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ORIGINAL ARTICLE

Endothelin-Mediated Calcium Responses in Supraoptic Nucleus Astrocytes
Influence Magnocellular Neurosecretory Firing Activity
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In addition to their peripheral vasoactive effects, accumulating evidence supports an important
role for endothelins (ETs) in the regulation of the hypothalamic magnocellular neurosecretory
system, which produces and releases the neurohormones vasopressin (VP) and oxytocin (QT).
Still, the precise cellular substrates, loci and mechanisms underlying the actions of ETs on the
magnocellular system are poorly understood. In the present study, we combined patch-clamp
electrophysiology, confocal Ca®* imaging and immunohistochemistry to study the actions of ETs
on supraoptic nucleus (SON) magnocellular neurosecretory neurones and astrocytes. Qur studies
show that ET-1 evoked rises in [Ca®*]; levels in SON astrocytes (but not neurones), an effect lar-
gely mediated by the activation of ETg receptors and mobilisation of thapsigargin-sensitive Ca*
stores. The presence of ETg receptors in SON astrocytes was also verified immunohistochemically.
ETg receptor activation either increased (75%) or decreased (25%) SON firing activity, both in VP
and putative OT neurones, and these effects were prevented when slices were preincubated in
glutamate receptor blockers or nitric oxide synthase blockers, respectively. Moreover, ETg-medi-
ated effects in SON neurones were also prevented by a gliotoxin compound, and when changes
in [Ca”*]; were prevented with bath-applied BAPTA-AM or thapsigargin. Conversely, intracellular
Ca?* chelation in the recorded SON neurones failed to block ETg-mediated effects. In summary,
our results indicate that ETg receptor activation in SON astrocytes induces the mobilisation of
[Ca?*];, likely resulting in the activation of glutamate and nitric oxide signalling pathways, evok-
ing in turn excitatory and inhibitory SON neuronal responses, respectively. Taken together, our
study supports an important role for astrocytes in mediating the actions of ETs on the magno-
cellular neurosecretory system.
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Endothelins (ETs) are a peptide family composed of three isoforms
(ET-1, ET-2 and ET-3) and their biological actions are mediated by
two well characterised G-protein-coupled receptors: ETa, which
exhibits higher affinity for ET-1 than for ET-2 and ET-3, and ETg,
which displays similar affinity for all three isoforms (1-3). ETs are
involved in a wide variety of physiological functions, including reg-
ulation of the cardiovascular system. In addition to their potent
peripheral vasoactive effects, ETs act as neurotransmitters/neuro-
modulators within central nervous system regions involved in car-
diovascular and fluid balance homeostasis (4-7). Accumulating
evidence supports an important role for ETs in the regulation of
the hypothalamic magnocellular neurosecretory system, which pro-

duces and releases the neurohormones vasopressin (VP) and oxyto-
cin (OT). Both in vivo and in vitro studies demonstrate that ETs
efficiently influence VP and OT secretion from magnocellular neuro-
secretory cells (MNCs) in the supraoptic (SON) and paraventricular
(PVN) hypothalamic nuclei (8-12). However, the actions of ETs on
the magnocellular system are highly complex, with both excitatory
and inhibitory responses reported. Although most components of
the ET system, including the ETs, their receptors and converting
enzymes, are present in brain regions involved in the regulation of
the magnocellular system (13-15), the specific cellular substrates,
loci and mechanisms underlying actions of ETs on MNCs are still
poorly understood. For example, i.c.v. microinjections of ETs, or
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directly within the subfornical organ (SFO), resulted in the activa-
tion of PVN neurones and increased VP release (16,17). These
effects were prevented by lesions of the region anteroventral to the
third ventricle (11), suggesting that ETs can indirectly stimulate VP
release from the SON/PVN by activating excitatory inputs from the
SFO. Conversely, direct effects of ETs within the magnocellular sys-
tem have also been demonstrated, in which ETs can either stimulate
or inhibit VP release, depending on the receptor subtype involved
(6,18). Thus, although activation of hypothalamic ETg receptors
stimulated both intranuclear somatodendritic, as well as neurohy-
pophyseal VP release, activation of ET, receptors stimulated or
inhibited VP release when acting within the posterior pituitary or
the hypothalamus, respectively (9). In addition, electrophysiological
studies in hypothalamic slices showed that ETs modulate the firing
activity of SON neurones (19,20). Although these studies thus sup-
port the direct actions of ETs within the SON/PVN nuclei, the pre-
cise cellular targets and mechanisms mediating such effects still
remain to be elucidated.

Neurohormone release from the neurohypophysis is highly depen-
dent on the electrical activity of MNCs (21). In addition to intrinsic
membrane properties and synaptic mechanisms (22), dynamic neu-
ronal-glial interactions have been shown to play critical roles in the
regulation of magnocellular neurosecretory function, both under
basal and stimulated conditions, such as dehydration and lactation
(23,24). Astrocytic modulation of magnocellular neurosecretory
activity involves multiple mechanisms, including dynamic retrac-
tion/expansion of processes, regulation of ambient neurotransmitter
levels, as well as the release of neuroactive substances, including
p-serine, nitric oxide and ATP (25-29). Importantly, ETs and its
receptors are present in brain astrocytes (30-35), and numerous
functional effects of ETs on astrocytes have been described (30,36-
38). Still, whether astrocytes are important components involved in
the signalling of ETs within the magnocellular neurosecretory system
has not been thoroughly investigated. In the present study, we com-
bined patch-clamp electrophysiology, confocal Ca®* imaging and
immunohistochemistry techniques, aiming to study the actions of
ETs on both magnocellular neurosecretory neurones and their asso-
ciated astrocytes. By contrast to a recent study (19), we found that
ET-1, mostly through ETg receptor activation, induces the mobilisa-
tion of [Ca®*]; in SON astrocytes. The results obtained in the present
study suggest that this action results in the activation of glutamate
and nitric oxide signalling pathways, evoking in turn excitatory and
inhibitory SON neuronal responses, respectively.

Materials and methods

Male Wistar rats (weighing 80-140 g) were purchased from Harlan Labora-
tories (Indianapolis, IN, USA), and housed under a 12 : 12 h light/dark cycle
with access to food and water ad /ib. In a subset of experiments, we also
used male heterozygous transgenic vasopressin (AVP)-enhanced green fluo-
rescent protein (eGFP) Wistar rats (n = 7; 5-6 weeks old), in which VP neu-
rones are endogenously fluorescent (39). Founders of this colony were
kindly donated by Dr Y. Ueta (University of Occupational and Environmental
Health, Kitakyushu, Japan). All procedures were carried out in agreement
with Georgia Health Sciences University Committee's guidelines, and in com-
pliance with NIH guidelines.

