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Orexin A (OXA) and vasopressin (AVP) exert a central hypertensive effect due to an increase in sympathetic
nerve activity. To date, little is known about the interaction of these 2 neuropeptides in the central regulation
of blood pressure. The present study compared the consequences of infusion into the left cerebral ventricle
(ICV) of OXA on mean arterial blood pressure (MABP) in normotensive (WKY) and spontaneously hypertensive
(SHR) rats, and explored whether the central pressor action of OXA in these 2 strains depends on activation of
brain AVP V1a receptors (V1aR).

Ten groups of experiments were performed on 12-week-old WKY and SHR rats implanted with ICV cannulas
for infusion of OXA (3 nmol) and V1aR antagonist (V1aRANT, 500 ng), administered separately and together.
Levels of V1aR and OXR in the medulla oblongata of WKY and SHR rats were compared in separate series.
We found that: 1) OXA significantly increased MABP only in WKY rats, 2) V1aRANT prevented an increase in
MABP induced by OXA in WKY rats and decreased MABP in SHR rats, 3) OXA abolished the hypotensive action
of V1aRANT in SHR rats, and 4) SHR rats had significantly higher levels of OX1R and V1aR proteins and OX1R
mRNA in the brain medulla.

The present study shows that OXA and AVP can interact in the brain to affect blood pressure regulation, and
that this interaction differs in normotension and hypertension.

Arterial Pressure ¢ Orexin Receptors ¢ Rats, Inbred SHR ¢ Rats, Inbred WKY ¢ Receptors, Vasopressin
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Background

A growing number of studies provide evidence that orexin (OX)
and vasopressin (AVP) exert significant central pressor effects
and that their pro-hypertensive actions are altered in various
types of hypertension [1-3]. Orexins are synthesized in the
brain in 2 isoforms, orexin A (OXA, hypocretin 1) and orexin B
(OXB, hypocretin 2), both having the same polypeptide precur-
sor (prepro-orexin) [4]. Two types of orexin receptors (orexin-1
receptor [OX1R] and orexin-2 receptor [OX2R]) are present in
several loci of the brain, and orexinergic fibers innervate mul-
tiple cardiovascular regions of the brain, including the para-
ventricular nucleus (PVN), rostral ventrolateral medulla (RVLM),
and the nucleus of the solitary tract (NTS) [3,4]. To date, it has
been shown that orexins, specifically OXA, participate in reg-
ulation of the circulatory system [3,4]. Significantly elevated
OXA mRNA expression was found in the RVLM of SHR rats [5].
SHR rats and BPH/2J hypertensive mice had a higher number
of orexinergic neurons in comparison with their normoten-
sive controls [3]. Accordingly, it has been suggested that OXA
participates in the development primary hypertension [2,3,5].

With regard to the role of AVP in hypertension and its interac-
tion with orexin, it has been shown that SHR rats have high-
er levels of systemic vasopressin [1]. In addition, there is evi-
dence that ICV injection of OXA increases the AVP mRNA level
in rats [6]. However, there is still no information on whether
the brain vasopressinergic system, in particular the AVP V1a
receptors (V1aR), which are the main receptors mediating the
central pressor effects of vasopressin [7], interacts with the
brain OXA in the regulation of blood pressure, and whether this
interaction is altered in spontaneous hypertension. Therefore,
the main goal of this study was to compare the outcome of
centrally administered orexin A (OXA) on arterial blood pres-
sure in WKY and SHR rats, and to determine whether puta-
tive differences in the responsiveness of WKY and SHR rats
to pressor action of orexin depend on differences in stimula-
tion of brain V1aR in these strains. In addition, we assessed
the expression of OX1R and V1aR in the brain medulla of WKY
and SHR rats to assess whether differences in the regulation
of MABP by OXA and AVP in these strains results from differ-
ences in OX1R and V1aR expressions.

Material and Methods

Rats

The experiment was carried out on 25 normotensive (WKY/Clzd)
and 29 spontaneously hypertensive (SHR/Clzd) 12-week-old male
rats. Before the experiment, the rats were adapted to separate
cages in the following laboratory conditions: 12 h light-dark cy-
cle, temperature 21-23°C; humidity +60%;), and provided with
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standard diet and water ad libitum. The study was performed in
compliance with Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection of an-
imals used for scientific purposes and received permission from
the Il Local Ethics Committee for Experiments on Animals of the
Medical University of Warsaw (WAW2/021/2019).

