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The A1 catecholamine neurons of the caudal ventrolateral me-
dulla transmit hemodynamic information to the vasopressin (VP)
neurons in the hypothalamus. These neurons corelease ATP with
norepinephrine. Perifused explants of the hypothalamoneurohy-
pophyseal system were used to investigate the role of these
substances on VP release. ATP (100 mM) increased VP release
1.5-fold ( p 5 0.027). The response was rapid but unsustained. It
was blocked by the P2 receptor antagonist pyridoxal-phosphate-
6-azophenyl-29,49-disulphonic acid (PPADS). The a1-adrenergic
agonist phenylephrine (PE; 100 mM) also increased VP release by
1.5-fold ( p 5 0.014). Again, the response was rapid and unsus-
tained. However, simultaneous perifusion of explants with ATP
(100 mM) and PE (100 mM) resulted in a threefold to fourfold
increase in VP release, which was sustained for as long as 4 hr.
There was a similar synergistic effect of ATP and PE on oxytocin
release. Interestingly, the synergistic response was delayed ;40

min relative to the response to either agent alone. Several exper-
iments were performed to elucidate the cellular mechanisms of
this synergism. The effect was blocked by PPADS, a protein
kinase C inhibitor (bisindolylmaleimide I HCl), and actinomycin,
an inhibitor of gene transcription. These data suggest that P2X
receptor activation, PKC-mediated phosphorylation, and gene
transcription are required for the synergistic response. The
marked synergism of these coreleased agents is probably impor-
tant to achieve sustained increases in plasma VP in response to
prolonged hypotension. These observations may also have
broad applications to CNS function, because ATP may be core-
leased at noradrenergic synapses throughout the CNS.
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Vasopressin (VP)-synthesizing neurons of the supraoptic and para-
ventricular nuclei (SON and PVN) receive direct, excitatory input
from the A1 noradrenergic neurons of the caudal ventrolateral
medulla (Alonso and Assenmacher, 1984; Day and Renaud, 1984;
Day et al., 1984, 1992; Shioda et al., 1992; Ginsberg et al., 1994;
Smith et al., 1995). In addition to norepinephrine (NE), various
substances are colocalized or coreleased from the A1 neurons,
including neuropeptide Y, substance P, and ATP (Everitt et al.,
1984; Sawchenko et al., 1985; Blessing et al., 1986; Beroukas et al.,
1989; Lundberg et al., 1989; Bittencourt et al., 1991; Sperlagh et
al., 1998). Although abundant evidence supports the importance of
the A1 pathway for stimulation of VP release in response to
moderate decreases in blood pressure (Raby and Renaud, 1989;
Smith et al., 1995), studies directed at demonstrating that NE is the
primary transmitter mediating this response were not successful
(Day et al., 1990). Adrenoceptor antagonists did not block A1
activation of VP cells, prompting the suggestion that these neurons
use a substance other than NE as their principal transmitter (Day
et al., 1990). In addition, injections of the broad-spectrum excita-
tory amino acid receptor antagonist kynurenic acid were ineffective
in blocking excitation induced by stimulation of the A1 region,
excluding the possibility that glutamate is responsible for VP cel-
lular responses to A1 input (Day et al., 1990). A likely possibility is
that colocalized, excitatory substances play a role in the regulation
of VP release. The nucleotide ATP, which is commonly colocalized
in catecholamine vesicles (Fried, 1980; Whittaker, 1982), may serve
as a primary neurotransmitter to activate VP neurons in response
to A1 input. A role for ATP in mediating responses to activation of
the A1 pathway is supported by the finding that application of the

P2 receptor blocker suramin (10 mM) in the SON reversibly blocked
excitation of VP cells by A1 stimulation without preventing the
excitatory effect of locally applied NE (Day et al., 1992). Histolog-
ical and electrophysiological evidence demonstrating purinergic
receptors on SON neurons further supports a role for purinergic
transmission (Hiruma and Bourque, 1995; Shibuya et al., 1998).

Central catecholamine neurons have been studied for decades,
and much is known about their contribution to the regulation of a
variety of behavioral, autonomic, and endocrine functions. Little is
known, however, about the functional consequences of noradren-
ergic–purinergic cotransmission in the CNS. In the periphery, ATP
is known to function as a cotransmitter with NE in a number of
tissues innervated by the sympathetic system (Burnstock, 1990; von
Kugelgen and Starke, 1991). Central noradrenergic neurons might
be expected to use similar cotransmission, especially as more evi-
dence accumulates for the involvement of nonadrenergic neuro-
transmission (Gartside et al., 1995).

