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Key points

• Heart failure is associated with large increases in sympathetic nerve activity to organs like the
heart and kidney and this increase is detrimental to patients.

• We explored the role played by the paraventricular nucleus of the hypothalamus (PVN), a
central brain region, in mediating the increase in sympathetic drive during heart failure.

• We show that neurons in the PVN selectively mediate changes in sympathetic drive to the
kidney, but not to the heart when blood volume is increased.

• In addition, neurons in the PVN do not contribute to the resting levels of sympathetic drive to
the heart during normal conditions or in heart failure.

• Our data demonstrates striking differences in the central mechanisms that control sympathetic
drive to the heart and kidney during heart failure.

Abstract The paraventricular nucleus of the hypothalamus (PVN) plays a major role in central
cardiovascular and volume control, and has been implicated in controlling sympathetic nerve
activity (SNA) during volume expansion and in heart failure (HF). The objectives were to
determine the role of the PVN on cardiac and renal SNA (CSNA and RSNA) in conscious normal
sheep and sheep with pacing-induced heart failure. In normovolaemic sheep in the normal state
and in HF, bilateral microinjection of the GABA agonist muscimol (2 mM, 500 nl), had no effects
on resting mean arterial pressure (MAP), heart rate (HR), CSNA or RSNA. In addition, neither
chemical inhibition of the PVN using the inhibitory amino acid glycine (0.5 M, 500 nl), nor
electrolytic lesion of the PVN reduced the elevated level of CSNA in HF. Dysinhibition of the
PVN with bilateral microinjection of bicuculline (1 mM, 500 nl) in normal sheep increased MAP,
HR and CSNA, but decreased RSNA, whereas in HF bicuculline had no effects on MAP, HR or
CSNA, but inhibited RSNA. During volume expansion in normal sheep, muscimol reversed the
inhibition of RSNA, but not of CSNA. In summary, removal of endogenous GABAergic inhibition
to the PVN indicated that CSNA is normally under inhibitory control. Although this inhibition
was absent in HF, the responses to pharmacological inhibition, or lesion of the PVN, indicates
that it does not drive the increased CSNA in HF. These findings indicate the PVN has a greater
influence on RSNA than CSNA in the resting state in normal and HF sheep, and during volume
expansion in normal sheep.
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Introduction

The paraventricular nucleus of the hypothalamus (PVN)
plays a major role in central cardiovascular and volume
control. It has reciprocal neuronal connections to other
cardiovascular and autonomic centres in the brain, and
has been implicated in the increased sympathetic nerve
activity (SNA) in cardiovascular disease states including
heart failure (HF). In HF, the increases in SNA to the
heart and kidneys are particularly damaging, and are
independent predictors of mortality (Hasking et al. 1986;
Kaye et al. 1995; Petersson et al. 2005). There is extensive
evidence that the increased SNA in HF is mediated
by central mechanisms, but these are not well defined,
particularly those causing the high level of sympathetic
drive to the heart.

An anatomical substrate for the actions of the PVN on
SNA is indicated by studies showing transynaptic neuro-
nal transport of pseudo-rabies virus from the kidney and
stellate ganglion into neurons in the PVN (Jansen et al.
1995; Cano et al. 2004). There is also extensive evidence
indicating a functional role for the PVN in mediating the
responses of the sympathetic nervous system to changes in
volume status (Deering & Coote, 2000; Pyner et al. 2002;
Coote, 2005). Volume expansion and right atrial stretch
increase the expression of the early gene marker c-fos in
parvocellular neurons of the PVN (Akama et al. 1998),
and inhibition of PVN neurons with muscimol attenuated
the volume expansion-induced inhibition of renal SNA
(RSNA) (Ng et al. 2004). Selective stretch of venous–atrial
junctions in anaesthetised dogs and rats has been shown
to inhibit RSNA (Karim et al. 1972; Pyner et al. 2002),
with similar stimuli increasing cardiac SNA (CSNA) or
sympathetically mediated heart rate (Karim et al. 1972;
Kaufman et al. 1981). In contrast, our studies in conscious
sheep indicate that volume expansion caused similar
percentage decreases in CSNA and RSNA (Ramchandra
et al. 2008, 2009b). It is important to note that in contrast to
atrial stretch, volume expansion activates stretch receptors
present outside the atria, and thus represents a more
physiological stimulus. At present it is unknown whether
the PVN mediates the inhibition of CSNA in response to
volume expansion in the conscious state.

