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ABSTRACT

The hypothalamic paraventricular nucleus (PVN) neurons regulate sympathetic outflow
through projections to the spinal cord and rostral ventrolateral medulla (RVLM). Although the
PVN-RVLM pathway is important for the action of brain angiotensin Il (Ang Il) on autonomic
control, the cellular mechanisms involved are not fully known. In this study, we examined the
effect of Ang Il on the excitability and synaptic inputs to RVLM-projecting PVN neurons. PVN
neurons were retrogradely labeled by FluoSpheres injected into the RVLM of rats. Whole-cell
patch-clamp recordings were performed on labeled PVN neurons in brain dlices. Ang I
significantly increased the firing rate of PVN neurons from 3.63 + 0.65 t0 6.10 £ 0.75 Hz (P <
0.05, n = 9), and such an effect was eliminated by an AT, receptor antagonist, losartan.
Furthermore, inclusion of a G protein inhibitor, GDP-f3-s, in the pipette internal solution did not
alter the excitatory effect of Ang Il on labeled PVN neurons. Application of 0.5-5 uM Ang Il
significantly decreased the amplitude of evoked GABAergic IPSCs in a dose-dependent manner.
Also, 2 uM Ang Il significantly decreased the frequency of mIPSCs from 3.89 + 0.84 to 2.06 +
0.45 Hz (P < 0.05, n = 11) but did not change the amplitude and decay time constant of
mIPSCs. By contrast, Ang Il had no significant effect on glutamatergic EPSCs at the
concentrations that inhibited IPSCs. In addition, Ang Il failed to excite PVN neurons in the
presence of bicuculline. Collectively, this study provides important new information that Ang Il

excites RVLM-projecting PVN neurons through attenuation of GABAergic synaptic inputs.
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INTRODUCTION

The hypothalamic paraventricular nucleus (PVN) is a heterogenous structure composed
of functionaly different subsets of neurons and plays an important role in the control of
neuroendocrine and autonomic functions (Swanson and Sawchenko, 1983; Dampney, 1994,
Allen, 2002). In addition to the projection to sympathetic preganglionic neurons located in the
intermediolateral cell column of the spinal cord (IML), the PVN neurons also project to neurons
within the rostral ventrolateral medulla (RVLM) (Shafton et al., 1998; Yang and Coote, 1998;
Pyner and Coote, 2000; Hardy, 2001). The RVLM is a pivotal structure in maintaining tonic
sympathetic nerve activity and basal blood pressure through projections to the IML. The PVN
parvocellular neurons project to both the RVLM and IML (Shafton et a., 1998; Pyner and
Coote, 2000). Available functional evidence suggests that the PVN-RVLM pathway is
important in regulation of sympathetic outflow originated from the PVN (Tagawa and Dampney,
1999; Allen, 2002). In thisregard, microinjection of a GABA, receptor agonist, muscimol, into
the PVN decreases the basal blood pressure and sympathetic nerve activity, and this effect is
largely eliminated by synaptic blockade of the RVLM in rats (Allen, 2002). However, the
cellular mechanisms involved in regulation of the excitability of PVN-RVLM output neurons
remain poorly understood.

The renin-angiotensin system plays a critical role in the control of the sympathetic
nervous system (Chen and Toney, 2001; Pan, 2004; Wang et al., 2004b). For example,

angiotensin Il (Ang Il) can influence the PVN neurons through activation of receptors in the
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circumventricular organs, the regions lacking normal blood-brain barrier (Bains and Ferguson,
1995; Zhang et al., 2002). Also, Ang Il may act as a neurotransmitter or modulator in several
regions of the hypothalamus including the PVN (Li and Ferguson, 1993; de Wardener, 2001). A
major source of the angiotensinergic inputs to PVN neurons is circumventricular organs (Li and
Ferguson, 1993; Bains and Ferguson, 1995). Furthermore, the immunoreactivity of angiotensin
type 1 (AT,) receptors and their mRNA are densely distributed in the PVN (Gehlert et al., 1991;
Aguilera et al., 1995; Li et a., 2003). The excitability of PVN sympathetic premotor neurons
are finely regulated by both inhibitory GABAergic and excitatory glutamatergic synaptic inputs
(Li et a., 2002; Li et a., 2003; Li et a., 2004). The excitatory synaptic input to RVLM pressor
neurons is important for the action of Ang Il in the PVN (Tagawa and Dampney, 1999). We
have recently shown that Ang Il increases the excitability of spinally projecting PVN neurons by
attenuation of GABAergic synaptic inputs (Li et al., 2003). However, the effect of Ang Il on the
excitability and synaptic inputs to RVLM-projecting PVN neurons is still not clear. Therefore,
we determined the effect of Ang Il on the excitability and GABAergic and glutamatergic
synaptic inputs to RVLM-projecting PVN neurons using a combination of in vivo retrograde

tracing and in vitro whole-cell recordings techniques.
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METHODS