Brain slice preparation

Hypothalamic slices containing the SON were obtained as described previ-
ously (40). Rats were anaesthetised with pentobarbital (50 mg/kg) and per-
fused through the heart with a cold sucrose solution (containing in mw:
200 sucrose, 2.5 KCI, 3 MgSQ,, 26 NaHCOs, 1.25 NaH,PQ,, 20 p-glucose, 0.4
ascorbic acid, 1 CaCl, and 2 pyruvic acid (290-310 mOsmol/I). Rats were
decapitated, brains were dissected out, and coronal slices (300 and 250 um
for electrophysiology and Ca* imaging, respectively) obtained in an oxygen-
ated ice-cold artificial cerebrospinal fluid (aCSF) (containing in mm: 119
NaCl, 2.5 KCI, 1 MgSQ,, 26 NaHCO,, 1.25 NaH,P0,, 20 p-glucose, 0.4 ascor-
bic acid, 2 CaCl, and 2 pyruvic acid; pH 7.4; 290-310 mOsmol/1), using a
vibroslicer (DSK Microslicer, Ted Pella, Redding, CA, USA). Slices were kept
until used in a holding chamber containing aCSF (room temperature). In
some cases, as indicated, an aCSF with nominal 0 Ca®*, 3 mm Mg** and
3 mwm ethylene glycol tetraacetic acid (EGTA) was used (41).

Electrophysiological recordings

Once in the recoding chamber, slices were bathed with solutions (approxi-
mately 3.0 ml/min) that were continuously bubbled with 95% 0,-5% CO,
and maintained either at room temperature (approximately 22-24 °C) or at
33-35 °C, as indicated. Conventional whole-cell patch clamp recordings
were obtained as described previously (40). Patch pipettes (4-7 MQ) com-
posed of thin-walled (outer diameter 1.5 mm, inner diameter 1.17 mm)
borosilicate glass (GC150T-7.5; Clark, Reading, UK) were pulled on a horizon-
tal electrode puller (P-97; Sutter Instruments, Novato, CA, USA). The internal
solution contained (mwm): 135 potassium gluconate, 0.2 EGTA, 10 HEPES, 10
KCl, 0.9 MgCl,, 4 MgATP, 0.3 NaGTP and 20 phosphocreatine (Na*); pH 7.2-
7.3. Recordings were obtained with a Multiclamp 700 A amplifier (Axon
Instruments, Foster City, CA, USA) using infrared differential interference
contrast (DIC) videomicroscopy. The voltage-output was digitised at 16-bit
resolution, 10 kHz (Digidata 1320A; Axon Instruments) and saved on a com-
puter for offline analysis. For current-clamp recordings, all protocols were
run using an output gain of 10 and a Bessel filter of 10 kHz. Spontaneous
firing activity was recorded in continuous mode before, during and after
bath application of drugs. Plots of mean firing frequency (bin = 15 s) over
time were generated and, for comparison purposes, the mean firing fre-
quency during a period of approximately 3 min before and after drug appli-
cation was calculated and compared using Mini Analysis software
(Synaptosoft Inc., Leonia, NJ, USA). In the case of phasically active neurones,
the activity quotient (i.e. the proportion of time in which a cell is active)
was used to determine changes in firing activity. Neurones showing a
> 30% in firing rate were arbitrarily considered responsive to the drug
treatment. Cell input resistance before and during drug applications was cal-
culated in the voltage-clamp mode using a 5-mV pulse when holding the
cells at =70 mV. To calculate the delay of drug action, the time at which
the drug reached the tissue and the onset of the response were calculated.
In the case of astrocyte recordings, Lucifer yellow (0.1 mg/1 ul) was added
to the patch pipette solution and, once in the whole-cell configuration, the
membrane response to a voltage ramp (from —120 mV to +100 mV, in
600 ms) was assessed.

Immunohistochemistry

Immunohistochemical detection of ETg receptors in SON neurones and
astrocytes was performed using conventional triple immunofluorescence, as
described previously (42). Rats (n = 4) were deeply anaesthetised with
sodium pentobarbital (100 mg/kg i.p.) and perfused transcardially with
0.01 m phosphate-buffered saline (PBS) (150 ml) followed by 4% parafor-
maldehyde (350 ml). Brains were post-fixed in 4% paraformaldehyde for 3 h
at 4 °C. Fixed brains were cryoprotected at 4 °C with 0.01 m PBS containing
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30% sucrose for a minimum of 48 h. Sections (25 pum) were then cut with
a cryostat, and incubated in a solution of 0.01 m PBS with 0.19% Triton
X-100, NaN3 0.04% and 10% normal horse serum for 1 h. Sections were
incubated overnight in a mix of primary antibodies that included: guinea pig
anti-oxytocin; guinea pig anti-VP (dilution 1 : 50 000, each; Bachem, San
Carlos, CA, USA), mouse anti-S100b (dilution 1 : 1000; Sigma-Aldrich, St
Louis, MO, USA) and a rabbit anti-endothelin receptor type B (dilution
1 :500; Alomone Labs, Jerusalem, Israel) antibodies. Incubation in primary
antibodies was followed by 4 h of incubation in secondary antibodies (don-
key anti-guinea pig Cy5 labelled, donkey anti-mouse Cy3 labelled, together
with donkey anti-rabbit fluorescein isothiocyanate (FITC)-labelled, dilution
1:50, 1:250 and 1:250 dilutions, respectively). All antibodies were
diluted with PBS containing 0.1% Triton X-100 and NaN; 0.04%. All second-
ary antibodies were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). Control experiments were performed by omitting
primary or secondary antibodies. Histological sections were examined with
a Zeiss LSM 510 confocal microscope system (Carl Zeiss, QOberkochen,
Germany). The argon-krypton laser was used to excite the FITC (488 nm)
and the Cy3 (545) fluorophores, and the helium-neon laser to excite the
Cy5 (633 nm) fluorophores. Fluorescent signal cross-talk among channels
was avoided by setting image-acquisition parameters with individually
labelled sections, ensuring a lack of 'bleed through' to other channels. To
determine co-localisation of various fluorescent markers, a stack of confocal
images (five consecutive sections, 1 um Z-step interval) was obtained from
the different fluorophores, and merged. A positive co-localisation was con-
sidered by the appearance of yellow (red + green) or purple (red + blue)
profiles in the merged image. Figures were composed using Adobe Photo-
shop CS (Adobe Systems, Inc., San Jose, CA, USA).