In the present investigation, perifused explants of the rat hypo-
thalamoneurohypophyseal system (HNS) were used to study the
role of ATP and NE in the regulation of VP and oxytocin release.
Specifically, the effects of a1-adrenergic and purinergic receptor
activation and the interactions of these agents were evaluated.

MATERIALS AND METHODS
Explant preparation. Male Sprague Dawley rats (125–149 gm) were ob-
tained from Zivic-Miller. After decapitation, explants of the HNS were
prepared as described previously (Sladek and Knigge, 1977). The brain and
pituitary were removed from the skull using a caudal approach to maintain
the pituitary stalk intact. The anterior pituitary was removed under a
dissecting microscope. After gently removing the meninges (dura mater
and arachnoid), a triangular block of tissue is removed from the ventral
hypothalamus by cutting rostral to the optic chiasm, lateral to either side of
the median eminence, and undercutting at a depth of 1–2 mm. The
explants included the magnocellular neurons of the supraoptic nucleus
with their axonal projections extending through the median eminence and
terminating in the neurohypophysis. By the use of a dissecting microscope,
the explants were examined to insure that the neurohypophyseal stalk was
intact. Also included in the explant are the suprachiasmatic, arcuate, and
ventral portions of the ventromedial, preoptic, and periventricular nuclei as
well as the organum vasculosum of the lamina terminalis.
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Perifusion conditions. Each explant is placed in a 500 ml perifusion
chamber, maintained at 37°C in the multiple microchamber unit (Cellex
Biosciences, Inc., Minneapolis, MN), and perifused with F12 nutrient
mixture (Sigma, St. Louis, MO) fortified with 20% fetal calf serum, 1
mg/ml glucose, 50 mU/ml penicillin, 50 mg/ml streptomycin, and 1 3 10 2 4

M bacitracin. Bacitracin was added to the medium to prevent hormone
degradation (Sladek and Armstrong, 1987). The final osmolality of the
culture medium was 295–300 mosmol/kg of H2O. The medium was
warmed (37°C) and gassed (95% O2 and 5% CO2) immediately before
entering the explant chamber. Six explants were perifused simultaneously
at a rate of ;2.0 ml/hr, and outflow from the chambers was collected
individually in 20 min intervals using a six-place fraction collector that was
kept in a refrigerator (4°C) for subsequent measurement of VP or oxytocin
(OT) concentration. Radioimmunoassay (RIA) was used to determine VP
or OT concentration in these samples, and microvapor pressure osmome-
try (Wescor) was used to monitor osmolality of the perifusate.

Experimental design. Hormone release was allowed to stabilize for 4 hr
before exposure to any experimental conditions. During the subsequent
time period, explants were perifused with basal medium or exposed to the
indicated concentrations of ATP and/or PE (Sigma). Explants were ex-
posed to antagonists [pyridoxal-phosphate-6-azophenyl-29,49-disulphonic
acid (PPADS; Sigma); bisindolylmaleimide I, HCl (BI; Calbiochem, San
Diego, CA); and actinomycin (Calbiochem)] 30 min before the addition of
ATP. Most drugs were dissolved directly into the media. Exceptions are as
follows: Actinomycin was dissolved in 50% ethanol, and 50 ml of this stock
solution was added to 50 ml of medium. PE was added to media containing
0.03% vitamin C to ensure stability. Control explants were exposed to the
same concentrations of solvents used to dissolve the drugs.

Radioimmunoassay. VP and OT concentrations in the perifusate were
determined by RIA as described previously (Sladek et al., 1986; Yagil and
Sladek, 1990). The antisera used were generated in conjunction with Arnel
Products (Brooklyn, NY) and were used at a final dilution of 1:100,000.
The buffer for both VP and OT assays was 0.1 M PBS, pH 7.6, with 1 mg/ml
bovine serum albumin and 1 mg/ml sodium azide. Both assays were
performed on 100 and 50 ml aliquots of each fraction collected from each
explant. The standards and samples were incubated for 72 hr at 4°C in the
presence of 5000 cpm of 125I-arginine vasopressin or for 96 hr at 4°C with
3500 cpm of 125I-oxytocin (New England Nuclear). Ab-bound VP and OT
were separated from free hormone with dextran-coated charcoal, and the
amount of 125I-VP or 125I-OT in the pellet was determined with a gamma
counter. The picograms per milliliter were obtained by comparing samples
with a standard curve of known concentrations of either VP or OT. All
samples from a given experiment were assayed at the same time. The
minimum sensitivity was 1.0 pg/tube for VP and 0.5 pg/tube for OT.

