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Cellular/Molecular

Amplification of Transducer Gain by Angiotensin IIMediated Enhancement of Cortical Actin Density in
Osmosensory Neurons
Zizhen Zhang and Charles W. Bourque
Centre for Research in Neuroscience, McGill University and Montreal General Hospital, Montreal, Quebec, Canada H3G 1A4

Osmosensory neurons transduce osmotic signals into a neural spike code that commands behavioral and endocrine responses that
mediate body fluid homeostasis. Although changes in osmoregulatory reflex gain are known to occur under physiological and pathological conditions, the basis for this modulation is unknown. Here, we show that angiotensin II amplifies osmosensory transduction by
enhancing the proportional relationship between osmolality, receptor potential, and action potential firing in rat supraoptic nucleus
neurons. This effect is mediated by a phospholipase C- and protein kinase C-dependent increase in cellular mechanosensitivity that is
associated with a rapid increase in cortical actin filament density. Preventing this increase with cytochalasin D eliminated the enhancement of mechanosensitivity, whereas enhancing actin filament density with jasplakinolide potentiated mechanosensitivity and occluded
the effects of angiotensin II. These results indicate that a receptor-mediated increase in cortical actin density can enhance osmosensitivity
in acutely isolated supraoptic neurons.
Key words: actin; angiotensin II; cytoskeleton; osmotic pressure; osmosensitivity; supraoptic nucleus; vasopressin

Introduction
Osmosensory neurons play a fundamental role in the control of
extracellular fluid (ECF) osmolality. In mammals, these neurons
detect small changes in ECF osmolality and transduce them into
proportional changes in action potential firing rate. This neural
spike code is relayed to effector neurons that modulate the intake
and excretion of salt and water in a manner that promotes osmotic homeostasis (Bourque et al., 2007; Bourque, 2008). Previous studies have shown that the osmotic control of osmoregulatory responses can be modulated under various physiological
conditions. For example, the slope of the relationship between
plasma osmolality and vasopressin (VP) (antidiuretic hormone)
secretion is potentiated by hypovolemia or hypotension and is
attenuated by hypervolemia or hypertension (Dunn et al., 1973;
Robertson and Athar, 1976; Robertson et al., 1976). Although this
modulation of osmoregulatory gain plays a key role in the coordination of cardiovascular and hydromineral homeostasis (Verbalis, 2003), the basis for this modulation is unknown.
Previous studies have shown that neurons in the subfornical
organ project axons into the supraoptic nucleus (SON) (Renaud
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et al., 1983; Wilkin et al., 1989), where they excite the magnocellular neurosecretory cells (MNCs) that release vasopressin from
the neurohypophysis (Sgro et al., 1984). In vivo, subfornical organ neurons are activated by hypovolemia (Ishibashi et al., 1985;
Potts et al., 2000) and hypotension (Nicolaidis et al., 1983), suggesting that this neural pathway contributes to the potentiation of
osmotically evoked vasopressin release under these conditions.
Subfornical organ neurons projecting to the supraoptic nucleus
contain angiotensin II (Ang II) (Nicolaidis et al., 1983), a peptide
known to mediate the excitation of MNCs during electrical stimulation of the subfornical organ (Jhamandas et al., 1989). However, in addition to these direct excitatory effects, Ang II has been
shown to enhance the osmotic activation of MNCs (Akaishi et al.,
1980; Sladek et al., 1982), and mice lacking the Ang II type-1
(AT1) receptor show attenuated vasopressin release during hyperosmolality compared with wild-type mice (Morris et al.,
1999). Thus, Ang II may amplify osmoregulatory gain by an effect
in the supraoptic nucleus.
The excitation of MNCs under hypertonic conditions is attributable in part to their intrinsic osmosensitivity (Mason, 1980;
Voisin and Bourque, 2002; Bourque et al., 2007). When exposed
to an increase in osmolality MNCs generate a depolarizing receptor potential that promotes an increase in the rate of action potential discharge (Oliet and Bourque, 1993). This osmoreceptor
potential is mediated by the mechanical activation of Gd 3⫹sensitive, stretch-inhibited, cation (SIC) channels during hyperosmotic shrinking (Oliet and Bourque, 1996). Interestingly, Ang
II has been shown to increase the probability of opening of SIC
channels and to enhance the excitatory response of isolated
MNCs to hyperosmotic stimuli (Chakfe and Bourque, 2000). Although the basis for this effect is not known, a recent study has
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(Cyt-D), phorbol 12-myristate 13-acetate
(PMA), and 1,2-bis(2-aminophenoxy)ethaneN, N,N⬘,N⬘-tetra-acetic acid tetra-potassium
(BAPTA) were purchased from Sigma-Aldrich.
Jasplakinolide (JSK) and Texas Red-X phalloidin were purchased from Invitrogen. Ang II and
Chel were dissolved in water and stored as aliquots at ⫺20°C. Cyt-D, PMA, and JSK were
dissolved in dimethylsulfoxide (DMSO), and
stored as aliquots at ⫺20°C. These aliquots
were diluted in regular HEPES or PIPES solution immediately before the experiments to
yield the final concentrations indicated in the
results. Except where specified, DMSO concentration was ⱕ0.1%. In some experiments, 10
mM BAPTA was added in the internal solution
for the purpose of chelating internal Ca 2⫹.
Texas Red-X phalloidin was dissolved in PBS
immediately before the experiments.
