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Abstract 

Increased cardiovascular mortality in chronic kidney disease (CKD) is in part due to 

hypertension and impaired baroreflex regulation of blood pressure. We tested the hypothesis 

that increased glutamatergic drive of the paraventricular nucleus (PVN) contributes to 

hypertension and baroreflex dysfunction in the Lewis Polycystic Kidney rat (LPK) model of 

CKD. In urethane anaesthetised adult male Lewis control and LPK rats (n=13) instrumented to 

record arterial pressure, heart rate (HR) and renal sympathetic nerve activity (RSNA), bilateral 

PVN microinjections of the glutamate receptor antagonist kynurenic acid (100mM) reduced 

systolic blood pressure to a greater extent in LPK vs. Lewis (-31±3 vs. -10±3mmHg P<0.01), 

did not influence HR in either strain (P>0.05) and transiently increased RSNA in LPK rats only 

(5 min post-microinjection 119±2 vs. baseline 100±1% P<0.05). Baroreflex curves for HR and 

RSNA were rightward shifted in LPK and gain was reduced vs. Lewis, however kynurenic acid 

did not influence baroreflex parameters in either strain (both P>0.05). Considering that 

angiotensin II-mediated superoxide production may facilitate excitation within the PVN, we 

assessed PVN superoxide in-situ with the redox-sensitive fluorophore dihydroethidium (DHE) 

in adult mixed-sex Lewis and LPK rats (n=22) that were untreated or treated with the 

angiotensin II AT1 receptor antagonist losartan (30mg/kg/day) from 4 weeks of age. In untreated 

rats, PVN DHE fluorescence was greater in LPK vs. Lewis (2.0±0.3 vs. 1.0±0.2 relative 

fluorescence P=0.02), but was normalised by losartan (1.3±0.1). These data suggest that 

enhanced PVN glutamatergic activity maintains hypertension in LPK but not baroreflex 

dysfunction, and implicate AT1 receptor-dependent superoxide overproduction as a possible 

mechanism.  
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1. Introduction 

Autonomic control of the circulation is necessary to distribute cardiac output to the peripheral 

tissues in keeping with current physiological and environmental demands whilst also preserving 

arterial pressure within narrow limits. The heart and vasculature are richly innervated by 

autonomic efferents that exhibit a level of activity that is tonic at rest and continually modulated 

to rapidly adjust arterial pressure (Thomas, 2011). The intrinsic pacemaker activity of the heart 

is regulated by the opposing actions of cardiac vagal (parasympathetic) and sympathetic 

efferents that negatively and positively influence heart rate (HR), respectively (Ng et al., 2001). 

Importantly, however, these two classes of cardiac autonomic efferents are not simply mutually 

exclusive opposites, but share a unique interaction at the level of the heart that facilitates vagal 

predominance (Brack et al., 2004). Sympathetic outflow to the resistance vessels positively 

influences vasomotor tone and is the major determinant of peripheral vascular resistance at rest 

(Guyenet, 2006). Over longer-timescales, sympathetic innervation of the kidneys is an 

important determinant of blood pressure, positively influencing blood volume and arterial 

pressure by reducing renal blood flow, promoting sodium reabsorption and stimulating the 

secretion of renin, the rate limiting enzyme of the circulating renin-angiotensin hormone system 

(RAS) (Hollenberg, 1999; DiBona, 2005). Autonomic control of the circulation is coordinated 

by a network of neurons in the brainstem and hypothalamus that appropriately keep pace with 

homeostatic demands in health, however may function maladaptively in various disease states 

(Huang et al., 2014; Moraes et al., 2014). 

Chronic kidney disease (CKD) is defined as a progressive and irreversible decline in renal 

function (Levey et al., 2005). However it is clear individuals with CKD are more likely to 

develop cardiovascular disease and die before renal replacement therapy (i.e. haemodialysis or 

renal transplant) is necessitated (Keith et al., 2004). Heightened cardiovascular risk in CKD 

involves the cumulative effect of highly prevalent traditional cardiovascular risk factors (e.g. 

hypertension, diabetes and dyslipidaemia) and CKD-specific risk factors (e.g. uraemia, 

proteinuria and anaemia) (Menon et al., 2005; van der Velde et al., 2011). Of note, hypertension 

develops with a high prevalence in the CKD patient population (Cheng et al., 2008), serving to 

independently inflate cardiovascular risk (Franklin and Wong, 2013) and promote the 

progression of CKD towards end-stage renal disease (Klahr et al., 1994; Tozawa et al., 2003). 

As a factor likely implicated in hypertension and cardiac remodelling (Siddiqi et al., 2010), 

sympathetic activity is upregulated in CKD, with evidence that patients have augmented plasma 

noradrenaline (Ishii et al., 1983) as well as greater burst activity of whole sympathetic fibres 

innervating muscle vascular beds (Klein et al., 2003a; Grassi et al., 2011). Angiotensin II (Ang 

II), an integral vasoactive, anti-natriuretic and centrally-acting neuromodulator peptide of the 

RAS (Wright and Harding, 2013), also plays an important role in the pathogenesis of CKD, 

with this being underscored by the efficacy of pharmacological Ang II inhibition in improving 

cardiovascular prognosis (Balamuthusamy et al., 2008) and reducing sympathetic hyperactivity 

within the CKD patient population (Klein et al., 2003b). 

Autonomic dysfunction manifests in CKD not only as an inappropriately high level of 

sympathetic nerve activity (SNA), but also impaired cardiovascular reflex function. The arterial 

baroreceptor reflex (baroreflex) is an autonomic reflex responsible for maintaining arterial 

pressure within a narrow range by modulating cardiac vagal and sympathetic outflows. As a 

clinical marker of cardiac vagal function (Swenne, 2013), heart rate baroreflex sensitivity 

progressively declines with deteriorating renal function in CKD (Bavanandan et al., 2005; Lacy 

et al., 2006). Indeed, impaired control of the cardiac vagus is well documented in CKD, with 

this patient population exhibiting an overall reduction in HR variability (Chandra et al., 2012) 

and reduced HR responses to respiration and the Valsalva maneuver (Agarwal et al., 1991). 
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Reduced baroreflex sensitivity accelerates the progression of cardiovascular disease (La Rovere 

et al., 1988; Mortara et al., 1997), and within the CKD patient population positively predicts 

the risk of sudden cardiac and all-cause mortality (Johansson et al., 2007; John et al., 2008). In 

contrast to cardiac vagal baroreflex function, which has been consistently reported as reduced, 

whether baroreflex control of SNA is impaired in CKD is less clear, with baroreflex control of 

muscle SNA reported as reduced (Tinucci et al., 2001) or alternatively normal (Ligtenberg et 

al., 1999) in humans with CKD. Nevertheless, the pathogenesis of baroreflex dysfunction in 

CKD is not well defined. 

The baroreflex operates through a feedback loop comprising of peripheral sensory and 

autonomic effector components that are bridged by a core network of neurons in the medulla 

(Figure 1) (Pilowsky and Goodchild, 2002). The afferent limb of the baroreflex, the arterial 

baroreceptors, are mechanosensitive neurons located within the vascular wall of the carotid 

sinus and aortic arch that relay arterial pressure information to circuits within the medulla 

responsible for generating cardiac vagal and sympathetic outflows (Krauhs, 1979; Guyenet, 

2006). Baroreceptor afferents have a discharge pattern characterised by tonic activity at a 

resting level of arterial pressure that increases in parallel with rising arterial pressure to a 

saturation point (baroreceptor loading) and is progressively silenced below baseline activity 

with falling arterial pressure (baroreceptor unloading) (Grimm, 1997). The level of arterial 

baroreceptor activity at rest provides a fundamental source of excitatory drive to cardiac vagal 

efferents as well as inhibitory control over barosensitive sympathetic efferents that is enhanced 

or withdrawn in response to baroreceptor loading and unloading, respectively (McAllen and 

Spyer, 1978; Guyenet, 2006). 

The initial synapse for carotid and aortic baroreceptors entering the central nervous system 

(CNS) via the glossopharyngeal and vagus nerves (equivalent to the carotid sinus and aortic 

depressor nerves in the rat), respectively, is the nucleus of the solitary tract (NTS) (Aviado and 

Schmidt, 1955; Loewy, 1990). Baroreflex control of the cardiac vagus involves an excitatory 

circuit mediated by the activation of cardiac vagal preganglionic neurons in the nucleus 

ambiguus by second- or higher-order NTS neurons (McAllen and Spyer, 1978; Blinder et al., 

1998). In contrast, baroreflex control of SNA involves a circuit that operates by restraining 

tonically generated sympathetic outflow through disinhibition. This involves reflex activation 

of a group of GABAergic interneurons in the caudal ventrolateral medulla (CVLM) by second- 

or higher-order barosensitive NTS neurons that in turn inhibit presympathetic neurons in the 

rostral ventrolateral medulla (RVLM) (Blessing, 1988; Agarwal et al., 1990; Jung et al., 1991). 

In addition to this fundamental medullary relay circuit, neurons within the hypothalamic 

paraventricular nucleus (PVN) receive afferent baroreceptor input (Ciriello and Calaresu, 

1980a; Ciriello and Caverson, 1984), and can produce neurohumoral changes (Leng et al., 1999; 

Chen and Toney, 2010) as well as modulate the activity of the medullary baroreflex circuit 

(Kubo and Kihara, 1990; Higa et al., 2002). 
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Figure 1: Schematic illustration of the baroreflex pathway showing peripheral sensory neurons 

(blue), central neurons (green) and peripheral autonomic efferents (grey). Baroreceptor 

afferents located in the aortic arch (AA) and carotid body (CB) transduce arterial pressure and 

transmit this information to the nucleus of the solitary tract (NTS). Barosensitive NTS neurons 

are a source of excitatory drive of cardiac vagal preganglionic neurons (CVPN) with cell bodies 

located in the nucleus ambiguus (nAmb). Post ganglionic cardiac vagal neurons innervate the 

heart and negatively influence heart rate. Barosensitive NTS neurons also provide excitatory 

input to GABAergic interneurons in the caudal ventrolateral medulla (CVLM) that inhibit 

presympathetic neurons in the rostral ventrolateral medulla (RVLM). The activity of 

presympathetic RVLM neurons drives the activity of sympathetic preganglionic neurons (SPN) 

in the intermediolateral spinal cord (IML). Post-ganglionic SPNs innervate the kidneys, 

vasculature and heart. The paraventricular nucleus of the hypothalamus (PVN) is an accessory 

site of the central baroreflex circuitry known to receive baroreceptor input from the NTS and 

project to sites within the primary baroreflex circuits, including the NTS, nAmb, RVLM and 

IML. Afferent and efferent PVN pathways are shown as green dashed lines. Predominately 

excitatory and inhibitory pathways of the primary baroreflex circuit are indicated by + and –, 

respectively. Peripheral ganglia are indicated as dashed black circles. 

The Lewis Polycystic Kidney rat (LPK) is an established model of CKD that develops a 

complex disease phenotype similar to that of human autosomal recessive polycystic kidney 

disease (PKD) (Phillips et al., 2007). Renal disease arises in the LPK from corticomedullary 

cysts resulting from a single point mutation in the never in mitosis gene A-related kinase 8 
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(Nek8) gene (McCooke et al., 2012). The time-course of renal functional loss in the LPK occurs 

in parallel with renal cystic expansion, inflammation and fibrosis (Phillips et al., 2007; 

Jeewandara et al., 2015). The first evidence of renal cysts occurs at 3 weeks of age alongside 

elevated serum urea. By 12 weeks of age, average cyst diameter has doubled, uraemia is more 

severe, and other haematological and urinological markers of impaired renal function, including 

elevated serum creatinine and proteinuria, are present (Phillips et al., 2007). In addition to the 

primary renal pathology, the LPK develops several cardiovascular abnormalities, including 

hypertension, presenting at 6 weeks of age before renal function is significantly compromised, 

cardiac hypertrophy and fibrosis, and vascular calcification and remodelling (Phillips et al., 

2007; Ng et al., 2011b; Jeewandara et al., 2015). 

Similar to human PKD (Klein et al., 2001), the LPK develops autonomic dysfunction. Evidence 

from anaesthetised and conscious preparations have shown that by 12 weeks of age LPK exhibit 

impaired baroreflex control of HR and SNA, as well as elevated sympathetic vasomotor tone 

(Hildreth et al., 2013; Salman et al., 2014; Yao et al., 2015). Previous studies have provided 

insight into where in the baroreflex neuroaxis dysfunction arises in the LPK. Early in the disease 

course in 8 week old male LPK the ability of the aortic depressor nerve to transduce arterial 

pressure is impaired, despite baroreflex function being largely maintained at this age (Salman 

et al., 2014). This baroreceptor afferent deficit in male LPK persists with the onset of overt 

baroreflex dysfunction at 12 weeks of age, and most likely arises secondary to vascular 

remodelling (Salman et al., 2014). Importantly, however, loss of baroreflex function in 12 week 

old LPK involves a central impairment since the ability of direct aortic depressor nerve 

stimulation to reflexively decrease HR and renal SNA (RSNA) is significantly reduced at 12 

weeks relative to age-matched healthy Lewis and 8 week old LPK rats (Salman et al., 2014). 