Experimental design

The study was separated into 2 stages. Stage | consisted of
experiments (ICV infusions and cardiovascular measurements)
performed on 5 groups of WKY rats and 5 groups of SHR rats.
Stage Il consisted of experiments performed on separate groups
of animals and was designed to evaluate OX1R and V1aR ex-
pression in the brain of WKY and SHR rats.

Experimental groups of stage |

The course of experiments performed in stage | of the study is
shown in Figure 1. The rats were classified into 10 groups: 1)
WKY rats (n=>5) receiving intracerebroventricular (ICV) infusion
of vehicle (saline — 0.9% NaCl; 10 pl/15 min; Figure 1A; WKY-
NaCl); 2) SHR rats (n=>5) receiving the same ICV infusion of saline
as in group 1 (Figure 1A; SHR-NaCl); 3) WKY rats (n=5) receiv-
ing ICV infusion of OXA (Orexin A, Human, Rat, Mouse; Phoenix
Pharmaceuticals, Inc. 003-30; 3 nmol/10 pl 0.9% NaCl/15 min;
Figure 1A; WKY-OXA); 4) SHR rats (n=5) receiving the same ICV
infusion of OXA as in group 3 (Figure 1A; SHR-OXA); 5) WKY
rats (n=>5) receiving ICV infusion of DMSO (dimethyl sulfoxide;
Sigma-Aldrich D8418; 10 ul 10% DMSO in 0.9% NaCl/15 min;
Figure 1B; WKY-DMSO); 6) SHR rats (n=>5) receiving the same
ICV infusion of DMSO as in group 5 (Figure 1B; SHR-DMSO); 7)
WKY rats (n=5) receiving ICV infusion of a non-peptide V1aR
antagonist (V1aRANT; SR49059; Sanofi Avensis; Sigma-Aldrich
S5701; 500 ng/10 pl) in DMSO (Figure 1B; WKY-V1aRANT); 8)
SHR rats (n=6) receiving the same ICV infusion of V1aRANT in
DMSO as in group 7 (Figure 1B; SHR-V1aRANT); 9) WKY rats
(n=5) receiving ICV infusion of OXA (3 nmol/10 pl 0.9% NaCl/15
min) combined with ICV infusion of V1aRANT (500 ng/10 pl of
10% DMSO/15 min), which was introduced 20 min after the
start of OXA infusion (Figure 1C; WKY-OXA+V1aRANT); 10)
SHR rats (n=8) receiving the same ICV infusion of OXA com-
bined with ICV infusion of V1aRANT as in group 9.

The effective doses of chemical compounds were established
in preliminary experiments. In experiments with ICV infu-
sions of SR49059 (groups 5-10), DMSO was used as a ve-
hicle because this compound appears to be a good vehicle
for nonlinear peptide antagonists [8,9]. In preliminary exper-
iments, we did not find significant differences between rest-
ing MABP fluctuations in rats administered an ICV infusion
of either 0.9% NaCl or 10% DMSO in 0.9% NaCl (WKY-NaCl,
n=5, MABP=110+2.16 mm Hg vs. WKY-DMSO+Nacl, n=5,
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Figure 1. Design of experiments with intracerebroventricular (ICV) infusions of orexin A in saline (NaCl) or NaCl alone (A), V1aR
antagonist (V1aRANT) in dimethyl sulfoxide (DMSO)or DMSO alone (B), and OXA in DMSO followed by V1aRANT in DMSO (C).
MABP — mean arterial blood pressure.

MABP=11042.63; SHR-NaCl, n=5, MABP=154+5.70 mmHg vs. i.p., respectively). The implantations of the left cerebral ven-

SHR-DMSO+NacCl, n=5, MABP=159+7.05 mmHg). tricle cannula were carried out in accordance with the meth-
od described in our previous studies [10-12]. Following sur-
Experimental procedures of stage | gery, the animals were housed in individual cages and were
administered a painkiller (Paracetamol 3 mg/1000 g body wt.,
Implantation of the brain cannula orally for 2 days) and an antibiotic (Baytril 2.5% 5 mg/1000 g

body wt., s.c. injection for 2 days).
Twelve-week-old rats were anaesthetized (Ketamine/
Xylazine: 75 mg/1000 g body wt i.p./7 mg/1000 g body wt
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Implantation of the aortic catheter

One week after ICV cannula implantation, the rats were anes-
thetized with Ketamine/Xylazine, as described above, and an
arterial catheter was introduced into the abdominal aorta
via the femoral artery to measure blood pressure, as was de-
scribed earlier [10-12]. After surgery, the rats received an an-
algesic and an antibiotic, as described above.