Statistical analysis. As mentioned previously, each explant was allowed to
equilibrate for 4 hr before exposure to drugs. Basal hormone release was
calculated for each explant as the mean hormone release at the end of this
equilibration period. Hormone content is expressed as a percentage of this
basal value. Results are expressed as the mean 6 SEM. Statistical signif-
icance was determined on log10-transformed data by ANOVA with re-
peated measures followed by a simple main effect analysis to establish
specific group differences at individual time points. The level of signifi-
cance was set to p , 0.05.

RESULTS
Effect of ATP on vasopressin release
To determine whether ATP stimulates VP release from HNS
explants and to identify the effective concentration of ATP, HNS
explants were prepared as described above and placed in a perifu-
sion chamber. Explants were either exposed to sequentially in-
creasing concentrations of ATP (10 mM, 100 mM, and 1 mM) at 2 hr
intervals or maintained in basal medium (control group). As shown
in Figure 1, there was a significant increase in VP release in the
ATP-treated explants (F 5 5.684; p 5 0.0271). The 10 and 100 mM

doses of ATP stimulated VP release. However, the response to 100
mM ATP was not sustained throughout the 2 hr exposure, nor was
there a response to subsequent exposure to 1 mM ATP. To deter-
mine further whether previous exposure to 10 mM ATP limited the
response to 100 mM ATP and to identify the type of receptor
activated by ATP, explants were exposed to 100 mM ATP in the
presence or absence of PPADS, an antagonist of the P2X purino-
ceptor subtype (Lambrecht, 1996). As shown in Figure 2A, in the
absence of PPADS, 100 mM ATP elicited the fast and unsustained
increase in VP release observed previously, but in the presence of
PPADS, no increase in VP release was observed (F 5 6.310; p 5
0.0332). Thus, the response to 100 mM ATP was similar regardless
of whether explants were exposed to this dose initially or after
exposure to 10 mM ATP. Because 10 mM PPADS had no significant
effect on the basal release of VP (Fig. 2B), these data suggest that
ATP acts at P2X receptors to increase VP release from HNS

explants. The decay in the response may reflect receptor desensi-
tization or depolarization blockade, because in a separate group of
explants the response to 100 mM ATP was restored after a 2 hr
washout period (response to first and second ATP exposures,
167 6 16.2 and 172 6 18%, respectively; n 5 6).

Effect of ATP on OT release
Because ATP has been shown to act directly on nerve terminals in
the neural lobe to increase VP but not OT release, the effect of
ATP on OT release was evaluated to determine whether the effect
of ATP on VP release reflected effects on stimulus-secretion cou-
pling as opposed to action potential generation at the cell body. As
shown in Figure 3, in the absence of PPADS, 100 mM ATP elicited
rapid and unsustained increases in OT release, but in the presence
of PPADS, no increase in OT release was observed (F 5 11.755;
p 5 0.0075). As seen with VP, 10 mM PPADS had no effect on the
basal release of OT (data not shown). These data suggest that ATP
acts at P2X receptors to increase OT release from the explants.
Because the reported effects of ATP on stimulus-secretion coupling
in the neural lobe were limited to VP, these data suggest that ATP
has actions in the hypothalamic portion of the explant to stimulate
VP and OT release, in addition to actions at the nerve terminals.

