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Recent studies have supported an important contribution of prorenin
(PR) and its receptor (PRR) to the regulation of hypothalamic,
sympathetic, and neurosecretory outflows to the cardiovascular sys-
tem, including systemic release of vasopressin (VP), both under
physiological and cardiovascular disease conditions. Still, the identi-
fication of precise cellular mechanisms and neuronal/molecular tar-
gets remain unknown. We have recently shown that PRR is expressed
in VP neurons and that their activation increases neuronal activity.
However, the underlying ionic channel mechanisms are undefined.
Here, we performed patch-clamp electrophysiology from identified
VP neurons in acute hypothalamic slices obtained from enhanced
green fluorescent protein-VP transgenic rats. Voltage-clamp record-
ings showed that PR inhibited the magnitude of A-type K™ current
(Ia: ~50% at —25 mV), a subthreshold voltage-dependent current that
restrains VP firing activity. PR also increased the inactivation rate of
I and shifted the steady-state voltage-dependent inactivation function
toward more hyperpolarized membrane potential (~7 mV shift), thus
resulting in less channel availability to be activated at any given
membrane potential. PR also inhibited a sustained component of Ia
(“window™ current). PR-mediated changes in action potential wave-
form and increased firing activity were occluded when /4 was blocked
by 4-aminopyridine. Finally, PR failed to increase superoxide produc-
tion within the supraoptic nucleus/paraventricular nucleus, and PR
excitatory effects persisted in slices treated with the SOD mimetic
tempol. Taken together, these experiments indicated that PR excit-
atory effects on vasopressin neurons involve inhibition of /4. due. in
part, to increases in its voltage-dependent inactivation properties.
Moreover, our results indicate that PR effects did not involve an
increase in oxidative stress.

NEW & NOTEWORTHY Here. we demonstrate that prorenin/the
prorenin receptor is an important signaling unit for the regulation of
vasopressin firing activity and, thus, systemic hormonal release. We
identified A-type K* channels as key molecular targets mediating
prorenin stimulation of vasopressin neuronal activity, thus standing as
a potential therapeutic target for neurohumoral activation in cardio-
vascular disease.

prorenin receptor; supraoptic nucleus; K™ current; superoxide; car-
diovascular

ONE OF THE MOST IMPORTANT SYSTEMS involved in cardiovascular
and body fluid homeostasis is the renin-angiotensin system
(RAS) (12, 17, 38). Despite its well-known systemic functions,

Address for reprint requests and other correspondence: J. E. Stern, Dept. of
Physiology, Medical College of Georgia, Augusta Univ., 1120 I5th St.,
CA-3137. Augusta, GA 30912 (e-mail: jstern@augusta.edu).

H548

0363-6135/17 Copyright © 2017 the American Physiological Society

it is now well accepted that all components of the RAS are also
present within the central nervous system. which, acting inde-
pendently of the peripheral RAS, can directly influence auto-
nomic and neuroendocrine outflows to the cardiovascular sys-
tem (8, 16). For example, activation of the brain RAS, involv-
ing predominantly ANG II and ANG II type 1 receptors
(AT,Rs), increases sympathoexcitatory outflow and vasopres-
sin (VP) systemic release (24, 35, 42, 53). Despite this evi-
dence, there is still an ongoing debate regarding the localiza-
tion, sources, cellular targets, and roles of the main RAS
components within the brain.

Prorenin (PR) and its receptor (PRR) (19, 32, 41) have
recently emerged as two of the most novel players of the brain
RAS. Binding of PR to PRR stimulates the catalytic activity of
the receptor, converting angiotensinogen to ANG [ and ANG II
(32, 41). In addition, interaction of PR with PRR initiates
intracellular signaling pathways, including MAPK and
ERK1/2 (13, 18, 39). Thus, the PR/PRR complex within the
brain can mediate both ANG II-dependent and -independent
effects.