This suggests therefore that baroreflex dysfunction arises in male LPK from deficits in both 

afferent and central components of the reflex arc. While the former presents early in the disease 

course before baroreflex function is overtly compromised, development of the latter appears to 

be necessary for the full expression of baroreflex dysfunction. 

The PVN exerts control over autonomic function through an efferent projection pattern that 

includes several sites involved in the tonic and baroreflex control of autonomic outflow, 

including the NTS, nucleus ambiguus, RVLM and preganglionic sympathetic neurons in the 

intermediolateral spinal cord (IML) (Buijs, 1978; Swanson and Kuypers, 1980; Stuesse and 

Fish, 1984; Shafton et al., 1998; Affleck et al., 2012) (Figure 1). The activity of PVN projection 

neurons depends on a balance between excitatory ionotropic glutamate receptors and inhibitory 

ionotropic GABA receptors (Li et al., 2006). When this balance favours excitation, such as 

following an acute peripheral hyperosmotic stimulus (Antunes et al., 2006), a pressor, 

tachycardic and sympathoexcitatory response is elicited (Li et al., 2006). Excitatory/inhibitory 

balance within the PVN also responds chronically to Ang II, with evidence from patch-clamp 

recordings of PVN neurons showing that responses to activation of the iontropic glutamate 

NMDA receptor are enhanced in mice chronically treated with low dose Ang II (Wang et al., 

2013). Importantly this enhancement of NMDA receptor signalling in PVN neurons in Ang II 

treated mice is abolished in the presence of a superoxide scavenger, suggesting a critical role 

of reactive oxygen species (ROS) production. In fact, ROS production within the PVN appears 

obligatory for the full expression of hypertension and sympathetic hyperactivity resulting from 

chronic Ang II treatment (Su et al., 2014). 

Elevated excitatory drive of the PVN is postulated to contribute to hypertension and autonomic 

dysfunction in CKD. In support of this, studies examining the expression of the immediate-

early gene c-Fos, a marker of chronic neuronal activity, have revealed that the PVN is activated 

in adult LPK rats (Ang et al., 2007). Moreover, glutamatergic drive of the PVN is enhanced in 
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CKD, with preliminary evidence from our laboratory that microinjection of the non-specific 

ionotropic glutamate receptor antagonist kynurenic acid within the PVN produces a greater 

decrease in blood pressure and lumbar SNA in LPK compared to Lewis rats (Hildreth and 

Phillips, 2014). However, currently it is unknown whether elevated glutamatergic tone of the 

PVN mediates an increase in sympathetic outflow to other vascular beds in CKD. Furthermore, 

while it is known that ROS production within the CNS is required to elicit pressor and 

sympathoexcitatory responses in rats with phenol-induced acute renal injury (Ye et al., 2006), 

whether increased ROS signalling within the PVN is feature of CKD is unknown, as is the role 

of Ang II. 

The main aim of this study was to determine whether elevated glutamatergic activity within the 

PVN contributes to baroreflex dysfunction in the LPK. To this end, we compared baroreflex 

control of HR and RSNA in anaesthetised LPK and Lewis animals in response to microinjection 

of kynurenic acid into the PVN. To gain insight into the mechanism driving altered neural 

activity within the PVN in CKD, we examined the hypothesis that ROS production within the 

PVN would be greater in LPK than Lewis rats, and that this would be reduced by chronic 

treatment with the AT1 receptor antagonist losartan.  
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2. Methods 

2.1 Animals and experimental groups 

Lewis and LPK rats were obtained from the Animal Resource Centre, Murdoch, Western 

Australia, Australia. Animals were group housed in standard living conditions with a 12 hour 

light/dark cycle and access to standard rodent chow and tap water ad libitum. Experiments were 

performed in accordance with The Australian Code of Practice for the Care and Use of Animals 

(8th edition, 2013) and were approved by the Macquarie University Animal Ethics Committee 

(protocol number 2015/001). 

Two separate experimental groups were used. In study 1, male adult (13-14 weeks) Lewis (n=8) 

and LPK (n=8) rats were used for acute microinjection experiments. In study 2, mixed-sex adult 

(12-14 weeks) Lewis (n=9) and LPK (n=13) rats were used to evaluate AT1 receptor-dependent 

production of superoxide within in the PVN. 

2.2 Study 1: PVN microinjection and assessment of baroreflex function 

2.2.1 Assessment of renal function 

Animals were acclimatised to metabolic cages in the week prior to acute microinjection 

experiments. Approximately 24-72 h prior to the experiment, animals were placed in a 

metabolic cage for 4 h to obtain a urine sample. Arterial blood (0.3-0.4 ml) was collected from 

the deep femoral artery during the non-recovery microinjection experiment. The sample was 

immediately centrifuged to separate plasma (IDEXX StatSpin, IDEXX laboratories Pty Ltd., 

NSW, Australia). Urine and plasma samples were stored at -80°C until analysis. A VetTest 

chemistry analyser (IDEXX laboratories Pty Ltd.) was used to measure urinary concentrations 

of protein and creatinine and plasma concentrations of urea and creatinine. 

2.2.2 Surgical preparation 

Animals were anaesthetised with ethyl carbamate (urethane 10% w/v in 0.9% saline; 1.3 g/kg 

i.p., Sigma Aldrich, Australia). Depth of anaesthesia was assessed by the absence of noxious 

tactile and corneal reflexes, and when required maintenance doses of urethane (65-130 mg/kg 

i.p. or i.v.) were administered. Body temperature was assessed with a digital rectal thermometer 

(Harvard Apparatus, MA, USA) and maintained at 37±0.5 ̊C with a thermostatically controlled 

heating mat (Harvard Apparatus) and manually operated heat-lamp. 

All animals underwent the following surgical procedures: 

Arterial and venous cannulation: The left deep femoral artery and both deep femoral veins were 

cannulated to record arterial pressure and to administer intravenous fluids (Hartmann’s solution 

5 ml/kg/hr) and drugs respectively. Briefly, an incision was made along the inner hind-leg and 

superficial adipose tissue removed to expose the femoral vessels. The femoral vein and artery 

were then visualised and separated. The left femoral artery and both femoral veins were 

cannulated with polyethylene tubing (inner diameter 0.58 mm and outer diameter 0.96 mm) and 

secured in place with silk suture. Arterial cannulas were prefilled with heparinised saline (5 

IU/ml 0.9% saline) and venous cannulas with normal 0.9% saline. The arterial cannula was 

attached to a pressure transducer and the pressure signal was acquired with a CED 1401 plus 

(Cambridge Electronic Designs Ltd., Cambridge, UK) and Spike2 software (v7, Cambridge 

Electronic Designs Ltd., Cambridge, UK). Heart rate was extracted from the arterial pressure 

signal in real-time. 
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Tracheostomy: A midline incision was made along the ventral surface of the neck and the 

sternohyoid muscles retracted to visualise the trachea. A small hole was made in the trachea 

and a 14G catheter was inserted and secured in place with silk suture. Animals were 

mechanically ventilated with oxygen enriched room air (1 ml/100g body weight at 65±5 cycles 

per minute; adjusted to maintain arterial pCO2 40±5 mmHg and pH 7.4±0.5 as measured with 

a VetStat blood gas analyser; IDEXX laboratories Pty Ltd.) and paralysed with cisatracurium 

(6 mg/kg/hr i.v., GlaxoSmithKline Pty Ltd, Victoria, Australia). 

Renal sympathetic nerve recording: A dorsal flank incision was made to access the 

retroperitoneal cavity and expose the left kidney. The intersection of the left renal artery and 

abdominal aorta was separated from the surrounding adipose tissue and fascia and a branch of 

the left renal nerve was dissected free from fascia and adventitia of the aorta and left renal 

artery, cut at its proximal end, immersed in paraffin oil and mounted onto a silver bipolar 

recording electrode. Renal nerve branches were typically found coursing alongside or across 

the aorta towards the renal artery. The nerve signal was band-pass filtered (30-1000 Hz), 

amplified with a bio-amplifier (2000x; CWE Inc., Ardmore, PA, USA) and sampled at 5 kHz 

with a CED 1401 plus and Spike2 software (Cambridge Electronic Designs Ltd.). The presence 

of both pulse modulation and a reduction in SNA after a pressor dose of phenylephrine (PE; 50 

µg/ml 0.9% saline i.v., Sigma Aldrich) was used to verify the validity of the renal sympathetic 

nerve recording. In n=1 Lewis, RSNA was not recorded.  

Brain exposure: Animals were positioned in a stereotaxic frame and placed in the flat skull 

position with bregma and true lambda equidistant in the vertical plane. A burr hole 

approximately 10 mm in diameter was made in the skull approximately 1 mm caudal to bregma 

and centered on the midline of the skull.  

Following completion of all surgical procedures, the preparation was stabilised for at least 30 

min before the initiation of the experimental protocol. 

2.2.3 Experimental procedures 

2.2.3.1 Assessment of baroreflex function  

Baroreflex function was assessed before and 30 min after PVN microinjection. This was 

achieved by first decreasing systolic blood pressure (SBP) to 50-80 mmHg over a period of 20-

40 sec with sodium nitroprusside (SNP; 50 µg/ml; 15-20 µg/min in 0.9% saline i.v., Sigma 

Aldrich), allowing for HR and RSNA responses to plateau. SBP was then increased slowly to 

~200-230 mmHg in Lewis and ~300-330 mmHg in LPK by terminating the infusion of SNP 

and infusing PE at increasing rates (50 µg/ml; 5-20 µg/min in 0.9% saline i.v., Sigma Aldrich) 

into the other femoral vein as previously described (Cassaglia et al., 2014). In n=2 Lewis and 

n=2 LPK, SNP (30-50 µg/kg) and PE (30-50 µg/kg) were infused separately over a 40-60 sec 

period, obtaining a stable baseline between sequential infusions. Drug infusions were achieved 

with an infusion pump (Havard Apparatus, MA, USA). Two to three replicate curves were 

generated before and after PVN microinjection. 

2.2.3.2 PVN microinjection 

Kynurenic acid (100 nl, 100 mM, Sigma Aldrich) was microinjected into the PVN bilaterally 

(1.4-1.6 mm caudal to bregma, 0.4-0.5 mm lateral to the midline and 8.0 mm ventral to the 

surface of the dura as outlined by Paxinos and Watson (2013)) using a pre-calibrated 

micropipette (barrel inner diameter 0.25 mm and outer diameter 1 mm) connected to a syringe 

with silastic tubing. We elected to use kynurenic acid to non-selectively block ionotropic 
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glutamate receptors since, within the PVN, both NMDA and non-NMDA receptors are involved 

in autonomic control (Li et al., 2006), and it is currently unknown if ionotropic glutamate 

receptor subtypes within the PVN are differentially involved in the modulation of baroreflex 

function. Kynurenic acid was prepared by dissolving the drug in the smallest possible volume 

of 1 M NaOH and titrating the solution with 1 M HCL and 1 M NaOH to achieve pH 7.2-7.4. 

The solution was then diluted with phosphate-buffered saline (PBS; pH 7.4; 137 mM NaCl, 2.7 

mM KCl, 10 mM phosphate buffer) to achieve a final 100 mM concentration of kynurenic acid. 

At the end of the experiment, animals were euthanised with sodium pentobarbital (65 mg in 

0.9% saline i.v., Virbac Pty Ltd, NSW, Australia) and a death level of RSNA was obtained. 

Thereafter injection sites were marked with a saturated solution of pontamine sky blue dye. In 

n=4 Lewis and n=5 LPK, injection sites were also marked with FluoroMax fluorescent 

polystyrene microbeads (1/10,000; Thermo Fisher Scientific, CA, USA) that were co-injected 

with kynurenic acid during the experiment. Forebrains were stored in 10% neutral buffered 

formalin for at least 12 h before being sectioned at 100 µm with a vibrating microtome (Leica 

VT1200s, Leica Microsystems Pty Ltd., NSW, Australia). To facilitate anatomical mapping of 

injection sites, sections were stained with cresyl violet (0.1% cresyl violet acetate; Sigma 

Aldrich) for 6-8 min, serially dehydrated (ethanol; 50%, 70%, 95% and 100%) and 

coverslipped. Sections were imaged with a conventional microscope (Zeiss Axioimager.Z1, 

Carl Zeiss Microscopy, NSW, Australia) and mapped onto the rat brain atlas (Paxinos and 

Watson, 2013) using CorelDRAW Graphics Suite X4 software (Corel Corporation, Ontario, 

Canada). Representative forebrain sections marked with pontamine sky blue dye and 

fluorescent microbeads are shown in Figure 2. Although the location of pontamine sky blue dye 

marked sites largely conformed to those marked with fluorescent microbeads, if the location of 

these markers differed then fluorescent microbeads were used to determine the anatomical 

location of the microinjection site. 