Osmometry. Perfusion solutions contained
the following (in mM): 75 Na2SO4, 3 KCl, 1
MgCl2, 10 HEPES, 1 CaCl2, 10 glucose, and
mannitol (added as needed to bring solutions to
the desired osmolality). Cells were first perfused
with control (isotonic; 295 mosmol 䡠 kg ⫺1) solution, and then a step change in osmolality
(⫺60, ⫺30, ⫹30, or ⫹60 mosmol 䡠 kg ⫺1) was
applied for 5 min using a fast stepper device
(SF-77B; Warner Instruments), which aligned
one of the adjacent barrels of a glass capillary
Figure 1. Ang II increases osmosensory gain in MNCs. A, Examples of voltage recordings obtained from isolated MNCs exposed tube assembly that delivered various solutions
to a ⫹10 mosmol 䡠 kg ⫺1 hyperosmotic stimulus (black bar) in the absence (top) or presence (bottom) of 10 ⫺7 M Ang II (gray by gravity at a rate of 1.0⬃1.2 ml min ⫺1. Excess
bar). B, Graph plotting the mean (⫾SEM) osmoreceptor potentials (depolarization) induced by osmotic stimuli applied in the solution was removed via a vacuum system.
absence and presence of Ang II. The solid lines are linear regressions through data points. C, Graph plotting the mean (⫾SEM) Each cell was tested twice with the same osmotic
changes in firing rate (⌬firing) induced by osmotic stimuli applied in the absence and presence of Ang II. The lines are linear stimulus, once in control solution and once in
regressions through data points.
solution containing 10 ⫺7 M Ang II. Ang II was
applied beginning 60 s before and during the 5
min osmotic step. The order of the trials pershown that the osmotic modulation of SIC channels varies in
formed on individual cells (i.e., with and without Ang II) was reversed in
proportion with the density of actin filaments (F-actin) (Zhang et
consecutive recordings, and in each case a 5 min recovery period was
al., 2007). We therefore hypothesized that Ang II can amplify
interposed between the two trials. The time course of each volume response was compared.
osmosensory transduction through a receptor-mediated increase
Measurement of cell volume. Relative changes in cell volume [normalin F-actin density.
ized volume (nV)] were determined as described previously (Zhang and
Bourque, 2003). Briefly, images of the cells were captured at their maxiMaterials and Methods
mal cross sectional area (CSA) using a phase-contrast microscope (DiaPreparation of acutely isolated MNCs. MNCs were acutely isolated from
phot; Nikon) and a monochrome video camera controlled by Axon Imadult (80 –120 g) male Long–Evans rats (Charles River) as described
aging Workbench software (AIW 2.2.0.38; Molecular Devices). For each
previously (Chakfe and Bourque, 2000; Zhang and Bourque, 2003;
image, the CSA (in pixels) was determined by tracing the perimeter of the
Zhang et al., 2007), using a protocol approved by the Animal Care Comcell using Scion Image for Windows 4.0.2 (Scion Corporation). All values
mittee of McGill University and in accordance with the guidelines of the
of CSA measured during the control period were averaged (CSAo) and
Canadian Council on Animal Care. Briefly, unanesthetized rats were
values of nV at time t (i.e., nVt) were calculated from the CSA value at that
decapitated, and brains were quickly removed from the cranial vault.
time point (i.e., CSAt) using the following equation: nVt ⫽ [(CSAt) 3/2/
Coronal slices (⬃0.8 –1 mm thick) were cut through the hypothalamus
3
(CSAo) 3/2]. The time course of volume change was described by fitting
using a razor blade. Tissue blocks (⬃1 mm ) containing part of the SON
changes in nV as a function of time with monoexponential equations
were dissected out using iridectomy scissors and were incubated for 90
using SigmaPlot 8.0 (SPSS). The time constants and steady-state values
min at 33.5°C in 10 ml of oxygenated (100% O2) piperazine- N, N⬘-bis(2obtained by this procedure were used to quantify the responses. Steadyethanesulfonic acid) (PIPES)-buffered saline (in mM: 120 NaCl, 3 KCl, 1
state values of nV were fitted to the Boyle-van’t Hoff osmotic pressure
MgCl2, 20 PIPES, 1 CaCl2, 25 glucose, pH 7.0 and 295 mosmol 䡠 kg ⫺1)
equation: (nV ⫽ (1/) [295(1 ⫺ b)] ⫹ b), where  is the osmolality of the
containing 0.7 g/L trypsin. Tissue blocks were then washed in trypsintest solution and b is the fraction of the cell content that is osmotically
free oxygenated PIPES solution, pH 7.4 (22°C) and kept in this solution
inactive.
until used (0.5–5 h). Single tissue blocks in ⬃0.5 ml of PIPES solution
Whole-cell patch-clamp recording. Whole-cell voltage-clamp recordwere triturated with fire polished pipettes, and the resulting suspension
ings were performed using an Axopatch-1D amplifier (Molecular Dewas plated onto four to six Petri dishes (35 mm). Cells were given at least
vices) using pipettes (1.2 mm outer diameter glass; A-M Systems; 4 –5
10 min to adhere to the plastic before the experiments, which were all
M⍀) pulled on a P87 Flaming-Brown puller (Sutter Instruments) and
performed at room temperature (20 –23°C). Except where specified, cells
filled with internal solution containing the following (in mM): 120
were perfused with a standard HEPES-buffered solution comprising the
K-gluconate, 1 MgCl2, 10 HEPES, 1 EGTA, 4 Na2-ATP, 1 Na-GTP, 14
following (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 10 HEPES, 1 CaCl2, 10
phosphocreatine, pH 7.2 and 265 mosmol 䡠 kg ⫺1. We found that isolated
glucose, pH 7.4. These chemicals were purchased from Sigma-Aldrich.