Effect of phenylephrine on VP and OT release
PE was used to evaluate the effect of activation of a1-adrenergic
receptors on VP release, because NE has been shown to either
stimulate or inhibit VP neurons. This effect is dependent on the
type of adrenergic receptor activated (Day et al., 1985; Sladek and
Yagil, 1990). Exposure of HNS explants to 1, 10, and 100 mM NE
did not significantly alter VP release when compared with a time
control group (data not shown). Explants were exposed sequen-
tially to 1, 10, and 100 mM PE to determine the optimum concen-
tration for stimulation of VP release. At 1 and 10 mM, PE was
ineffective, but at 100 mM, PE increased VP release (data not
shown). As shown in Figure 4, exposure of HNS explants initially
to 100 mM PE significantly increased VP release. The response was
rapid and unsustained. ANOVA during the first hour of exposure
to PE revealed a significant increase in VP release in the PE-

Figure 1. VP release from HNS explants in response to increasing con-
centrations of ATP (10 mM, 100 mM, and 1 mM). Explants were exposed to
the respective concentrations of ATP beginning at the time indicated by the
arrows. ATP stimulated VP release at the 10 and 100 mM concentrations
(*p , 0.027). Basal release for ATP (n 5 10) and time control (n 5 12)
groups was 142.2 6 35.6 and 140.1 6 55.5 pg/ml, respectively. atp, ATP.
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treated explants (F 5 7.522; p 5 0.0139). In contrast, PE did not
significantly alter OT release (data not shown).

Effect of combined exposure to ATP and PE on VP and
OT release
Subsequent experiments focused on the combined effect of ATP
and PE on VP and OT release. As shown in Figure 5, simultaneous
exposure of explants to 100 mM ATP and 100 mM PE resulted in
synergistic responses that were delayed, larger, and sustained rel-
ative to the responses observed with ATP (100 mM) or PE (100 mM)
individually. An overall ANOVA of the VP release data (Fig. 5A)
revealed statistically significant differences in VP release between
groups (F 5 6.285; p 5 0.0048). Subsequent ANOVA comparing
the ATP plus PE group with the ATP or the PE groups revealed a
significant increase in VP release in the ATP plus PE-treated
explants compared with explants exposed to ATP (100 mM) (F 5
5.58; p 5 0.0263) or PE (100 mM) (F 5 5.528; p 5 0.0286). As

Figure 5B shows, OT release was comparably augmented by simul-
taneous exposure to ATP and PE. An overall ANOVA revealed
statistically significant differences in OT release between groups
(F 5 18.862; p 5 0.0001). Subsequent ANOVA comparing the ATP
plus PE group with the ATP or the PE groups revealed a significant
increase in OT release in the ATP plus PE-treated explants com-
pared with explants exposed to ATP (100 mM) (F 5 17.135; p 5
0.0007) or PE (100 mM) (F 5 31.919; p , 0.00001). The ability of
ATP and PE to synergize in increasing OT release negates the
possibility that the synergism is caused by ATP effects on stimula-
tion secretion-coupling amplifying activation of a-adrenergic re-
ceptors on the dendrites and/or perikarya, because ATP does not
stimulate OT release from isolated neural lobe terminals (Troadec
et al., 1998). These data suggest that the release of cotransmitters
may be responsible for maintaining a sustained increase in plasma
VP in response to decreased blood pressure.

Figure 2. Inhibition of ATP stimulated VP release in the presence of PPADS. A, Addition of 10 mM PPADS blocked the VP response to 100 mM ATP
(F 5 6.310; p 5 0.0332). Explants were exposed to ATP beginning at the time indicated by the arrow. Basal release for ATP- (n 5 5) and PPADS plus
ATP-treated (n 5 6) groups was 161 6 84 and 130.6 6 27 pg/ml, respectively (*p , 0.05). B, PPADS (10 mM; added at arrow) had no effect on the basal
release of VP. Basal release for PPADS (n 5 6) and time control (n 5 6) groups was 50.7 6 23.8 and 43.0 6 15.2 pg/ml, respectively. ppads, PPADS.

Figure 3. ATP stimulation of OT release is blocked by PPADS (10 mM)
(F 5 11.755; p 5 0.0075). Explants were exposed to ATP beginning at the
time indicated by the arrow. Basal release for ATP- (n 5 5) and PPADS
plus ATP-treated (n 5 6) groups was 122.1 6 21.23 and 164.4 6 28.02
pg/ml, respectively (*p , 0.05).