Recent evidence supports the hypothalamic paraventricular
nucleus (PVN) and supraoptic nucleus (SON) as key centers
mediating PR/PRR actions. PRR is highly expressed in these
nuclei (21, 23, 40), and their activation leads to sympathoex-
citation (19) and increased plasma and urine VP levels (41).
Moreover, increased PRR expression was reported in the PVN
of hypertensive mice, while brain-targeted PRR knockdown
decreased blood pressure, sympathetic tone, and plasma VP
and VP mRNA levels in these mice (21). Similarly, PRR
knockdown in the SON of spontaneously hypertensive rats
attenuated hypertension and decreased plasma VP levels (41),
and neuron-specific PRR knockout prevented the development
of DOCA-salt-induced hypertension, possibly through dimin-
ished ANG II formation (22). These studies highlight the
importance of the PR/PRR as a novel RAS signaling unit that
regulates both sympathoexcitatory outflow and VP release.
Still, the precise mechanisms underlying PR/PRR actions in
hypothalamic neurons remain largely unknown.

VP release from neurohypophysial axonal terminals is
tightly controlled by the degree and pattern of firing activity of
VP neurons in the SON/PVN (6). In a recent study. we showed
that PRR is highly expressed in VP neurons and that their
activation by PR evoked membrane depolarization and in-
creased firing discharge. These effects were ANG Il-indepen-
dent and involved an increase in intracellular Ca®>" levels and
a Ca®*-dependent inhibition of a voltage-gated K™ current
(34). Thus, our previous studies support that intracellular
signaling cascades triggered by PR/PRR, rather than ANG
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1I-AT;R indirect effects, mediate PR actions on VP neurons
and VP release. Still, the precise identity of the K™ channel
targeted by PR-PRR in VP neurons remains unidentified.

One of the key intrinsic voltage-gated mechanisms influenc-
ing VP neuronal activity is A-type K™ current (/) (5, 28). I
is a transient, voltage-dependent subthreshold current that
restrains firing activity in these neurons (5). Importantly, we
have shown that I, can be inhibited in a Ca®*-dependent
manner by relevant neurotransmitters, such as glutamate,
leading, in turn, to increased VP neuronal activity (31).
Moreover, downregulation of /4 has been associated with
increased hypothalamic and brain stem neuronal excitability
during hypertension (2, 44, 45). On the basis of all these
data. in the present study, we performed patch-clamp elec-
trophysiology in identified VP neurons to test the hypothesis
that PR-mediated increased firing discharge involved mod-
ulation of /a.

METHODS

Animals. All procedures were performed in agreement with guide-
lines of the Augusta University Institutional Animal Care and Use
Committee and were approved by the committee. Male heterozygous
transgenic enhancle green fluorescent protein (eGFP)-VP Wistar (4—6
wk old, n = 15) (51) and Wistar rats (4—-6 wk old. n = 6) were used.
Rats were housed in rooms with a constant temperature of 22-24°C
and under a controlled light-dark cycle (12:12 h). with normal rat
chow and drinking water available ad libitum.

Slice preparation. Hypothalamic brain slices were prepared accord-
ing to previously described methods (20). Briefly, rats were anesthe-
tized with pentobarbital sodium (50 mg/kg ip): brains were dissected
out, and hypothalamic coronal slices (240 pm) containing the SON/
PVN were cut in oxygenated ice-cold artificial cerebrospinal fluid
(aCSF) containing (in mM) 119 NaCl, 2.5 KCI, 1 MgSO4. 26
NaHCOs3, 1.25 NaH»PO., 20 D-glucose, 0.4 ascorbic acid, 2 CaCls,
and 2 pyruvic acid (pH 7.3, 295 mosmol/kg H»O). Slices were placed
in a holding chamber containing aCSF and kept at room temperature
until use.

Electrophysiology. Hypothalamic slices were transferred to a re-
cording chamber and superfused with continuously bubbled (95%
05-5% CO,) aCSF (30°C-32°C) at a flow rate of ~3.0 ml/min.
Thin-walled (outer diameter: 1.5 mm and innder diameter: 1.17 mm)
borosilicate glass (GI150TF-3, Warner Instruments, Sarasota, FL) was
used to pull patch pipettes (3-5 M{)) on a horizontal micropipette
puller (P-97, Sutter Instruments, Novato, CA). The internal solution
contained the following (in mM): 135 potassium gluconate, 0.2
EGTA. 10 HEPES, 10 KCl, 0.9 MgCl,, 4 Mg?>*ATP, 0.3 Na*GTP,
and 20 phosphocreatine (Na™); pH was adjusted to 7.2-7.3 with
KOH. Recordings were obtained from neurons with an Axopatch
200B amplifier (Axon Instruments, Foster City, CA) using a combi-
nation of fluorescence illumination and infrared differential interfer-
ence conirast video microscopy. Recordings were obtained from
neurons in the SON (15 eGFP and 26 non-eGFP) and the lateral
magnocellular subdivision of the PVN (16 eGFP and 2 non-eGFP).
Since in our previous study (34) we reported that PR evoked a similar
response involving the same mechanism in both eGFP and non-eGFP
magnocellular neurosecretory cells from the SON and PVN, data were
pooled together for analysis. The voltage output was digitized at
16-bit resolution and 10 kHz and was filtered at 2 kHz (Digidata
1440A, Axon Instruments). Data were discarded if the series resis-
tance were not stable throughout the entire recording (>20% change)
(20). Mouse prorenin (2.5 nM, Anaspec) was pressure applied through
a picospritzer pipette (5 s, 3 psi).