Considering the role of the PVN in integrating the
sympathetic responses to volume change, there has been
major interest in determining whether it mediates the
increased SNA in HF, which is associated with volume
expansion and large increases in sympathetic drive to the
heart and the kidney (Gibson & Evans, 1937; Meneely
& Kaltreider, 1943; Hasking et al. 1986; Kaye et al. 1994;
Eisenhofer et al. 1996; Petersson et al. 2005). Activation
of the PVN in HF is indicated by the increased expression
of c-fos as well as Fos related antigens in neurons in the
PVN (Vahid-Ansari & Leenen, 1998; Patel et al. 2000). In
addition, studies in a rat model of HF indicate that the

PVN contributes to the increased levels of RSNA (Patel,
2000; Li et al. 2003; Zheng et al. 2009), and that PVN
neurons have a higher firing rate (Zhang et al. 2002b). A
major factor leading to the increased sympathetic outflow
to the kidneys from the PVN in HF is a reduced inhibitory
GABAergic input (Zhang et al. 2002a; Li & Patel, 2003), but
whether such a mechanism also accounts for the increase
in CSNA in HF is unknown.

In the present study we first examined whether
excitatory output from the PVN determines the resting
level of CSNA and RSNA in the normal state and the
increased CSNA in HF, by inhibition of neurons in the
PVN with muscimol or glycine, or by ablation of the
PVN. Secondly, in normal volume expanded sheep it was
examined if the PVN mediates the inhibition of CSNA, as
well as RSNA. Finally, we examined whether the control
of CSNA and RSNA by tonic inhibitory GABAergic inputs
to the PVN is altered in HF.

Methods

Adult merino ewes (35–45 kg body wt) were housed
in individual metabolism cages in association with
other sheep. Experiments were started when sheep were
accustomed to laboratory conditions and human contact.
Sheep were fed a diet of oaten chaff (800 g day−1), and
water ad libitum. All experiments were approved by the
Animal Experimentation Ethics Committee of the Howard
Florey Institute under guidelines laid down by the National
Health and Medical Research Council of Australia.

Surgical procedures

Prior to the studies, sheep underwent three aseptic surgical
procedures, separated by a recovery period of at least
2 weeks. For all normal animals, anaesthesia was induced
with intravenous sodium thiopental (15 mg kg−1), and
following intubation anaesthesia was maintained with
1.5–2.0% isoflurane/O2. For HF animals, anaesthesia
was induced and maintained with isoflurane. The first
operation involved construction of a carotid arterial loop
and in HF animals insertion of a cardiac pacemaker
lead into the right ventricle (Excellence SS+, Viatron,
Minneapolis, MN, USA). The construction of the carotid
artery loop consisted of exteriorizing the carotid artery
in a skin fold to facilitate arterial cannulation to measure
arterial pressure. The right jugular vein was exposed, and
the pacing lead was inserted and advanced to the apex
of the right ventricle under fluoroscopic guidance. After
2 weeks, animals were placed in a stereotaxic frame and
two stainless steel guide tubes were inserted so the tips
were 5 mm above the lateral cerebral ventricles. Contrast
media (0.6 ml, Omnipaque, GE Healthcare, Munich,
Germany) was injected into the lateral ventricles, and

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 591.1 Differential control of sympathetic nerve activity by the paraventricular nucleus 95

two microinjection guide tubes were placed bilaterally
5 mm above the PVN using the ventricular anatomy on
overhead and lateral radiographs to guide the placement
(Frithiof et al. 2009). In one group of five sheep in HF,
PVN lesion electrodes were inserted bilaterally, 1.0 mm
either side of the sagittal midline with the tips positioned
in the PVN. All cannulae were fixed in place with dental
acrylic and sealed with obturators. After at least 2 weeks
in normal animals, and following decrease of ejection
fraction to <40% in the HF group (8–12 weeks), surgery
was conducted to implant electrodes in the cardiothoracic
and left renal sympathetic nerves as described previously
(Watson et al. 2007; Ramchandra et al. 2009a). The
left cardiothoracic nerves innervate the left and right
ventricular muscle, the left atrium and septum, and
the sinoatrial and atrioventricular nodes (Waites, 1957;
McKibben & Getty, 1969). Briefly, an incision was made
above the fourth rib, the periosteum was opened, and
the rib was removed. The thoracic cardiac nerves were
identified, and the facia over the nerves was removed.
Up to five electrodes were inserted obliquely through the
nerve sheath, ensuring that the tip was positioned in the
centre of the nerve. Electrodes were fixed in place with
cyanoacrylate glue, the implantation site was covered with
a layer of Kwik-Sil (WPI, Glen Waverly, Vic, Australia), and
the wires were exteriorized next to the sutured wound. A
stainless-steel ring implanted subcutaneously was used as
a ground. The renal artery was exposed via a paracostal
retroperitoneal approach. The renal nerves were identified
and up to five electrodes were implanted, as described
for the cardiac sympathetic nerves. Antibiotic (900 mg
procaine penicillin, Troy Laboratories, Glendenning NSW,
Australia) was administered prophylactically at the start
of surgery and for 2 days post-surgery. Post-surgical
analgesia was maintained with intramuscular injection
of flunixin meglumine (1 mg kg−1; Mavlab, Slacks Creek
Qld, Australia) at the start of surgery, and after 24 h
recovery.