Retrograde labeling of RVLM-projecting PVN neurons

Sprague-Dawley rats (200-225 g; Harlan, Indianapolis, IN) of either sex were used for
this study. The surgical preparations and experimental protocols were approved by the Animal
Care and Use Committee of the Pennsylvania State University College of Medicine and
conformed to the NIH guidelines on the ethical use of animals. Rats were anesthetized by i.p.
injection of ketamine (70 mg/kg) and xylazine (6 mg/kg) mixture, and the head of the rat was
placed in a stereotaxic apparatus. A burr hole (4 mm in diameter) was made in the occipital
bone bilaterally according to the following coordinates (bregma): 11.80-13.0 mm caudal, 1.8-2.2
mm lateral, 7.8-8.1 mm deep from the surface of the cortex. A rhodamine-labeled fluorescent
microsphere suspension (FluoSpheres, 0.04 um, Molecular Probes, Eugene, OR) was gected
(Nangjector Il, Drummond Scientific Company, Broomall, PA) bilaterally into the region of the
RVLM. The pipette was positioned with a micromanipulator and the injection of 50 nl
HuoSpheres was monitored through a surgical microscope. After injection, the muscle and skin
were sutured and the wound was closed. Animals were returned to their cages for 2-5 days,

which is sufficient time to permit retrograde tracer being transported to the PV N.

Slice preparations
Coronal hypothalamic slices (300 um in thickness) containing the PVN were cut using a

vibratome (Technical Product International, St. Louis, MO), as described previoudly (Li et al.,
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2002; Li et al., 2003). Briefly, two to five days after tracer injection, the rats were rapidly
decapitated under halothane anesthesia. The brain was quickly removed and placed in ice-cold
artificial cerebral spinal fluid (aCSF) perfusion solution saturated with 95% O, and 5% CO, for
1-2 min. A tissue block containing the hypothalamus was cut from the brain and glued onto the
stage of the vibratome. After the sectioning, the slices were pre-incubated in the aCSF, which
was continuously gassed with 95% O, and 5% CO, at 34°C for at least 1 hr until used for
recording. For recordings, a dice was transferred to a submersion-type recording chamber,
continuously perfused (3 ml/min) with aCSF perfusion solution containing (in mM): 124.0
NaCl, 3.0 KCI, 1.3 MgSQ,, 2.4 CaCl,, 1.4 NaH,PO,, 10.0 glucose, and 26.0 NaHCO; saturated
with a gas mixture of 95% O, and 5% CO, at 34°C.

To verify the injection site and diffusion size of FluoSpheres, the brainstem was taken
out after sacrificing the rat and immediately sectioned at the injection level. The brainstem
dlices were viewed and the injection sites of FluoSpheres was identify under a microscope
equipped with epifluorescence illumination. The diffusion of the tracer in the RVLM was
generdly limited to - 11.9 + 0.05 and -12.4 £ 0.05 mm (bregma), and the diffusion size of
FluoSpheres around the site of injection was about 0.4 mm in diameter (Fig. 1A). Rats were

excluded if the injection site was not located in the RVLM.

Electrophysiological recordings
Whole-cell voltage- and current-clamp recordings were performed in a radio frequency-

shielded room, as we described previoudly (Li et al., 2002; Li et a., 2003). The recording
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pipettes were triple-pulled from borosilicate capillaries (1.2 mm OD, 0.68 mm ID; World
Precision Instruments, Sarasota, FL) using a micropipette puller (P-97, Sutter Instrument,
Novato, CA). The resistance of the pipette was 3-5 M when it was filled with a solution
containing (in mM): 130.0 potassium gluconate, 1.0 MgCl,, 10.0 HEPES, 10.0 EGTA, 1.0
CaCl,, 0.5 Na-GTP, and 4.0 ATP-Mg; adjusted to pH 7.25 with 1 M KOH (290-320 mOsm).
The slice was placed in a glass-bottomed recording chamber (Warner Instruments, Hamden, CT)
and fixed with a grid of parale nylon threads supported by a U-shaped stainless steel weight.
The slice was perfused at 3.0 ml/min at 34 C maintained by an in-line solution heater and a
temperature controller (model TC-324, Warner Instruments). It took about 1.5 min to
completely exchange the solution inside the recording chamber at the perfusion speed of 3.0
mi/min. Whole-cell recordings from labeled PVN neurons (Fig. 1 B and C) were made under
visual control using a combination of epifluoresence illumination and infrared and differential
interference contrast optics on an upright microscope (BX50WI, Olympus, Japan). Because the
labeled RVLM-projecting neurons are primarily present in the medial one third of the PVN area
between the third ventricle and the fornix, labeled PVN neurons in this site were selected for
recording. Recordings were performed using an Axopatch 200B or Multiclamp 700A amplifier
(Axon Instruments, Foster City, CA). Signals werefiltered at 1-2 kHz, digitized at 10 kHz using
Digidata 1320A (Axon Instruments). The series resistance was compensated by 60-80%. The
recording was abandoned if the input resistance (measured with a voltage range of 15-20 mV)
changed more than 15% during the recording.