Current clamp. Mean firing activity and membrane potential (V)
values were calculated from a 1-min period before drug application
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and a l-min period around the peak effect using Clampfit (Axon
Instruments) or MiniAnalysis (Synaptosoft) software. The analysis of
the action potential (AP) waveform was carried out using APs from
these same time periods. APs were aligned at 50% of the rise time,
and an averaged AP was obtained and used for quantification using
MiniAnalysis (Synaptosoft). To test for the influence of /o on PR-
evoked firing effects, the K* channel blocker 4-aminopyridine (4-AP;
5 mM) was used. Since 4-AP facilitates the presynaptic release of
neurotransmitters (15), which could mask the direct effects of 4-AP on
intrinsic properties, these experiments were performed in the presence
of the glutamate and GABA receptors blockers kynurenic acid (5
mM) and picrotoxin (100 pM), respectively.

Voltage clamp. Unless otherwise stated, tetraethylammonium chlo-
ride (TEA: 30 mM) and tetrodotoxin (TTX; 0.5 pM) were added to
the aCSF for voltage-clamp recordings to block delayed rectifier K™
channels (IKpr) and Na™ channels, respectively. The addition of 30
mM TEA involved an equimolar substitution of NaCl (85 mM instead
of the original 119 mM). All protocols were run with an output gain
of 2 and a Bessel filter of 2 kHz and were leak subtracted (P/4). For
activation property experiments, /o was evoked using depolarizing
command steps [ —75 to —25 mV, 400 ms, change (A) = 5 pA] before
and after PR application. The voltage-dependent inactivation proper-
ties of Ia were assessed by depolarizing neurons using a command
pulse to 0 mV from a series of conditioning steps (—100 to —40 mV,
A =5 mV, 300-ms duration) to progressively remove various degrees
of I inactivation.

ROS assessment. A modified dihydroethidium (DHE) staining
method was used to evaluate in the situ production of ROS. as
previously described (3). Briefly. coronal sections (16 wm) of hypo-
thalamic frozen tissue containing the SON or PVN were collected on
glass slides and equilibrated in fresh aCSF for 10 min in a humidified
chamber at 37°C. Slides were then placed in an inverted Zeiss
LSM780 confocal microscope stage (atmosphere and temperature
controlled), and sections were incubated with DHE (1 pM) in the
presence of either aCSF or PR (2.5-5 nM). Immediately after the
beginning of incubation, images were acquired every 2 min for a total
of 20 min. Zeiss LSM780 software was used for analyses. Forty
randomly selected cells per slice were manually traced, and the
intensity of fluorescence of each cell was plotted over time. aCSF was
used as the vehicle for PR dilution.

Drugs. TTX was purchased from Alomone Laboratories (Jerusa-
lem, Israel). TEA, 4-AP, kynurenic acid, picrotoxin, and 4-hydroxy-
TEMPO were purchased from Sigma (St. Louis, MO). DHE was
acquired from ThermoFisher Scientific.

Statistical analysis. All values are expressed as means = SE. Stu-
dent’s paired 7-tests were used to compare the effects of drug treat-
ment. One- or two-way ANOVA tests with Bonferroni or Dunnett’s
post hoc tests were used as stated. Differences were considered
significant at P << 0.05, and n refers to the number of cells. All
statistical analyses were conducted using GraphPad Prism (GraphPad
Software, San Diego, CA).