A day prior to electrode placement surgery, using
aseptic techniques, cannulae were inserted 20 cm into a
jugular vein for measurement of central venous pressure
(CVP) and for intravenous infusions. One day prior to
experiments a cannula was inserted 3 cm proximally into
the carotid artery exteriorized in a loop for measurement
of arterial pressure. Experiments were started at least 4
days after implantation of electrodes.

Pacing-induced heart failure

Sheep with pacemaking leads underwent left ventricular
echocardiograph measurements (Hewlett Packard Sonos
1000) prior to pacing, and were then paced at
200–220 beats min−1. Echocardiographs were repeated
every 7 days with the pacing switched off to monitor

progression of HF, and when ejection fraction was
30–40%, electrode placement surgery was performed. All
experiments were conducted with the pacing switched off.

Nerve recording

Sympathetic nerve activity was recorded differentially
between pairs of electrodes, and the pair with the
best signal to noise ratio was selected. The signal
was amplified (×100,000) and filtered (bandpass
400–1000 Hz), displayed on an oscilloscope and passed
through an audio amplifier and loud speaker. Sympathetic
nerve activity and blood pressure were recorded on
computer using a CED micro 1401 interface and Spike2
software (Cambridge Electronic Design, Cambridge, UK).
Sympathetic nerve activity was full-wave rectified and
integrated using a time constant of 20 ms. For each
heartbeat, the program determined diastolic, systolic, and
mean arterial blood pressures (MAP), heart period, and
the area of the rectified and integrated SNA signals between
diastolic pressures. The smallest burst was identified in
the entire recording from a spreadsheet of data, and its
correct position in the cardiac cycle and absence of artifacts
were confirmed visually. The rectified and integrated area
between the corresponding diastolic pressures of this burst
was noted, and this area was taken as the minimum area for
the definition of a burst. When the rectified and integrated
area between any heart beat was greater than the minimum
area, this was determined to constitute a burst. The burst
incidence was calculated as the number of bursts per 100
heart beats. For the determination of burst amplitude, the
integrated area under the curve for each burst was taken as
an index of burst amplitude for the associated heartbeat.

PVN microinjections of muscimol, bicuculline and
glycine

These experiments were carried out on separate days in
normal and HF animals (n = 5/group). After a 20 min
baseline recording, either the GABA agonist muscimol
(2 mM, 500 nl), the GABA antagonist bicuculline (1 mM,
500 nl), or aCSF (500 nl) was injected bilaterally into the
PVN and recording was continued for a further 25 min.

In separate groups of normal (n = 5) and HF (n = 6)
sheep, following a 10 min baseline recording, baroreflex
responses were generated by measuring CSNA and HR
responses to increasing doses of phenylephrine hydro-
chloride and sodium nitroprusside (Watson et al. 2007).
Following control measurements, glycine (0.5 M, 500 nl)
or artificial cerebrospinal fluid (500 nl) was injected
bilaterally into the PVN. At 5 min after the micro-
injections, a second baseline recording was made and the
baroreflex responses were retested. Baroreflex curves were
drawn using a four-parameter sigmoidal logistic equation.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Three of the normal animals were the same as those
in a previous study in which we demonstrated that this
dose of glycine significantly reduced the responses to I.C.V.
infusion of hypertonic saline in conscious sheep (Frithiof
et al. 2009), validating the effectiveness of the dose used.