Solutions and chemicals. Ang II, chelerythrine (Chel), cytochalasin D
MNCs swell slightly when patched with pipettes containing isotonic so-
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lutions. This effect, noticeable during timelapse imaging, may be attributable to a small
positive hydrostatic pressure retained near the
tip of the pipette. We have determined empirically that swelling can be eliminated when cells
are patched with internal solutions whose osmolality is 20 –30 mosmol/kg lower than the
external medium, presumably by promoting
water efflux into the more concentrated solution. Membrane current (d.c.-2 kHz) was digitized (10 kHz) via a Digidata 1200B interface
coupled to a personal computer running
pClamp software (version 8.2.0.235; Molecular
Devices). In the current-clamp mode, the
membrane potential was adjusted to a value ⬃5
mV below action potential threshold and left to
stabilize for at least ⬃3 min before testing. Under these baseline conditions, resting MNCs
fired action potentials at an average rate of
0.4 ⫾ 0.1 Hz (n ⫽ 29). If necessary, a small
amount of sustained current (less than ⫾10 pA)
was injected to adjust the baseline membrane
potential of each cell to a value ⬃5 mV below
action potential threshold (i.e., ⫺50 ⫾ 5 mV)
before each osmotic stimulus. Because the de- Figure 2. Ang II does not affect osmometry. A, Graph plotting the mean (⫾SEM) values of nV recorded during osmotic
polarizing effect of Ang II reaches a maximum stimulation (bar; amplitude indicated by the numbers at right) of MNCs under control conditions. B, Graph plotting the values of
after ⬃30 s (Chakfe and Bourque, 2000), this nV recorded from the same cells in the presence of Ang II. C, Graph plotting the mean (⫾SEM) steady-state values of nV observed
procedure was performed 30 – 40 s after intro- under different osmotic conditions in the absence (control) and presence of Ang II. The lines are fits of the data sets using the Boyle
ducing the peptide into the bath (i.e., 20 –30 s van’t Hoff equation. D, Bar graph plotting the mean (⫾SEM) values of the time constants describing the time course of changes
before the osmotic stimulus). Cells that were in nV during osmotic stimulation in the absence (open bars) and presence (solid bars) of Ang II. Differences are not significant
incapable of sustained firing in response to a 1 s ( p ⬎ 0.05).
depolarizing current pulse were not used in
these experiments. Osmotic stimuli were delivby Dunn’s post hoc test (SigmaStat 2.03; SPSS). Slopes of linear regresered using the Fast-Step perfusion system (see above). The pressure insions were compared using Prism 4.0 (GraphPad Software). Differences
side the recording pipette was monitored by a digital pressure gauge
were considered significant when p ⬍ 0.05.
(DPM-1B Pneumatic Transducer Tester; Bio-Tek Instruments) connected to the system and was changed as required via a 20 cc syringe.
F-actin staining and confocal microscopy. Cells were fixed by replacing
Results
the incubation medium with 4% paraformaldehyde in 0.1 M PBS for 20
Ang II potentiates osmoreceptor potentials and osmotic spike
min. Cells were then washed with PBS containing 1% Triton X-100 three
coding in MNCs
times for 15 min and covered with PBS containing Texas Red-X phalloiTo determine whether Ang II can enhance osmosensory transdin (0.165 M; Invitrogen) for 20 min in the dark at room temperature.
duction, we obtained whole-cell current-clamp recordings from
Cells were subsequently washed with PBS (three times for 20 min each
isolated MNCs and compared the effects of hyperosmotic stimuli
time) and stored at 4°C until imaging was performed. Fluorescence images were acquired by an investigator blinded to the cells treatment with
(⫹10 and ⫹30 mosmol 䡠 kg ⫺1) delivered under control condian upright PerkinElmer microscope equipped with a confocal scanner
tions and 60 s after adding 10 ⫺7 M Ang II to the perfusion me(UltraVIEW LCI Model CSU10-3AX; PerkinElmer Life and Analytical
dium. As illustrated in Figure 1 A, the peptide significantly inSciences). Phalloidin-stained cells were illuminated by a 488 nm line of
creased the depolarizing effects of the ⫹10 mosmol 䡠 kg ⫺1
an argon– krypton laser (Melles Griot 643R; Melles Griot Laser Group)
(control, ⫹2.0 ⫾ 0.3 mV, n ⫽ 7; Ang II, ⫹3.7 ⫾ 0.6 mV, n ⫽ 11;
and viewed through a 40⫻, 0.8 numerical aperture water-immersion
p ⫽ 0.033) and ⫹30 mosmol 䡠 kg ⫺1 stimuli (control, ⫹2.7 ⫾ 0.7
objective. The fluorescence emission at 525 nm was detected using a
mV, n ⫽ 5; Ang II, ⫹5.6 ⫾ 0.7 mV, n ⫽ 8; p ⫽ 0.016). The slope
Hamamatsu Orca ER cooled CCD camera capturing 16 bit images. MetaMorph software (Universal Imaging) was used to analyze digitized imof the relation between membrane depolarization and ECF osages captured at the plane of the maximal CSA. All image capture parammolality was significantly enhanced by Ang II (control, 0.037
eters (laser intensity, camera gain, and exposure time) were fixed
mV/mosmol 䡠 kg ⫺1; Ang II, 0.098 mV/mosmol 䡠 kg ⫺1; p ⬍ 0.01)
throughout the experiments. For line scan analysis of the images, three
(Fig. 1 B). This peptide-induced amplification of osmoreceptor
virtual lines (20 pixels wide) were positioned perpendicular to the mempotentials was accompanied by an enhancement of osmotic spike
brane 120° apart from one another. The three fluorescence intensity
encoding. Indeed, Ang II significantly enhanced the excitatory
profiles obtained from each cell were aligned using Microsoft Excel 2003
effects of the ⫹10 mosmol 䡠 kg ⫺1 (control, ⫹0.07 ⫾ 0.07 Hz, n ⫽
at the point demarcating background from cell fluorescence, and the
profiles of multiple cells were averaged. Values of total cortical fluores7; Ang II, ⫹0.80 ⫾ 0.29 Hz, n ⫽ 11; p ⫽ 0.040) and ⫹30
cence intensity were obtained by averaging the intensity of a ⬃2-mmosmol 䡠 kg ⫺1 stimuli (control, ⫹0.28 ⫾ 0.06 Hz, n ⫽ 5; Ang II,
thick region traced beneath the membrane along the entire perimeter of
⫹1.88 ⫾ 0.39 Hz, n ⫽ 8; p ⫽ 0.023). Linear regression analysis
the cell using Scion Image.