RESULTS

Prorenin inhibits the magnitude of 14 in a voltage-dependent
manner. Whole cell patch-clamp recordings were obtained in
the presence of the Na™ and K™ channel blockers TTX (0.5
pM) and TEA (30 mM), respectively. Ia was evoked using
depolarizing command steps (=75 to —25 mV, 400 ms, A =
5 pA) before and after PR was locally puffed (2.5 nM, 5-s
duration) directly onto the recorded neuron. As shown in Fig.
| and as previously reported (28), /4 in our recording condi-
tions activated at a V};, of —55.6 = 0.6 mV and displayed a fast
rate of activation of 0.5 = 0.1 ms at a command potential of
—25 mV (n = 9). After activation, /o rapidly inactivated,
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A1

Fig. 1. Prorenin (PR) inhibits A-type K* cur-
rent (I4) in a voltage-dependent manner. A: I
was activated uvsing depolarizing steps (from
—75 to —25 mV in 5-mV increments, 400 ms;
inset). A: representative examples show [a
evoked before (pre; 7) and after (post; 2) PR
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displaying a monoexponential decay [inactivation time con-
stant (7): 15.8 = 1.6 ms at a command potential of —25 mV].

The magnitude of [4 was significantly inhibited after PR
exposure (two-way ANOVA =PR X V,,, va: 16.8, P <
0.0001, and Fpgr: 68.2, P < 0.0001; interaction: F = 13.1, P <
0.0001; Fig. 1BI). Importantly, the degree of /4 inhibition by
PR was voltage dependent (P < 0.0001, one-way ANOVA;
Fig. 1B.2), with the degree of inhibition increasing in a linear
manner as a function of the depolarizing command step (r> =
0.99, P < 0.0001).

To determine whether PR affected the voltage-dependent
activation properties of [, we generated mean normalized
current-voltage plots, which were fit with a Boltzmann func-
tion to calculate the half-activation potential (Vis). As shown in
Fig. 1C,] and 2, PR did not affect the voltage-dependent
activation properties of /4 (n = 8, P > 0.6).

Finally, the rate of activation of [ was not significantly
different before and after PR (P > 0.3, Fig. 2A.] and 2).

Prorenin effects involve changes in Il inactivation
properties. After activation, I is known to rapidly inactivate.
We examined the rate of inactivation by fitting a monoexpo-
nential function to the decay phase of I after a voltage
command to —25 mV, and we determined 7. As shown in Fig.
2B.2. the rate of inactivation of /5 was significantly faster (i.e.,
smaller T) after PR application (n = 8, P < 0.03).

Another functionally relevant property of [ is voltage-
dependent, steady-state inactivation, which determines the
number of available channels to be activated at any given Vy,
(28). To establish whether PR affected the voltage-dependent
inactivation properties of /a, neurons were depolarized using a
command pulse to 0 mV from a series of conditioning steps
(—100 to —40 mV, A = 5 mV, 300-ms duration), with the aim
of progressively removing various degrees of /5 inactivation.
Plots of normalized currents as a function of the conditioning
step were generated and fit with a Boltzmann function to
calculate the half-inactivation potential. As shown in Fig. 3, PR
shifted the voltage dependence of inactivation of /5 toward a
more hyperpolarized V), (leftward shift), which was reflected
as a significant hyperpolarization of half-inactivation potential
(n = 11, P < 0.005; Fig. 3B.3). This is indicative of a higher
degree of [, inactivation at any given Vy,, standing, in turn. as
a factor that contributes to the smaller evoked /4 magnitude in
the presence of PR.

To gain more insight into the contribution of steady-state
inactivation to the overall inhibitory effect of PR on /4 mag-
nitude, we repeated the activation protocols as shown in Fig. 1
but tested PR effects while holding neurons at a more hyper-
polarized holding voltage (—100 instead of —75 mV) to
completely remove basal, steady-state /4 inactivation before
the depolarizing command step. We found that PR inhibitory
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effects on /5 were significantly diminished (by ~70%. n = 8)
compared with those cases in which /o was evoked from a
—75-mV holding potential (—75-mV holding potential: 47.7 =
9.6% inhibition and —100-mV holding potential: —8.9 = 6.7%
inhibition, P < 0.01) after a command step to —30 mV. These
results suggest that an enhanced steady-state inactivation of [a
plays an important role in mediating the overall inhibitory
effect of PR on 75 magnitude.