Arterial blood pressure measurements

Systolic, diastolic, and pulse pressure were monitored using a
recording system (BIOPAC MP100). MABP (mmHg) was speci-
fied as the space below the arterial pressure curve divided by
the heart cycle period. During the experiment, the rats stayed
in their home cages and at least 10 min were allowed for ad-
aptation to the ICV cannula insertion and stabilization of ar-
terial blood pressure. Averaged results from the 10-min rest-
ing period preceding ICV infusions were similar to averaged
results from 5-min central administration.

Experimental groups of stage Il
Animals and tissue dissection

Experiments of stage Il were performed on 12-week-old WKY
(n=7) and SHR (n=7) male rats. The rats were anesthetized
with ketamine, as described in part |, and sacrificed by decap-
itation. The brain and the brain medulla fragments were har-
vested according to a previously described procedure [13]. The
frontal cuts to isolate the brain medulla were made at -11.0
mm and -15.0 mm caudally from the bregma.

Biochemical measurements
Real-time PCR analysis of the OXR1 and V1aR

Fragments of the medulla oblongata homogenized and the RNA
were obtained as described earlier [14]. RT-PCR analysis was per-
formed with the TagMan® RNA-to-Ct™ 1-Step Kit and the start-
er for the following gene: rat OXR1 (Hcrtr1, Rn00565032_m1;
Life Technologies); rat V1aR (Avprla, Rn00583910_m1; Life
Technologies) tagged with a FAM pigment, a starter for the rat
GADPH (Rn01775763_g1; Life Technologies) tagged with a VIC
pigment. The RT-PCR analysis was performed as described pre-
viously [12,14], using a ViiA™ 7 Real-Time PCR System thermo-
cycler (Life Technologies). The comparative gene expressions
are shown as ACt in arbitrary units.
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Western blot analysis of the OX1R and V1aR proteins
levels

Fragments of the medulla oblongata were homogenized and
western blot analysis was performed according to the proto-
col described earlier [14]. We used the following antibodies:
a primary goat polyclonal antibody against OX1R (ab224368;
Abcam), a primary rabbit polyclonal antibody against V1aR
(sc-30025; Santa Cruz Biotechnology), a primary rabbit poly-
clonal antibody anti-p Actin (ab8227; Abcam), and a second-
ary antibody: mouse anti-rabbit conjugated to Horseradish
Peroxidase (HRP) (sc-2357; Santa Cruz Biotechnology). The par-
ticular bands were shown using the colorimetric technique us-
ing the Amplified Opti-4CN Substrate Kit (Bio-Rad), and mea-
sured by densitometry using the ChemiDoc™ MP Imaging
System (Bio-Rad). OX1R and V1aR protein levels were standard-
ized by B-actin and described as a comparative relationship.

Statistical analysis

Statistical analysis was carried out using Statistica 13.3 soft-
ware. The significance of differences between the tested vari-
ables was calculated using one-way ANOVA with the post hoc
Tukey test for normal distributions and ANOVA with the rank
sign Kruskal-Wallis test with Dunn’s post hoc test for non-para-
metric data. The differences were regarded as significant if p
was <0.05. Results are expressed as meanszstandard errors (SE).

Results

Characteristics of Rats

Table 1 shows that the body weight was similar in all of the
experimental groups of rats. The resting MABP values were
significantly higher in SHR rats in comparison with WKY rats
(Table 1).

Impact of central infusion of OXA on mean arterial blood
pressure in WKY and SHR Rats

The data presented in Figure 2A show that ICV infusion of
the same doses of OXA elicited growth in MABP in WKY rats
but it did not elicit changes in MABP in SHR rats. ANOVA for
groups 1-4 demonstrated that the differences in MABP re-
sponses between WKY and SHR rats receiving either saline
or OXA started to be significant at 30 min of OXA infusion
and persisted until the end of the infusion {ANOVA at 30 min:
[F(3,16)=6.938, p<0.01], at 40 min: [F(3,16)=8.819, p<0.01], and
at 50 min: [F(3,16)=14.132, p<0.001]}. As shown in Figure 2A,
there were significant differences at the same time points be-
tween AMABP in the WKY rats receiving ICV infusions of sa-
line and OXA (p<0.001) and between the WKY and SHR rats
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Table 1. Characteristic of the experimental groups.