Volume expansion and PVN microinjections

In conscious normal sheep (n = 6), resting CSNA,
RSNA, arterial pressure and central venous pressure
were recorded for 10 min. The animals were then sub-
jected to a volume expansion protocol on two occasions,
separated by a recovery period of at least 48 h. For
volume expansion, Gelofusine (Braun Australia Pty Ltd,
Bella Vista, NSW, Australia) was infused until the total
volume infused reached 500 ml. Gelofusine was infused at
350–500 ml/30 min with the rate titrated to raise CVP by
4–6 mmHg without significantly increasing mean arterial
pressure (MAP). When 300 ml of gelofusine had been
infused, 500 nl of either aCSF (500 nl) or the GABA agonist
muscimol (2 mM, 500 nl) was microinjected bilaterally
into the PVN. The volume expansion protocol was
continued until 500 ml had been infused.

PVN lesion experiments

These experiments were conducted in a separate group
of sheep in HF (n = 5). Baseline levels of CSNA, HR and
baroreflex responses (as described above) were measured
at 4 days after surgery and for at least 2 days prior to PVN
lesion. The lesion was created with radiofrequency current
applied across the indwelling electrodes by means of a
Grass LM-4 lesion maker, which raised the temperature at
the electrode tips to 58–63◦C, as measured by a thermistor,
for 2 min. The sheep were conscious, remained quiet
and did not show any unusual behaviour during this
procedure. Following the lesion, baseline arterial pressure,
CSNA, HR and baroreflex responses were measured for at
least 3 days.

Verification of PVN cannulae placement and PVN
lesion

All sheep were killed with an overdose of sodium
pentobarbitone (100 mg kg−1). In the microinjection
experiments, blue dye (100 nl) was microinjected into the
PVN to verify cannulae position. In all animals, brains
were instantly perfused via the carotid arteries with iso-
tonic saline followed by 4% paraformaldehyde, and were
later transferred to 20% sucrose. Two days later, brains
sections (60 μM) were cut in a coronal plane. Alternate
sections were stained with cresyl violet to determine the
location of the injections.

Statistics

Results are expressed as means ± SEM. Two-way ANOVA
was used to test for differences between aCSF and
muscimol microinjections into the PVN. Two-way
ANOVA was also used to test for differences before and
after PVN bicuculline in the normal and HF animals.
Student’s unpaired t test was used to compare baseline
values between normal and HF groups. A significant result
was considered to be P < 0.05.

Results

Baseline haemodynamics in normal and HF sheep

Left ventricular ejection fraction and fractional
shortening, measured in conscious sheep by
echocardiography, gradually decreased over the 8–12
weeks of rapid ventricular pacing at 200–220 beats min−1.
In HF animals, the day before implantation of recording
electrodes, ejection fraction (36 ± 2%) and fractional
shortening (18 ± 1%) were significantly reduced
compared with the pre-pacing values (78 ± 2% and
35 ± 1%, respectively, both P < 0.001). MAP was
lower (75 ± 2 vs. 82 ± 3 mmHg), while heart rate was
higher (92 ± 8 vs. 76 ± 3 bpm) in the HF group. In
normal animals, the resting burst incidence (bursts of
pulse-related activity/100 heart beats) of CSNA (27 ± 6%)
was significantly lower than the burst incidence of RSNA
(77 ± 5%, P < 0.001). In HF there was a significant
increase in burst incidence of CSNA to 78 ± 9%, but there
was no change in the resting level of RSNA (78 ± 5%).

Effects of inhibition of the PVN with bilateral
microinjections of muscimol or glycine in normal and
HF sheep

Bilateral microinjection of muscimol (2 mM, 500 nl each
side) in normovolemic sheep in the normal state and
in HF had no effects on baseline levels of MAP, HR,
CSNA or RSNA (Fig. 1). Microinjection of muscimol
into areas adjacent to the PVN had no effects (data not
shown).

In separate groups of normal sheep and sheep in HF,
bilateral microinjections of glycine into the PVN (0.5 M,
500 nl each side) caused no change in the baseline levels of
CSNA (Table 1). Nevertheless, glycine microinjection did
significantly decrease the range of the baroreflex control
of heart rate in normal animals (P < 0.05), though not
in HF animals (Fig. 2). There was no change in the
baroreflex control of CSNA in either group of animals.
Microinjections of glycine outside the PVN in the normal
animals had no effect on the range of the baroreflex control
of HR (n = 3, data not shown).
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Figure 1. Effects of bilateral microinjection of muscimol (2 mM, 500 nl) into the PVN on mean arterial
blood pressure, heart rate, cardiac SNA and renal SNA in conscious normal (n = 5, continuous line) and
HF sheep (n = 5, dashed lines)
The distribution of all injection sites is shown in the schematic drawing adapted from coronal sections from 1
animal. The dots show the centre of injection sites as visualized by the distribution of blue dye. Dots indicate the
paraventricular nucleus of the hypothalamus (PVN) muscimol injection sites in the normal (open circles) and heart
failure animals. IC, optic chiasm.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Table 1. Resting levels of cardiovascular variables from 10 min of resting data in conscious normal (n = 6) and HF (n = 5) sheep,
before and after bilateral PVN microinjection of glycine