Prorenin inhibits Iy window current. Superimposing the
normalized steady-state voltage-dependent activation and in-

activation curves revealed the presence of an overlapping area
near resting V., thus supporting the existence of a “window
current” (Fig. 4A) (7, 30, 46). We found that after PR appli-
cation, /5 window current was significantly shifted toward
more hyperpolarized potentials, from an initial range of —75.6
to —56.4 mV and —80.6 to —65.0 mV after PR (n = 9, Fig.
4C). The window current peak before PR was also significantly
shifted toward more hyperpolarized potentials, from an initial
Vot —61.4 =2.1to —67.2 = 2.7 mV after PR (P < 0.005).
Finally, the magnitude of the window current range was also
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Fig. 3. PR increases [a steady-state voltage-dependent inactivation properties. A: representative example of [a evoked by a voltage command step to 0 mV from
conditioning steps between —100 and —40 mV (inset) before (/) and after PR (2). B: plots of mean I, amplitude (/) and normalized I, amplitude versus the
variable inactivating conditioning potential (2). Note that PR caused a hyperpolarizing shift on the steady-state inactivation curve. B.3: mean [a Vi, before and
after PR application (n = 11). **P < 0.01, ***P < 0.001, and #***P < 0.0001 vs. respective pre-PR using two-way repeated-measures ANOVA followed by

Bonferroni multiple comparisons; **P <2 0.01 vs. pre-PR using Student’s paired #-test.
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significantly diminished after PR (mean range amplitude:
19.1 £ 3.3 mV before PR vs. 15.6 = 2.9 mV after PR, n = 9,
P < 0.05). This hyperpolarizing shift along with the narrowing
of the voltage range thus resulted in an almost complete
absence of the window current around the typical resting V,,, of
magnocellular neurosecretory neurons (i.e., —65 to —60 mV)
(1, 28, 47) after PR, an effect expected to result in membrane
depolarization and increased firing discharge.

Prorenin inhibition of la increases neuronal firing activity
and affects AP properties. We previously reported that focal
application of PR stimulates firing activity of VP neurons (34).
On the basis of our current results showing that PR inhibits /4,
we repeated current-clamp experiments in the presence of the
K™ channel blocker 4-AP to determine the contribution of 74 to
this effect. Given our previous results showing a very slow or
lack of recovery after a single PR application (34), experiments
were performed in separate neurons preincubated in either
control aCSF or 5 mM 4-AP, a concentration known to more
specifically inhibit To over other voltage-gated K currents
(46). As shown in Fig. 5, PR focal application induced a
significant increase in firing discharge in normal aCSF (n = 9,
P < 0.001). Conversely, this effect was completely absent in
neurons preincubated in 4-AP (n = 11, P > 0.6).

Since I is known to influence the AP waveform in hypo-
thalamic neurons (14, 28, 46), we also monitored the effects of
PR on the latter. We found that PR increased the AP half-
width, prolonged the AP decay time course, and reduced the
hyperpolarizing afterpotential peak under normal conditions
(Table 1 and Fig. 5C,71-3). These changes were abolished when
the same experiments were carried out in the presence of 4-AP
(Table | and Fig. 5C.3).

ROS production is not involved in mediating PR actions. To
attempt to identify the potential mechanism underlying PR-
mediated /4 inhibition, and on the basis of previous studies that
link ROS production with neuron excitability and /o modula-
tion (27, 50, 54). we repeated current-clamp experiments in the
presence of the SOD mimetic tempol (5 mM). a concentration
previously shown to efficiently act as a ROS scavenger in brain
slices (26). PR excitatory effect persisted in the presence of

tempol (n = 10, P < 0.001; Fig. 6), and the magnitude of this
effect was not significantly different from that observed in
control aCSF (P > 0.2), suggesting that ROS formation is not
a critical mechanism involved in PR excitatory effects on
SON/PVN neurons.