 

Figure 2: Representative forebrain sections showing microinjection sites within the 

paraventricular nucleus of the hypothalamus (PVN) marked with (A) pontamine sky blue dye 

in a Lewis rat and (B) fluorescent microbeads (indicated as arrows) in another Lewis rat. The 

forebrain section is stained with cresyl violet in (A). The anatomical boarder of the PVN is 

outlined. PaMP, paraventricular nucleus medial parvocellular; 3V, third ventricle; PaV, 

paraventricular nucleus ventral part; PaDC, paraventricular nucleus dorsal cap; PaLM, 

paraventricular nucleus lateral magnocellular. 

2.2.4 Data analysis 

All data was analysed offline using Spike2 software. Systolic blood pressure (SBP) and 

diastolic blood pressure (DBP) were determined from the peak and trough amplitudes of the 
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arterial pressure waveform, respectively. Pulse pressure (PP) was calculated as the difference 

between SBP and DBP, and mean arterial pressure (MAP) as the 1 sec average of the AP 

waveform. HR was computed from the frequency of arterial pressure waveform peaks. The 

RSNA waveform was rectified, smoothed (1 sec constant) and corrected for background noise 

by subtracting a death level of RSNA activity. RSNA was then normalised to the 60 sec period 

immediately prior to PVN microinjection, setting this as 100% and the level of RSNA following 

euthanasia 0%. 

2.2.4.1 Baseline parameters  

Baseline measurements of MAP, SBP, DBP, PP, HR and RSNA (µV) were taken over a 5 min 

period immediately prior to microinjection.  

2.2.4.2 Time-course changes in arterial pressure, HR and RSNA in response to PVN 

microinjection 

MAP, SBP, DBP, PP, HR and RSNA (% of baseline) were averaged into 5 min bins for the 30 

min period following microinjection.  

2.2.4.3 Assessment of baroreflex control of HR and RSNA 

To derive baroreflex function curves, Spike2 was used to generate an x-y plot of HR (bpm) and 

RSNA (%) against SBP. Plots were constructed from the trough of the SNP curve over the slow 

rising phase of the PE pressor curve. In those experiments (n=2 Lewis and n=2 LPK) where 

sodium nitroprusside and phenylephrine infusions were separated by a stable baseline, curves 

were constructed during the falling phase of the sodium nitroprusside depressor curve and the 

rising phase of the phenylephrine pressor curve. Each individual curve was exported into Excel 

2013 (Microsoft Office, Microsoft Corporaton, WA, USA) and the level of HR (bpm) and 

RSNA (%) averaged into 10 mmHg bins across the blood pressure range of each curve. 

Averaged data points were fitted to a four-parameter sigmoid regression curve using GraphPad 

Prism software (GraphPad Prism software v6 Inc., La Jolla, CA, USA) and the following 

equation: 

𝑦 =  
𝐴1

1 + exp[𝐴2(𝑆𝐵𝑃 − 𝐴3)]
+ 𝐴4 

where A1 is the y-axis range of the curve, A2 is the gain coefficient, A3 the midpoint of the 

curve and A4 is the lower plateau. These values were used to calculate the range of the reflex, 

SBP saturation (SBPsat), SBP threshold (SBPthr) and SBP operational range as previously 

described (Kent et al., 1972). 

All curves used in the final analysis had an R2 value greater than 0.98. In n=1 Lewis and n=2 

LPK, HR curves could not be fitted to the sigmoidal curve and were excluded from the final 

analysis. Each individual curve was generated over a fixed range of 50-250 mmHg for Lewis 

and 50-350 mmHg for LPK, reflecting the physiological range over which pressor and 

depressor responses were elicited in each strain. Baseline and post microinjection curves were 

averaged for each strain.  

2.2.5 Statistical analysis 

All data are expressed as mean ± standard error of the mean (SEM). GraphPad Prism was used 

for statistical analysis. To detect strain differences in baseline parameters an unpaired t-test was 
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used. A repeated measures two-way ANOVA with Bonferoni post-hoc test was used to detect 

differences within and between strains in response to PVN microinjection. We did not perform 

statistical analysis on urinary protein parameters since urinary protein was below the threshold 

of detection in Lewis rats. A Grubb’s test (α=0.05) was used to identify outliers for HR and 

RSNA responses to PVN microinjection. A threshold of significance was set at P≤0.05. 

2.3 Study 2: Evaluation of AT1 receptor dependent superoxide production within the PVN 

2.3.1 Drug treatment 

Lewis (male n=3 and female n=3) and LPK (male n=3 and female n=3) rats were administered 

losartan (30 mg/kg/day; Cozavan, Alphapharm Pty Ltd, NSW, Australia) in the drinking water 

from age 4 to 12-14 weeks of age. Dosage was calculated every 2-4 days by measuring average 

daily water consumption and bodyweight of group caged animals (3 rats per cage). A separate 

cohort of male Lewis (n=3) and mixed sex LPK (male n=4 and female n=3) rats received plain 

tap water as a control. 

2.3.2 Assessment of renal and cardiovascular function 

Animals were acclimatised to metabolic cages routinely for one week prior to euthanasia. 48 h 

prior to euthanasia, animals were placed in metabolic cages to collect a 24 h urine sample and 

to measure 24 h water intake.  

Blood pressure was measured consciously 48 h prior to euthanasia using tail-cuff 

plethysmography (IITC Inc. Life Science, Woodland Hills, CA, USA). Animals were 

acclimatised to the tail cuff procedure progressively for a week prior to data collection. Rats 

were restrained, placed in a heated (32°C) chamber and an externally controlled inflatable cuff 

was position at the base of the tail. A minimum of three measurements were made and the 

average value was used in the final analysis. Blood pressure was not recorded in n=1 untreated 

Lewis rat and n=1 untreated LPK rat. 

At 12-14 weeks of age animals were deeply anaesthetised with 5% isoflurane (Baxter 

Healthcare Corporation, IL, USA) in 100% oxygen. Approximately 0.5 ml whole blood was 

collected via cardiac puncture and the animal was then euthanised by opening the thorax. Blood 

samples were centrifuged and stored at -80°C as per Study 1. Since the AT1 receptor facilitates 

cardiac hypertrophy (Dahlof, 1995) and possibly renal cyst expansion (Keith et al., 1994), we 

dissected the heart and kidneys following death and measured whole heart weight, left 

ventricular weight and left kidney weight. Tissue weight parameters were not recorded in in 

n=1 untreated Lewis rat and n=1 untreated LPK rat. 

Urine and plasma analysis was performed as per Study 1. Creatinine clearance was calculated 

with the following equation:  
urinary creatinine (µmol/L) × 24 h urine volume (mL/min)

plasma creatinine (µmol/L)
 

2.3.3 Detection of superoxide 

Immediately following euthanasia, brains were removed, frozen in TissueTek® optimal cutting 

temperature compound (OCT) (ProSciTech, QLD, Australia) and stored at -80°C. In-situ ROS 

production was assessed with dihydroethidium (DHE), a cell-permeable chemical that readily 

reacts with superoxide (O2
-) to form oxyethidium, a fluorescent compound that binds DNA (Cai 

et al., 2007). Fresh frozen 50 µm forebrain sections extending -1.3 to -2.3 mm from bregma 

were obtained using a cryostat (Leica CM1950, Leica Microsystems Pty Ltd.) and mounted 
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onto SuperFrost® Plus slides (Menzel-Glaser, Braunschweig, Germany). Sections were dried 

for 1 h at room temperature, rehydrated in PBS (5 min), incubated in DHE (1 µM; 5 min) in a 

dark chamber, washed in PBS, and then coverslipped with Dako fluorescent mounting medium 

(Dako Australia Pty Ltd., NSW, Australia). As a negative control, a subset of PVN sections 

(Lewis untreated n=2 and LPK untreated n=2) were preincubated in polyethylene glycol-

superoxide dismutase (1000 U/ml), an enzyme that catalyses the conversion of superoxide to 

molecular oxygen or H2O2 (Noor et al., 2002), for 30 minutes at 37°C prior to DHE incubation. 

The majority of animals were processed in parallel as within strain untreated/treated pairs. 

Within 48 h of staining, DHE fluorescence was visualised with a confocal microscope (520 nm 

excitation and 600-620 nm emission; Leica TCS SP5, Leica Microsystems Pty Ltd.). Excitation 

and emission wavelengths were chosen so as to minimise the detection of non-specific H2O2 

reaction products of DHE (Cai et al., 2007). 

2.3.4 Superoxide quantification 

DHE fluorescence was quantified with ImageJ software (National Institutes of Health, MD, 

USA) as previously described (Jensen, 2013). Briefly, RGB channels of the image were split 

and a threshold was applied to the red channel that permitted the visualisation of positively 

stained regions without background staining. To maximise the consistency of thresholding 

within and across animals, threshold range was set relative to a reference image in which 

positive and background staining had been pre-defined. Both sides of the PVN were outlined 

manually with reference to the rat brain atlas (Paxinos and Watson, 2013). Measurements were 

made of the percentage of positively stained area within the total area of the PVN. For each 

animal, both sides of the PVN were analysed from a total of 3-6 sections within -1.72 and -2.04 

mm of bregma and averaged to provide a single value per animal for use in the final analysis. 

Data was then expressed relative to the average value for Lewis untreated controls. 

2.3.5 Statistical analysis 

All data are expressed as mean ± standard error of the mean (SEM). GraphPad Prism was used 

for statistical analysis. A two-way ANOVA with Bonferoni post-hoc test was used to detect 

differences between and within groups (strain and drug treatment). Lewis rats were precluded 

from statistical analysis for urinary protein parameters since urinary protein could only be 

detected in a single Lewis rat. Consequently we used a t test to detect differences in urinary 

protein and urinary protein: creatinine ratio in untreated and treated LPK rats. A threshold of 

significance was set at P≤0.05. 

3. Results 

3.1 Study 1: PVN microinjection and assessment of baroreflex function 

3.1.1 Baseline characteristics 

LPK rats had a lower body weight compared to Lewis controls and also exhibited greater 

plasma creatinine and plasma urea than Lewis rats (Table 1). Protein was detected in the urine 

of all LPK rats, but was not detected in Lewis rats.  

Under urethane anaesthesia, LPK rats had elevated SBP and PP compared to Lewis rats (Table 

2). However, MAP, DBP, HR and RSNA (µV) did not significantly differ between the strains.
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Table 1. Bodyweight and renal function parameters in Lewis and Lewis Polycystic Kidney (LPK) rats.  

 Lewis (6)
 LPK (7) P-value 

BW (g) 360±7 260±6 <0.001 

Urinary protein: creatinine ratio 0 4.05±0.92 - 

Urinary protein (g/l) 0 0.74±0.16 - 

Urinary creatinine (g/l) 0.97±0.14 0.19±0.01 <0.001 

Plasma creatinine (µmol/l) 2.83±1.56 54.29±3.22 <0.001 

Plasma urea (mmol/l) 9.27±0.61 32.36±1.56 <0.001 

Values are expressed as mean ± SEM. n values per group are indicated by the subscript associated with each strain column. BW, bodyweight. 

 

Table 2. Baseline blood pressure, heart rate and renal SNA in Lewis and Lewis Polycystic Kidney (LPK) rats. 

 Lewis (5)
 LPK (7) P-value 

MAP (mmHg) 85±6 94±5 0.278 

SBP (mmHg) 127±8 177±10 0.006 

DBP (mmHg) 65±7 63±4 0.827 

PP (mmHg) 62±4 114±9 0.001 

HR (bpm) 359±25 378±13 0.487 

RSNA (µV) 4.6±2.5 6.1±1.9 0.331 

Values are expressed as mean ± SEM. minimum n values per group are indicated by the subscript associated with each strain column. MAP, mean arterial 

pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; HR, heart rate; bpm, beats per minute; RSNA, renal SNA.
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3.1.2 Anatomical location of microinjection sites 

The anatomical location of microinjection sites is provided in Figure 3. The majority of 

injection sites were localised to the dorsal cap and posterior portion of the PVN between -1.8 

and -2.04 mm of bregma. In a single Lewis rat, injection sites were located within the anterior 

PVN (-1.44 mm of bregma). The baseline response to kynurenic acid in this rat was not found 

to differ from Lewis rats where caudal portions of the PVN were targeted. In three animals 

(Lewis n=2 and LPK n=1), bilateral microinjection of kynurenic acid was histologically 

determined to lie outside of the PVN. These animals were assigned as anatomical controls. 
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Figure 3: Anatomical diagrams illustrating the sites of PVN microinjections. Diagrams were 

modified from the rat brain atlas (Paxinos and Watson, 2013). Microinjection sites within the 

PVN are shown as open squares for Lewis rats (n=6) and filled squares for LPK rats (n=7). 

Microinjection sites outside of the PVN are shown as open circles for Lewis rats (n=2) and 

filled circles for LPK rats (n=1). PaMP, paraventricular nucleus medial parvocellular; 3V, third 

ventricle; PaMM, paraventricular nucleus medial magnocellular; PaV, paraventricular nucleus 

ventral part; PaDC, paraventricular nucleus dorsal cap; PaLM, paraventricular nucleus lateral 
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magnocellular; PaPo, paraventricular nucleus posterior part; PeFLH, perifornical lateral 

hypothalamus; A13, A13 cell group; DA, dorsal hypothalamic area; DMD, dorsomedial 

hypothalamic nucleus dorsal part. 