Normal Heart failure

Control After glycine Control After glycine

Mean arterial pressure (mmHg) 78.1 ± 2.1 78.0 ± 3.7 72.8 ± 1.7 74.3 ± 1.7
Heart rate (beats min−1) 84.2 ± 3.1 82.8 ± 3.3 104.3 ± 9.5∗ 109.7 ± 12.5
CSNA burst incidence (bursts (100 heart beats)−1) 46.7 ± 5.5 43.3 ± 5.1 86.5 ± 4.1∗ 80.0 ± 2.5
CSNA burst frequency (bursts min−1) 38.7 ± 3.9 36.3 ± 4.2 91.2 ± 9.9∗ 91.6 ± 17.0

Data are means ± SEM; ∗P < 0.05 vs. control values in normal group.

Effect of bilateral radiofrequency lesion of the PVN in
HF sheep

Large radio-frequency lesions were made bilaterally in the
anterior medial part of the hypothalamus. Lesions were
approximately symmetrical for 3–4 mm on either side
of the lateral walls of the third ventricle and extended
caudally from just caudal to the anterior commissure to the
most caudal part of the hypothalamic PVN. The ablated
regions that were common in all sheep are shown in Fig. 3.
Lesions spared the ventral part of the lamina terminalis
and the optic recess of the third ventricle and thus the
most ventral part of the PVN was left intact, as was the
OVLT, ventral median preoptic nucleus, suprachiasmatic
nucleus and the supraoptic nucleus. The remainder of the
hypothalamic PVN was almost entirely ablated, as was the
medial anterior hypothalamic and periventricular regions.
The dorsomedial, ventromedial, arcuate and lateral hypo-
thalamic nuclei remained intact. Large parts of the anterior
medial thalamic region were ablated in all sheep, reaching
up to the level of the paraventricular nucleus of the
thalamus.

PVN lesions led to a significant increase in mean
arterial pressure (from 75 ± 2 to 82 ± 3 mmHg, P < 0.05)
and heart rate (from 90 ± 5 to 105 ± 7 bpm, P < 0.05),
measured 2 days post-lesion (Fig. 3). There was
no difference in baseline levels of CSNA, when
measured either as burst incidence (from 88 ± 5 to
86 ± 3 bursts/100 heart beats) or as burst rate (from 80 ± 7
to 90 ± 8 bursts min−1). There was no change in any
parameter of the baroreflex control of heart rate or CSNA
(Fig. 3).

Effect of inhibition of the PVN with muscimol on the
responses to volume expansion in normal sheep

This study was completed only in normal animals because,
as we have shown previously, the reflex inhibition of CSNA
and RSNA in response to volume expansion is abolished in
HF (Ramchandra et al. 2009b). In normal sheep, volume
expansion over 25 min caused a significant increase in
CVP, without any change in MAP or HR, and a significant

reduction in CSNA and RSNA (Fig. 4). Bilateral micro-
injection of aCSF into the PVN, after 300 ml of gelofusine
had been infused, had no effect on the inhibition of CSNA
or RSNA as the volume expansion continued. Inhibition
of neurons in the PVN with bilateral microinjection of
muscimol (2 mM, 500 nl each side) led to a reversal of
the inhibition of RSNA, but in contrast there was no
decrease in the inhibition of CSNA that continued until
the completion of the volune expansion (Fig. 4).

The reduction in RSNA during infusion of gelofusine
was mediated by decreases in both burst frequency
(from 61 ± 3 to 34 ± 7%, P < 0.05) and burst amplitude
(to 86 ± 3% of control, P < 0.05). Microinjection of
muscimol to inhibit the PVN led to a reversal of the
decreases in burst frequency and burst amplitude of RSNA
(Fig. 4). In contrast, the reduction in CSNA was mediated
primarily by a decrease in burst frequency (from 28 ± 8%
to 12 ± 6%, P < 0.05); there was no change in CSNA burst
amplitude.