To further confirm these results, DHE staining was used to
measure the in situ production of ROS in PVN and SON slices
(n = 8 and 2, respectively) after PR application. Tests were run
in pairs: one slice was incubated with aCSF alone and another
slice was incubated in the presence of PR (2.5-5 nM). As
previously reported, there was a progressive increase in back-
ground DHE fluorescence levels during imaging acquisition,
even in the presence of regular aCSF (3, 55). Thus, to quantify
the effect of PR, we calculated proportional changes in DHE
staining fluorescence intensity (normalized by aCSF) at each
particular time point and plotted this proportional change over
time. We found that DHE staining within the SON/PVN did
not change in the presence of PR compared with the respective
aCSF control (F = 0.53, P > 0.8 by one-way ANOVA_: Fig. 6).
A positive control was carried out using ANG II instead of PR,
which has been previously shown to efficiently increase ROS
production using the same approach (3). Taken together, these
results argue against a contribution of oxidative stress as a
mechanism underlying PR excitatory effects on VP neurons.

DISCUSSION

In a recent study, we showed that PR stimulates the firing
discharge of hypothalamic VP and presympathetic neurons
through distinct ANG TI-independent and -dependent mecha-
nisms, respectively (34). PR effects on both cell types, how-
ever, involved binding of PR to PRR and the inhibition of a
voltage-gated K* channel in a Ca®*-dependent manner. Here,
we focused on SON/PVN magnocellular neurosecretory cells,
including a subpopulation of identified VP neurons, which are
a major target of the central RAS (29), to further elucidate the
specific cellular mechanisms by which PR/PRR modulates
their activity and. ultimately, hormonal output and fluid/elec-
trolyte homeostasis. Results from the present work provide
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after PR (red trace: n = 172) from a representative neuron in control aCSF. Note the increased half-width, slower decay time, and smaller hyperpolarizing
afterpotential peak on the red trace. Plots of mean percent change of AP half-width (C,2) and decay time (C,3) after PR in normal aCSF (white; n = 10) and
in the presence of 4-AP (black: n = 9) are shown. **#P < 0.001 vs. pre-PR using Student’s paired r-test; **P << 0.01 and ***P < 0.001 vs. PR-aCSF by unpaired
t-test.

evidence supporting that 7) PR inhibits the magnitude of the
A-type K current in a voltage-dependent manner; 2) PR
modulates /4 inactivation properties, making the rate of inac-
tivation faster and shifting the voltage dependence of inactiva-
tion to more hyperpolarized Vy,; 3) PR inhibits the availability
of a sustained /5 window current at/or near resting V,,: 4) PR
stimulation of VP neuronal firing and changes in the AP
waveform are prevented by the /5 blocker 4-AP; and 5) PR

Table 1. Properties of APs before and after PR

actions do not involve increased oxidative stress. Taken to-
gether, these results support the notion that PR/PRR inhibition
of A-type K* channels plays a critical role in mediating the
central actions of PR in the regulation of VP neuronal activity
and hormonal release.

Prorenin modulates A-type K* channel properties in VP
neurons. Voltage-gated K™ currents constitute a major intrinsic
mechanism by which neurons regulate membrane excitability.

AP Half-Width Before

AP Half-Width After

AP Decay Before AP Decay After HAP Peak Before HAP Peak After

Extracellular Solution n PR, ms PR. ms PR, ms PR, ms PR, mV PR, mV
aCSF 10 1.4 0.1 1.8 = 0.1% 09 = 0.1 1.2 +0.17 —-163 +0.7 —14.8 = 0.5%
aCSF + 4-aminopyridine 9 3804 3804 33203 3.1 =0.3* —163£22 —162 =22

Values are expressed as means = SE. AP, action potential; PR, prorenin; HAP, hyperpolarizing afterpotential; decay. 90-37% decay time; half-width,
half-width duration; aCSF, artificial cerebrospinal fluid. Differences were significant at *P << 0.05, 1P < 0.01, and P << 0.001 vs. the respective property before

PR using Student’s paired f-test.
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Fig. 6. PR effects on hypothalamic neurons do not involve the production of ROS. Confocal images of dihydroethidium (DHE) staining acquired at time = 0
min and 14 min in regular aCSF (A,7) or PR (2.5 nM; A,2) within paraventricular nucleus-containing slices are shown. B: mean data of DHE fluorescence intensity
over time (obtained every 2 min, from time = 2—20 min) in PR relative to aCSF (n = 5 slices in each group). C: summary data from whole cell patch-clamp
recordings showing mean firing frequencies (in Hz) before and after PR application (arrow; 5-s application) in the presence of tempol (5 mM). D: sample trace

showing that PR excitatory effects persisted in this condition. *
2 =50 pm.