Voltage-clamp recordings of postsynaptic currents. Miniature GABAergic inhibitory
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postsynaptic currents (mIPSCs) were recorded at a holding potential of 0 mV and in the
presence of 1 uM tetrodotoxin (TTX) and 20 uM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX). The miniature excitatory postsynaptic currents (MEPSCs) were recorded at a holding
potential of -70 mV in the presence of 1 uM TTX and 20 uM bicuculline (Li et al., 2002; Li et
a., 2003). A general G protein inhibitor, 1 mM guanosine 5'-O-(2-thiodiphosphate) (GDP-4-s, a
general G protein inhibitor) was added into the recording pipette solution to block the possible
postsynaptic response mediated by G proteins coupled to angiotensin AT, receptors (Li et al.,
2003). The effective concentration of GDP-3-s to block the postsynaptic effect of Ang Il has
been shown in previous studies (Ohya and Sperdlakis, 1991; Oz and Renaud, 2002). To study
the evoked IPSCs and EPSCs (elPSCs/eEPSCs) in labeled PVN neurons, synaptic currents were
evoked by electrical stimulation (0.1 ms, 0.3 - 0.8 mA, and 0.1 Hz) through a bipolar tungsten
electrode connected to a stimulator (Grass Instruments, West Warwick, RI). The tip of the
stimulating electrode was placed 200 - 600 pm away from the recorded neuron. A Na' channel
blocker, lidocaine N-ethyl bromide (QX-314, 10 mM) was also included in the pipette solution
to block the Na’ current in these voltage-clamp experiments. Based on the optimal reversal
potentials determined for CNQX-sensitive EPSCs and bicuculline-sensitive IPSCs, the eEPSCs
and el PSCs were recorded at a holding potential of -70 and O mV, respectively (Li et al., 2003).
To examine the effect of Ang Il on the paired-pulse facilitation, two consecutive synaptic
responses (Al and A2) were evoked by a pair of stimulus given at a short interval (40 ms for
EPSCs and 50 ms for IPSCs). Paired-pulse facilitation was expressed as the amplitude ratio of

the second synaptic response to the first synaptic response (A2/A1).
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Current-clamp recordings of firing activity: The spontaneous firing activity of labeled
PVN neurons was recorded using the whole-cell current-clamp technique (Li et al., 2003). The
recording procedures were similar to those used for postsynaptic current recordings as described
above except that TTX and QX-314 were not used. In some experiments, 1 mM GDP-3-s was
included in the recording pipette solution to block the postsynaptic effect of Ang Il. Recordings
of the firing activity of labeled PVN neurons began about 5 min after the whole-cell access was
established and the firing activity reached a steady state. Signals were processed, recorded, and
analyzed as described above. The junction potential was corrected during off-line analysis.

Drugs were applied to the recording chamber at final concentrations. Ang I, PD123319,
CNQX, bicuculline, and GDP-4-s were obtained from Sigma (St. Louis, MO). Losartan was a
gift from Merck & Co., Inc. (Rahway, NJ). TTX and QX-314 were purchased from Alomone
Labs (Jerusalem, Isragl). All the drugs were prepared immediately before the experiments and

applied to the recording chamber using syringe pumps.

Data analysis

Data are presented as means £ S.E.M. The mIPSCs and mEPSCs were analyzed off-line
with a peak detection program (MiniAnalysis, Synaptosoft Inc., Leonia, NJ). Measurements of
the averaged firing rate, amplitude, and the decay time constant of postsynaptic currents were
performed over a period of 3 min during control, drug application, and recovery. The mIPSCs
and mEPSCs were detected by the fast rise time of the signal over an amplitude threshold above

the background noise. The amplitude detection threshold was typically 3-5 pA. We manually

10
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excluded the event when the noise was erroneoudly identified as the mEPSCs or mIPSCs by the
program. The background noise level was typically constant throughout the recording of a
single neuron. The cumulative probability of the amplitude and interevent interval of
MEPSCs/mIPSCs was compared using the Kolmogorov-Smirnov test, which estimates the
probability that two cumulative distributions are similar. At least 100 randomly selected
mIPSCs and mEPSCs were used in each analysis. All the decay phases of mIPSCs and mEPSCs
were analyzed with one and two exponential functions. Based on the curve fitting R? values, all
mIPSCs were best fitted by two components under all conditions. For cells displaying
intermittent firing activity, the membrane potential was measured when the cell was silent and
the membrane potential became stable. For those cells showing tonic activity, the membrane
potential was usually estimated 200 ms prior to initiation of the action potential (Li et al., 2003).
The effects of drugs on the amplitude and frequency of mIPSCs and mEPSCs were determined
by the nonparametric Wilcoxon signed rank test or nonparametric ANOVA (Kruskal-Wallis)

with Dunn's post hoc test. P < 0.05 was considered to be statistically significant.

11
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RESULTS

Whole-cell voltage-clamp recordings were obtained from a total of 101 FluoSphere-
labeled neurons located in the PVN (n = 47 rats). All recorded neurons displayed membrane
potential of -64.3 £ 2.1 mV, input resistance of 489.6 + 28.3 MQ, and action potential

amplitude of 68.6 + 3.5 mV.

Effect of Ang 1l on thefiring activity of labeled PVN neurons

To determine the effect of Ang Il on the excitability of labeled PVN neurons, the
spontaneous firing activity of these neurons were recorded under current-clamp condition. The
majority of the labeled PVN neurons tested had spontaneous activity (38 of 48, 79.1%). Ang Il,
at a concentration of 2 uM, significantly increased the firing rate from 3.63 £ 0.65 to 6.10 +
0.75 Hz in all 9 cells tested (Fig. 2). However, the membrane potential was not significantly
atered by 2 uM Ang Il (-64.8 £ 2.01t0-63.5+ 2.2 mV; P > 0.05; n = 9). Repeat applications
of 2 uM Ang Il produced a similar increase in firing rate in these labeled PVN neurons (Fig. 2 A
and B). To examine if the excitatory effect of Ang Il was mediated through postsynaptic
angiotensin receptors, 1 mM GDP-B-s was included in the pipette internal solution to block the
possible postsynaptic effect of Ang Il in additional 8 labeled PVN neurons. There was no
significant alteration of the membrane potential and firing activity during the course of
intracellular dialysis of GDP-f-s (the first 3-5 min after rupturing the cell membrane). Perfusion

of 2 uM Ang Il still increased the firing rate of these labeled PVN neurons from 1.99 + 0.33 to

12
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4.6 + 0.63 Hz (P < 0.05; Fig. 2C). There was no significant difference between the excitatory
effect of Ang Il on the firing rate of cells recorded with and without GDP-B-s inside the
electrode.