To obtain a comparison of neuronal and astroglial cells surface areas
within the SON, hypothalamic slices were incubated in a cocktail containing
a guinea pig anti-oxytocin followed by respective secondary antibodies (see
above). Confocal images were taken, and the surface area of immunoidenti-
fied oxytocin and vasopressin neurones, and S100f astroglial cells, were
measured by manually tracing each cell using Image Pro plus software
(Media Cybernetics, Bethesda, MD, USA).

Preabsorption controls were run to test the specificity of the anti-endo-
thelin receptor type B primary antibody (CEMLR KKSGM QIALN D; Alomone
Labs), using procedures described previously (43). The antigen and antibody
were used at either a concentration of 1.6 ug/ml each, or with an antigen
concentration five-fold greater than that of the primary antibody. The mix-
tures were incubated in in PBS containing 0.1% Triton X-100 and NaNj
0.04% for 2 h at room temperature, centrifuged for 5 min at 10 000 g, and
the supernatants applied to the tissue, in accordance with the procedure
described above.

Confocal calcium imaging

Measurements of changes in intracellular Ca** levels in SON astrocytes were
performed using live confocal imaging techniques, as described previously
(44). Because of lower imaging resolution from adult rat brains, imaging
experiments were conducted in rats postnatal day 25 (P25) + 5. Ca** imag-
ing was performed using the Andor Technology Revolution system (Andor
Technology, South Windsor, CT, USA) [IXON EMCCD camera with the Yokog-
awa CSU 10, confocal scanning unit (Yokogawa, Tokyo, Japan)]. This unit is
attached to a Zeiss microscope (Axioscope 2FS). Slices were incubated at
room temperature in aCSF containing 10 um Fluo4-AM or Rhod2-AM and
pluronic acid (2.5 ug/ml). After 1 h of incubation, slices were washed and
placed in aCSF at room temperature until needed. Slices were loaded in
batches so that they could be used within the same time frame after the
loading procedure. At the time of the experiment, a slice was transferred to
a perfusion chamber on the microscope and held with a nylon grid and
continuously superfused with aCSF at 33-35 °C. Fluorescence images were

obtained using a krypton/argon laser at 488 nm and emitted light at > 495
(Fluo4) or 561 nm and emitted > 607 nm (Rhod2). Dye-loading into SON
neurones was achieved by the addition of Fluo-5F pentapotassium salt
(100 wum) into the internal pipette solution. Once the whole-cell configura-
tion was established, the dye was allowed to dialyse into the cell for at least
10 min before acquisition. Images were acquired at 1-4 frame/s for 8-
10 min, depending on the experimental protocol. Ca®* imaging data was
analysed using Anpor 1Q 2.1 software. Fractional fluorescence (F/Fo) was
determined by dividing the fluorescence intensity (F) within a region of
interest by a baseline fluorescence value (F,) determined from approximately
50 images showing no activity. To compare responsive astrocytes among
treatments, the percentage of identified astrocytes (i.e. cells loaded with
Fluo4/Rhod2 before stimulus application) that displayed an increase in
intracellular Ca?* during the treatment was calculated. Cells with large so-
mas and punctate staining, as well as a defined nucleus/nucleolus, were
excluded from the analysis because they represented dead neuronal cell
bodies, confirmed in DIC illumination.

Chemicals

All chemicals were obtained from Sigma-Aldrich, with the exceptions of ET-
1 (American Peptide, Sunnyvale, CA, USA), BQ-788 (Tocris, Ellisville, MO,
USA), -NAME (Alexis Biochemicals, San Diego, CA, USA), Fluo4-AM and
Rhod2-AM (Invitrogen, Carlsbad, CA, USA) and Sarafotoxin (EMD, San Diego,
CA, USA).

Statistical analysis

All values are expressed as the mean £ SEM. Nonparametric unpaired
(Mann-Whitney), paired (Wilcoxon) tests, or one-way ANovA were used, as
needed. P < 0.05 was considered statistically significant. All statistical analy-
ses were conducted using GrapHPAD PRISM (GraphPad Software, San Diego, CA,
USA).

Results

ET-1 increases [Ca®*], levels in SON astrocytes via the
release of Ca®* from intracellular stores

In addition of being capable of synthesising and releasing ETs,
astrocytes also express ETp and ETg receptors, making them key
candidates for ET signalling in the SON. To determine whether ETs
can signal astrocytes, we monitored changes in astrocytic Ca®*
activity in SON slices exposed to 10 or 100 nm ET-1. Astrocytes
were identified using a combination of approaches. Slices incu-
bated either in Fluo4 or Rhod2 preferentially loaded small cells
and processes (putative astrocytes), resulting in a characteristic
homogenous staining pattern. Although Fluo4 in some cases also
labelled large neuronal profiles, staining in the latter was charac-
teristically punctate and, when observed under DIC illumination,
corresponded in most cases to dead neurones located at the sur-
face of the slice. When Rhod2 loading was performed in slices
obtained from AVP-eGFP rats (in which VP neurones are endoge-
nously fluorescent), a clear segregation between the loaded puta-
tive astrocytes and VP neurones was observed (Fig. 1a). Moreover,
we found a large degree of colocalisation between Rhod2 and
Fluo4 when both dyes were loaded simultaneously (Fig. 18). The
mean surface area of Rhod2/Fluo4 stained cells was 56.3 +
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Fig. 1. Characterisation and identification of supraoptic nucleus (SON) astrocytes. (a) SON brain slice from an vasopressin (AVP)-enhanced green fluorescent
protein (eGFP) rat loaded with the Ca®* indicator dye Rhod2-AM (red, left), vasopressin eGFP fluorescence (green, middle) and merged channels (right). Scale
bar = 13 um. (8) Image of an SON slice loaded with the Ca®* indicator dyes Rhod2-AM (red) and Fluo4-AM (green). Arrows point to examples of Rhod-
2/Fluo-4 double-labelled astrocytes. The arrowhead points to a punctate Fluo4-AM staining in a neurone. Note the absence of staining in the majority of large
empty spaces, corresponding to unlabelled neurones (see asterisk as an example). Scale bar = 16 um. (c) Representative Lucifer yellow loaded SON astrocyte
and its corresponding current/voltage relationship graph. Scale bar = 10 um. () Summary data of the surface area of cells showing homogeneous loading for
Fluo4/Rhod2, compared to those immunostained against S100b or oxytonin (OT)/vasopressin (VP). (£} Upper left, greyscale image of a Fluo-4 loaded SON slice
showing labelled astrocytes; the upper right image is a replicate image showing the regions of interest on the astrocytes corresponding to the Ca®* trace
shown on the right. Middle and bottom panels are pseudocolour images showing changes in Ca* fluorescence (F/Fo) before and during stimulation with
endothelin (ET)-1 or a low K* (0.2 mw) artificial cerebrospinal fluid solution (aCSF). **P < 0.001 versus S100b and Fluo4/Rhod2. Scale bar = 15 um.
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Fig. 2. Endothelin (ET)-1-induced Ca* responses in astrocytes and dependence on intracellular Ca** stores. (a) Representative pseudocolour images and corre-