3.1.3 The effect of bilateral PVN microinjection of kynurenic acid on arterial pressure, 

HR and RSNA 

A representative trace illustrating the effect of bilateral microinjection of kynurenic acid into 

the PVN on arterial pressure, HR and RSNA in a Lewis and LPK rat is provided in Figure 4. In 

Lewis rats, microinjection of kynurenic acid into the PVN produced no significant change in 

MAP (85±6 vs. 81±7 mmHg P>0.05), SBP (127±8 vs. 117±9 mmHg P>0.05), DBP (65±7 vs. 

58±6 mmHg P>0.05) or PP (62±4 vs. 59±9 mmHg P>0.05) over the 30 minute recording 

period. In contrast, microinjection of kynurenic acid reduced MAP (94±5 vs. 75±6 mmHg 

P<0.0001), SBP (177±9 vs. 145±10 mmHg P<0.0001), DBP (63±4 vs. 49±9 mmHg P<0.0001) 

and PP (114±9 vs. 96±9 mmHg P<0.0001) in LPK rats over the 30 minute recording period. In 

LPK, the reduction in SBP was evident by 5 minutes post microinjection (P=0.05; Figure 5A), 

reaching nadir by 15 minutes post microinjection (P<0.0001 5 minutes vs. 15 minutes post 

microinjection) which was sustained throughout the 30 minute recording period (P<0.0001). 

Accordingly there was a significant strain effect in the SBP response, with the peak change in 

SBP greater in LPK compared to Lewis 15 to 30 minutes post microinjection (P<0.0001). 

Likewise, changes in MAP and PP at 30 minutes post microinjection were greater in LPK 

compared to Lewis rats (P<0.05). DBP however did not vary with strain (P=0.41). The 

depressor response in LPK rats was such that SBP was not significantly different to that seen 

in Lewis rats at 30 minutes post microinjection (145±10 mmHg vs. 117±9 mmHg; P=0.23).  

Microinjection of kynurenic acid had no significant effect on HR in either strain over the 30 

minute recording period (P=0.17; Figure 5B). RSNA did not vary with time in Lewis rats 

(P=0.58 baseline vs. 30 minute post microinjection; Figure 5C). In LPK, microinjection of 

kynurenic acid into the PVN produced a transient increase in RSNA at 5 minutes post 

microinjection (P=0.03; Figure 5C); however, no strain difference was noted at this time point 

(P=0.97). Both HR and RSNA responses were significantly more variable for Lewis compared 

to LPK animals. Grubb’s tests did not identify any outliers. 

The small number for offsite controls (n=2 Lewis and n=1 LPK) precluded their statistical 

analysis. Nevertheless, offsite kynurenic acid microinjection did not appear to change SBP in 

Lewis rats (126 vs. 121 mmHg and 144 vs. 132 mmHg; baseline vs. 30 minute post 

microinjection). In a single LPK, offsite kynurenic acid microinjection was associated with a 

reduction in SBP (191 vs. 155 mmHg; baseline vs. 30 minute post microinjection), that was 

comparable to LPK rats where kynurenic acid was microinjected within the PVN (-36 vs. -31±3 

mmHg). 
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Figure 4: Representative traces illustrating the effects of bilateral microinjection of kynurenic 

acid (100 mM) into the paraventricular nucleus of the hypothalamus (PVN) on heart rate (HR), 

renal SNA (RSNA; raw and integrated (int RNSA)) and arterial pressure (AP) in (A) a Lewis 

and (B) a Lewis Polycystic Kidney (LPK) rat. 
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Figure 5: Grouped data showing the effect of bilateral microinjection of kynurenic acid (100 

mM) into the paraventricular nucleus of the hypothalamus on (A) systolic blood pressure (SBP), 

(B) heart rate (HR) and (C) renal SNA (RSNA) in Lewis (n=5) and Lewis Polycystic Kidney 

(LPK; n=7) rats over a 30 minute post microinjection recording period. Data is presented as 

change from 5 minute baseline prior to microinjection. Values are expressed as mean ± SEM. 

* P<0.05 vs. baseline, # P<0.05 vs. Lewis rats at each time point and overall data sets as 

indicated. bpm, beats per minute. 

3.1.4 Baroreflex control of HR and RSNA and the effect of bilateral PVN microinjection 

of kynurenic acid 

Baroreflex function curves illustrating the relationship between SBP and HR or RSNA in Lewis 

and LPK before and after microinjection of kynurenic acid are illustrated in Figure 6. 
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Prior to microinjection of kynurenic acid, both HR and RSNA baroreflex function curves were 

shifted to the right in the LPK reflected by an increased SBP50 (Table 3). The SBP operating 

range of both HR and RSNA baroreflex function curves was greater in the LPK; however the 

HR and RSNA range was not different. Consistent with previous studies (Salman et al., 2014; 

Yao et al., 2015), the gain of both HR and RSNA baroreflex function curves was reduced in the 

LPK. 

Despite producing a reduction in resting SBP, bilateral microinjection of kynurenic acid into 

the PVN did not affect SBP50 of either HR or RSNA baroreflex function curves and both curves 

remained shifted to the right in the LPK compared with Lewis following microinjection. 

Likewise, the SBP operating range remained increased for the HR baroreflex function curve 

and a trend toward remaining increased was noted for the RSNA baroreflex function curve 

(P=0.08). Microinjection of kynurenic acid into the PVN produced no improvement in the gain 

of either HR or RSNA baroreflex function curves in the LPK. 

 

Figure 6: Grouped baroreflex function curves showing the effect of bilateral microinjection of 

kynurenic acid (100 mM) into the paraventricular nucleus of the hypothalamus (PVN) on the 

relationship between systolic blood pressure (SBP) and heart rate (HR) in (A) Lewis and (B) 

Lewis Polycystic Kidney (LPK) rats, and SBP and renal SNA (RSNA) in (C) Lewis and (D) 

LPK rats. Values are expressed as mean ± SEM. n values are detailed in Table 3. Kyn, kynurenic 

acid; bpm, beats per minute.  
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Table 3. Baroreflex parameters in Lewis and Lewis Polycystic Kidney (LPK) rats at baseline 

and following bilateral microinjection of kynurenic acid (100 mM) into the paraventricular 

nucleus of the hypothalamus. 

Group Lewis  LPK  P-value 

Parameter Baseline Kyn Baseline Kyn Strain Kyn 

HR barocurve (n) 4  5    

SBP50 (mmHg) 146±10 143±10 223±17a 214±26b 0.017 0.611 

SBPsat (mmHg) 166±11 163±13 263±20a 251±22b 0.005 0.556 

SBPthr (mmHg) 125±9 124±8 184±16 177±30 0.070 0.711 

SBP range (mmHg) -19±21 -39±6 -79±13a -74±11 0.011 0.588 

Gain (bpm/mmHg) -2.4±0.7  -1.9±0.3 -1.1±0.3  -1.0±0.2 0.048 0.318 

Upper plateau (bpm) 400±35 384±36 399±6 385±3 0.996 0.272 

Lower plateau (bpm) 266±10 265±5 274±16 283±13 0.440 0.602 

Range (bpm) 134±31 119±32 125±16 102±13 0.653 0.240 

RSNA barocurve (n) 4  7    

SBP50 (mmHg) 142±3 133±4 217±14a 198±19b 0.008 0.137 

SBPsat (mmHg) 158±3 153±1 269±18a 240±24b 0.004 0.182 

SBPthr (mmHg) 126±6 113±8 165±13 155±14 0.038 0.261 

SBP range (mmHg) -32±7 -40±9 -103±16a -84±12 0.005 0.663 

Gain (%/mmHg) -1.9±0.1  -1.6±0.2 -0.5±0.1a -0.6±0.1b <0.001 0.347 

Upper plateau (%) 110±10 115±15 99±5 116±3 0.555 0.126 

Lower plateau (%) 18±14 19±8 21±8 41±12 0.429 0.139 

Range (%) 92±17 96±20 77±8 75±10 0.341 0.867 

Values are expressed as mean ± SEM. n indicates number of animals per group. a P<0.05 vs. 

Lewis rat at baseline, b P<0.05 vs. Lewis rat post microinjection. Kyn: kynurenic acid; HR, 

heart rate; bpm, beats per minute; SBP, systolic blood pressure; SBP50, SBP at the midpoint of 

the curve; SBPsat; SBP saturation; SBPthr, SBP threshold; SBP range, SBP operational range; 

RSNA, renal SNA.
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3.2 Study 2: Evaluation of AT1 receptor dependent superoxide production within the PVN  

3.2.1 Bodyweight and tissue weight 

Bodyweight and tissue weight parameters are provided in Table 4. LPK rats had a lower 

bodyweight, greater left kidney weight and heart to body weight ratio than Lewis rats. Losartan 

treatment did not alter this. Left ventricular weight as a percentage of bodyweight showed both 

a strain and treatment effect and post-hoc analysis revealed that treatment reduced left 

ventricular weight as a proportion of bodyweight in LPK (P<0.01), but not in the in Lewis 

(P=0.31). 

 

Table 4. Bodyweight and tissue weight parameters in Lewis and Lewis Polycystic Kidney 

(LPK) rats untreated and treated with losartan (30 mg/kg/day) from 4 to 12-14 weeks of age. 

Values are expressed as mean ± SEM. minimum n values per group are indicated by the 

subscript associated with each strain and treatment column. * P<0.05 vs. untreated Lewis rat, # 

P<0.05 vs. losartan treated Lewis rat, ^P<0.05 vs. untreated strain-matched rat. UnRx, 

Untreated; LosRx, losartan treated; Rx, treated; BW, bodyweight; LKW, left kidney weight; 

HW, whole heart weight; LVW, left ventricular weight.

Group Lewis LPK P-value 

Parameter UnRx (2)
 LosRx (6) UnRx (6)

 LosRx (6) Strain Rx 

BW (g) 341±4 284±34 233±26 240±25 0.022 0.414 

LKW (g) 1.3±0.1  1.2±0.2 10.7±1.4* 11.9±0.9# <0.001 0.664 

HW/BW 0.3±0.002  0.3±0.01 0.5±0.01*  0.5±0.02# <0.001 0.190 

LVW (% BW) 0.22±0.002 0.19±0.01 0.39±0.01* 0.34±0.01#^ <0.001 <0.001 
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3.2.2 Blood pressure and renal parameters 

Tail-cuff SBP and renal function parameters are provided in Table 5. Tail-cuff SBP was greater 

in LPK compared to Lewis rats, but there was no treatment effect. When compared to Lewis 

rats, LPK rats exhibited lower urinary creatinine as well as greater plasma creatinine, plasma 

urea, daily water consumption and daily urine production. Urinary protein was detected in all 

LPK rats, but was only detected in a single untreated Lewis rat. Creatinine clearance, an index 

of glomerular filtration rate (Rahn et al., 1999), was also reduced in LPK compared to Lewis 

rats. Treatment did not influence any renal function parameters in either strain (P>0.05).
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Table 5. Tail-cuff blood pressure and renal function parameters in Lewis and Lewis Polycystic Kidney (LPK) rats untreated and treated with losartan 

(30 mg/kg/day) from 4 to 12-14 weeks of age. 