To further determine the receptor subtype that mediated the effect of Ang Il on the firing
activity of the PVYN neurons, the specific antagonists for the AT, (losartan) and AT, (PD
123319) receptors were used. The effective concentrations of these antagonists have been
determined previously (Li et al., 2003). Ang Il (2 uM) failed to increase the firing rate of 9
labeled PVN neurons in the presence of 2 uM losartan (4.32 + 0.91 vs. 4.44 + 0.88 Hz, P > 0.05,
Fig. 3A and B). However, 5 uM PD 123319 did not affect the excitatory effect of 2 uM Ang Il
on another 7 labeled PVN neurons. Ang Il increased the firing rate from 3.13 £ 0.76 to 5.50 +

1.08 Hz (P < 0.05) in these 7 cellsin the presence of PD123319 (Fig. 3C).

Effect of Ang Il on el PSCs and eEPSCs of labeled PVN neurons

Because inclusion of GDP-B-s in the pipette solution did not affect the excitatory effect
of Ang Il on labeled PV N cells, we next determined the possible effect of Ang Il on the synaptic
inputs to the PVN neurons. Both IPSCs and EPSCs were evoked by electrical stimulation at a
constant intensity. The eEPSCs were recorded at a holding potential of -70 mV, while the
elPSCs was isolated at a holding potential of 0 mV (Li et al., 2003). The elPSCs were
completely eliminated by application of 20 uM bicuculline and the eEPSCs were abolished by
application of 20 uM CNQX (Fig. 4A). Both eEPSCs and elPSCs were evoked in 10 of 14

labeled PVN neurons, and only elPSCs were dlicited without detectable eEPSCs in the

13
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remaining 4 cells. Ang Il (0.5-5 uM) inhibited the peak amplitude of elPSCsin a concentration-
dependent manner (n = 14, Fig. 4A). The peak amplitude of elPSCs was reduced by Ang Il at a
concentration of 0.5 uM and the inhibition reached the maximum (~52.7%) at a concentration
of 2 uM (Fig. 4B). In contrast, Ang Il had little effect on the amplitude of eEPSCs even at a
higher concentration (5 uM, n = 10, Fig. 4). Furthermore, Ang Il did not significantly alter the
holding current and input resistance in these 14 labeled PVN neurons. The holding current was
78.2 £ 8.5 and 76.1 + 8.9 pA during control and application of 2 uM Ang I, respectively, at a
holding potential of 0 mV. When the cell was voltage-clamped at -70 mV, the holding current
was -19.6 £ 3.5 and -20.6 £+ 3.8 pA before and during application of 2 uM Ang Il, respectively.
The input resistence before and during perfusion of 2 uM Ang Il was 481.1 + 23.6 and 473.6 +

35.9 MQ, respectively (P > 0.05; n = 14).

Effect of Ang 11 on mIPSCs and mEPSCs of labeled PVN neurons

To further determine the presynaptic effect of Ang Il in labeled PVN neurons, we tested
the effect of 2 uM Ang Il on the mIPSCs and mEPSCs. The mIPSCs were recorded in the
presence of 1 uM TTX and 20 uM CNQX. The mIPSCs were completely abolished by 20 uM
bicuculline (Fig. 5A). Ang Il significantly decreased the frequency of mIPSCs from 3.89 + 0.84
t0 2.06 + 0.45 Hz (P < 0.05; n = 11) without affecting the amplitude and decay time constant of
mIPSCs in a concentration of 2 uM (Fig. 5). The cumulative probability analysis of mIPSCs
before and during Ang Il application revealed that the distribution pattern of the interevent

interval of mIPSCs shifted to the right in response to Ang I, whereas the distribution pattern of

14
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the amplitude of mIPSCs was not changed (Fig. 5B and C). The decay phase of mIPSCs was
best fitted by a double-exponential function (Fig. 5D). Neither the fast (6.87 £ 0.38 vs. 6.89 +
0.47 ms) nor slow (21.91 £+ 1.28 vs. 22.32 + 2.35 ms) components of the decay phase of mIPSCs
during Ang Il application was significantly different from those during the control. Repesat
application of Ang Il had a reproducible inhibitory effect on the frequency of mIPSCs in these
11 labeled PVN neurons (data not shown).

The effect of Ang Il on mMEPSCs was tested in another 9 labeled PVN neurons. The
MEPSCs were recorded at a holding potential of -70 mV in the presence of 1 uM TTX and 20
uM bicuculline. In these 9 neurons tested, the mEPSCs were completely abolished by 20 uM
CNQX (Fig. 6A). Neither the frequency nor the amplitude of mMEPSCs was significantly
affected by bath application of 2 and 5 uM Ang Il (Fig. 6). The effect of Ang Il on mMEPSCs was
further analyzed by measuring the time constant of the decay phase of mEPSCs. The decay
phase of mMEPSCs was best fitted by a single-exponential function (Fig. 6D). The decay time
constants of mEPSCs were similar during control and Ang Il application (2.58 £ 0.96 vs. 2.46 +
0.81 ms; P> 0.05; n=9).