sponding traces from an supraoptic nucleus (SON) slice showing changes in

Ca** fluorescence (F/Fy) before, during and after ET-1 stimulation. (8) Summary

data showing mean changes in AF/F, after ET-1 (10 and 100 nwm) exposure in slices loaded either with Fluo4-AM or Rhod2-AM. **P < 0.02 and **P < 0.001.
Scale bar = 10 um. (c) ET-1-induced Ca®" transients were present in the absence of extracellular Ca®* but were blocked by thapsigargin (3 um). **P < 0.0001.

Scale bar = 10 um. EGTA, ethylene glycol tetraacetic acid.

1.75 um? (n = 132), which was similar to that obtained in immuno-
identified astrocytes (S100b staining; 68.3 + 0.8 um? n = 408), with
both values being significantly smaller than that obtained in immu-
noidentified oxytocin and VP neurones (2259 4+ 1.7 um? n = 1453,
P < 0.0001, one-way anovA) (Fig. 10). In addition, we found that
exposing slices to a low K* (0.2 mm) aCSF increased Ca®* in Fluo4
loaded cells (Fig. 1), previously shown to be a characteristic
response of astrocytes but not neurones (45). Finally, to more con-
clusively demonstrate the identity of the monitored cells as astro-
cytes, we patched and recorded currents from putative astrocyte
profiles, at the same time as loading them with Lucifer yellow
(n = 6). As shown in the representative example (Fig. 1c), we found
in all cases a linear current/voltage relationship over an extended
range of voltages, a membrane behaviour characteristic of astro-
cytes, but not neurones. Moreover, the intracellular staining revealed
complex and ramified fine processes, which typically surrounded
large cell bodies within the SON (Fig. 1c, asterisk). Based on all of
these approaches, we can conclude that Fluo4/Rhod2 loaded cells
are astrocytes.

As shown in Figs 1(e) and 2(ag), ET-1 (100 nw) elicited significant
transient increases in SON astrocytic [Ca®*]; levels both in Fluo4
(F/Fo from 1.01 4 0.001 to 1.72 & 0.05, n = 131, P < 0.0001, Wil-
coxon test) and in Rhod2 labelled astrocytes (F/F, from 0.97 &
0.03 to 1.86 &+ 0.12, n = 6, P < 0.03, Wilcoxon test). Similar results
were observed when 10 nm ET-1 was tested (F/Fy from 1.00 +
0.001 to 1.57 £ 0.09, n = 11, P < 0.001, Wilcoxon test), an effect
that was not significantly different from that observed with ET-1
100 nm. On average, ET-1-induced peak Ca* responses occurred
with a delay of 79.68 £ 8.01 s from the time the drug reached the
microscope chamber.

To determine the source of Ca?* mediating ET-1 responses,
experiments were repeated in the absence of extracellular Ca**, or
after depletion of intracellular Ca** stores with thapsigargin. In the
absence of extracellular Ca®*, ET-1 elicited significant increases in
astrocytic [Ca®*], (F/Fo from 1.00 £ 0.006 to 2.11 £ 0.18, n = 34,
P < 0.0001, Wilcoxon test). Conversely, no changes were observed
in slices pre-incubated (45 min) with thapsigargin (3 um, F/Fy from
1.003 £+ 0.002 to 1.02 4+ 0.034, n =8, P> 0.2) (Fig. 2c). Taken
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together, these results support intracellular Ca®* stores as being the
main Ca** source for ET-1-induced responses in SON astrocytes.

Contribution of ETg receptors to ET-1-mediated increases in
[Ca?*], in SON astrocytes

We then aimed to determine the type of receptors mediating ET-1
effects on astrocytic Ca?*. We found that, similar to ET-1, the ETg
selective receptor agonist sarafotoxin 6¢ (S6c, 100 nwm) evoked an

increase in astrocytic [Ca®']; levels in Fluo4 (F/F, from 1.01 +
0.001 to 1.47 £ 0.04, n =22, P <0.0001, Wilcoxon test) and
Rhod2 loaded slices (F/Fy from 1.01 & 0.002 to 2.12 4 0.2,
n =22 P <00001, Wilcoxon test) (Fig.3a). On average, S6c-
induced peak Ca®* responses occurred with a delay of 62.8 & 5.4 s
from the time the drug reached the microscope chamber. The mean
proportion of responsive astrocytes was significantly higher in the
Séc group (100%) compared to ET-1 (approximately 75%, P > 0.05,
Bonferroni's post-hoc test, one-way anova) (Fig. 3c). Further
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Fig. 3. Endothelin (ET)-1-induced Ca®* changes in astrocytes are largely mediated by activation of ETg receptors. (») Representative pseudocolour images of

transient Ca®* changes in astrocytes induced by the ETg receptor agonist Séc. The corresponding traces are shown below. (8) Summary data of AF/Fy in
response to S6c in slices loaded with Fluo4-AM or Rhod2-AM. (c) Patched supraoptic nucleus (SON) neurone loaded with Fluo5F (left) and corresponding dif-

ferential interference contrast image (right). No changes in AF/F, were observed when stimulated with S6c, as shown in the trace below and the summary
data. Scale bar = 15 um. (o) Percentage of responding astrocytes to ET-1, Sarafotoxin 6¢ (S6¢) and ET-1 in the presence of the ETg receptor blocker BQ-788 or

the ETg and ET, receptor blockers BQ-788 and atrasentan. ™ P < 0.0001. *P < 0.01 versus ET-1 and Sc6, Bonferroni's post-hoc test, one-way aAnova. Scale

bars = 10 um.
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confirming a contribution of ETg receptors in SON astrocytes, we
found that, in the presence of the selective ETg receptor blocker
BQ-788 (1 um) (46), the proportion of ET-1-responsive astrocytes
was largely diminished (P < 0.01 versus ET-1 and Sc6, Bonferroni's
post-hoc test, one-way anova) (Fig. 30). The magnitude of the [Ca*"];
changes of responsive astrocytes, however, was not affected (F/F,
from 1.0 £ 0.001 to 1.60 & 0.07, n = 13, P < 0.0005, Wilcoxon
test). Finally, responses to ET-1 were completely blocked, in the
presence of a cocktail containing the ETg receptor blocker BQ-788
and the selective ET, receptor blocker atrasentan (1 uwm) (Fig. 3p).