Group Lewis  LPK  P-value 

Parameter UnRx (2)
 LosRx (6) UnRx (6)

 LosRx (6) Strain Treatment 

Tail-cuff SBP (mmHg) 113±2 110±2 209±8* 206±7# <0.001 0.669 

Urinary protein: creatinine ratio 0.4  0 3.8±0.9 5.6±1.5 - 0.312¥ 

Urinary protein (g/l) 0.1  0 0.8±0.2 1.1±0.2 - 0.321¥ 

Urinary creatinine (g/l) 1.4±0.1 1.1±0.1 0.2±0.02* 0.2±0.01# <0.001 0.164 

Creatinine clearance (ml/min) 2.6±0.5 2.5±0.2 0.6±0.1* 0.8±0.2# <0.001 0.978 

Plasma creatinine (µmol/l) 32.3±2.4 26.3±2.6 74.9±4.5* 87.9±14.8# <0.001 0.712 

Plasma urea (mmol/l) 6.6±0.2 6.9±0.2 26.1±1.6* 25.7±1.5# <0.001 0.958 

Daily water consumption/BW (ml) 0.06±0.003 0.09±0.01 0.24±0.02* 0.25±0.02# <0.001 0.317 

Daily urine production/BW (ml) 0.03±0.001 0.04±0.004 0.18±0.01* 0.18±0.01# <0.001 0.828 

Values are expressed as mean ± SEM. minimum n values per group are indicated by the subscript associated with each strain column. ¥ indicates t test 

for LPK rats. * P<0.05 vs. untreated Lewis rat, # P<0.05 vs. losartan treated Lewis rat. UnRx, Untreated; LosRx, losartan treated; SBP, systolic blood 

pressure; BW, bodyweight.
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3.2.3 Superoxide production within the PVN and the effect of losartan treatment 

Representative DHE stained PVN sections are shown in Figure 7A. Grouped DHE 

quantification data is provided in Figure 7B. Overall strain and treatment effects were detected 

for PVN DHE fluorescence. Post-hoc analysis revealed that PVN DHE fluorescence was 

greater in untreated LPK vs. Lewis (P=0.02), and that treatment did not change the levels in 

Lewis rats (P=0.53), but did reduce the levels in LPK rats (P=0.04) such that treated LPK rats 

were no longer different from untreated Lewis rats (P>0.05). The PVN DHE fluorescence was 

notably reduced in those sections pre-incubated with superoxide dismutase compared to 

sections without a pre-incubation period (Lewis untreated 0.29±0.01 vs. 1.0±0.2 and LPK 

untreated 0.17±0.03 vs. 2.0±0.3).  
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Figure 7: (A) Representative images of dihydroethidium (DHE) stained paraventricular 

nucleus of the hypothalamus (PVN) sections. Scale bar equal to 200 µm as indicated in the far 

right panel. (B) Grouped data showing quantification of DHE fluorescence within the PVN in 

Lewis and Lewis Polycystic Kidney (LPK) rats untreated (n=3 Lewis and n=7 LPK) and treated 

with losartan (n=6 Lewis and n=6 LPK; 30 mg/kg/day) from 4 to 12-14 weeks of age. Data are 

expressed relative to Lewis untreated control values. * P<0.05 between groups as indicated.  
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4. Discussion 

The aim of this study was to determine whether glutamatergic inputs to the PVN contribute to 

hypertension and baroreflex dysfunction in the LPK model of CKD. We also sought to 

investigate whether ROS production is upregulated within the PVN in the LPK, and whether 

this is dependent upon the chronic activation of the Ang II AT1 receptor. The major findings 

are that: (1) microinjection of the ionotropic glutamate receptor antagonist kynurenic acid into 

the PVN produced a greater depressor response in LPK rats compared to Lewis controls such 

that SBP was normalised; (2) blocking ionotropic glutamate receptors within the PVN was not 

associated with improved HR or RSNA baroreflex function in LPK rats; (3) superoxide is 

elevated within the PVN in LPK compared to Lewis rats, but is normalised by chronic treatment 

with the AT1 receptor antagonist losartan. Collectively these findings indicate that enhanced 

glutamatergic activation of the PVN is important for the maintenance of hypertension, but not 

baroreflex dysfunction, in the LPK, and suggest that AT1 receptor-dependent superoxide 

production is augmented within the PVN in this model of CKD. Our data highlight upregulated 

AT1 receptor activity as a possible mechanism underlying the increase in glutamatergic tone of 

the PVN in CKD; although this remains to be tested. 

4.1 LPK exhibit renal dysfunction and hypertension 

Hypertension is an important complicating feature of CKD associated with poor cardiovascular 

and renal outcomes (Tozawa et al., 2003; Franklin and Wong, 2013). Here we confirm our 

previous findings that by 13 weeks of age LPK rats display the hallmarks of renal dysfunction, 

including impaired creatinine excretory function, uraemia and proteinuria, and that this occurs 

in conjunction with marked systolic hypertension (Phillips et al., 2007; Hildreth et al., 2013). 

In addition, the pulse pressure of LPK rats is significantly elevated, similar to humans with 

CKD, which likely reflects arterial stiffness (Ng et al., 2011b; Briet et al., 2012).  

The genesis of hypertension in CKD is multifactorial. Certainly on the basis of the anti-

hypertensive efficacy of diuretics and RAS blockers, plasma volume expansion and RAS 

activation are key contributing factors (Vasavada and Agarwal, 2003; Torres et al., 2014). 

However, approximately 20% of the CKD patient population exhibit treatment resistant 

hypertension (De Nicola et al., 2013), which is thought to be neurogenic in origin (Hering and 

Schlaich, 2015). In humans, there is direct evidence that renal deterioration is accompanied 

with elevated sympathetic outflow to muscle vascular beds (Klein et al., 2003a; Grassi et al., 

2011), this being an important determinant of peripheral vascular resistance and therefore blood 

pressure (Vissing et al., 1989). Indeed, muscle SNA appears to positively predict hypertension 

in the PKD patient population (Klein et al., 2001). Recent studies reporting an anti-hypertensive 

effect of renal denervation in small uncontrolled CKD cohorts implies that augmented 

sympathetic outflow to the kidneys participates in the maintenance of hypertension in CKD 

(Hering et al., 2012; Kiuchi et al., 2013). However, the sympathetic nervous system does appear 

to be differentially activated in CKD, with evidence that cutaneous SNA is not elevated (Park 

et al., 2008; Grassi et al., 2009).  

In contrast to our previous reports in conscious and anaesthetised rats (Salman et al., 2014; 

Salman et al., 2015b), we did not find that LPK rats exhibited increased RSNA at baseline 

relative to Lewis rats. However, our power to detect statistical differences in baseline RSNA 

was limited by the relatively low sample size for Lewis rats (n=5) as well as the large variability 

of recorded values, being more than two-fold greater than we have previously found in a similar 

anaesthetised preparation (Salman et al., 2014). Factors contributing to this variability may 

include the depth and duration of anaesthesia, artificial ventilation, the number fibres in the 
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nerve bundle, the amount of fluid at the electrode-nerve junction and the continuation of blood 

supply to the nerve (Burke et al., 2011). 

4.2 Glutamatergic inputs to the PVN contribute to hypertension but not resting HR or 

RSNA in LPK 

The PVN controls blood pressure through neural and humoral mechanisms 

The PVN is a functionally heterogeneous collection of neurons that have the capacity to 

influence blood pressure through distinct neural and humoral faculties (Pyner, 2009). 

Parvocellular PVN pre-autonomic neurons are afforded control over central sympathetic 

outflow by virtue of projections that target the IML as well as pre-sympathetic neurons in the 

RVLM (Shafton et al., 1998). Trans-synaptic tracing studies have demonstrated that PVN pre-

sympathetic neurons are anatomically primed to influence multiple sympathetic outflows, 

including renal, cardiac, lumbar, adrenal and splanchnic (Strack et al., 1989). There is also 

anatomical evidence that PVN pre-autonomic neurons target cardiac vagal preganglionic 

neurons located in their majority in the nucleus ambiguus and to a lesser extent the dorsal motor 

nucleus of the vagus (Buijs, 1978; Rinaman, 1998). Hence the PVN is in a pivotal position to 

coordinate autonomic control of the circulation. 

In addition to the neural control of blood pressure, humoral faculties of the PVN may influence 

blood pressure through magnocellular neurons that secrete vasopressin and oxytocin into the 

peripheral circulation (Brown et al., 2013) and parvocellular corticotropin-releasing factor-

synthesising neurons that regulate the downstream production of glucocorticoids at the adrenal 

gland (Benarroch, 2005). Among these PVN-regulated hormones, vasopressin, an anti-diuretic 

peptide and potent vasoconstrictor (Holmes et al., 2001), provides powerful control over arterial 

pressure, specifically in response to extracellular fluid hyperosmality and depletion (Schwartz 

and Reid, 1981; Thompson et al., 1986). This is in contrast to oxytocin, a peptide which may 

only contribute to vascular resistance when present in greater than normal physiological 

concentrations (Miller et al., 2002), and glucocorticoids, which act to enhance smooth muscle 

reactivity to vasoactive substances over extended time-scales (hours-days) through changes in 

gene expression (Ullian, 1999). 

Differential control of arterial pressure by the PVN in Lewis and LPK 

Under normal conditions PVN output activity contributes minimally, if at all, to the steady-

state level of arterial pressure, HR and SNA, as indicated by a number of acute microinjection 

studies that have pharmacologically inhibited PVN efferent activity (Stocker et al., 2004; Li 

and Pan, 2007b; Martins-Pinge et al., 2012). Indeed this notion is supported by a recent study 

showing that long-term suppression of the PVN is without effect on blood pressure or HR in 

conscious normal rats (Geraldes et al., 2014). Here we show that acute inhibition of ionotropic 

glutamate receptors within PVN did not alter resting blood pressure, HR or RNSA in Lewis 

rats, which is consistent with previous reports in other healthy strains (Li et al., 2006) and with 

the current understanding concerning the functional organisation of ionotropic inputs within the 

PVN under normal conditions (Li et al., 2004; Li et al., 2006; Martins-Pinge et al., 2012). 

Afferent glutamatergic input to the PVN arises predominately from local interneurons as well 

as other hypothalamic and forebrain sites (Csaki et al., 2000; Ulrich-Lai et al., 2011). In 

addition, long ascending projections from the brainstem, although rarely glutamatergic 

themselves, are thought to recruit local glutamatergic interneurons (Affleck et al., 2012; Ziegler 

et al., 2012). It is thought that glutamatergic inputs to PVN pre-autonomic neurons are tonically 

active, although are offset by inhibitory GABAergic inputs such that the neurons are minimally 
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active at rest (Li et al., 2004; Li et al., 2006). Magnocellular vasopressin-secreting PVN neurons 

also receive tonic glutamatergic drive (Daftary et al., 1998); although is thought to be minimal 

during normal conditions since the concentration of circulating vasopressin is kept at a low 

level at rest and does not contribute to arterial pressure (Bussien et al., 1984). Hence in the 

Lewis it is likely that glutamatergic inputs to the PVN are sufficiently suppressed and therefore 

blockade of glutamate receptors had no effect on blood pressure, HR and RSNA. However 

given the large variability of HR and RSNA responses exhibited by Lewis animals, validating 

this point would benefit from a greater sample size. 

However, in the LPK, blockade of ionotropic glutamate receptors within the PVN normalised 

SBP, supporting the notion that neurogenic contribution to blood pressure control by the PVN 

is central to the maintenance of hypertension in this model of CKD. This indicates that the 

organisation of ionotropic inputs within the PVN in LPK is altered, and could relate to either 

an enhancement of glutamate receptor activity or alternatively a reduction in ionotropic GABA 

receptor activity. Since we did not examine GABAergic control of the PVN in this study, we 

cannot distinguish between these two possibilities. Also, given the remarkable heterogeneity of 

PVN neurons that regulate blood pressure, we are unable to definitively determine the 

underlying cause of the depressor response following removal of glutamatergic inputs in LPK, 

as changes in cardiac output and sympathetic or vasopressin mediated changes in vascular 

resistance could all contribute. 

Glutamatergic inputs to the PVN do not contribute to resting HR in LPK  

It has been shown previously that glutamatergic activation of the PVN with NMDA evokes a 

tachycardic response that is dependent on both cardiac vagal and sympathetic efferents since 

this response is only abolished by simultaneous vagotomy and silencing of synaptic 

transmission within the IML (Kawabe et al., 2009). Furthermore, in-vitro evidence indicates 

that PVN efferents that project to cardiac vagal preganglionic neurons may differentially 

regulate cardiac vagal outflow depending on the region targeted within the medulla, with 

vasopressinergic terminals facilitating inhibitory control within the nucleus ambiguus (Wang 

et al., 2002) and oxytocinergic terminals facilitating excitatory drive within the dorsal motor 

nucleus of the vagus (Pinol et al., 2014). It is also possible that PVN efferents may regulate 

resting HR by modulating viscerosensory afferent transmission at the level of the NTS (Peters 

et al., 2008). Others have found that enhanced glutamatergic signalling within the PVN 

positively influences resting HR in rats with heart failure and essential hypertension, as 

silencing these inputs decreases HR in these animals (Li et al., 2003b; Li and Pan, 2007a). In 

comparison, our finding that HR did not change following removal of glutamatergic inputs to 

the PVN in LPK rats, suggests that these pathways are unlikely to contribute to resting HR in 

this model. A larger sample size would be necessary to substantiate this point. 

Glutamatergic inputs to the PVN do not significantly contribute to resting RSNA in LPK 

Contrary to our original hypothesis, we found that silencing glutamatergic signalling within the 

PVN in LPK was associated with an abrupt but transient increase in RSNA. It is possible that 

this initial renal sympathoexcitatory response in LPK was baroreflex mediated; although we 

consider this unlikely given the meagre reduction in SBP (10 mmHg) at this time point, which 

in light of our baroreflex data would not be expected to significantly elevate RSNA. 

Interestingly this short-acting excitatory RSNA response is in contrast to the sustained 

inhibitory lumbar SNA response we have previously found in LPK (Hildreth and Phillips, 

2014), suggesting that glutamatergic inputs to PVN pre-sympathetic neurons are configured in 

a region-specific manner in the diseased state such that tonic glutamatergic drive inhibits renal, 
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but excites lumbar, sympathetic outflows. That the PVN has the capacity to differentially 

regulate SNA in response to robust physiological changes has been demonstrated previously, 

with evidence that inhibition of the PVN with the GABAA receptor agonist muscimol reduces 

lumbar SNA but is without effect on RSNA in rats chronically exposed to intermittent periods 

of hypoxia (Sharpe et al., 2013) or subjected to a 24 hour period of dehydration (Stocker et al., 

2005). In contrast to the transient excitatory RSNA response exhibited in LPK rats, blocking 

glutamate signalling within the PVN in rats with heart failure produces a substantial reduction 

in RSNA concurrently with a decrease in arterial pressure (Li et al., 2003b). This indicates that 

the patterning of glutamatergic inputs to subpopulations of PVN neurons is differentially 

shaped during specific disease states. Additional studies will be required to determine whether 

enhanced glutamatergic drive contributes to splanchnic SNA in LPK since this is a regional 

sympathetic outflow that appears to be selectively upregulated in rats with Ang II-salt induced 

hypertension (Osborn and Fink, 2010). 