To define the receptor subtype mediating the effect of Ang Il on mIPSCs, losartan and
PD123319 were used. In all 11 labeled PVN neurons, 2 uM losartan completely blocked the
inhibitory effect of 2 uM Ang Il on the frequency of mIPSCs (Fig. 7). Losartan alone had no
effect on mIPSCs of these neurons in the slice preparation. The frequency (2.43 £ 0.55 vs. 2.40
+ 0.52 Hz, P > 0.05) and amplitude (40.53 + 3.6 vs. 39.6 £ 3.4 pA, P > 0.05) of mIPSCs were

not significantly altered by bath application of Ang Il in the presence of losartan. However, 2
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uM Ang Il still significantly decreased the frequency of mIPSCs from 2.35 + 0.67 to 1.09 + 0.26
(P < 0.05) in the presence of 5 uM PD123319 in 8 separated labeled PVN neurons tested (Fig. 7

Fand G).

Effect of Ang Il on paired-pulse facilitation of evoked |PSCsand EPSCs

To further determine the presynaptic effect of Ang II, we examined the effect of 2 uM
Ang Il on paired-pulse ratio (PPR) of evoked IPSCs and EPSCs in 9 separate labeled PVN
neurons. Ang Il increased the PPR (A2/A1) of evoked IPSCs from 1.22 + 0.06 to 1.56 £ 0.07 in
8 of 9 labeled PVN neurons (P < 0.05, Fig. 8 A and B). Ang Il did not change the PPR of
evoked IPSCs in the remaining 1 neuron (1.02 vs 1.03). On the other hand, 2 uM Ang Il did not

significantly change the PPR of evoked EPSCsin al 6 labeled PVN neuronstested (Fig. 8C).

Effect of Ang Il and bicuculline on the firing activity of labeled PVN neurons

Because Ang Il selectively reduced inhibitory GABAergic inputs to labeled PVN cells,
we subsequently determined if Ang Il-induced disinhibition was responsible for the excitatory
effect of Ang Il on PVYN-RVLM neurons. Thus, the effect of 2 uM Ang Il on the firing activity
of labeled PVN neurons was tested in the presence of the GABA, receptor antagonist
bicuculline. The spontaneous activity of 8 labeled PVN neurons was significantly increased by
initial application of 2 uM Ang Il and following application of 20 uM bicuculline (Fig. 9A).
Bicuculline along significantly increased the firing rate from 2.86 + 0.54 to 5.54 + 0.69 Hz and

depolarized the cell membrane from -64.8 £ 1.6 t0 -60.9 £ 2.0 mV (n =8, P < 0.05). However,
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subsequent application of 2 uM Ang |l failed to further increase the firing rate of these neurons
in the presence of 20 uM bicuculline (Fig. 9 A and B). Lack of effect of Ang Il in the presence
of bicuculline could be possibly due to that bicuculline had maximally increased the firing
activity of these neurons. To examine this possibility, capsaicin was further applied in the
presence of bicuculline. Capsaicin in a concentration of 1 uM (Li et al., 2004) still significantly
increased the firing activity from 4.72 £ 0.42t0 6.09 + 0.48 Hz (Fig. 9 Cand D; P < 0.05; n=7)

in the presence of 20 uM bicuculline (Fig. 9 C and D).
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DISCUSSION

The hypothalamic PVN is a heterogenous structure that contains magnocellular
neuroendocrine neurons as well as parvocelular sympathetic premotor neurons (Swanson and
Sawchenko, 1983; Ranson et al., 1998; Yang and Coote, 1998; Pyner and Coote, 2000; Hardy,
2001). Although the PVYN sympathetic premotor neurons send projections to both the RVLM
and IML, the relative functional importance of these two pathways in autonomic regulation
remains to be established. Our previous studies have focused largely on cellular mechanisms
involved in the control of PVN-IML projection neurons (Li et al., 2002; Li et a., 2003). It has
been shown that inhibition of the PVN decreases the basal blood pressure and sympathetic nerve
activity, an effect that is largely attenuated by synaptic blockade of the RVLM in rats (Allen,
2002). Thus, the PVYN-RVLM pathway appears to be more important for regulation of
sympathetic outflow and blood pressure. In this éectrophysiological study, we used a
combination of retrograde labeling and in vitro brain slice whole-cell recording techniques to
specifically determined the cellular mechanisms responsible for the excitatory effect of Ang Il on
RVLM-projecting PVN neurons.