To determine whether activation of ETg receptors also evoked
neuronal Ca%* responses, we intracellularly loaded SON neurones
with FluobF through a patch pipette in the whole-cell patch config-
uration. Given that ET-1 may affect SON firing activity in a Ca®*-
independent manner (see below), and that action potentials per se
can efficiently increase intracellular Ca?*, these experiments were
conducted in the presence of tetrodotoxin (0.5 pm). By contrast to
what we observed in astrocytes, bath application of ET-1 failed to
evoke Ca’* transients in SON neurones (F/Fy from 0.93 + 0.43 to
0.83 4 0.8, n = 4, P = 0.13, Wilcoxon test) (Fig. 3c).

Finally, in an attempt to rule out a potential contribution of ET-
mediated vasoconstriction on astrocyte Ca** changes, ET-1-induced
stimulation was repeated in the presence of papaverine (100 ),
previously reported to block ET-mediated vasoconstrictions (47). Our
results show that, in slices pre-incubated with papaverine for
15 min, astrocyte Ca®* responses to ET-1 (100 nm) were still observed
(F/Fy from 1.00 & 0.005 to 1.5 4 0.05, n = 36, P < 0.0001, Wilco-
xon test).

ETg receptor activation influences the firing activity of
MNCs

Given previous studies supporting a major role of ETg receptor in
CNS astrocytes (36,38,48), the subsequent electrophysiological stud-
ies were focused on this specific receptor subtype. To determine
whether activation of ETg receptors also affected the neuronal
excitability of magnocellular neurosecretory neurones, patch-clamp
recordings were obtained from SON neurones (n = 55) in the cur-
rent-clamp mode. Mean series resistance and input resistance were
21.7 £ 23 MQ and 1.1 £ 0.2 GQ, respectively.

In a first set of experiments, we evaluated whether bath applica-
tion of S6c (100-300 nwm, 3.5 min) affected ongoing firing activity.
Recordings were obtained either at room temperature (n = 15) or
at 32-35 °C (n = 9). Because similar results were obtained under
both conditions, data were pooled for simplicity, and data were
analysed according to the firing pattern displayed by the recorded
neurones [i.e. continuous (n = 20) or phasic (n = 4)]. Excitatory
responses to S6c were observed in the majority (14/20, 70%) of
continuously firing neurones (84.3 & 16.3% increase in firing,
P < 0.0001, Wilcoxon test) (Fig. 4a). Inhibitory responses were
observed in most of the other neurones (5/20, 63.4 & 4.2% inhibi-
tion, P < 0.05, Wilcoxon test) (Fig. 48), whereas a lack of response
was observed in one continuously firing cell. Similar proportions of
excitatory and inhibitory responses to S6c were observed in phasi-

cally active neurones. Thus, whereas excitatory responses were
observed in 3/4 (75%) neurones (55.4 4 25.50% increase) (Fig. 4c),
an inhibitory response was observed in the remaining neurone. The
low number of observations prevented us from performing a statis-
tical comparison in this group of neurones.

In a different set of studies, we used AVP-eGFP rats, in which VP
neurones can be readily identified based on their endogenous fluo-
rescence (39). Recordings (at 33-35 °C) were obtained from eGFP-
positive (n = 9) and eGFP-negative (n = 7) neurones. Within the
eGFP-positive group, excitatory responses to S6c were observed in
the majority of the neurones (6/9, approximately 700%) (44.2 &
12.7% increase in firing, P < 0.03, Wilcoxon test), whereas inhibi-
tory responses where observed in the remaining neurones (3/9,
approximately 300) (—70.6 & 7.4% decrease in firing). In the
eGFP-negative group, we found excitatory responses to 100 nv Sé¢
in 4/7 (approximately 60%) of neurones (77.6 4 14.3% increased
firing, P < 0.05, Wilcoxon test), whereas inhibitory responses were
observed in the remaining 3/7 neurones (62.1 4 16.9% decrease in
firing) (Fig. 40). The low number of observations in the inhibited
groups prevented us from performing statistical comparisons.

Finally, we found that, in neurones showing an excitatory
response to S6c, neuronal input resistance (measured in voltage-
clamp at a holding potential of —75 mV) decreased significantly
after Sec application (from 1.32 + 0.26 GQ to 0.90 #+ 0.11 GQ,
P < 0.02, Wilcoxon test). A similar decrease was also observed in
neurones showing an inhibitory response to Séc (from 1.27 +
0.29 GQ to 0.64 + 0.09 GQ, P < 0.01, Wilcoxon test).

By contrast to astrocytic Ca®* responses, changes in neuronal fir-
ing rate after ETg receptor activation occurred after a relatively long
delay (6.2 + 0.6 min). No differences in response latency were
observed between neurones showing excitatory (6.1 & 0.8 min) or
inhibitory (6.4 4 0.4 min) responses (P > 0.05, Mann-Whitney test).
In most cases, the effects of S6c on neuronal activity showed no
recovery within the recording period, suggesting that ETb receptor
activation in the SON evokes relatively long lasting effects on mag-
nocellular neurones.

Are ETg-induced changes in SON firing activity dependent
on an astrocyte-mediated mechanism?