(Fig. 1C) confirmed that the slope of the relation between
Statistical analysis. All values in this study are reported as mean ⫾
changes in firing rate and ECF osmolality was significantly enSEM. Linear regressions through the data were performed using Sighanced by Ang II (control, ⫹0.011 Hz/mosmol 䡠 kg ⫺1; Ang II,
maPlot 8.0. Comparisons between two means were performed using
⫹0.057
Hz/mosmol 䡠 kg ⫺1; p ⬍ 0.05). Thus, Ang II amplifies
Student’s paired or unpaired t test, as appropriate, and data obtained
osmosensory transduction in isolated MNCs.
from multiple groups were compared using one-way ANOVA followed
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cedure induced uniform changes in cell
volume that were similar to those induced
by hyperosmolality. Cells were held at ⫺60
mV under voltage clamp and stepped to
⫺100 mV every 10 s (500 ms pulse duration). Membrane conductance at each
time point (Gt) was calculated as Gt ⫽ ⌬I/
0.04, where ⌬I is the size of the current
response to the voltage step. Values of ⌬G
at each time point were calculated as ⌬G ⫽
Gt ⫺ G0, where G0 is the average of the Gt
values collected during the control period.
Because ⌬G increases as a linear function
of volume decrease [i.e., as a function of
normalized volume decrease (n⌬V );
where n⌬V ⫽ 1 ⫺ nV] (Zhang et al.,
2007), values of MI were computed as
MI ⫽ ⌬G/(n⌬V ). As illustrated in Figure
3A, application of negative pressure
caused a progressive decrease in volume
and a corresponding increase in ⌬G. Because values of ⌬G are near zero during the
baseline period, MI was only computed
once a significant increase in ⌬G was induced (i.e., 20 s after stimulus onset). As
illustrated in Figure 3B, values of MI did
not significantly vary as a function of time
Figure 3. Ang II increases mechanosensitivity. A, Effects of applying negative pressure (⫺50 mmHg) to the recording pipette ( p ⫽ 0.878 for 35 cells tested). Thus, for
for 60 s (bar) on a cell recorded under control conditions. The top trace shows the change in nV, the middle trace shows the each trial, a single value of MI was calcumembrane current recorded under voltage clamp (Vhold, ⫺60 mV). Negative deflections are the current responses (⌬I ) induced lated by averaging the MI ratios computed
by hyperpolarizing steps (⫺40 mV; 500 ms). The bottom trace shows values of ⌬G computed from measurements of ⌬I. B, Plot at all time points. The mean value of MI
of the MI values computed from the data shown in the top traces. The dashed line represents the average of all MI values computed measured under control conditions was
in this experiment. C, Effects of negative pressure (⫺50 mmHg) on another MNC recorded in the presence of Ang II (same layout 3.5 ⫾ 0.8 nS/n⌬V (n ⫽ 7). As illustrated in
as in A). Note the larger increases in ⌬I and ⌬G. D, Values of MI computed from the data shown in C.
Figure 3C, MNCs treated with Ang II displayed suction-induced decreases in cell
Ang II does not affect osmometry
volume that were equivalent to those observed under control
The process of osmosensory transduction involves the effect of
conditions (n⌬V in control, 0.147 ⫾ 0.015, n ⫽ 7; Ang II, 0.140 ⫾
ECF osmolality on cell volume (i.e., osmometry) (Zhang and
0.016, n ⫽ 7; p ⫽ 0.765). However, a significantly larger increase
Bourque, 2003) and the mechanical regulation of SIC channels
in ⌬G was induced by suction in the presence of Ang II (⫹1.0 ⫾
during changes in cell volume (i.e., mechanotransduction) (Oliet
0.2 nS in Ang II, n ⫽ 7; vs ⫹0.4 ⫾ 0.1 nS in control, n ⫽ 7; p ⫽
and Bourque, 1993; Zhang et al., 2007). To determine whether
0.006), resulting in a noticeably higher value of MI under those
Ang II affects osmometry, we compared the changes in cell volconditions (Fig. 3 B, D). Indeed, the mean value of MI measured
ume evoked by osmotic stimuli (5 min; ⫺60, ⫺30, ⫹30, ⫹60
in Ang II-treated cells was 8.5 ⫾ 0.9 nS/n⌬V (n ⫽ 7), a value
mosmol 䡠 kg ⫺1) applied in the absence and presence of Ang II
significantly greater than control ( p ⬍ 0.05).