Figure 4. VP release in response to PE (100 mM). Explants were exposed
to PE beginning at the time indicated by the arrow. The response was fast
and not sustained, similar to that elicited by ATP. Basal release for PE (n 5
11) and time control (n 5 8) groups was 31.5 6 4.9 and 38.9 6 12.4 pg/ml,
respectively (*p , 0.026).
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Role of the P2X receptor, PKC, and gene transcription in
the synergism
To determine whether the P2X receptor is involved in the syner-
gism, explants were exposed to PPADS (10 mM), ATP (100 mM),
and PE (100 mM). As Figure 6 demonstrates, there was a statisti-
cally significant inhibition of the synergistic response in the ex-
plants perifused with PPADS, ATP, and PE when compared with
explants exposed to ATP and PE without PPADS (F 5 23.724; p 5
0.0009). As shown in Figure 7, PPADS had no effect on PE-
mediated VP responses. PE still elicited a rapid increase in VP
release in the presence of PPADS. These data, in conjunction with
that in Figure 2, indicate that activation of the P2X receptor is
required both for increases in VP release elicited by ATP alone

and for the synergistic response elicited by combined exposure to
ATP and PE.

Because a1 receptors are coupled to PKC via the phospholipase
C (PLC) cascade, the role of PKC in the synergistic response of PE
and ATP was evaluated using the cell-permeable PKC inhibitor BI.
Explants were perifused with BI (1 mM) for 30 min before the
addition of ATP (100 mM) and PE (100 mM) to the perifusate. As
shown in Figure 8, BI significantly inhibited the sustained response
observed with ATP and PE (F 5 7.533; p 5 0.0133). BI did not
affect basal VP release (F 5 0.393; p 5 0.5481; data not shown).
This demonstrates a requirement for PKC activation in the syner-
gistic response.

The ATP plus PE-mediated synergism was delayed by ;40 min
after exposure to ATP and PE. Because this delay is sufficient to

Figure 5. A, VP release in response to simultaneous exposure to ATP (100
mM) and PE (100 mM). The fast and unsustained effects of ATP (see Fig. 2)
or PE (from Fig. 4) on VP release are dwarfed by the augmented and
sustained stimulation of VP release obtained by simultaneous exposure to
ATP and PE (*p # 0.002). The synergistic response was delayed by ;40
min compared with peak responses observed with ATP (100 mM) or PE (100
mM) individually. Basal release for ATP plus PE (n 5 12), ATP (n 5 14),
and PE (n 5 11) groups was 31.5 6 4.9, 42.6 6 8.5, and 35.1 6 14.1 pg/ml,
respectively. B, OT release in response to simultaneous exposure to ATP
(100 mM) and PE (100 mM). ATP and PE result in a synergistic stimulation
of OT release when compared with the fast and unsustained effects of ATP
(see Fig. 3) or the lack of an effect of PE on OT release (*p # 0.002). Basal
release for ATP plus PE (n 5 8), ATP (n 5 11), and PE (n 5 12) groups
was 67.8 6 19.8, 87.8 6 24.4, and 87 6 25.6 pg/ml, respectively. Explants
were exposed to ATP and/or PE beginning at the time indicated by the
arrow. pe, PE.

Figure 6. Inhibition of the ATP plus PE-mediated synergistic increase in
VP release by PPADS. PPADS (10 mM) blocked the VP response to ATP
(100 mM) plus PE (100 mM) (F 5 23.724; p 5 0.0009). Explants were
exposed to ATP plus PE beginning at the time indicated by the arrow. Thus,
activation of the P2X receptors is required for the synergism observed when
explants are exposed to the combination of ATP and PE. The delayed and
sustained stimulation of VP release shown in Figure 5 is replicated in this
group of explants exposed to ATP plus PE in the absence of PPADS. Basal
release for ATP plus PE (n 5 5) and ATP, PE, plus PPADS (n 5 6) groups
was 37.9 6 12.5 and 38.8 6 20.05 pg/ml, respectively (***p # 0.0001; **p #
0.001; *p # 0.002).

Figure 7. Effect of PPADS on PE-mediated VP release. PPADS (10 mM)
did not block the VP response to PE (100 mM) (F 5 7.269; p 5 0.0308).
Explants were exposed to PE beginning at the time indicated by the arrow.
Basal release for PPADS plus PE (n 5 5) and control (n 5 4) groups was
75.14 6 29.67 and 76.26 6 57 pg/ml, respectively (*p , 0.05).
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allow for new protein synthesis, the involvement of gene transcrip-
tion was evaluated using actinomycin, an inhibitor of gene tran-
scription. Previous studies demonstrated that a 2 hr exposure of
HNS explants to actinomycin did not affect basal VP release and
did not interfere with cAMP stimulation of VP release (Song et al.,
1998). As shown in Figure 9, explants perifused with actinomycin
(10 mg/ml), which were also exposed to ATP and PE, did not
respond with a synergistic increase in VP. This supports the
hypothesis that gene transcription is required for the induction of
the synergism.