Given the time course differences in the ETg-evoked responses
between SON astrocytes and neurones, we tested whether neuronal
responses were dependent on, or mediated by, an astrocyte-depen-
dent mechanism. Accordingly, electrophysiological recordings of
SON neurones were repeated in the presence of the gliotoxin-selec-
tive compound L-oAA (49-51), a commonly used method to tempo-
rarily disable astrocytic function (52-55). We have previously shown
that this approach blocks astrocytic Ca®* transients in response to
different stimuli, including extracellular electrical stimulation (56)
and activation of metabotrophic glutamate receptors (JA. Filosa,
unpublished data). Our results show that bath application of Séc in
slices preincubated with L-¢AA (n = 8, 250 um) failed to evoke any
change in SON firing discharge (P = 0.5, Wilcoxon test). The results
are summarised in Fig. 5(as). These results suggest that functional
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Fig. 4. Endothelin (ET)g receptor activation altered the firing activity in supraoptic nucleus (SON) neurones. () Representative trace, corresponding mean firing
frequency plot (bin = 10's) and summary data showing Sarafotoxin 6c (S6c, 100 nm)-mediated excitatory effects in continuously active SON neurones
(n = 14). (8) Representative trace, corresponding mean firing frequency plot (bin = 10 s) and summary data showing Sarafotoxin 6¢ (S6c, 100 nwm)-mediated
inhibitory effects in continuously active SON neurones (n = 5). (c) Representative trace, corresponding mean firing frequency plot (bin = 10 s) and summary
data showing ETg receptor-mediated excitatory effects in phasically active SON neurones (n = 3). (b) Representative example of a patched enhanced green
fluorescent protein (eGFP)-vasopressin (VP) neurone (left) and summary data showing the incidence of S6c-mediated excitatory and inhibitory responses in
eGFP positive and negative SON neurones. The numbers on the bars indicate the number of observations in each group. *P < 0.05 and **P < 0.0001. Scale bar

in (0) = 10 um.

astrocytes are needed for ETs to evoke a change in SON neuronal
activity.

To determine whether neuronal responses to ETg receptor activa-
tion were dependent on changes in [Ca'], experiments were
repeated in the presence of BAPTA, a fast Ca®* chelator. In a first
set of experiments, recorded SON neurones (n = 8) were intracellu-
larly loaded with BAPTA (10 mwm) through the recording patch pip-

ette. Under this condition, S6c continued to evoke a change in
firing activity (7/8 = excitation, % change = 308.5 4 124.5,
P < 0.05, Wilcoxon test) similar in magnitude to that evoked under
normal conditions (P > 0.05, Mann-Whitney test). These results
indicate that the effects of ETg on SON firing discharge do not
result from a direct, Ca2+—dependent effect on the recorded neu-
rone. We then tested whether ETg responses were affected in slices
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Fig. 5. Inhibition of glial function and chelation of intracellular Ca** prevented endothelin (ET)s receptor-mediated changes in supraoptic nucleus (SON) firing
activity. (o) Representative trace and corresponding mean firing frequency plot (bin = 10 s) showing a lack of response to S6c (100 nwm) in the presence of the
gliotoxin L-oAA (250 pm). The mean data (n = 8) are summarised in (8). (c) Summary data showing S6c responses in the presence of BAPTA in the patch pip-
ette (10 mm, n = 8) (left panel), in slices preincubated in BAPTA-AM (20 um, n = 5) (middle panel) and in slices preincubated in thapsigargin (3 um, n = 5)

(right panel). *P < 0.05.

preincubated with BAPTA-AM (20 um) to chelate Ca®* both in neu-
rones and astrocytes. Under this condition, and similar to that
observed with the gliotoxin, S6c application failed to induce a sig-
nificant change in SON firing discharge (n = 5, P > 0.05, Wilcoxon
test). Similarly, no neuronal responses to S6c application were
evoked when slices were preincubated in thapsigargin (3 um,
45 min, n = 5). The results are summarised Fig. 5(c).

Nitric oxide and glutamate contribute to ETg
receptor-induced inhibition and stimulation of the firing
activity of MNCs

Nitric oxide and glutamate are two major neurotransmitters known
to inhibit and stimulate, respectively, SON neuronal activity, which
are capable of being produced and released by astroglial cells (57-
59). Thus, we aimed to determine their potential involvement in
ETg-receptor mediated modulation of SON neuronal excitability. In
the presence of the nonselective nitric oxide synthase (NOS) blocker
(-NAME (100 pm), no inhibitory responses to S6c application were
observed. Most neurones (10/11) displayed excitatory responses
(P < 0.001, Wilcoxon test) (Fig. 6), whereas one neurone was nonre-
sponsive. Conversely, in the presence of the selective glutamate
AMPA and NMDA receptor blockers DNQX (30 um) and AP5
(100 um), only 1/9 neurones showed an excitatory response to Séc,
with the rest being either inhibited (7/9; P < 0.01,Wilcoxon test) or
nonresponsive (2/9). When combined together, however, no signifi-
cant differences were observed (n =9, P> 0.1, Wilcoxon test).
Finally, when both NOS and glutamate receptor blockers were

combined together, S6c failed to evoke any differences in firing
activity (n = 6, P > 0.1, Wilcoxon test).

ETg receptors are expressed both in SON neurones
and astrocytes

Using confocal immunohistochemistry, we found a robust ETg
receptor immunoreactivity in the SON. Staining was found both in
the main SON area, as well as in the ventral glial lamina, an area
enriched with astroglial cells (Fig. 7a). Preabsorption of the antibody
with the corresponding antigen, as well as omission of primary
antibody, resulted in a lack of immunostaining (Fig. 7c). To confirm
whether ETg receptors were indeed expressed both in SON neurones
and astrocytes, we performed triple immunofluoresence experiments
combining antibodies raised against ETg, S100b (an astroglial mar-
ker) and VP. As shown in (Fig. 7a8), ETg staining was found both in
neurones and astroglial cells. Interestingly, ETg immunoreactivity in
neurones appeared to be predominantly located in the nucleus, as
well as perinuclearly.

Discussion

A growing body of evidence supports ETs as being critical players in
the central control of cardiovascular and fluid homeostasis. This
functionally relevant action of ETs is partly mediated through the
modulation of the activity of MNCs and hormone release from the
posterior pituitary. Still, the precise mechanisms underlying
the actions of ETs on MNCs are poorly understood. In the present
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Fig. 6. Nitric oxide synthase (NOS) blockade prevented endothelin (ET)g receptor-mediated inhibitory responses in supraoptic nucleus (SON) neurones. (a) Rep-
resentative trace and corresponding mean firing frequency plot (bin = 10 s) showing an excitatory response to S6c (100 nm) in the presence of the NOS
blocker .-NAME (100 pm). Summary data for the effects of S6c in the presence of 100 um (-NAME (n = 10), 30 um DNQX + 100 um AP5 (n = 7) and the com-
bination of L-NAME + DNQX + AP5 (n = 6) are shown in (8), (c) and (p), respectively. **P < 0.01 and **P < 0.001.