(10 ⫺7 M, introduced 60 s before the osmotic stimulus). As illustrated in Figure 2, A and B, equivalent results were obtained
Increased mechanosensitivity amplifies
under control conditions and in the presence of Ang II. Indeed,
osmosensory transduction
the mean steady-state values of nV observed at each osmolality
To determine whether the potentiation of osmosensory transwere not different when examined in the absence or presence of
duction caused by Ang II is attributable specifically to the effect of
Ang II ( p ⬎ 0.05) (Fig. 2C). Moreover, as shown in Figure 2 D,
this peptide on mechanotransduction, we quantified the osmothe time course of volume changes induced by osmotic stimuli
sensitivity of MNCs by measuring their osmosensory index (OI)
were not affected by Ang II ( p ⬎ 0.05). Thus, Ang II does not
(computed as for MI) during volume changes induced by hyperenhance osmosensory transduction through an effect on
tonic stimuli delivered in the absence (Fig. 4 A) (n ⫽ 6) and
osmometry.
presence of peptide (Fig. 4 B) (n ⫽ 7). Application of a hypertonic
stimulus (⫹60 mosmol 䡠 kg ⫺1; 5 min) provoked a gradual decrease in nV and increase in ⌬G. Although mean steady-state
Ang II increases mechanosensitivity in MNCs
values of n⌬V were not different in the two groups (control,
To determine whether Ang II enhances the mechanical coupling
0.142 ⫾ 0.009; Ang II, 0.140 ⫾ 0.009; p ⫽ 0.827), values of ⌬G
between changes in cell volume and changes in membrane conwere significantly greater in Ang II-treated cells (control,
ductance (Zhang et al., 2007), we quantified this process by cal⫹0.53 ⫾ 0.16 nS; Ang II, ⫹1.2 ⫾ 0.2 nS; p ⫽ 0.033). As for MI
culating the mechanosensory index (MI) of the cells during in(Fig. 3), mean values of OI did not vary significantly at different
creases in membrane conductance (⌬G) induced by cell
time points during the course of the stimulus ( p ⫽ 0.745). Thus,
shrinking evoked by application of negative pressure (approxifor each trial a single value of OI was calculated by averaging OI
mately ⫺50 mmHg for 60 s) to the recording pipette. This pro-
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scores observed at each time point. As
shown in Figure 4 B, the mean value of OI
in Ang II (8.44 ⫾ 0.87 nS/n⌬V ) was significantly greater than that observed in control MNCs (3.27 ⫾ 0.78 nS/n⌬V; p ⫽
0.001).
In agreement with previous observations indicating that osmosensory transduction is mediated by the mechanosensitive modulation of SIC channels (Zhang et
al., 2007), values of MI and OI observed
under control conditions were not significantly different from each other ( p ⫽
0.884) (Fig. 4 B). Moreover, Ang II enhanced mean values of OI and MI to an
equivalent extent ( p ⫽ 0.8) (Fig. 4C). Indeed, when mean values of ⌬G evoked by
osmotic or mechanical stimuli are plotted
as a function of n⌬V, we observe that the
data sets recorded under control conditions superimpose each other and that Ang
II increases the slope of these relations by
equivalent amounts (Fig. 4C). Thus, Ang
II amplifies osmosensory transduction by
enhancing the mechanosensitivity of
MNCs.
Ang II increases mechanosensitivity via
the phospholipase C–protein kinase
C pathway
Previous studies have shown that AT1 receptors mediate the postsynaptic effects of
Ang II on MNCs (Yang et al., 1992; Hatae
et al., 2001; Moellenhoff et al., 2001) and
that such receptors mediate their effects
Figure 4. Ang II potentiates osmosensory transduction by enhancing mechanosensitivity. A, Mean (⫾SEM) values of ⌬G
through the activation of phospholipase C (top), nV (middle), and OI (bottom) observed in a group of control MNCs exposed to a ⫹60 mosmol 䡠 kg ⫺1 hypertonic stimulus
(PLC) via Gq/11 (de Gasparo et al., 2000). (gray bar). B, Effect of the same hypertonic stimulus on a group of MNCs exposed to Ang II (same layout as in A). C, Bar graph
We therefore incubated MNCs for 20 min plotting the mean (⫾SEM) values of MI and OI measured in MNCs under control conditions (open bars) and in the presence of Ang
in the presence of 1-[6-[[(17␤)-3-meth- II (filled bars). *p ⬍ 0.05. n.s. indicates that the values are not significantly different. D, Plots superimposing all of the mean
oxyester-1,3,5(10)-trien-17-yl]amino]- (⫾SEM) values of ⌬G and corresponding n⌬V observed in cells stimulated using negative pressure (circles) or osmotic pressure
hexyl]-1 H-pyrole-2,5-dione (U-73122) (2 (squares) in the absence (open symbols) or presence (filled symbols) of Ang II. The lines show regression fits through the four data
M), a selective inhibitor of PLC (Bleas- sets.