Among them, /4 is a transient, voltage-dependent subthreshold
current that displays fast activating and inactivating kinetics.
These channels are known to influence both the rate and firing
pattern of VP neurons, contributing to AP repolarization and
prolonging AP interspike intervals (5). Work from our labora-
tory has shown that /5 can be modulated by different signals,
including activation of glutamate N-methyl-p-aspartate recep-
tors, resulting in Ca2+—dependent inhibition of /5 (31). In a
recent study (34), we showed that PR-evoked excitation of VP
neurons involved Ca®*-dependent inhibition of K* current.
However, the molecular identity of such a current remained to
be determined. Here, we demonstrate that PR inhibited [a
magnitude in a voltage-dependent manner, with PR effects
becoming greater at more depolarized V., This range of
voltages is normally reached during AP firing, so this inhibi-
tion would be expected to have a functional impact on the
firing degree of VP neurons and, consequently, systemic hor-
monal release (4). PR actions, however, did not involve
changes in /5 voltage-dependent activation properties, as Vi,
was not significantly affected after PR exposure.

Another major property of [ is its rapid inactivation rate
after channel opening upon membrane depolarization. More-
over, I also shows a steady-state inactivation process, which
is voltage dependent and determines the number of channels
available to be activated at any given voltage after membrane
depolarization. Our results show that PR sped up the rate of /4
inactivation, and, more importantly. it also enhanced the de-
gree of /4 steady-state inactivation. This is reflected by the fact
that /o steady-state inactivation curves were shifted to more
negative Vy,. an effect that translates into a reduced availability
of these channels to be opened at any given voltage. This could
be. in turn, a factor contributing to less /5 activation upon
membrane depolarization, as shown in Fig. 3. This is supported
by the fact that when steady-state inactivation was almost

*P << 0.01 vs. pre-PR using Student’s paired 7-test. 3V, third ventricle. Scale bars in A,/ and A,

completely removed by repeating activation protocols while
holding neurons at more hyperpolarized levels (i.e., starting
from a holding V,,, of —100 mV instead of —75 mV), the
PR-mediated /4 inhibition was significantly diminished. These
data are consistent with previous reports that have shown that
a faster rate of inactivation and a hyperpolarizing shift of /5
steady-state inactivation correlated with enhanced neuronal
excitability (37, 44, 46).

Previous studies have described the existence of a window
current for /4 in magnocellular and presympathetic neurons of
the hypothalamus (5, 46). This window current is due to a
partial activation and incomplete inactivation of a proportion of
A-type K7 channels, resulting in a sustained /4 spanning over
a physiologically relevant range of V,,,. Importantly, since VP
neurons are electrotonically compact and have a high input
resistance (48), this small window current could have signifi-
cant effects on Vy,. Our results show that PR inhibited this
window current around resting potentials, shifting its range to
more hyperpolarized voltages. Inhibition of this sustained win-
dow current thus likely contributed to membrane depolariza-
tion and increased firing discharge mediated by PR (see more
below).

Contribution of 14 to PR effects on the AP waveform and
firing discharge. As mentioned above. [o regulates both
repetitive firing properties and single AP waveform in
different cell types (25, 28, 46). Here, we show that the
PR-mediated increase in firing activity and on the AP
waveform (wider and slower decaying APs) was prevented
when slices were exposed to the /4 channel blocker 4-AP,
suggesting that PR-evoked excitatory effects were at least in
part mediated by I inhibition. It is worth noting that the
basal firing frequency of neurons preincubated with 4-AP
was higher than that of neurons in control conditions, results
consistent with previous reports showing that 4-AP (1-5
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mM) depolarized hypothalamic neurons, increasing their
firing discharge (5, 46). Still, the increase in firing rate
evoked by PR in control conditions was higher than that
evoked by 4-AP alone (i.e., 3 vs. 2 Hz), suggesting that PR
may be acting also via a non-/5-mediated mechanism. An-
other caveat regarding these results is that the occlusion of
the PR effect by 4-AP could be due to a “ceiling” effect.
However, the fact that the firing frequency of neurons in the
presence of 4-AP was below the maximum frequency attained
in control conditions would argue against a ceiling effect. Still,
4-AP effects on the AP waveform were substantially larger
than those evoked by PR, which could have prevented any
further effect by the latter on the action potential waveform.
Even if this were the case, we believe that the effect of PR on
firing activity was not secondary to the changes in the AP
waveform. In fact, slowing down of the action potential per se
would be expected to have the opposite effect on firing fre-
quency.