Increased PVN-mediated peripheral secretion of vasopressin may contribute to hypertension 

in LPK 

The inability of glutamatergic blockade within the PVN in LPK to reduce HR or RSNA 

suggests that the marked depressor response in this strain is mediated either by a reduction in 

sympathetic drive to other vascular beds or alternatively via a decrease in hormone activity at 

the vasculature (Figure 8). Preliminary data from our laboratory suggest that circulating 

vasopressin is greater in LPK compared to Lewis rats (Wise and Phillips, unpublished data). 

This is consistent with reports that plasma vasopressin is also elevated in rats with surgically 

reduced renal mass (Bouby et al., 1990) and in humans with PKD (Zittema et al., 2014). It is 

conceivable, therefore, that the reduction in blood pressure in LPK rats following 

microinjection of kynurenic acid into the PVN reflects decreased activity of vasopressin-

secreting magnocellular PVN neurons. Indeed the slow onset of the depressor response in LPK 

rats is consistent with the half-life of circulating vasopressin (~15 min) (Czaczkes et al., 1964). 

However, additional studies are required substantiate this assertion. In that regard, isolating the 

PVN’s humoral control of blood pressure with vagotomised and spinally-transected 

preparations would be valuable. 

In contrast to the LPK, vasopressin-secreting magnocellular neurons are unlikely to play a 

significant role in the maintenance of hypertension enforced by glutamatergic drive of the PVN 

in the spontaneously hypertensive rat (SHR) model of essential hypertension (Li and Pan, 

2007a) since neither acute nor chronic peripheral vasopressin antagonism effects blood pressure 

in this model (Sladek et al., 1987; Takeda et al., 1991). If we consider that plasma 

hyperosmolarity is the most powerful stimulus to evoke vasopressin secretion (Thompson et 

al., 1986) and that LPK rats (Phillips et al., 2007), and indeed humans with CKD (Zittema et 

al., 2014), have impaired urine concentrating ability, then it is tempting to speculate that 

enhanced glutamatergic drive of vasopressin-secreting magnocellular PVN neurons in LPK is 

an adaptation to the chronic challenge to plasma osmolality homeostasis imposed by the renal 

dysfunction. Consistent with this postulation is evidence that c-Fos expression is upregulated 

in the osmoreceptive circumventricular organ organum vasculosum laminae terminalis in LPK 

and other rat models of CKD (Ang et al., 2007; Palkovits et al., 2013). In addition to increased 

osmoreceptive input to the PVN, upregulated renal afferent nerve activity may provide an 

additional source of elevated excitatory drive to the PVN in LPK, as there is evidence that renal 

afferents increase their discharge from the diseased kidneys (Campese and Kogosov, 1995) and 

may excite magnocellular and pre-autonomic PVN neurons (Ciriello, 1998; Xu et al., 2015). 

Offsite kynurenic acid microinjection also evokes a depressor response in LPK 
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Of note is our data showing that microinjection of kynurenic outside of the PVN in an LPK rat 

produced a comparable depressor response to those rats where kynurenic acid was 

microinjected within the PVN. It has been estimated that upon injection into neural tissue a 100 

nl drug solution initially occupies a spherical area of extracellular space that has a radius of 484 

µm (Nicholson, 1985; Gaede and Pilowsky, 2013). Thereafter the drug is expected to diffuse 

throughout the extracellular space, with its concentration decreasing as function of distance 

(Gaede and Pilowsky, 2013). Given that the epicentre of our offsite kynurenic acid 

microinjections in Lewis and LPK rats were located ~240 µm away from the caudal pole of the 

PVN, and that microinjection of kynurenic acid into the PVN at a concentration of as little as 3 

mM has been reported to evoke a depressor response in SHR (Li and Pan, 2007a), it is 

conceivable that offsite kynurenic acid microinjection in these rats infiltrated an area of 

extracellular space that included a significant portion of the PVN neuronal population. 

Therefore, the principles of drug diffusion provide a plausible explanation for our data showing 

that microinjection of kynurenic acid within the immediate vicinity of the PVN reduced SBP 

in a single LPK rat. 

4.3 Baroreflex dysfunction in LPK is independent of ionotropic glutamate receptor 

activity within the PVN  

Centrally-mediated baroreflex dysfunction is an important pathological feature in CKD 

Central processing of the baroreflex is particularly sensitive to environmental and physiological 

stimuli. Unique alterations in baroreflex function in response to exercise (Michelini and Stern, 

2009), nociception (Pickering et al., 2003) and acute stress (Durocher et al., 2011) are examples 

of this. In the context of disease, the central nervous system may mediate maladaptive 

modifications in baroreflex function, with this being demonstrated in animal models of 

hypertension (Takeda et al., 1988; Salgado et al., 2007), heart failure (Patel et al., 2013), obesity 

(Huber and Schreihofer, 2010) and – as we have previously shown using the LPK – CKD 

(Salman et al., 2014). That LPK exhibit baroreflex dysfunction that is centrally-mediated is a 

pertinent finding since impaired cardiac baroreflex sensitivity inflates the risk of sudden cardiac 

death in individuals with CKD (Johansson et al., 2007; John et al., 2008), possibly by 

predisposing them to adverse arrhythmic events, as is the case in patients post-myocardial 

infarction (Farrell et al., 1991; Hohnloser et al., 1994). 

Consistent with our previous reports (Hildreth et al., 2013; Salman et al., 2014; Yao et al., 

2015), here we found that HR and RSNA baroreflex sensitivity (i.e. gain) is reduced in LPK 

compared to Lewis controls. This did, however, occur without a change in the range of HR or 

RSNA values recruited by the baroreflex. This is in contrast to our previous reports where we 

have found HR and RSNA range to be narrower in LPK rats of comparable age and renal 

function as the LPK used in the present study (Salman et al., 2014; Yao et al., 2015). It is 

possible that our ability to detect strain differences was limited due to the relatively small 

sample size for our baroreflex data. We also consider an important methodological difference, 

that being mechanical ventilation, which was consistently used in the current study but was 

only implemented previously as required (Salman et al., 2014). Activation of pulmonary stretch 

receptors by lung over-inflation has been shown to influence baroreflex function (Daly and 

Kirkman, 1989), and given that it is not known if this interaction is modified in renal disease, 

it is possible that mechanical ventilation contributed to these inconsistent findings. 

Nevertheless, that we did not find a strain difference in HR and RSNA range in the current 

study, but did identify that the baroreflex operated over a wider SBP range in the LPK, warrants 

an important consideration with respect to our baroreflex gain data. That is, since baroreflex 

gain represents the slope of the SBP-HR/RSNA relationship, then a widening of the operational 
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SBP range (x-axis) in LPK without a concurrent reduction in the HR/RSNA range (y-axis) 

would in and of itself support a reduction in the slope of the curve. Therefore the inherent 

interrelationship between these variables complicates the interpretation of our baseline gain 

data in the present study. 

Glutamatergic drive of the PVN does not contribute to baroreflex dysfunction in LPK 

A major aim of this study was to determine whether ionotropic glutamatergic inputs to the PVN 

contribute to impaired baroreflex control of HR and RSNA in LPK rats. A number of early 

studies showed that stimulating the PVN electrically (Ciriello and Calaresu, 1980b; Chen et al., 

1996) or chemically with glutamate (Chen et al., 1996) or a glutamate analogue (Jin and 

Rockhold, 1989) blunts baroreflex evoked bradycardia, indicating that the PVN provides 

inhibitory control over baroreflex function and, importantly, that this may be driven by 

glutamate receptors. Inhibitory control of the baroreflex by the PVN may be mediated by 

projections to the NTS, where the majority of baro-activated neurons are inhibited upon 

stimulation of the PVN (Duan et al., 1999) and where vasopressin, a neuropeptide that is 

specific to PVN terminals in this region (Buijs, 1978; White et al., 1984), exerts an inhibitory 

action at the baroreceptor afferent-NTS neuron junction in-vitro (Bailey et al., 2006) and blunts 

baroreflex evoked bradycardia in-vivo (Michelini and Bonagamba, 1988; Kubo and Kihara, 

1990). Furthermore, there are initial indications that the PVN may facilitate baroreflex 

dysfunction in SHR, with evidence that long-term suppression of the PVN partially restores 

spontaneous cardiac baroreflex sensitivity after 60 days (Geraldes et al., 2014); although it is 

possible that this improvement was peripherally-driven as hypertension was significantly 

attenuated in these rats.  

Our results showing that glutamatergic blockade of the PVN does not alter HR or RSNA 

baroreflex function in LPK suggests that centrally-mediated baroreflex dysfunction in this CKD 

model is independent of glutamatergic inputs to the PVN. However, this does not preclude the 

possibility that glutamate-independent sources of excitatory inputs to the PVN contribute to 

baroreflex dysfunction in LPK. To this end, further investigations directed at silencing PVN 

output activity, for example with a GABAA agonist, are required. We also suggest that offsetting 

effects may have occurred as an indirect consequence of reducing PVN efferent activity. More 

specifically, if we consider that circulating vasopressin acts to enhance sympathetic baroreflex 

gain via the blood-brain barrier deficient area postrema (Cox et al., 1990), then decreased 

secretion of vasopressin following glutamatergic blockade of the PVN in LPK, which is 

strongly indicated although not directly ascertained here, may act in opposition to any potential 

improvement in baroreflex gain mediated by the removal of other PVN-dependent pathways. 

Glutamatergic tone within the PVN does not contribute to baroreflex function in Lewis 

Whether the PVN contributes to baroreflex function in the non-diseased state appears to be 

condition-dependent. In rats performing exercise, vasopressinergic PVN-NTS pathways are 

activated that serve to blunt reflex bradycardia and facilitate the co-occurrence of tachycardia 

with high blood pressure (Dufloth et al., 1997). In exercise-trained rats performing exercise, 

oxytocinergic PVN-NTS projections are co-activated and serve to increase HR baroreflex range 

and gain, thereby counteracting the actions of vasopressin and permitting the adaptive response 

of reduced exercise tachycardia (Braga et al., 2000; Higa et al., 2002). The presence of these 

functionally opposing condition-dependent neuronal subpopulations probably underlies the 

inconsistency of findings concerning the contribution of the PVN to baroreflex function in 

anaesthetised conditions. In that regard, it has been reported that crude lesions of the PVN in 

anaesthetised animals either increase (Ciriello and Calaresu, 1980b) or alternatively do not 
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influence (Patel and Schmid, 1988; Rockhold et al., 1990; Shih et al., 1995) baroreflex mediated 

bradycardia. Of these studies, only Patel and Schmid (1988) assessed the role of the PVN in the 

sympathetic baroreflex, finding that silencing neural activity within the PVN with lidocaine 

increased lumbar sympathetic baroreflex gain. In this study we found that administering 

kynurenic acid within the PVN did not alter baroreflex control of either HR or RSNA in Lewis 

rats, suggesting that tonic glutamatergic drive of the PVN does not contribute to baroreflex 

function in anaesthetised conditions in this strain. This finding is in contrast to another study in 

which baroreflex-mediated bradycardia was found to decrease following NMDA receptor 

antagonism of the PVN in conscious rats; however it important to note that trials were 

performed only 24 hour post-surgery in that study and as such the inadvertent recruitment of 

stress-related pathways cannot be ruled out (Crestani et al., 2010). 

The baroreflex does not reset in LPK following removal of glutamatergic inputs to the PVN 

Our data showing that HR and RSNA baroreflex function curves operate around a greater SBP 

set-point (i.e. the midpoint of the curve) in LPK relative to Lewis rats is consistent with that 

what has been reported in other hypertensive rats (Moyses et al., 1994) and humans (Grassi et 

al., 1998). Indeed, it is well established that a sustained deviation from the steady-state level of 

arterial pressure is associated with a chronic resetting of the operational set-point of the 

baroreflex in the direction of the pressure change. In a seminal study, McCubbin et al. (1956) 

demonstrated that chronic baroreflex resetting in hypertension is reflected in a shift in the 

discharge pattern of baroreceptor afferents. Using whole-fibre recordings of carotid and aortic 

baroreceptor afferent nerves, these authors showed that the arterial pressure values that were 

required to silence and saturate baroreceptor afferent discharge were greater in hypertensive 

dogs. Indeed, in agreement with this early report and subsequent studies in hypertensive rats 

(Sapru and Wang, 1976), we have previously shown that aortic depressor nerve responses are 

shifted to higher pressure values in LPK compared to Lewis rats (Salman et al., 2014). 