dale et al., 1989). As in control conditions,
Ang II (10 ⫺7 M) applied to vehicle (DMSO)-treated MNCs sigmedium filling the patch pipette. After establishing the wholenificantly increased the MI (DMSO, 2.9 ⫾ 0.9 nS/n⌬V, n ⫽ 8;
cell configuration, ⬃3 min was allowed for solution exchange
DMSO plus Ang II, 7.6 ⫾ 1.4 nS/n⌬V, n ⫽ 9; p ⫽ 0.021) (Fig. 5A).
before MI was measured. In time-matched controls, Ang II
However, this effect was significantly inhibited by U-73122 (consignificantly enhanced the MI of MNCs (control, 3.0 ⫾ 0.6
trol, 1.62 ⫾ 0.47 nS/n⌬V, n ⫽ 7; Ang II, 2.1 ⫾ 0.7 nS/n⌬V, n ⫽ 8;
nS/n⌬V, n ⫽ 8; vs 8.2 ⫾ 1.1 nS/n⌬V in Ang II, n ⫽ 9; p ⬍
p ⫽ 0.636) (Fig. 5A).
0.001). However, this effect was inhibited in cells loaded with
Activation of PLC causes hydrolysis of PIP2 (phosphatidylinoChel (2.0 ⫾ 0.4 nS/n⌬V in Chel, n ⫽ 7; vs 2.3 ⫾ 0.6 nS/n⌬V in
sitol 4,5-bisphosphate) into inositol triphosphate and
Chel plus Ang II, n ⫽ 6; p ⫽ 0.653) (Fig. 5B).
diacylglycerol. The production of diacylglycerol then leads to the
Finally, to determine whether intracellular Ca 2⫹ is reactivation of protein kinase C (PKC), a process which can also
quired to mediate the effect of Ang II on mechanosensitivity,
require release of Ca 2⫹ from intracellular stores, depending on
we examined the effect of including the Ca 2⫹ chelator BAPTA
the PKC isoform involved (Tanaka and Nishizuka, 1994). To
(10 mM) in the recording pipette. In another group of control
examine whether PKC mediates the effects of Ang II on mechcells,
Ang II significantly enhanced the mean MI of MNCs
anosensitivity, we first examined the effects of PMA, a potent
from
3.0
⫾ 0.9 nS/n⌬V (n ⫽ 5) to 10.2 ⫾ 1.6 nS/n⌬V (n ⫽ 6;
activator of PKC (Tanaka and Nishizuka, 1994). Cells treated
p ⫽ 0.004) (Fig. 5C). However, when BAPTA was included in
with 10 ⫺7 M PMA for 20 min displayed a significantly higher
the patch pipette, bath application of Ang II could no longer
MI than MNCs treated with vehicle alone (8.3 ⫾ 1.7 nS/n⌬V
increase mean values of MI (2.5 ⫾ 1.1 nS/n⌬V in control, n ⫽
in PMA, n ⫽ 7; vs 2.8 ⫾ 0.9 nS/n⌬V in DMSO, n ⫽ 12; p ⫽
8; vs 3.4 ⫾ 0.8 nS/n⌬V in Ang II, n ⫽ 6; p ⫽ 0.529) (Fig. 5C).
0.006). We next examined the effects of adding 5 M Chel, a
Thus, Ang II increases the mechanosensitivity of MNCs via the
broad-spectrum inhibitor of PKC (Herbert et al., 1990), to the
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(Fig. 6 A, B, right panels). Thus, Ang II causes a PKCdependent increase in cortical F-actin density in MNCs.

Figure 5. Ang II potentiates mechanosensitivity via the PLC-PKC pathway. Bar graphs show
the mean (⫾SEM) values of MI recorded under various conditions. A, Values of MI in control
(⫺Ang II; open bars) vs Ang II (⫹Ang II; filled bars) in vehicle (DMSO)-treated cells (Control)
and in the presence of the PLC inhibitor U-73122. B, Values of MI observed in the absence
(⫺Ang II; open bars) and presence (⫹Ang II; filled bars) of Ang II, in cells treated with vehicle
(control) or Chel. C, Values of MI observed in the absence (⫺Ang II; open bars) and presence
(⫹Ang II; filled bars) of Ang II, in cells patched with normal internal medium (Control) or
medium containing 10 mM BAPTA. *p ⬍ 0.05. n.s., Difference not statistically significant.

PLC-mediated activation of a calcium-dependent form of
PKC.
Ang II enhances cortical F-actin density in MNCs
Osmosensory transduction requires an intact actin cytoskeleton and transducer sensitivity appears to vary in proportion
with the amount of F-actin present in the cell (Zhang et al.,
2007). Ang II may therefore enhance mechanosensitivity via a
PKC-dependent increase in F-actin density. As illustrated in
Figure 6 A, F-actin density was highest along the perimeter of
MNCs, and this was visibly greater in Ang II-treated cells than
controls. Quantitative line scan analysis indicated that F-actin
density is greatest in the 2 m region lying beneath the plasma
membrane and that the significant increase in signal caused by
Ang II is restricted to the submembrane cortex (Fig. 6 B, left
panel). A quantification of total cortical fluorescence confirmed that Ang II-treated cells (n ⫽ 91) show a significantly
greater cortical F-actin density than controls (Ang II treated
cells, 129 ⫾ 5%, compared with controls; n ⫽ 97; p ⬍ 0.001).