Both anatomical and functional evidence suggest that the PVN plays an important rolein
the regulation of autonomic function by Ang Il (Pan, 2004). For instance, the
sympathoexcitatory response induced by central hyperosmolality is attenuated by blockade of
AT, receptors with losartan in the PVN (Chen and Toney, 2001). We found that Ang Il

significantly increased the firing rate of labeled PVN neurons, and such an effect was eiminated
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by an AT, antagonist, losartan, but not by the AT, antagonist PD 123319 (Li et al., 2003). Thus,
the effect of Ang Il on RVLM-projecting PVN neurons is mediated by AT,, but not AT,,
receptors. These data are consistent with previous studies showing the presence of AT,
receptors and their mRNA in the PVN (Gehlert et al., 1991; Obermuller et al., 1991; Aguilera et
al., 1995; Li et al., 2003). Although the AT, receptor immunoreactivity in the PVN has been
reported, there is no binding site for AT, receptorsin the PVN (Gehlert et al., 1991; Song et al.,
1992). It is known that the AT1 receptors are G protein-coupled receptors (Richards et al.,
1999; Pan, 2004). Surprisingly, however, in the present study the effect Ang Il on the firing
activity was not affected by inclusion of a general G protein inhibitor, GDP--s, in the recording
pipette solution. Although Ang Il induces a small membrane depolarization in the PVN
magnocdlular neurons by inhibition of a potassium current (Li and Ferguson, 1996), we
observed that Ang Il had no detectable postsynaptic effect on the RVLM-projecting PVN
neurons in this dlice preparation. Notably, it has been reported that puff application of Ang Il
produces an inward current in some RVLM-projecting PVN neurons (Cato and Toney, 2004),
although the pre- and postsynaptic effects of Ang Il are not differentiated in that study. The
absence of postsynaptic action of Ang Il cannot be explained by the dose used in this study. We
observed that the excitatory effect of 2 uM Ang Il on the firing activity was not affected by
intracellular application of GDP-B-s. This suggests that postsynaptic AT, receptors do not
contribute significantly to the excitatory effect of Ang Il on the firing activity of RVLM-
projecting PVN neurons.

We thus further examined the possible synaptic mechanisms involved in the effect of
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Ang Il on RVLM-projecting PVN neurons. We found that Ang Il significantly inhibited the
evoked GABAergic IPSCs in a concentration-dependent manner. Furthermore, Ang Il increased
the paired pulse ratio of evoked IPSCs and decreased the frequency of GABAergic mIPSCs
without affecting the amplitude and decay time constant of mIPSCs, suggesting that the likely
site of its action is at the presynaptic GABAergic terminal. The effect of Ang Il on mIPSCs of
RVLM-projecting PVN neurons was completely blocked by a selective AT, receptor antagonist,
losartan. But the specific AT, receptor antagonist PD123319 did not alter the effect of Ang Il on
mIPSCs and the firing activity of the RVLM-projecting PVN neurons. Thisfinding is consistent
with our recent study showing that the AT, receptors are located at the presynaptic terminals in
the PVN (Li et al., 2003). In contrast to its action on GABAergic IPSCs, Ang Il had no
significant effect on glutamatergic evoked EPSCs or mEPSCs of labeled PVN neurons at
concentrations that attenuated GABAergic IPSCs. The reason for this selective effect of Ang Il
on the GABAergic synaptic inputs remains unclear. Both nitric oxide and Ang Il also
preferentially alter GABAergic, but not glutamatergic, synaptic inputs to spinally projecting
PVN neurons (Li et al., 2002; Li et al., 2003). On the other hand, the vanilloid receptor-1
(TRPV1) agonist capsaicin selectively enhances the glutamatergic, but not GABAergic, synaptic
inputs to these PVN neurons (Li et al., 2004). Because Ang Il only inhibits GABAergic synaptic
inputs to the labeled PVN neurons, it is possible that the glutamatergic terminals which make
synapse with PVN-RVLM output neurons have no sufficient functional AT, receptors. The
signal transduction mechanisms underlying the effect of Ang Il on the synaptic GABA release

remain largely unidentified. Ang Il receptors are coupled to different types of G-proteins
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resulting in activation of many different signaling pathways including phospholipase C, D and
A2, protein kinase C, and delayed rectifier and transient A-type K* currents (Dudley et al., 1990;
Pueyo et al., 1996; Sumners et al., 1996; Richards et a., 1999). Recent studies also suggest that
the reactive oxygen species may be involved in the action of Ang Il in the brain (Zimmerman et
a., 2002; Wang et al., 2004a). Further studies are warranted to define the signaling mechanisms
of the presynaptic effect of Ang Il in the PVN.

To determine if attenuation of GABAergic synaptic inputs contributes to Ang Il-induced
excitation of these PVN neurons, we determined the effect of Ang Il on the firing activity of
labeled PVN neurons following blockade of GABA, receptors with bicuculline. We found that
Ang Il failed to excite the labeled PVN neurons in the presence of bicuculline, suggesting that
the excitatory effect of Ang Il on RVLM-projecting PVN neurons is mediated by a disinhibition
(reduction of GABAergic inputs) mechanism. Bicuculline alone produced a profound increase
in the firing activity in al labeled PVN neurons tested. Hence, these PVN output neurons are
under a tonic inhibition by the GABAergic synaptic inputs, and GABA acts as a shunt to
maintain a hyperpolarized membrane potential and restrain firing. This tonic GABAergic
inhibition of PVN output neurons appears to be similar to modulation of the background firing
of thalamocortical neurons by inhibitory sculpturing (Steriade et al., 1993). It is possible that
lack of effect of Ang Il on the firing activity in the presence of bicuculline may be due to the
maximal firing of PVN neurons following bicuculline. Capsaicin excites PVN pre-autonomic
neurons through selective potentiation of glutamatergic inputs (Li et al., 2004). Thus, we

applied capsaicin in the presence of bicuculline to examine this possibility. We found that
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capsaicin still caused a significant increase in the firing activity of labeled PVN neurons in the
presence of bicuculline. Therefore, these data provide strong evidence that attenuation of
GABAergic synaptic inputs is ultimately involved in the excitatory effect of Ang Il on RVLM-
projecting PVN neurons. Ang Il could excite PVN sympathetic premotor neurons to augment
sympathetic outflow by attenuation of synaptic GABA release.