Despite producing a large reduction in SBP in LPK rats, blocking glutamatergic inputs to the 

PVN failed to cause a resetting of the HR or RSNA baroreflex to lower pressure values. This 

indicates that either the duration of the depressor period in LPK was too short to enable 

peripheral resetting or that central processes are acting in opposition to prevent the entire 

baroreflex arc from resetting. Although baroreceptors partially reset within 15 minutes of a 

sustained change in arterial pressure (Undesser et al., 1984; Salgado and Krieger, 1988), this 

may only be 20-40% complete (Krieger, 1988). Hence the duration of the depressor response 

in LPK following glutamatergic blockade of the PVN may not have been sufficient to produce 

a detectable leftward shift in the baroreflex set-point. This result does, however, contrast our 

previous report where we found that bolus administration of losartan in LPK, which was 

associated with a comparable reduction in SBP to that exhibited by LPK here, was associated 

with leftward resetting of the RSNA baroreflex after 30 minutes (Yao et al., 2015). Although, 

rather than suggesting that a 30 minute depressor period is sufficient to cause peripheral 

resetting, instead this finding probably reflects the established role of central AT1 receptors in 

mediating central baroreflex resetting (Head et al., 2002).  

4.4 LPK exhibit elevated AT1 receptor-dependent superoxide production within the PVN 

Intracellular superoxide levels are elevated within the PVN in LPK 

Cellular oxidative state is determined by the balance between ROS production and degradation. 

Oxidative signalling serves as an essential intermediate for a number of intracellular signalling 

cascades that regulate acute and chronic changes in neuronal activity (Massaad and Klann, 



38 

 

2011; Zimmerman, 2011). Increased brain ROS may play an important role in facilitating 

autonomic dysfunction in CKD. Using a salt-induced uninephrectomised rat model of CKD, 

Fujita et al. (2012) showed that acute central administration of the superoxide dismutase 

mimetic tempol decreased arterial pressure, HR and RSNA but was without effect in healthy 

rats. Consistent with this finding is our data showing that superoxide levels, assessed indirectly 

with DHE, are augmented within the PVN in LPK rats. However, we have previously found 

that chronic peripheral administration of tempol, which is blood-brain barrier permeable (Kwon 

et al., 2003), does not influence blood pressure in this model (Ding et al., 2012). This therefore 

implies that the heightened PVN oxidative state may not be obligatory for the development of 

hypertension in LPK. In order to test this assertion, however, further studies targeted at reducing 

PVN superoxide more selectively, for example with a vector that induces the overexpression of 

superoxide dismutase within the PVN (Zimmerman et al., 2002), will be required. 

It has been reported previously that PVN superoxide levels are increased in other models of 

autonomic dysfunction, including in rodents with hypertension (Burmeister et al., 2011; 

Jancovski et al., 2013; Masson et al., 2014), heart failure (Guggilam et al., 2011) and diabetes 

(Patel et al., 2011). The two-fold change in DHE-detected superoxide levels within the PVN in 

LPK that we found here is similar to that reported in renovascular hypertensive mice 

(Burmeister et al., 2011) although less than the approximately three-fold increase reported in 

Ang II-infused mice (Masson et al., 2014) and diabetic rats (Patel et al., 2011). This difference 

may merely reflect experimental variation, although differences in disease characteristics (i.e. 

hyperglycaemia and high circulating Ang II) are also likely to have contributed. 

Increased superoxide levels within the PVN in LPK is dependent on AT1 receptor activity 

Accumulating evidence has established the role of superoxide production as a secondary 

messenger of Ang II within the central nervous system. In a seminal study, Zimmerman et al. 

(2002) showed that central overexpression of superoxide dismutase substantially impairs the 

cardiovascular and behavioural effects of centrally-administered Ang II. It has since been 

demonstrated that upregulation of superoxide production by Ang II within the central nervous 

system is mediated by a G protein coupled process of the AT1 receptor that stimulates 

nicotinamide adenine dinucleotide phosphate-oxidase (NADPH), a major enzymatic source of 

intracellular superoxide (Zimmerman et al., 2004; Infanger et al., 2006). Within the PVN, 

NADPH-dependent superoxide production is necessary to elicit the acute pressor and 

sympathoexcitatory actions of Ang II (Zhang et al., 2006). Using in-vitro whole-cell patch 

clamp recordings, Chen and Pan (2007) replicated this finding showing that Ang II-mediated 

excitation of pre-sympathetic PVN neurons is blocked in the presence of a superoxide 

scavenger. 

We found that losartan treatment initiated early in the disease course was sufficient to restore 

PVN superoxide levels to non-disease levels in LPK, indicating that AT1 receptors mediate 

superoxide production within the PVN and may be important to the chronic excitation of these 

neurons. The ability of losartan to normalise PVN superoxide levels was apparently 

independent of renal disease severity and blood pressure, as we found that indices of renal 

function and tail-cuff SBP measurements were not different between treatment groups at the 

single time point assessed. In contrast to the AT1 receptor dependence of augmented PVN 

superoxide levels that we report in LPK here, Patel et al. (2011) found that losartan treatment 

did not significantly ameliorate high PVN superoxide in diabetic rats, which suggests that AT1 

receptor independent mechanisms, such as hyperglycaemia (Chappey et al., 1997), are 

responsible for the chronic oxidative state within the PVN in this model. 
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AT1 receptor-dependent superoxide production within the PVN in LPK may be centrally or 

peripherally driven 

Since we administered losartan peripherally in this study there are several possible ways in 

which chronic AT1 receptor inhibition could reduce superoxide levels within the PVN in LPK. 

Considering that AT1 receptors are distributed throughout the PVN (Lenkei et al., 1995), then 

if their activity is enhanced in LPK then direct blockade with losartan, which is blood-brain 

barrier permeable (Li et al., 1993), would blunt local superoxide production. This appears to 

the case in rats with heart failure since acutely administering losartan directly into the PVN 

reduces superoxide to control levels (Han et al., 2007). Clearly this mechanism infers that LPK 

either have augmented PVN extracellular Ang II concentration, AT1 receptor density or 

intracellular coupling to NADPH. Certainly there is evidence that enhanced AT1 receptor 

activity within the PVN in rats with renovascular hypertension (Chen et al., 2011a; Sun et al., 

2012) and heart failure (Wang et al., 2005; Gan et al., 2014) could be due to both increased Ang 

II concentration as well as AT1 receptor density. Further studies will be necessary to assess Ang 

II concentration and AT1 receptor density within the PVN in LPK, and in this regard protein 

(e.g. western blot) and mRNA (e.g. reverse transcription-PCR) analyses will be valuable. 

During normal conditions circulating Ang II does not readily cross the blood-brain barrier (van 

Houten et al., 1980). Instead sites located outside of the blood-brain barrier such as the 

subfornical organ are responsible for relaying circulating Ang II information to central nuclei, 

such as the PVN, utilising Ang II as a neuropeptide (Lind et al., 1985; Anderson et al., 2001; 

Sakai et al., 2007). Interestingly, however, a recent report has shown that the permeability of 

the blood-brain barrier to Ang II is increased in hypertension (Biancardi et al., 2014), thereby 

raising the intriguing possibility that circulating Ang II may access the PVN, and indeed other 

autonomic nuclei, in hypertensive renal disease. 

We also consider peripheral actions of AT1 receptor blockade that could facilitate the 

downstream reduction in superoxide within the PVN in LPK. In rats with heart failure, 

myocardial ischemia resulting from the primary cardiac pathology activates cardiac 

sympathetic afferents which in turn stimulates superoxide production within the PVN via 

activation of the AT1 receptor (Chen et al., 2015). Enhanced activity of this afferent pathway 

contributes to the sympathoexcitatory state in heart failure (Chen et al., 2015). Since we found 

that losartan treatment attenuated left-ventricular hypertrophy in LPK rats, consistent with the 

hypertrophic action of AT1 receptors at the cardiomyocytes (Sadoshima and Izumo, 1993), then 

improved cardiac function in losartan treated LPK rats may have contributed to the reduction 

in superoxide levels within the PVN. Left-ventricular hypertrophy is also a characteristic of 

human CKD, and similarly responds to losartan treatment (Shibasaki et al., 2002). Accordingly, 

further studies are warranted to delineate the role of the cardiac sympathetic afferents in CKD. 

We envision that such experiments would take the form of testing the sympathetic response in 

Lewis and LPK rats to epicardial application of lidocaine and bradykinin to inhibit and active 

the cardiac sympathetic afferents, respectively (Zhu et al., 2002; Zhang et al., 2006). 

4.5 Potential mechanisms by which the AT1 receptor and superoxide may enhance 

glutamatergic tone within the PVN in LPK 

Considering our data showing that AT1 receptor-dependent superoxide production within the 

PVN is augmented in LPK, we consider possible mechanisms by which increased Ang II 

activity within the PVN may facilitate the enhancement of glutamatergic tone leading to 

hypertension in this CKD model (Figure 8). In-vitro patch clamp electrophysiology studies have 

demonstrated that the acute excitatory action of Ang II on PVN efferents is mediated indirectly 

by pre-synaptic inhibition of GABAergic inputs via the AT1 receptor and the formation of 
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superoxide (Li et al., 2003a; Li and Pan, 2005; Chen and Pan, 2007). Therefore in LPK, Ang 

II-mediated reduction in GABAergic tone could enable glutamatergic drive to dominate. 

Further microinjection studies that acutely antagonise AT1 receptors within the PVN will be 

valuable to test this postulation. Another pre-synaptic mechanism by which Ang II may 

potential upregulate glutamatergic activity within the PVN is by reducing glutamate reuptake. 

Glutamate reuptake is mediated by glutamate transporters that are located pre-synaptically, 

post-synaptically and extra-synaptically at the glia (Danbolt, 2001). In cultured astrocytes, AT1 

receptor activity negatively regulates glutamate transporter expression (Wu et al., 2010) and 

ROS decrease glutamate reuptake activity (Volterra et al., 1994). Indeed glutamate reuptake is 

blunted in hypothalamic astrocytes of rats with heart failure that also exhibit AT1 receptor-

dependent superoxide production (Han et al., 2007; Potapenko et al., 2012). In testing whether 

impaired astrocyte glutamate reuptake contributes to enhanced glutamatergic activity within 

the PVN in LPK, patch clamp electrophysiology experiments utilising the astrocyte-specific 

glutamate transporter inhibitor dihydrokainate would be valuable (Potapenko et al., 2012). 

Accumulating evidence suggests that Ang II may also exert post-synaptic actions to facilitate 

an increase in glutamatergic activity by augmenting ionotropic glutamate receptor density and 

sensitivity. Glass et al. (2015) showed that chronic low dose Ang II treatment was associated 

with a substantial increase in NMDA receptor density at the dendritic surface within the PVN 

and that this was physiologically significant because selectively knocking down the obligatory 

NMDA receptor Glun1 subunit within the PVN largely prevented the formation of hypertension 

in this model. Consistent with this finding, Wang et al. (2013) showed using patch clamp 

electrophysiology that NMDA receptor currents were enhanced in PVN neurons from mice 

treated with low-dose Ang II, an effect that was blocked by bath application of a ROS 

scavenger. It would appear that superoxide formation represents a common intracellular 

messenger for the AT1 and NMDA receptors since NADPH is also stimulated upon NMDA 

receptor activation (Brennan et al., 2009). It is well known that superoxide production is an 

essential secondary messenger for NMDA receptor-mediated long-term synaptic potentiation 

in hippocampal neurons (Klann, 1998; Huddleston et al., 2008). Within the PVN, NMDA 

receptor-induced ROS is enhanced by chronic AT1 receptor activation which may be mediated 

by the mobilisation of cytoplasmic membrane NADPH close to NMDA receptors (Wang et al., 

2013). Hence an upregulation of AT1 receptor activity may facilitate NMDA receptor-mediated 

long-term synaptic potentiation both by enhancing NMDA receptor-induced superoxide 

production and by independently stimulating NADPH. Furthermore, AT1 receptor- and NMDA 

receptor-induced ROS production may not only serve to enhance NMDA receptor activity, but 

may also increase AT1 receptor activity, with evidence that superoxide positively regulates AT1 

receptor expression (Liu et al., 2008). Therefore we hypothesise that this cyclic, self-amplifying 

relationship between the AT1 and NMDA receptors could act to augment glutamatergic tone 

within the PVN in LPK. We suggest that analyses of NMDA receptor expression and activity 

in-vitro in Lewis and LPK rats at baseline and following chronic losartan treatment or 

alternatively selective knockdown of the AT1 receptor within the PVN (Chen et al., 2014) would 

be provide a means to this hypothesis. 
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Figure 8: Diagram illustrating the proposed mechanism by which enhanced glutamatergic drive 

of the hypothalamic paraventricular nucleus (PVN) maintains hypertension in the Lewis 

Polycystic Kidney rat (LPK). Increased excitation of the PVN does not appear to significantly 

alter renal sympathetic outflow, nor does it influence resting heart rate (HR). Instead we 

speculate that increased glutamatergic tone of the PVN maintains hypertension in LPK by 

upregulating the secretion of vasopressin; although this remains to be tested. Similarly 

increased sympathetic outflow to non-renal vascular beds might contribute to the hypertension. 

In light of our data indicating that angiotensin II (Ang II) signalling within the PVN is 

augmented in LPK animals, we hypothesise that Ang II might be important in mediating the 

increase in glutamatergic drive of the PVN in this animal model of chronic kidney disease. 