Thus, taken together, our results indicate that by affecting
the resting Vy, and repetitive firing properties, inhibition of
A-type K™ channels plays a major role in mediating effects
of PR/PRR on VP excitability and hormonal release.

Potential mechanisms underlving PR-mediated 15 inhibition
of VP neurons. The precise underlying mechanisms by which
PR leads to changes in A-type K™ channel function are still
unknown. Although not tested again in this study, we recently
reported that PR effects on VP neurons occurred in an ANG
[I-independent manner. involving direct intracellular cascades
and increases in intracellular Ca* levels, after activation of
PRR (34). PRR is known to be coupled to different signaling
pathways, including MAPK and ERK1/2 (13, 18, 39). These
signaling cascades could lead, in turn, to a Ca?"-dependent
change in the balance of kinase/phosphatase activity. Impor-
tantly, the voltage-dependent properties of A-type K™ chan-
nels, particularly inactivation, are highly dependent on the
phosphorylation state of the channels (36). Still, whether a
Ca>*-dependent phosphorylation of A-type K* channels con-
tributes to PR/PRR inhibition of /o in VP neurons remains to
be determined.

PR/PRR effects have also been associated with intracellular
signaling pathways leading to the generation of ROS (19, 33).
Moreover, oxidative stress has been shown to decrease K*
channel activity (27, 50). These pieces of evidence led us to
hypothesize that PR-mediated effects on VP neurons involved
ROS production. However, our electrophysiological experi-
ments showing that PR excitatory effects persisted in the
presence of the SOD mimetic tempol, along with our DHE
imaging experiment showing lack of in situ ROS generation (3)
by PR, argue against the contribution of oxidative stress to
PR-mediated effects on VP neural activity. These results are
somewhat in disagreement with the studies mentioned above.
However, it is important to note that those experiments were
not performed in hypothalamic slices but rather in neuronal
cultures and using higher concentrations of PR (100 vs. 2.5-5
nM) and with longer incubation times (1 h vs. 20 min). An
important caveat of the DHE experiments, however, is that the
profiles randomly selected for quantification were not pheno-
typically identified and may include neurons as well as glial
cells.

HS555
Perspectives

Understanding the precise cellular pathways and neurobio-
logical mechanisms by which the RAS regulates cardiovascu-
lar function is critical in the search of novel therapeutic targets
for the treatment of cardiovascular disease. Although the roles
of the peripheral RAS are well established, there is still an
ongoing debate related to the contribution and mechanisms by
which the central RAS influences cardiovascular control (43,
52). For example, all RAS components are expressed in the
SON and PVN (29), as well as ANG II and AT;Rs, have been
proposed as key players underlying RAS-mediated increases in
sympathoexcitatory outflow and VP systemic release (24, 35,
42, 53). However, recent studies have provided evidence for
the lack of AT |Rs and ANG II type 2 receptors on presympa-
thetic and VP cells (9—11), whereas others have supported the
contribution of astroglial cells as alternative cellular targets
mediating central ANG II actions in these neuronal populations
(3, 49).

In addition to ANG II and its receptors, PR and PRR have
recently emerged as two of the most novel players of the
central RAS involved in the regulation of sympathetic and
neurosecretory outflows from the hypothalamus (19, 32, 41).
Indeed, a recent study from our laboratory confirmed the
expression of PRR on these neurons and show that their
activation efficiently modulates their firing activity (34). The
present study further corroborates the importance of the PR/
PRR signaling pathway as key components of the central RAS
involved in the modulation of VP neuronal activity and iden-
tified A-type K channels as key underlying molecular targets.

Finally, a growing body of evidence indicates that an ele-
vated PR/PRR expression and function in the hypothalamus
contributes to high blood pressure and enhanced systemic
release of VP (19, 41). Moreover, diminished /5 expression/
function has been reported as an underlying mechanism lead-
ing to increased hypothalamic neuronal excitability during
hypertension (2, 44, 45). Thus, future studies are warranted to
determine whether enhanced PR/PRR signaling within the
SON/PVN contributes to blunted /4 function, exacerbated VP
neuronal activity, and. consequently, elevated systemic release
of VP during hypertension.
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