DISCUSSION
Information about decreases in blood volume and pressure associ-
ated with moderate hemorrhage is monitored by volume and
baroreceptors in the atria and carotid sinus and transmitted to the

A1 catecholamine neurons in the caudal ventrolateral medulla by
way of the nucleus tractris solitarius (Raby and Renaud, 1989;
Smith et al., 1995). The A1 neurons then synapse directly on and
stimulate VP neurons in the SON and PVN (Alonso and Assen-
macher, 1984; Day and Renaud, 1984; Day et al., 1984, 1992;
Shioda et al., 1992; Ginsberg et al., 1994; Smith et al., 1995). Thus,
the A1 pathway represents one of the final relays for transmission
of hemodynamic regulatory information from the periphery to the
magnocellular VP neurons. Pharmacological evidence supports a
role for ATP as the chemical transmitter for this pathway, and
hypothalamic synaptosomes release ATP after depolarization
(Fredholm and Vernet, 1979; Potter and White, 1980). Further-
more, ATP and [3H]noradrenaline release experiments from rat
hypothalamic slices demonstrated that a significant component of
ATP and NE is coreleased from nerve terminals of the A1 cat-
echolaminergic cell group (Sperlagh et al., 1998). This is similar to
the peripheral nervous system in which ATP is colocalized with
NE in synaptic vesicles in the sympathetic nervous system (Whit-
taker, 1982; Geffen and Livett, 1996). It is released after physio-
logical nerve activity (Sperlagh and Vizi, 1996) and functions as a
cotransmitter with NE in a number of tissues innervated by the
sympathetic system (Burnstock, 1990; von Kugelgen and Starke,
1991). Thus, central noradrenergic neurons might use similar co-
transmission. Indeed, there is abundant expression of P2 purino-
ceptors in the CNS, and a high density of receptors exists in the
hypothalamus (Balcar et al., 1995). Mounting evidence supports
the hypothesis that noradrenergic pathways of the CNS use puri-
nergic transmission (Day et al., 1993; Chen et al., 1994; I lles et al.,
1996). The neurohypophyseal system is a useful model for neuro-
nal function. Therefore, the present findings on the role of puri-
nergic–adrenergic cotransmission in the regulation of VP release
provide insights into the importance of putative purinergic–adren-
ergic cotransmission in other CNS pathways.

Several purinergic receptor types have been cloned. The P1
purinoceptors are responsive to adenosine and AMP, whereas the
P2 purinoceptors are responsive to ATP (Zimmerman, 1994).
Subtypes of the P2 receptors include P2X, P2Y, P2U, P2T, P2D, and
P2Z. The P2X type is a ligand-gated ion channel permeable to Na1,
K1, and Ca1, whereas the P2Y, P2U, and P2T receptors are
G-protein-linked receptors coupled to phospholipase C and inosi-
tol triphosphate formation (Chen et al., 1995). These receptors are
differentiated by ligand selectivity, with UTP activating the P2U
receptors and P2T responding to ADP. Multiple P2 purinoceptors
are expressed in the CNS. The hypothalamus is one of the most
densely labeled structures. Both P2X and P2U receptors have been
demonstrated electrophysiologically on SON neurons (Hiruma and
Bourque, 1995), and mRNA for five of the seven P2X receptor
subtypes is expressed in the SON (Shibuya et al., 1998). PPADS, an
antagonist of P2 receptors (Lambrecht, 1996), blocked electrical
responses to ATP, but not UTP, in rat magnocellular neurosecre-
tory cells of the SON (Hiruma and Bourque, 1995). It also blocked
ATP stimulation of VP release, confirming a role for the P2X
receptor.

The ATP-mediated rapid, but unsustained, increase in VP re-
lease is consistent with activation of ligand-gated ion channels that
desensitize. The restoration of the ATP response after a washout
period is consistent with receptor desensitization. Furthermore,
the decay is unlikely to reflect depletion of releasable VP stores,
because in other experiments, explants retained elevated VP re-
lease throughout 6 hr of perifusion with 25 mM KCl (Ludwig et al.,
1997). In electrophysiological studies, some SON neurons showed
little-to-moderate desensitization, whereas others showed strong
desensitization (Shibuya et al., 1998).