Although PV N neurons project to both the IML and RVLM (Shafton et al., 1998; Pyner
and Coote, 2000), there are some major differences as to the proportions of PVN neurons
projecting to either the RVLM or IML. When the retrograde tracer is injected into the caudal
spinal cord at T13-L1, about one-third of retrogradely labeled PVN neurons project to both the
spina cord and RVLM (Shafton et al., 1998). However, only about 3% PVN neurons have
projections both to the RVLM and IML if the tracer is injected into the rostral spinal cord at T2-
T4 level (Pyner and Coote, 2000). Notably, we injected the tracer into the T2-T4 leve of the
spinal cord in the previous study (Li et al., 2003). Based on that, it is likely that at least large
part of the neurons sampled in the present study are different from those studied previously (Li
et al., 2003). In general, we found that Ang Il has a similar effect on the excitability and
GABAergic and glutamatergic synaptic inputs to the two populations of neurons with
projections to the spinal cord and RVLM (Li et al., 2003). For example, Ang Il increased the
firing rate of spinally projecting PVN neurons and RVLM-projecting PVN neurons by 89.2%
and 86.6%, respectively. Also, Ang Il caused a comparable reduction in the frequency of
mIPSCs in spinally projecting PVN neurons and RVLM-projecting PVN neurons (54.5% and

49.8%, respectively). Furthermore, Ang Il, in a similar concentration range, decreased the
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amplitude of elPSCs in both spinally projecting and RVLM-projecting PVN neurons.
Therefore, the present study, together with our recent finding, provides important information
that Ang Il has a very similar presynaptic effect on these two populations of PVN sympathetic
premotor neurons.

In summary, this study provides new information about the synaptic mechanisms
underlying the stimulatory effect of Ang Il on RVLM-projecting PVN neurons. This
information is important for our understanding of the celular mechanisms of Ang Il in
regulation of sympathetic outflow in the hypothalamus. The intrinsic brain Ang Il or circulating
Ang Il could influence the sympathetic outflow through its presynaptic effect on sympathetic
premotor neurons in the PVN. Thus, Ang Il can regulate sympathetic output and hemodynamics
through the PVN-IML, PVYN-RVLM, or both pathways. The potential functional difference and
differential roles of these two descending projections in the regulation of sympathetic drive
under physiological and pathophysiological conditions are currently unclear and should be

further investigated.
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Figure Legends

Figure 1. Identification of retrogradely labeled RVLM -projecting PVN neurons

A: Photomicrograph depicting the FluoSphere injection site (red) at the level of the RVLM
(Bregma -12.30 mm) in one rat. B: A FluoSphere-labeled PVN neuron in the slice viewed with
fluorescence illumination. C: Photomicrograph of the same neuron (*) shown in B with an
attached recording electrode (") in the slice viewed with differential interference contrast optics.

Scalebarsarel mmin A and 50 umin B and C.

Figure 2. Excitatory effect of Ang Il on thefiring activity of labeled PVN neurons

A: Upper panel: Histogram showing the reproducible effect of 2 uM Ang Il on the firing activity
of a labeled PVN neuron. Lower pane: Raw tracings showing the spontaneous discharge
activity of the same cell during control, application of 2 uM Ang Il, and washout. B and C:
Summary data showing the effect of Ang Il on the firing activity of labeled PVN neurons
recorded using pipette internal solution with (C, n = 8) and without (B, n = 9) 1 mM GDP-§-s.
Data presented as means = SE.M. * P <0.05 compared to the control (Kruskal-Wallis ANOVA

followed by Dunn's post hoc test). Ang Il: angiotensin Il.

Figure 3. Effect of losartan and PD123319 on Ang Il-induced excitation of labeled PVN
neurons

A: Upper panel: Histogram showing the effect of losartan on the Ang Il-induced excitation of a
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PVN neuron. Lower panel: Raw tracings showing the firing activity of the same cell during
control, application of 2 uM Ang II, and 2 uM Ang Il plus 2 uM losartan. B: Summary data
showing the blocking effect of losartan on the Ang Il-induced increase in firing activity of 9
labeled PVN neurons. C: Summary data showing lack of blocking effect on 5 uM PD123319 on
the excitatory effect of 2 uM Ang Il on 7 labeled PVN neurons. Data presented as means +
SEM. * P < 0.05 compared to the control (Kruskal-Wallis ANOVA followed by Dunn's post

hoc test). Ang ll: angiotensin II; LST: losartan.

Figure 4. Effect of Ang 1l on evoked IPSCsand EPSCsin labeled PVN neurons

A: Upper pand: Origina recordings showing that Ang Il concentration-dependently decreased
elPSCs. The elPSCs were dlicited at a holding potential of 0 mV. Lower pane: Ang Il had no
effect on eEPSCs recorded at a holding potential of -70 mV. The stimulation artifacts are
removed for clarity and indicated by arrows. B: Summary data showing differential effect of 0.5
- 5.0 uM Ang Il on elPSCs (n = 14) and eEPSCs (n = 10). Data presented as means+ SE.M. *
P < 0.05 compared to control (Kruskal-Wallis ANOVA followed by Dunn's post hoc test). Ang

II: angiotensin Il. HP: holding potential.

