Nomura et al. 1996).
Furthermore, the V1a-type vasopressin receptor antagonist
SR 49059 did not alter the PACAP-induced [Ca¥]é rise in
vasopressin-sensitive neurones. This confirms that the
response to PACAP is due solely to a direct action of PACAP
rather than an effect of vasopressin released somato-
dendritically as a result of PACAP stimulation (Shibuya et

al. 1998). Taken together, our results strongly suggest that
the intracellular mechanisms involved in the vasopressin
actions on supraoptic nucleus neurones are somewhat similar
to those observed for the actions of PACAP.
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Figure 10. For legend see facing page.



A third possibility is that vasopressin receptors on
vasopressin neurones are V1-type receptors uniquely
coupled to PLC whose intracellular cascade could, in turn,
stimulate the cAMP second messenger system (see Fig. 10C).
Indeed, various studies have revealed an effective cross-talk
between both pathways. Types II and VII isoforms of AC
are activated by PKC and by âã subunits of G proteins
while types I, III and VIII isoforms are stimulated by Ca¥
via calmodulin (for review, see Cooper et al. 1995). A direct
activation of AC by âã subunits of G proteins that are
released upon VÔ-receptor activation is not excluded.
Interestingly, in plasma membranes prepared from the
hypothalamus, Ca¥—calmodulin stimulated AC activity
(Mons & Cooper, 1994).

In summary, our results show that the [Ca¥]é rise induced
by vasopressin autocontrol of vasopressin neurones results
from multiple intracellular transduction signals including at
least PLC- and AC-linked pathways. It is important to
understand the second messengers that participate in such
peptide modulation of neuronal excitability and
neuropeptide release, particularly in vasopressin neurones,
as this represents an autocontrol processes. The precise
mechanisms by which these second messengers, activated
by vasopressin binding on vasopressin receptors, open
specific Ca¥ channel types, are under investigation.
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A, vasopressin (AVP) binds to both V1- and Vµ-type vasopressin receptors, activating both PLC- and AC-
coupled intracellular mechanisms. PLC hydrolyses phosphatidylinositol 4,5-diphosphate (PIPµ) leading to
production of the second messengers IP×, DAG and cAMP. IP× releases Ca¥ from intracellular stores while
DAG and cAMP activate PKC and PKA, respectively. Both protein kinases might modulate voltage-
dependent Ca¥ channels (VDCC). The rise in [Ca¥]é may in turn modulate IP× receptors following a
‘calcium-induced calcium release’ phenomenon. B, another possibility would be that vasopressin binds to a
single vasopressin receptor coupled to both PLC and AC, leading then to the same intracellular events as
described in A above. C, vasopressin binds to the V1-type vasopressin receptors linked to PLC, leading to
activation of PKC and release of Ca¥ from intracellular stores. The resulting PKC as well as calmodulin
(CaM) activated by intracellular Ca¥ might stimulate AC that, in turn, produces cAMP which activates
PKA. Dashed arrows represent hypothetical mechanisms.
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