Fig. 7. Endothelin (ET)g receptor immunoreactivity is present in supraoptic nucleus (SON) neurones and astrocytes. () Representative example of ETg receptor
(a1, red), vasopressin and S1000 (a2, blue and green, respectively) immunoreactivities in the SON. Note the dense ETg and S100b immunoreactivities in the ven-
tral glial lamina (region between arrows in A1). In (a3), both images are superimposed to better display colocalisation of ETg and vasopressin (VP) (arrowheads,
purple) and ETg and S100b (arrows, yellow). (8) A representative example from another section is shown at higher magnification. The arrowhead points to an
example of an S100b positive astrocyte, displaying positive ETg receptor immunoreactivity. (c) Representative examples showing ETg receptor immunoreactivity
in the SON (c1), and absence of staining after either preabsorption of the antibody with the corresponding antigen (c2), or removal of primary antibody from
incubation (c3). Scale bars: (A) = 20 um, (8) = 15 um, (c) = 50 um. OT, optic tract.
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study, we aimed to shed light into the mechanisms of actions of
ETs, using a combination of patch-clamp electrophysiology, Ca?*
imaging and immunohistochemistry. The main findings that emerge
from our studies can be summarised: (i) ET-1 evoked rises in [Ca®*];
levels in SON astrocytes (but not neurones), effects that involved
the activation of ETp and ETg receptors and the mobilisation of
thapsigargin-sensitive Ca?* stores; (i) ETg receptor activation
evoked excitatory (75%) and inhibitory (25%) responses in MNC fir-
ing activity, effects likely mediated by glutamate and nitric oxide,
respectively; (i) ETg-mediated actions in MNCs were abolished
when a selective gliotoxin compound was used, and when mobilisa-
tion of [Ca®*]; was prevented with bath-applied BAPTA-AM or
thapsigargin. Conversely, intracellular Ca?* chelation in the recorded
MNC failed to block ETg-mediated effects. Taken together, our
results suggest that ETg receptor activation in SON astrocytes
induces the mobilisation of [Caz+]i, likely resulting in the activation
of glutamate and nitric oxide signalling pathways, evoking in turn
excitatory and inhibitory neuronal responses, respectively.

2+]i

ETs increase [Ca“"]; levels in SON astrocytes

Our results show that ET-1 induces robust and transient increases
in [Ca®"]; levels in SON astrocytes via mobilisation of thaspigargin-
sensitive intracellular Ca®* stores. Given that intracellular Ca* is a
critical signalling modality in brain astrocytes (60), our studies sug-
gest that ET-1 is an effective peptidergic modulator of astroglial
function in the magnocellular neurosecretory system. This is in gen-
eral agreement with previous studies in astrocyte cultures or astro-
cytes in situ, showing broad effects of ETs on astrocytic function,
including activation (48,61), proliferation (35) changes in [Ca®*]; lev-
els (37,38) and changes in gap junction permeability (36,38),
amongst others (19). On the other hand, our results differ from
those recently reported by Zampronio et al. (19), who reported a
lack of astrocyte Ca”* responses to bath-applied ET-1 in the SON.
The reasons underlying the discrepancy between these two studies
are unclear, considering that similar ET-1 concentrations, rat strain
and ages, and Ca’*-sensitive dyes, were used in both studies. On
the other hand, we speculate that methodological differences,
including acquisition sampling rates or loading protocols, may have
prevented the detection of ET-induced Ca®* transients by Zampro-
nio et al. (19).

Similar to previous reports in astrocytes in other brain regions
(33,48,62-64), our studies support a contribution of ETg receptors
to the actions of ETs in the magnocellular neurosecretory system.
We found that the selective ETg receptor blocker BQ-788 diminished
the number of ET-1 responsive astrocytes by approximately 75%.
Moreover, similar responses to those evoked by ET-1 were observed
when the selective ETg receptor agonist S6c was used. Importantly,
a combination of a selective ETg and ET, receptor blockers com-
pletely abolished the ET-1-mediated effects, supporting a contribu-
tion of ET, receptors as well. Given the presence of different types
of astrocytes in the magnocellular system (65), it would be impor-
tant to determine whether anatomically and/or functionally distinct
sets of astrocytes express different types of ETs receptors. Finally,

the potential contribution of nonconventional ETs receptors (so-
called ‘atypical' receptors) (66,67) should also be considered, given
recent studies showing these ‘atypical' receptors to mediate the
modulatory actions of ETs on hypothalamic catecholaminergic
transmission (5,68,69).

An important caveat in the present study that needs to be taken
into consideration is that the effect of ET-1 on astrocytes could be
secondary to a potential vasoconstrictor effect. Although we cannot
completely rule out this alternative, the fact that astrocytic Ca®*
changes persisted in the presence of papaverine, an approach
extensively used to block ET-1-mediated vasoconstrictor effects
(47), argues against this possibility. Moreover, it is well-established
that ET-1-mediated vascular constriction in the cerebral circulation
is predominantly mediated by ET, receptors, whereas ETg receptor
activation may result in a vasodilatory effect (70-74). Thus, the fact
that we observed similar changes in astrocytic Ca®* between ET-1
and S6c (a selective ETg receptor agonist), along with the fact that,
in the slice preparation, blood vessels are almost maximally dilated
under basal conditions, also argues against a vascular-mediated
effect, particularly through ETg receptor activation. Further studies,
however, would be needed to prove this point more conclusively.

Changes in astrocytic Ca®* can lead to activation of a variety of
downstream signalling mechanisms, including the release of a vari-
ety of neuroactive substances, such as nitric oxide, ATP and gluta-
mate. Given that all these signals can influence the activity of
magnocellular neurosecretory neurones (75-77), we investigated
whether ETs affected MNC firing activity, and assessed the potential
contribution of the activation of ETg receptors in astrocytes.

ETg receptor activation influences SON neuronal firing
activity

Our results show that activation of ETg receptors with the selective
agonist Séc (78), efficiently affected the activity of MNCs. The
majority of MNCs (approximately 75%) responded with an increase
in firing discharge, whereas an inhibitory response was observed in
the remainder. Whether these opposing actions involved different
cell types and/or signalling pathways is discussed below. Several
lines of evidence from our work suggest that the effects of ETs on
neuronal firing are mediated indirectly, likely via activation of ETg
receptors in astrocytes. First, neuronal responses to Se6c were
observed after a relatively long delay (approximately 6 min), sug-
gesting the activation of an intermediary signalling mechanism.
Second, neuronal responses to S6c were prevented by the gliotoxin
selective compound L-zAA (49-51). Third, selective chelation of
Ca®" in the recorded neurone (BAPTA in the patch pipette) failed to
affect ETg-mediated effects on firing discharge, a result that is in
line with the lack of ET-1-mediated changes in neuronal intracellu-
lar Ca®*. On the other hand, bath application of BAPTA-AM (a
membrane permeant form that resulted in Ca?* chelation both in
neurones and astrocytes) or thapsigargin prevented ETg-mediated
neuronal responses. Taken together, our results suggest that the
modulation of SON neuronal activity by ETs is mediated via an indi-
rect, Ca**-dependent mechanism, likely involving activation of glial
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ETs receptors, and subsequent Ca**-dependent release of gliotrans-
mitters (see below). Although our results argue against the contri-
bution of a Ca®*-dependent signalling mechanism originating from
a neuronal source, this possibility cannot be completely ruled out.
Indeed, Zampronio et al. (19) showed that the frequency of gluta-
mate excitatory postsynaptic currents in VP neurones is influenced
by ET-1 in an autocrine manner via the Ca®*-dependent release of
endocannabinoids.