Figure5. Effect of Ang 1l on mIPSCsin labeled PVN neurons
A: Representative tracings from a labeled PVN neuron showing mIPSCs recorded during
control, application of 2 uM Ang II, washout, and application of 20 uM bicuculline. B and C:

Cumulative probability plot analysis of mIPSCs of the same neuron showing the distributions of
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the inter-event interval (B) and peak amplitude (C) during control, Ang Il application, and
washout. Ang Il increased the inter-event interval of mIPSCs (P < 0.05, Kolmgorov-Smirnov
test) without changing the distribution of the amplitude. (D): Superimposed averages of 100
consecutive mIPSCs obtained during control and Ang Il application. The decay phase of
mIPSCs was best fitted with a double exponential function. Both 1:,« (6.63 vs. 6.71 ms) and
Tgow (19.35 vs. 19.69 ms) of the decay phase during control and Ang Il administration were
smilar. E and F: Summary data showing the effect of 2 uM Ang Il on the frequency (E) and
amplitude (F) of mIPSCsin 11 labeled PVN neurons. Data presented as means+ SEM. * P <
0.05 compared to the control (Kruskal-Wallis ANOVA followed by Dunn's post hoc test). Ang

II: angiotensin Il.

Figure6. Lack of effect of Ang 1l on mEPSCsin labeled PVN neurons

A: Representative tracings from a labeled PVN neuron showing mEPSCs during control and
application of 5 uM Ang Il. B and C: Cumulative plot analysis of mMEPSCs of the same neuron
showing the distributions of the inter-event interval (B) and amplitude (C) during control and
application of 5 uM Ang Il. D: Superimposed averages of 100 consecutive mEPSCs obtained
during control and Ang Il application. The decay phase of MEPSCs was best fitted with asingle
exponential function. The decay time constant was similar during control (1=2.42 ms) and Ang
Il application (1=2.39 ms). E and F. Summary data showing the effect of 5 uM Ang Il on the
frequency (E) and amplitude (F) of mEPSCs in 9 labeled PVN neurons. Data presented as

means + S.E.M. Ang Il: angiotensin Il.
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Figure 7. Effect of losartan and PD123319 on Ang Il-induced decrease in mIPSCs

A: Raw tracings from a labeled PVN neuron showing miPSCs recorded during control,
application of 2 uM Ang Il, and 2 uM losartan plus Ang Il. B and C: Cumulative probability
plot analysis of mIPSCs of the same neuron showing the distributions of the inter-event interval
(B) and peak amplitude (C) during control, Ang Il application, and losartan plus Ang Il. D and
E: Summary data showing the blocking effect of losartan on Ang Il-induced inhibition of
mIPSCs in 11 labeled PVN neurons. F and G: Summary data showing lack of effect of 5 uM
PD123319 on Ang ll-induced decrease in mIPSCs of another 8 labeled PVN neurons. Data
presented as means + SE.M. * P < 0.05 compared to the control (Kruskal-Wallis ANOVA

followed by Dunn's post hoc test). Ang Il: angiotensin Il. LST: losartan.

Figure 8. Effect of Ang Il on the paired-pulseratio (PPR) of evoked |PSCsand EPSCs

A, Raw tracings from a labeled PVN neurons showing IPSCs evoked by a paired-pulse
stimulation during control and application 2 uM Ang II. The paired-pulse interval was 50 ms.
The traces are averages of 10 consecutive responses. The stimulation artifacts are removed for
clarity and indicated by arrows. The current recorded during Ang Il application was normalized
to the first IPSC obtained during control, which shows that PPR was increased by Ang ll. B, C,
Summary data showing the effect of Ang Il on the PPR of evoked IPSCs (B, n = 8) and evoked
EPSCs (C, n = 6) in labeled PVN neurons. Data are presented as means + SEM. * P < 0.05,

compared with the control (Wilcoxon rank test). Ang II: angiotensin I1.
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Figure 9. Effectsof Ang Il and capsaicin on the firing activity of labeled PVN neuronsin
the presence of bicuculline

A: Upper pand: Histogram showing the effect of 2 uM Ang Il, 20 uM bicuculline, and 2 uM
Ang Il plus 20 uM bicuculline on the firing activity of a labeled PVN neuron. Lower pandl:
Original tracings recorded during control, application of 2 uM Ang II, 20 uM bicuculline, and
Ang Il plus bicuculline. B: Summary data showing the effect of 2 uM Ang Il on the firing
activity of 8 labeled PVN neurons before and after application of 20 uM bicuculline. C: Upper
pand: Histogram showing the effect of 2 uM Ang II, 20 uM bicuculline, and 1 pM capsaicin
plus 20 uM bicuculline on the firing activity of a labeled PVN neuron. Lower pane: Original
tracings recorded during control, Ang Il, bicuculline, and capsaicin plus bicuculline. Note that
capsaicin further increased the firing activity in the presence of bicuculline. D: Summary data
showing the effect of 2 uM Ang I, 20 uM bicuculline, and 1 puM capsaicin plus 20 uM
bicuculline on the firing activity of 7 labeled PVN neurons. Data presented as means + S.E.M.
* P < 0.05 compared to the control; # P < 0.05 compared to the bicuculline alone (Kruskal-
Wallis ANOVA followed by Dunn's post hoc test). Ang II: angiotensin Il; Bic: bicuculling;

Caps:. capsaicin.
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