In contrast, Ang II failed to increase in cortical F-actin density
in cells pretreated with Chel (20 M; 15 min) (Fig. 6 A, B,
middle panels). The total cortical fluorescence in cells treated
with Chel and Ang II was not significantly greater than in cells
treated with Chel alone (Chel plus Ang II, 91.6 ⫾ 2.7%, n ⫽ 96;
vs 100.0 ⫾ 4.2% for Chel alone, n ⫽ 103; p ⫽ 0.125). Finally,
MNCs treated with 10 ⫺6 M PMA (20 min; n ⫽ 91) displayed
significantly greater cortical F-actin density than vehicle
(DMSO)-treated cells (128 ⫾ 4% vs DMSO; n ⫽ 99; p ⬍ 0.001)

Increased F-actin density mediates Ang II potentiation
of mechanotransduction
To examine whether the Ang II-induced increase in cortical
F-actin density is necessary to mediate the effect of the peptide
on mechanosensitivity, we quantified the effects of Ang II on
values of MI in MNCs pretreated with Cyt-D (78 M; 15–30
min), a drug that depolymerizes F-actin (Cooper, 1987). Ang
II applied to vehicle (DMSO)-treated cells significantly increased MI (3.94 ⫾ 0.64 nS/n⌬V in controls, n ⫽ 19; vs
12.59 ⫾ 1.92 nS/n⌬V in Ang II, n ⫽ 18; p ⬍ 0.001) (Fig. 7A).
However, cells treated with Cyt-D were significantly less
mechanosensitive than untreated cells (MI of Cyt-D cells,
1.14 ⫾ 0.99 nS/n⌬V, n ⫽ 10; vs 3.94 ⫾ 0.64 nS/n⌬V in DMSO
controls, n ⫽ 19; p ⫽ 0.021), and they failed to show a significant enhancement of their MI in response to Ang II (MI in
Cyt-D plus Ang II, 1.34 ⫾ 0.97 nS/n⌬V; n ⫽ 8; p ⫽ 0.894) (Fig.
7A). Finally, if the increase in F-actin density provoked by Ang
II is sufficient to mediate its effect on mechanosensitivity, then
enhancing this parameter by other means should occlude the
effects of the peptide. To test this hypothesis, MNCs were
treated with JSK (2.5 M; 20 –30 min), a drug that promotes
actin polymerization (Bubb et al., 1994). In a separate set of
vehicle (DMSO)-treated controls, Ang II significantly increased MI (3.57 ⫾ 0.88 nS/n⌬V in controls, n ⫽ 6; vs 9.93 ⫾
2.26 nS/n⌬V in Ang II, n ⫽ 6; p ⫽ 0.026). Cells treated with
JSK alone were significantly more mechanosensitive than
those treated with vehicle alone (MI of JSK cells, 15.89 ⫾ 2.98
nS/n⌬V, n ⫽ 9; vs 3.56 ⫾ 0.88 nS/n⌬V in DMSO controls, n ⫽
6; p ⫽ 0.016), and they failed to show any additional enhancement of their MI in response to Ang II (MI in JSK plus Ang II,
14.67 ⫾ 3.53 nS/n⌬V; n ⫽ 8; p ⫽ 0.794) (Fig. 7B).

Discussion
Plastic changes in osmosensory gain contribute to body
fluid homeostasis
Changes in osmosensory gain play an important role in the
central control of body fluid balance. For example, increases in
thirst or VP release induced by ECF hyperosmolality are attenuated by concurrent hypervolemia and enhanced by concurrent hypovolemia (Dunn et al., 1973; Robertson and Athar,
1976; Robertson et al., 1976; Verbalis, 2003). These plastic
changes in the osmotic modulation of behavioral and endocrine responses are important for fluid homeostasis. Indeed,
the net changes in body water accretion caused by these adjustments mediate corrections in ECF volume that are beneficial under such complex physiological conditions. Although
changes in osmosensory gain are known to play an important
role in the neural control of body fluid balance under both
physiological and pathological conditions (Verbalis, 2003),
the mechanisms by which gain is regulated have remained
unknown.
Ang II increases the intrinsic osmosensitivity of MNCs
A body of evidence indicates that Ang II is released into the
SON during hypovolemia (Renaud et al., 1983; Sgro et al.,
1984; Ishibashi et al., 1985; Jhamandas et al., 1989; Wilkin et
al., 1989; Potts et al., 2000), where it can enhance the osmotic
control of VP releasing MNCs (Akaishi et al., 1980; Sladek et
al., 1982; Morris et al., 1999; Chakfe and Bourque, 2000). The
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osmotic control of electrical activity and
VP release by MNCs in vivo is mediated
by a variety of factors; including synaptic
afferents originating from central and
peripheral
osmosensory
neurons
(Bourque et al., 2007), the osmotic control of taurine release from astrocytes
(Hussy et al., 2000), and the intrinsic osmosensitivity of the MNCs (Voisin and
Bourque, 2002). Changes in the sensitivity of the relationship between VP release and ECF osmolality, therefore,
could be mediated by actions on any
combination of these processes (Voisin
and Bourque, 2002). Our results indicate
that Ang II potentiates the relationship
between ECF osmolality and spike coding by increasing the amplitude of the
depolarizing osmoreceptor potentials
generated in response to hyperosmotic
stimuli (Fig. 1 B). Although these results
do not exclude the possibility that Ang II
might modulate other factors responsible for the osmotic control of MNCs,
they provide clear evidence that Ang II
can enhance osmosensory gain by amplifying osmosensory transduction.