Effects of dysinhibition of the PVN with bilateral
microinjections of bicuculline in normal sheep

Microinjection of bicucilline (1 mM, 500 nl each side)
was used to ascertain the effect of removing resting
GABAergic inhibitory tone onto PVN neurons. In normal
sheep, bicuculline caused large increases in MAP, HR and
CSNA, accompanied by a significant inhibition of RSNA
(Figs 5 and 6). In contrast, in HF sheep, there was no
significant change in MAP, HR or CSNA after micro-
injection of bicuculline, but there was a similar inhibition
of RSNA to that in normal animals (Figs 5 and 6). Micro-
injection of bicuculline outside the PVN had no effect on
any parameter in normal or HF sheep (n = 3, data not
shown).

Analysis of the sites of microinjection in normal and HF
animals at post-mortem indicated that the sites of injection
were localized in the PVN, as identified by the cresyl
violet stains (Figs 1, 2, 4 and 6). There was no difference
between the groups in terms of localization of injections
sites.
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Figure 2. Arterial baroreflex curves for cardiac SNA and heart rate (HR) during the control period
(continuous line, filled circles) and after microinjection of glycine (1 mM) (dashed line, open circles) in
normal and HF sheep
CSNA is presented as percentage of baseline activity measured. Resting points were taken from 5 min of recording
during control periods. Values are means ± SEM (n = 6 in the normal and n = 5 in the HF group). The bottom
panel indicates the distribution of microinjection sites in normal and HF sheep, dots show centre of injection sites
as visualized by the distribution of blue dye in the normal (open circles) and heart failure animals. OC, optic chiasm.
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Discussion

The present study examined the role of the PVN in the
control of CSNA and RSNA in conscious sheep in the

normal state and in HF. The novel findings of this study
are as follows. (1) In normal sheep and sheep in HF,
inhibition of the PVN with the GABA agonist muscimol
had no effects on MAP, HR, CSNA or RSNA, suggesting

Figure 3. Changes in levels of mean arterial pressure, heart rate, cardiac sympathetic nerve activity and
baroreflex control of heart rate and CSNA pre- and post-lesion of the PVN in 5 HF sheep
Data are means ± SEM; ∗P < 0.05 pre- vs. post-lesion. The straight lines represent the pre-lesion and the dotted
lines represent the post-lesion baroreflex curves. The common area of lesion in all five sheep with HF is denoted
below in the first 4 panels on the left. The panels on the right represent sections from one animal showing the
lesioned area.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Figure 4. Changes in mean arterial pressure, central venous pressure, cardiac SNA and renal SNA during
volume expansion with infusion of gelofusine over 30 min in conscious sheep (n = 6).
At an infused volume of 300 ml, sheep were treated with bilateral PVN microinjections of muscimol (2mM, 500
nL) (dashed line) or artificial CSF (continuous line). The dotted line signifies when the microinjection into the PVN
was conducted. #Significant difference, P > 0.05 between treatments. The circles show the centre of injection
sites as visualized by the distribution of bue dye. Circles indicate the paraventricular nucleus of the hypothalamus
(PVN) muscimol injection sites in the normal (open circles) and heart failure animals. IC, optic chiasm.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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that the PVN does not contribute to the resting level of
CSNA or RSNA in the normovolaemic, healthy state or
in HF. (2) In sheep in HF, inhibition of the PVN with
the inhibitory amino acid glycine, or electrolytic lesion

of the PVN, did not reduce CSNA, further indicating
that the PVN does not drive the increased sympathetic
activity to the heart in HF. (3) In volume expanded
normal sheep, PVN microinjection of muscimol reversed

Figure 5. Original data showing changes in arterial pressure, cardiac SNA andrenal SNA in normal (upper
panels) and HF animals (lower panels) before (left panels) and 25 min post-bilateral microinjection of
bicuculline (1 mM) intothe PVN (right panels).
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Figure 6. Effects of microinjection of
bicuculline into the PVN on mean
arterial blood pressure, heart rate,
cardiac SNA and renal SNA in conscious
normal (n = 5, continuous line) and HF
sheep (n = 5, dashed lines)
∗Significant effect of time within group, P <

0.05; #significant difference between
treatments, P < 0.05. The distribution of all
injection sites is shown in the schematic
drawing adapted from coronoal sections
from 1 animal.The circles show the centre of
injection sites as visualized by the
distribution of bue dye. Circles indicate
theparaventricular nucleus of the
hypothalamus (PVN) muscimol injection sites
in the normal (open circles) and heartfailure
animals. IC, optic chiasm.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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the volume induced inhibition of RSNA, but not CSNA.
(4) An excitatory pathway from the PVN to the heart was
demonstrated in normal sheep by the large increase in
CSNA, but not RSNA, in response to inhibition of end-
ogenous GABAergic inputs into the PVN. In contrast, in
HF bicuculline did not stimulate CSNA, indicating a loss
of this GABAergic inhibitory tone.