Our immunohistochemical studies support the presence of ETg
immunoreactivity in SON neurones and astrocytes. However, given
that we observed a diffuse rather than a more characteristic sur-
face membrane puncta pattern associated with receptors, caution
should be taken when interpreting these results. It is worth men-
tioning, however, that a similar diffuse ETz (and ET,) receptor
immunostaining pattern was previously reported in cerebellum and
optic nerve astrocytes (62,79,80), as well as in neurones and astro-
cytes in dorsal root ganglia (81). In our case, most ETg immunore-
activity in SON neurones displayed a perinuclear and/or nuclear
distribution, a finding in line with previous studies showing nuclear
ETg receptors in vascular smooth muscle cells, endothelial cells and
cardiomyocytes (82). Our studies may then suggest that ETg recep-
tors in MNCs may be coupled to signalling mechanisms unrelated
to the control of membrane excitability, such as the long-term reg-
ulation of gene expression and apoptosis, amongst others. It is
worth noting, however, that ET-mediated increases in [Ca®*]; were
previously described in hippocampal and striatal neurones vulnera-
ble to ischaemic insults (83,84).

Glutamate and nitric oxide contribute to excitatory and
inhibitory actions of ETs on MNCs

Glutamate and nitric oxide are two of the major excitatory and
inhibitory neurotransmitters, respectively, influencing the activity of
MNCs and hormone release (77,85-87). Given that these two neu-
romodulators are produced and actively released in a Ca**-depen-
dent manner by astrocytes (57-59), we investigated their
participation in ET-mediated excitatory and inhibitory effects on the
activity of MNCs.

Our results showing an absence of inhibitory ETg-mediated
responses in the presence of the nonselective NOS blocker L-NAME
support nitric oxide as a key mediator of ETg-dependent inhibitory
responses in MNCs. These results are in general agreement with a
recent study showing that endogenous nitric oxide inhibited the
release of VP evoked by ETg receptor activation in hypothalamic-
neurohypophyseal explants (6). Moreover, activation of ETg recep-
tors was recently shown to stimulate glial nitric oxide production
via mobilisation of [Ca®*]; (88-90). Thus, these results further sup-
port the notion that cross-talk between ETs and nitric oxide within
astroglial cells plays an important physiological role (91).

Our results showing an almost complete blockade of ETg-medi-
ated excitatory responses in the presence of ionotrophic glutamate
receptor blockers support glutamate as a likely transmitter mediat-
ing the ETg-increased firing discharge in MNCs. Although we can-
not determine the sources of glutamate contributing to this effect,

it is reasonable to speculate, based on all our studies, that ETg sig-
nalling in astrocytes could lead to a glutamate-mediated increase
in the activity of MNCs via alternative, non-mutually exclusive
mechanisms. For example, ETg receptor activation has been shown
to inhibit glial glutamate uptake via mobilisation of thapsigargin-
sensitive Ca®* stores (92,93). This would result in a slow build up
of ambient glutamate levels, increasing in turn the magnitude of
extrasynaptic NMDA receptor activation (94), a mechanism recently
shown to be present in MNCs as well (95). In addition, astrocytes
can release glutamate in a Ca?*-dependent manner, which could in
turn activate postsynaptic NMDA receptors (96,97), or facilitate the
presynaptic release of glutamate via activation of group 1 mGLuRs
(98,99). Finally, astrocytes could postsynaptically enhance glutamate
receptor efficacy in MNCs via the release of ATP (26) or p-serine
(28). Future studies aiming to determine the contribution of each
of these mechanisms are warranted.

Taken together, our results suggest that activation of ETg recep-
tors in SON astrocytes results in the mobilisation of intracellular
Ca®* stores. This action could lead in turn to the activation of an
nitric oxide-inhibitory and a glutamate-excitatory dependent signal-
ling mechanism, respectively, which subsequently affects the firing
activity of MNCs. Although these studies support the idea that the
actions of ETs in the SON are likely dependent on precise, although
complex neuroglial communication modalities, significant functional
and mechanistic questions remain to be answered. It would be
important to determine, for example, whether ETg receptor activa-
tion within individual astrocytes and/or neurones can activate both
nitric oxide- and glutamate-dependent pathways. In this scenario,
factors affecting the endogenous balance between these two
opposing signals would determine the overall outcome of ETg
responses within individual SON neurones. Alternatively, ETg recep-
tors could be differently coupled to nitric oxide and glutamate sig-
nalling pathways within discrete sets of astrocytes and neurones.
Our results showing similar responses to the ETg receptor agonist
in eGFP-positive and negative neurones (putative vasopressin and
oxytocin, respectively) would argue against this possibility. Other
aspects that deserve to be further explored in the future include
the cellular sources of endogenous ETs within the magnocellular
system. In the brain, ETs are ubiquitously produced by endothelial
cells, neurones (including MNCs) and astrocytes (3,34,100). Thus,
whether ETs act in an autocrine or paracrine manner (or both) in
the control of the activity of MNCs remains to be determined. One
possibility dictating the source of ETs from these various cell types
may stem from the origin/type of signal that stimulates its release.
For example, changes in blood flow or increased shear stress may
lead to increased ET release from endothelial cells (101). Similarly,
swelling or mechano-transduction may cause its release from as-
trocytes (102). Although ET-1 has also shown to be present in
vasopressin- and oxytocin-containing secretory granules in MNCs
(100), whether ET-1 is intranuclearly released in an activity-depen-
dent manner, as is the case for the co-release of VP and dynorphin
(103), remains to be determined. Altogether, these observations
would suggest that the physiological consequences of the action of
ETs on neuronal activity in the SON may not only be dependent on

© 2011 The Authors. Journal of Neuroendocrinology © 2011 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 24, 378-392
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the

types of receptor activated, but also upon the conditions by

which ETs are released within the brain.
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