4.6 Methodological considerations and limitations 

Brain microinjection 

The brain microinjection technique is advantageous in that it permits focal drug delivery to 

pharmacologically manipulate discrete functional areas such as the PVN. However, drug 

diffusion is an inherent aspect of this method that must be considered when interpreting results. 

As previously mentioned, a 100 nl drug solution injected into neural tissue occupies an initial 

spherical area of extracellular space with a radius approximately equal to 484 µm (Nicholson, 

1985; Gaede and Pilowsky, 2013). Thereafter the drug is expected to diffuse from the point-

source throughout the extracellular space. However, since it is not possible to account for the 

non-linearity imposed by the various biophysical factors that influence the transport and 

availability of substances within the extracellular space (e.g. lipid solubility, molecular weight 

and degradation mechanisms), spatiotemporal drug diffusion is difficult to accurately model 

(Syková and Nicholson, 2008). Therefore, the inability to accurately determine the spatial 

extent of the affected neuronal population represents a limitation of the microinjection method. 

Considering the anatomical location of our PVN microinjection sites in the present study, it is 

possible that our results were influenced by drug diffusion to the dorsomedial hypothalamus 
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and anterior hypothalamic area – these being sites that have been implicated in cardiovascular 

regulation (Oparil et al., 1996; Queiroz et al., 2011). Additional offsite control injections 

targeting these regions will be beneficial in validating our data, as would further onsite PVN 

microinjections utilising smaller volumes and concentrations of kynurenic acid. 

Additional work required for this study is the inclusion of vehicle microinjections. Others have 

previously used this control to demonstrate that responses are independent both of the vehicle 

solution and of injection-induced cell damage, thereby supporting drug specificity (Chen et al., 

2011b; Streeter et al., 2011). Vehicle injections are particularly warranted in the current study 

since we co-injected fluorescent polystyrene microbeads with the drug solution in a subset of 

experiments. This method to mark injection sites with fluorescent microbeads at the time of the 

experimental microinjection was employed to validate the post-euthanasia labelling with 

pontamine sky blue dye. While fluorescent polystyrene microbeads afforded far superior 

anatomical labelling, it is possible that administering them to the PVN could have evoked an 

acute inflammatory response and consequently a change in neural activity. Although, we 

consider this unlikely given previous reports showing that vehicle solutions containing other 

polymer-based microbeads do not produce a discernible cardiovascular response upon 

microinjection into the PVN (Chen et al., 2011b; Streeter et al., 2011). Indeed we observed that 

responses were comparable in those animals that received kynurenic acid PVN microinjections 

with and without fluorescent microbeads.  

Translational considerations 

As a model of CKD that develops renal dysfunction progressively akin to the human disease 

(Phillips et al., 2007), the LPK is particularly advantageous over models of sudden onset 

surgically or chemically induced renal dysfunction. Although unlike the human disease which 

affects both sexes, we have restricted our microinjection study to male rats here. This is an 

important consideration because the female form of CKD is generally less severe and may 

differentially respond to treatments both in LPK and humans (Phillips et al., 2007; Carrero, 

2010; Jeewandara et al., 2015). While we have previously shown that centrally-mediated 

baroreflex dysfunction is also present in female LPK (Salman et al., 2015a), it is possible that 

the underlying neural circuitry differs from male LPK due to the action of female sex hormones 

at key autonomic nuclei (Saleh and Connell, 2000). Consequently further investigations in both 

sexes will be necessary to understand the pathogenesis of baroreflex dysfunction in CKD. 

As well as the sex-bias of our microinjection study, the use of anaesthesia poses an experimental 

caveat also worthy of consideration. We used an anaesthetised preparation here since chronic 

recording of sympathetic nerve activity in conscious rats is currently not technically feasible. 

Furthermore, the chronic catheterisation required to administer intravenous drugs and perform 

microinjections in conscious animals is highly invasive and could therefore independently 

influence cardiovascular and autonomic function. We used urethane anaesthesia here since 

compared to other anaesthetics (e.g. inhalation, barbiturate and dissociative) it has minimal 

effects on cardiorespiratory function and provides stable long-term anaesthesia (Tremoleda et 

al., 2012). Nevertheless, it has been reported, rather inconsistently, that urethane increases, 

decreases or alternatively produces no change in blood pressure, HR and RSNA in rats 

(Shimokawa et al., 1998; Holobotovskyy et al., 2004; Wang et al., 2014). Urethane might affect 

these parameters by way of influencing neurotransmission within the NTS (Accorsi-Mendonca 

et al., 2007). We found that when compared to SBP measured consciously with tail-cuff 

plethysmography, SBP measured intra-arterially under urethane anaesthesia was markedly less 

in LPK but slightly greater in Lewis, thereby indicating that these strains may differ in their 

sensitivity to urethane. Also of relevance to our results is evidence that urethane increases 
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plasma vasopressin levels (Faber, 1989), which conceivably would have exaggerated the 

depressor response that we report in LPK following glutamatergic blockade of the PVN if the 

mechanism was mediated by circulating vasopressin as we have hypothesised. Hence 

cardiovascular and autonomic function under urethane anaesthesia must be considered with 

these caveats. 

Assessment of autonomic function  

Given the pathological importance of the sympathetic nervous system in disease, it highly 

valuable to be able to compare levels of regional SNA between animals. Here we have 

compared whole-fibre RSNA between strains by quantifying integrated SNA voltage – a 

measure that incorporates both the frequency and amplitude of the raw SNA signal. This 

approach has been questioned because the amplitude component of the SNA signal is dependent 

on a number factors that may undeterminably vary between animals, such as the number of 

fibres in the nerve bundle, the amount of moisture at the nerve-electrode junction and the 

continuation of blood supply to nerve (Burke et al., 2011). However, between-animal SNA 

voltage comparisons have been used previously to provide valuable information concerning 

regional sympathoexcitation in SHR (Judy et al., 1976). As an alternative measure of regional 

SNA, the burst frequency of whole-fibres has been used previously (Nishi et al., 2010). 

However, this measurement does not provide insight into the amount of sympathetic fibres 

recruited and is therefore an incomplete description of central sympathetic outflow (Burke et 

al., 2011). Nevertheless, concerns regarding the comparison of voltage values of SNA can be 

alleviated when evaluating within-animal SNA responses by scaling SNA to a baseline (100%) 

and death (0%) value, as we have done here. 

In the present study we used HR as an indirect measure of cardiac autonomic outflow since it 

is technically challenging to isolate cardiac vagal and sympathetic branches for recording in-

vivo. This measure does, however, neglect that alterations at the pre- or post-ganglionic junction 

impair the ability of the heart to respond to a change in central autonomic outflow. While we 

have previously shown that left vagal stimulation produces comparable HR responses in Lewis 

and LPK (Salman, 2014; Salman et al., 2015a), suggesting intact peripheral parasympathetic 

efferent function, it has not been tested whether peripheral cardiac sympathetic efferent function 

is altered in LPK. An additional limitation of using HR as an indicator of cardiac autonomic 

outflow is the inability to discriminate between the individual roles of vagal and sympathetic 

efferents. This therefore limits the interpretation of our finding that HR did not change 

following glutamate blockade of the PVN because it is possible that a counteracting change in 

vagal and cardiac sympathetic outflows occurred rather than no change. However with respect 

to baroreflex-mediated HR responses, previous studies have clearly demonstrated that the 

cardiac vagus predominately mediates both reflex bradycardia and tachycardia (Parlow et al., 

1995) whereas cardiac sympathetic efferents only contribute partially to reflex tachycardia 

(Chen et al., 1982). Therefore, the assessment of HR baroreflex function in this study most 

likely reflects the predominant action of cardiac vagal rather than cardiac sympathetic efferents. 

Assessment of baroreflex function with induced changes in blood pressure is dependent on the 

function of the peripheral baroreceptors. Consequently indirect changes within the periphery 

following manipulation of the PVN could have altered baroreceptor transduction and therefore 

the overall function of the baroreflex arc. While acute reductions in arterial pressure exhibited 

in LPK following glutamatergic blockade of the PVN is almost certainly not sufficient to induce 

vascular structural changes, changes in circulating hormones could conceivably alter 

baroreceptor transduction. Indeed, circulating vasopressin has been shown to sensitise aortic 

baroreceptor afferents (Abboud et al., 1986). Therefore, further investigations of centrally-
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mediated baroreflex dysfunction in LPK will benefit from direct aortic depressor nerve 

stimulation (Salman et al., 2014). 

Tail-cuff plethysmography 

We employed tail-cuff plethysmography to assess blood pressure at a single time-point in our 

losartan treatment study. This method affords non-invasive conscious recordings of blood 

pressure that have been shown to correlate well with readings obtained by invasive intra-arterial 

approaches (Bunag, 1973; Ibrahim et al., 2006). However, the inherent short-term variability 

of blood pressure is known to be inflated by a number of factors associated with the tail-cuff 

procedure, including restraint-associated stress, heating of the tail and positioning of the cuff 

(Ibrahim et al., 2006). In this study, animals were routinely handled and acclimatised to the tail-

cuff procedure in the week prior to data collection, however we concur that one week may not 

have been adequate to sufficiently minimise restraint-stress. In that regard, multiple weekly 

measurements over the treatment period would have assisted in further minimising restraint-

stress, while also providing the additional benefit of being able to track blood pressure over 

time. As an alternative method to assess blood pressure consciously, intra-arterial 

radiotelemetry affords long-term ambulatory average blood pressure measurements and will be 

utilised for future studies. 

We conceive that the degree of unreliability associated with acutely measuring blood pressure 

with tail-cuff plethysmography could have underscored the absence of a blood pressure 

response following losartan treatment in LPK because previously we have shown that the 

development of hypertension in this model is greatly impaired by chronic inhibition of Ang II 

production (Ng et al., 2011a) or AT1 receptor blockade with an analogous drug (Ameer and 

Phillips, unpublished data). However, we also consider the alternative possibility that rats 

received a non-depressor dose of losartan. While the dose administered in the drinking water 

here is greater than that previously reported to have an anti-hypertensive effect in other strains 

(Morton et al., 1992; Patel et al., 2011), we found that losartan had poor water solubility. Hence 

we are unable to determine whether the apparent absence of an anti-hypertensive effect in LPK 

is due to invalid recordings of blood pressure or because rats received a non-depressor dose of 

losartan. Further studies will benefit from administering losartan through other routes (e.g. oral 

gavage, subcutaneous osmotic minipump or with food). 

Superoxide quantification 

Due to its unstable nature and low intracellular concentration, measurement of superoxide is 

largely restricted to indirect methods (de Campos et al., 2015). The redox-sensitive fluorophore 

DHE has been extensively used to detect superoxide in isolated tissues and cells (Pannirselvam 

et al., 2005; Patel et al., 2011; Shen et al., 2015). The reaction products of DHE can be 

quantified in-situ with image analysis or in cell extracts with high performance liquid 

chromatography (HPLC) (Cai et al., 2007). In-situ quantification of DHE fluorescence affords 

greater spatial resolution than the HPLC method in that regional differences can be detected 

(e.g. subnuclei of the PVN), although its accuracy is highly dependent upon factors governing 

fluorescence intensity. Within an image, the intensity of a pixel is dependent on the number of 

fluorophores present at the corresponding area of the specimen – which is intimately reliant on 

the staining procedure – as well as the image acquisition parameters (e.g. excitation/emission 

spectra, focus, gain and pinhole settings) (Waters, 2009). Although we were stringent in 

ensuring consistent staining and imaging procedures across samples, natural variability is 

expected which could limit the accuracy of this method. Furthermore, oxidation of DHE with 

H2O2 yields fluorescent products with an excitation/emission spectra that partially overlaps with 
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superoxide-specific DHE products (Cai et al., 2007). In that regard, the HPLC method provides 

greater sensitivity in quantifying superoxide since it is possible to distinguish H2O2- and 

superoxide-specific DHE products (Kalyanaraman et al., 2014). Therfore the HPLC based 

method of DHE quantification on micropunch dissected sections from the PVN will be a useful 

approach to confirm the results of the present study. 

5. Conclusion 

Hypertension and baroreflex dysfunction contribute to the disproportionality high incidence of 

cardiovascular mortality in CKD (Johansson et al., 2007; Franklin and Wong, 2013). In the 

present study we tested the hypothesis that excitatory glutamatergic drive of the PVN 

contributes to hypertension and impaired baroreflex control of HR and RSNA in the LPK model 

of CKD. Our results suggest that enhanced glutamatergic tone within the PVN is essential for 

the maintenance of hypertension, but not baroreflex dysfunction, in the LPK rat. Hence the 

pathogenesis of centrally-mediated baroreflex dysfunction in this CKD model remains to be 

determined. We provide a mechanistic insight into the upregulation of neuronal activity within 

the PVN in LPK, showing that LPK have elevated superoxide levels within the PVN that is 

dependent on chronic AT1 receptor activity. While further studies will be required to determine 

whether the heightened oxidative state within the PVN in the LPK contributes to altered 

cardiovascular and autonomic control, this finding nevertheless reinforces the therapeutic 

importance of AT1 receptor blockers in CKD.  
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