Multiple sites of action for ATP exist in the explant. A direct
action on VP neurons is likely because these neurons express P2X
mRNA (Shibuya et al., 1998) and application of P2X agonists elicits
TTX-insensitive depolarizations (Hiruma and Bourque, 1995) and
increases in intracellular [Ca21] in dissociated SON neurons
(Shibuya et al., 1998). Additionally, ATP may activate other neu-
rons afferent to the VP neurons, and it may act on VP terminals in

Figure 8. Effect of the PKC inhibitor (1 mM BI) on ATP plus PE-mediated
VP release. Addition of the PKC inhibitor blocked VP responses to ATP
(100 mM) plus PE (100 mM) (F 5 7.533; p 5 0.0133). Note that the small and
unsustained increase in VP release characteristic of the response to ATP
alone is evident in the group receiving ATP plus PE with BI. Explants were
exposed to ATP plus PE beginning at the time indicated by the arrow. Basal
release for ATP plus PE (n 5 14) and ATP, PE, plus BI (n 5 6) groups was
102.21 6 13.69 and 100.97 6 23.6 pg/ml, respectively (*p , 0.045). bi, BI.

Figure 9. Effect of the inhibitor of gene transcription (10 mg/ml actinomy-
cin) on ATP plus PE-mediated VP release. Addition of the inhibitor
blocked VP responses to ATP (100 mM) plus PE (100 mM) (F 5 12.391; p 5
0.0065). Explants were exposed to ATP plus PE beginning at the time
indicated by the arrow. Basal release for ATP plus PE (n 5 5) and
actinomycin, ATP, plus PE (n 5 6) groups was 73.9 6 37 and 68.9 6 34.5
pg/ml, respectively (*p 5 0.019; **p , 0.0001).
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the neural lobe. ATP is released from the neural lobe in a stimulus-
dependent manner (Sperlagh et al., 1999), is costored with neu-
ropeptides in the secretory granules of neurohypophyseal nerve
endings in millimolar concentrations (Gratzl et al., 1980), and
increases VP, but not OT, release from the isolated neurohypophy-
seal terminals (Troadec et al., 1998). Although this effect of ATP
may have contributed to the VP responses observed in the current
experiments, the fact that OT release was also stimulated indicates
that this is not the only site of ATP action. Thus, the actions of
ATP on HNS explants can be attributed at least in part to actions
at the VP cell body.

Coactivation of purinergic and a1-adrenergic receptors resulted
in a response that was dramatically different from the responses
achieved from the individual exposures to either ATP or phenyl-
ephrine. It was severalfold larger and sustained for several hours.
Several intracellular mechanisms might underlie the synergistic
increase in VP release. The first is recruitment of additional
purinoceptor subtypes. This was considered feasible, because func-
tional P2U receptors have been demonstrated electrophysiologically
on SON neurons (Hiruma and Bourque, 1995). Because these
receptors couple to the same class of G-proteins as the
a-adrenergic receptors [Gq/11 (Zimmerman, 1994)], it seemed pos-
sible that previously undetected activation of these receptors am-
plified a-adrenergic-mediated activation of the PLC–PKC signal
cascade. However, this possibility was eliminated by the finding
that PPADS, which does not block P2U receptors, prevented the
ATP plus PE-mediated synergism (Hiruma and Bourque, 1995). A
second possibility is that the synergism results from convergence of
the intracellular signaling cascades initiated by simultaneous open-
ing of the P2X-gated ion channel and activation of the PLC cascade

by PE. As shown in Figure 10, both signal transduction pathways
increase intracellular Ca21, and this in turn activates PKC as well
as other Ca21-dependent kinases. Thus, intracellular Ca21 may be
central to the augmentation phenomenon. Blockade of the syner-
gism by the PKC inhibitor supports a central role for Ca21-
dependent phosphorylation in the synergism. A third possibility is
that PKC-induced phosphorylation of the ATP-gated ion channels
changes conductance of the channel (Tien et al., 1994; Idriss et al.,
2000) or decreases receptor desensitization. Although this is an
intriguing possibility, it is not an adequate explanation for the
synergism, because phosphorylation events occur within seconds to
minutes, but the ATP and PE synergism was delayed by ;40 min.
This delay is long enough to allow for new protein synthesis.
Blockade of the synergism by actinomycin demonstrates its depen-
dence on new protein synthesis. This could occur as a result of
Ca21-dependent phosphorylation of transcription factors. New
synthesis of receptors is one possible mechanism of synergism that
might require gene transcription.