Figure 6. Ang II induces PKC-dependent increase in cortical F-actin density. A, Confocal images showing F-actin intensity in
MNCs stained with Texas Red-labeled phalloidin. The top panels show examples of cells incubated under control conditions for the
treatments shown in the bottom panels. The bottom panels show examples of MNCs exposed to 1 M Ang II for 5 min (left), Ang
II and chelerythrine (Chel⫹Ang II; middle panel), or PMA (right). B, Line scan plots showing mean (⫾SEM) values of fluorescence
(F-actin density; in bits) at the perimeter of cells exposed to the corresponding treatments shown in A. Note that significant
differences are only observed in the ⬃2 m region that lies at the perimeter of the cells.

Ang II enhances osmosensory gain by
amplifying mechanosensitivity
Osmosensory transduction occurs in two steps: osmometry
(Zhang and Bourque, 2003) and mechanotransduction (Oliet
and Bourque, 1993; Zhang et al., 2007). The modulation of
this process could therefore be mediated by effects on either or
both of these steps. Previous studies have shown that peptide
hormones, including Ang II, can provoke changes in cell volume by affecting transmembrane ion fluxes in other types of
cells (Lang et al., 1998; Fliegel and Karmazyn, 2004). It is
therefore conceivable that a steepening of the slope of the
relationship between cell volume and ECF osmolality could
enhance osmosensory transduction in MNCs. However, our
experiments indicated that Ang II does not affect osmometry
in MNCs. Rather, it was found that Ang II increases the mechanosensitivity of MNCs and that this effect accounts quantitatively for the effect of the peptide on osmosensory
transduction.
Ang II potentiates mechanosensitivity via a PKC-mediated
increase in cortical actin density
Ang II was found to amplify mechanosensitivity through a
signaling pathway involving PLC and a Ca 2⫹-dependent form
of PKC (i.e., either PKC␣, PKC␤, or PKC␥) (Tanaka and Nishizuka, 1994). Furthermore, our results indicated that a PKCdependent modulation of the actin cytoskeleton is a key step in
this process. Indeed, Ang II induced a significant PKCdependent increase in cortical F-actin density in MNCs (Fig.
6), and experiments with Cyt-D and JSK indicated that this
increase in density is both necessary and sufficient to explain
the effect of Ang II on mechanosensitivity in these cells (Fig.
7). How the increase in cortical actin density potentiates the
mechanical activation of SIC channels remains to be deter-

Figure 7. An increase in F-actin density mediates the effects of Ang II on mechanosensitivity.
Bar graphs plotting mean (⫾SEM) values of MI observed in the absence (⫺Ang II; open bars)
and presence of Ang II (⫹Ang II; filled bars) under various conditions. A compares the effects of
these treatments in the absence (control; left) or presence (right) of Cyt-D. B compares the
effects of the treatments in the absence (left; control) or presence (right) of JSK. *p ⬍ 0.05. n.s.,
Difference not statistically significant.

mined. The basis for the regulation of SIC channels during
changes in cell volume is not known, but could involve a mechanically induced actin-dependent biochemical step (e.g.,
modulation of enzyme activity) or a more direct actindependent mechanical regulation of the SIC channels (Zhang
et al., 2007). Whichever is the case, our results indicate that an
increase in cortical actin density somehow facilitates this process. From a mechanistic viewpoint it is likely that Ang II
mediates this effect by increasing the amount of force that is
transmitted to the transduction apparatus per unit change in
cell volume. This hypothesis is supported by experiments
showing that the stiffness of a cross-linked actin network increases with the concentration of F-actin (Gardel et al., 2004;
Shin et al., 2004). Thus, if a network of actin filaments relays
volume-dependent mechanical forces to the transducer element, then the amount of force applied per unit volume
change could increase with F-actin density and thus enhance
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transducer sensitivity, as was observed in the presence of Ang
II and JSK.
How does Ang II mediate an increase in cortical F
actin density?
In principle, a receptor-mediated PKC-dependent increase in
cortical F-actin density could be induced by the recruitment of
F-actin into this subcellular compartment (Qian et al., 2002)
or in response to an increase in the rate of local actin polymerization (Pilpel and Segal, 2004). However, the Ang IImediated increase in cortical F-actin density observed in
MNCs was not accompanied by a concurrent decrease in the
amount of F-actin in the cytoplasm (Fig. 6 B). The effects of
the peptide, therefore, may involve enhanced polymerization
rather than an increase in cross-linking. Indeed, studies in
cultured hippocampal neurons have shown that the activation
of PKC can increase F-actin density by stimulating actin polymerization via RhoA and Rac1 (Pilpel and Segal, 2004), members of the Rho family of small GTPases. Moreover,
G-protein-coupled receptors can mediate the activation of
Rho GTPases (Kjoller and Hall, 1999; Sah et al., 2000), and
Ang II has been shown to mediate a Rho-dependent increase
in F-actin density in a variety of cell types (Aoki et al., 1998;
Kuwahara and Kuwahara, 2002). Interestingly, a recent study
has shown that ␤-arrestin 1 and G␣q/11 are both required for
the Ang II-dependent activation of RhoA and resultant induction of stress fiber formation in HEK293 cells transfected with
the AT1 receptor (Barnes et al., 2005). Strikingly, the authors
showed that maximal activation of RhoA could occur within 1
min, a time course compatible with the rapid effects of Ang II
on mechanosensitivity observed in our experiments. Additional studies will be required to investigate the possible involvement of Rho family GTPases in mediating the effects of
Ang II on MNCs.
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