Role of the PVN in the control of CSNA and RSNA in
the normal state

Our findings that microinjections of muscimol or glycine
into the PVN had no effects in conscious, normal sheep
suggest that in the unanaesthetised healthy state tonic drive
from the PVN does not maintain resting CSNA or RSNA.
The role of the PVN in the control of CSNA has not been
explored, but previous studies have found variable effects
on RSNA. As in our study, muscimol injected in the PVN
in conscious rabbits had no effect on RSNA, although
in another study it increased RSNA (Badoer et al. 2002;
Ng et al. 2004). In contrast, in anaesthetised rats acute
inhibition of the PVN with muscimol decreased MAP,
HR, RSNA (Zhang et al. 2002a; Akine et al. 2003; Wang
et al. 2009) and lumbar SNA (Li & Pan, 2007). But this is
not a universal finding as other studies in anaesthetized
rats have observed no change in MAP or RSNA during
microinjection of muscimol into the PVN (Stocker et al.
2004, 2005). These different RSNA responses are likely to
be due to the effects of anaesthesia in previous studies,
as anaesthesia has been reported to significantly modify
the responses to stimulation of the PVN (Kannan et al.
1989).

The importance of a tonic inhibitory GABAergic
input into the PVN in the normal state is indicated by
significant increases in MAP, HR and RSNA after micro-
injection of bicuculline into the PVN in anaesthetized
rats (Zhang et al. 2002a; Wang et al. 2009). In conscious
normal sheep microinjection of bicuculline into the
PVN increased MAP, HR and CSNA, but RSNA was
inhibited, demonstrating a differential effect on these
sympathetic outflows. This finding indicates the pre-
sence of pathways from the PVN that can stimulate
CSNA, and shows that in the normal state CSNA is
under tonic inhibitory control from the PVN. The
bicuculline-induced inhibition of RSNA in conscious
sheep is probably due to the greater baroreflex sensitivity
in the conscious than the anaesthetised state. Based
on our baroreflex data the observed increase in MAP
with bicuculline would inhibit RSNA by approximately
50%, the change we observed. This suggests that there
is no contribution by the PVN to baseline levels of
RSNA, although we cannot categorically rule out a tonic
inhibitory role of the PVN in mediating baseline levels of
RSNA.

Role of the PVN in controlling CSNA and RSNA in HF

Although there are multiple studies indicating an
important role for the PVN in determining the increased
RSNA in HF (Patel, 2000; Coote, 2005; Yu et al. 2007; Kang
et al. 2008), there are no studies that have investigated
whether the PVN sets the high level of CSNA in HF.
Such a role is not supported by our finding that micro-
injection of muscimol into the PVN did not reduce the
elevated level of CSNA in HF. This finding is reinforced
by the lack of inhibition of CSNA by microinjection of
glycine into the PVN that we observed in HF. Since the
bilateral PVN microinjections of muscimol and glycine
may not have reached all the spinally projecting neurons,
we also examined the effects of bilateral electrolytic lesions
of the PVN. These large lesions also did not reduce
the elevated baseline level of CSNA in HF, supporting
the microinjection data. The technique of ablating the
PVN in the conscious sheep, while recording CSNA
immediately before and after the lesion, removes the
possibility that there could have been reorganisation of
central autonomic circuits to compensate for the lesion.
Taken together these studies in conscious animals strongly
suggest that while dysinhibition of neurons in the PVN
can increase CSNA in normal animals, the high level of
CSNA during HF is not dependent on excitatory tone from
PVN neurons. Withdrawal of the GABAergic mediated
inhibition of CSNA by PVN neurons may be important
during other situations where cardio-sympathoexcitation
occurs, for example during hypertonic saline resuscitation
of haemorrhage (Frithiof et al. 2010).

Interestingly, in HF dysinhibition of PVN neurons with
bicuculline did not increase MAP, HR or CSNA, suggesting
that the tonic GABAergic inhibition of CSNA seen in
normal sheep is abolished in HF. Although this absence of
GABAergic input in HF could contribute to the excessive
level of CSNA, our findings that inhibition of the PVN with
muscimol or glycine, or lesion of the PVN, did not reduce
CSNA in HF suggest this is not the case. In HF, bicuculline
still inhibited RSNA, but importantly this occurred in the
absence of an increase in MAP, suggesting that it was
a direct consequence of dysinhibition of PVN neurons.
Whether this reflects dysinhibition of GABAergic inter-
neurons or an inhibitory projection from the PVN to the
intermediolateral cell column of the spinal cord requires
further investigation. Our data suggest that in conscious
sheep, there is no tonic inhibition of RSNA arising from
the PVN in normal animals, but this develops during HF.