In addition to the above intracellular mechanisms, modulation of
local afferents by either ATP or PE could contribute to the syner-
gism. For example, application of NE to hypothalamic slices in-
creases the frequency of EPSPs in PVN magnocellular neurons
(Daftary et al., 1998). Similarly, inhibition of inhibitory afferents
could lead to a potentiated response. However, these mechanisms
would be activated rapidly and therefore are not solely responsible
for the delayed synergism.

The synergistic effect of ATP and PE is likely to have physio-
logical significance for the hemodynamic regulation of VP release,
because corelease of transmitters may be required to achieve max-
imal and sustained increases in plasma VP in response to decreases

Figure 10. Schematic diagram showing possible points of convergence of intracellular signaling cascades that might lead to NE plus ATP-mediated
synergism. 1, NE activates the a1 receptor, which is coupled to Gq/11-protein. Activation of the receptor triggers an exchange of GDP for GTP. The
trimeric G-protein then dissociates into a and b/g dimer. The GTP-bound form of the a and/or b/g subunit then activates the PLC/IP3 /PKC pathway.
2, ATP binds to the P2X receptor resulting in the opening of a nonspecific ion channel. 3, Both of these events increase intracellular Ca 21. Activation of
the IP3 branch of the PLC pathway releases intracellular Ca 21 from the endoplasmic reticulum. Activation of P2X receptors allows Ca 21 entry through
the P2X channel. In addition, Na 1 influx through the channel depolarizes the membrane, probably opening voltage-sensitive Ca 21 channels and further
increasing Ca 21 influx. Thus, increased intracellular Ca 21 represents one major point of convergence. 4, The increase in intracellular Ca 21 increases the
activity of kinases. Specifically, because PKC is Ca 21 dependent, higher internal Ca 21 levels increase the activity of PKC. Increases in PKC activity might
lead to phosphorylation of the ATP-dependent P2X ion channel, leading to a higher open probability for the channel. 5, PKC and/or Ca 21/calmodulin may
phosphorylate transcription factors, thereby inducing transcription of other transcription factors (such as immediate-early genes) or perhaps additional
receptors. The observed delay of ;40 min before the onset of the synergistic response as well as the inhibition of the synergism by actinomycin indicates
that this final step is a requirement for synergism. PIP2, Phosphatidylinositol 4,5-bisphosphate.
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in blood pressure or chronic hypotension. Thus, the colocalized
substances may reflect the need for rapid release of VP, while
promoting sustained increases in VP. This study provides the first
demonstration of a synergistic effect of purinergic–adrenergic co-
transmission on VP release. It may also provide insight into the
role of purinergic cotransmission at other synapses in the hypo-
thalamus and throughout the CNS. The A1 cell group contributes
up to 60% of the total noradrenergic input to the whole hypothal-
amus (Palkovitis, 1981; Pacak et al., 1995), and the synergistic
effect of ATP and PE on OT release demonstrates that the phe-
nomenon is not limited to VP neurons. ATP may be coreleased
with norepinephrine from locus coeruleus neurons (Shen and
North, 1993). Putative purinergic–noradrenergic cotransmission by
locus coeruleus neurons might have profound effects on the CNS,
because they are associated with receiving and distributing infor-
mation from and to sites associated with a number of motor,
sensory, and behavioral functions. ATP is also stored and released
with other neurotransmitters, including acetylcholine, nitric oxide,
neuropeptide Y, substance P, and vasoactive intestinal peptide
(Sneddon et al., 1999). The identification of extensive P2X receptor
immunoreactivity and mRNA distribution throughout the CNS
further supports a role for extracellular ATP in processes such as
sensory transmission and sensory–motor integration and in neuro-
nal phenomenon such as long-term potentiation and depression
(Kanjhan et al., 1999). Thus, the current demonstration of puri-
nergic and adrenergic synergism on VP release suggests functional
ramifications of ATP cotransmission throughout the CNS.
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