Role of the PVN in mediating changes in SNA to
volume expansion

Our finding in conscious sheep that the PVN is critical
for the inhibition of RSNA by volume expansion is
in accord with studies in other species (Patel, 2000;
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Badoer, 2001; Coote, 2005). For example, microinjection
of muscimol into the PVN in conscious rabbits caused
a similar attenuation of the inhibition of RSNA during
volume expansion (Ng et al. 2004). Furthermore, lesions
of the PVN in anaesthetized rats attenuated the inhibition
of RSNA and renal vasodilatation following volume
expansion (Lovick et al. 1993; Haselton et al. 1994).
Together these data in three species indicate that in the
normal state volume expansion stimulates a reflex that
increases the level of GABAergic inhibitory input into the
PVN and inhibits RSNA.

There is extensive evidence indicating that a reduction
in GABAergic inhibitory input to the PVN leads to the
increased RSNA in HF (Patel, 2000; Zhang et al. 2002a;
Wang et al. 2009), and also the desensitization of the reflex
inhibition of RSNA by increased volume that we and others
have observed in HF (Dibner-Dunlap & Thames, 1992;
Zheng et al. 2006; Ramchandra et al. 2009b). There is
little information on the role of the PVN in the control of
sympathetic outflow to the heart and our findings indicate
that it has very different effects to those on RSNA. Our data
indicate that GABAergic inhibitory inputs to neurons in
the PVN contribute little if at all to the inhibition of CSNA
during volume expansion. These findings in conscious
animals highlight the differential central control of CSNA
and RSNA that has been observed in other situations
(May et al. 2010), and indicate that the inhibition of
CSNA during volume expansion is mediated by a brain
region(s) other than the PVN. Possible sites include the
locus coeruleus and the medullary raphe, which show
increased expression of c-fos following volume expansion,
and have polysynaptic projections to the stellate ganglion
(Jansen et al. 1995; Cunningham et al. 2002; Godino et al.
2005).

In earlier studies we demonstrated that the inhibition of
CSNA and RSNA during volume expansion is determined
by differential modulation of the amplitude and frequency
of sympathetic bursts in the two nerves during volume
expansion (Ramchandra et al. 2009b). Our present data
confirm the previous findings that the inhibition of RSNA
is due to decreases in both burst amplitude and burst
frequency, while the inhibition of CSNA is due to a selective
decrease in burst frequency. The attenuation of the volume
induced RSNA inhibition by muscimol was due to effects
on both burst amplitude and burst frequency of renal
sympathetic bursts. These data suggest that the PVN
modulates both the amplitude and the frequency of bursts
in the renal sympathetic nerve.

In summary, these studies indicate that in conscious
normal animals the resting levels of CSNA and RSNA
were not altered by inhibition of the PVN with the
GABA agonist muscimol. During volume expansion,
however, the responses to muscimol demonstrate that
the PVN selectively mediates the reflex inhibition of
RSNA, but not CSNA. Interestingly, dysinhibition of

the PVN with bicuculline stimulated CSNA, but not
RSNA, indicating that the resting level of CSNA is
normally under GABAergic inhibitory tone. In contrast,
bicuculline did not increase CSNA in HF indicating
removal of this GABAergic inhibitory tone. But in HF
we found no evidence that the PVN stimulated CSNA
as inhibition of the PVN with muscimol or glycine, as
well as lesion of the PVN, did not reduce CSNA. These
findings indicate that excitatory drive from the PVN
does not contribute to the cardiac sympathoexcitation
in HF. These studies demonstrate striking differences in
the central mechanisms controlling CSNA and RSNA in
HF, and during volume expansion. This is not surprising
considering other evidence showing differential control
of these two sympathetic outflows (Okada & Ninomiya,
1983; Matsukawa et al. 1993; May & McAllen, 1997;
Watson et al. 2004; Frithiof et al. 2010; Ramchandra et al.
2012). Furthermore, the important finding in patients
with HF that sympathetic activity to the heart increases
before that to the kidney (Rundqvist et al. 1997) is further
evidence that different mechanisms cause the increases in
SNA to the heart and kidney in HF.
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