Group of rats Number of rats

WKY-NaCl n=5
CSHRNat onss
Swkyvomso  n=s
CSRDMSO =5
CWKY-VIaRANT on=s5
SHRVIaRANT  n=6
Cwkvoxa a0
swROXA =5
| WKY-OXA+VIaRANT  n=5
SHR-OXA+VIaRANT  n=8

ANIMAL STUDY

Body weight (g) Resting MABP (mmHg)

286+13.67 110+2.16
© 280:204 1548570
© 279s1458  110s263
2862550  150s705"
© 28ss605  17s510
© 281s784 1701563
C asas901 1132274
283899 1573380
© 284:1033  117:248
283535 1684604

WKY-NaCl — WKY rats receiving intracerebroventricular (ICV) infusion of vehicle; SHR-NaCl — SHR rats receiving ICV infusion of

vehicle; WKY-DMSO — WKY rats receiving ICV infusion of dimethyl sulfoxide; SHR-DMSO — SHR rats receiving ICV infusion of dimethyl
sulfoxide; WKY-V1aRANT — WKY rats receiving ICV infusion of a non-peptide V1aR antagonist; SHR-V1aRANT — SHR rats receiving ICV
infusion of a non-peptide V1aR antagonist; WKY-OXA — WKY rats receiving ICV infusion of orexin A; SHR-OXA — SHR rats receiving ICV
infusion of orexin A; WKY-OXA+V1aRANT — WKY rats receiving ICV infusion of orexin A combined with ICV infusion of a non-peptide
V1aR antagonist; SHR-OXA+V1aRANT — WKY rats receiving ICV infusion of orexin A combined with ICV infusion of a non-peptide V1aR
antagonist; MABP — mean arterial blood pressure. Means+SE are shown. * p<0.001 SHR rats vs. WKY rats.

receiving ICV infusions of OXA (p<0.001). ICV infusion of sa-
line alone did not produce significant changes in AMABP in
the WKY rats or in the SHR rats.

Impact of central infusion of Vlarant on mean arterial
blood pressure in WKY and SHR rats

ANOVA showed significant differences between AMABP in WKY
and SHR rats receiving ICV infusions of DMSO and V1aRANT
[F(3,17)=18.389, p<0.001]. A comparison of blood pressure
changes in groups 5-8 revealed that in SHR rats, ICV infu-
sion of V1aRANT significantly reduced MABP below baseline,
while in WKY rats, infusion of the same dose of V1aRANT was
not effective. Changes in MABP in SHR rats receiving ICV infu-
sion of V1aRANT differed significantly from changes that took
place during ICV infusion of V1aRANT in WKY rats (p<0.001)
(Figure 2B) and from changes in MABP induced by ICV infusion
of the vehicle in WKY and SHR rats (Figure 2B).

Effect of combined ICV infusions of OXA and V1arant on
MABP in WKY and SHR rats

An analysis of AMABP in groups 7-10 (Figure 2C) showed that,
both in WKY rats and in SHR rats, changes in MABP that took
place during the combined infusion of OXA and V1aRANT sig-
nificantly differ from those induced by separate infusion of
these compounds {ANOVA: [F(3,20)=3.657, p<0.05]}. No sig-
nificant differences in AMABP were found between the WKY
rats receiving ICV infusion of OXA together with V1aRANT

(Figure 2C). However, the post hoc analysis revealed that in-
fusion of V1aRANT during the time corresponding to the maxi-
mum central pressor effect of OXA showed a decreasing trend
in the central pressor action of OXA in WKY rats (Figure 2A, 2C).
Moreover, ICV infusion of OXA abolished the hypotensive ef-
fect of V1aRANT in SHR rats (Figure 2C, p<0.05).

Expression of OX1R and V1aR in the brain medulla of WKY
and SHR rats

Expression of OX1IR mRNA was significantly higher
[F(1,12)=13.151, p<0.01] in the medulla oblongata of SHR rats
than in the brain medulla of WKY rats (Figure 3A). There was
also a higher OX1R protein level in the brain medulla of SHR
rats than in the medulla of WKY rats [F(1,12)=5.670, p<0.05]
(Figure 3B). Expression of V1aR mRNA in the brain medulla
of WKY and SHR rats was similar (Figure 3C), while the V1aR
protein level was significantly higher [F(1,12)=7.150, p<0.05]
in the brain medulla of SHR rats than in the medulla of WKY
rats (Figure 3D).

Discussion

The most important new information emerging from the pres-
ent study is that OXA infusion into the periventricular system
causes a different pressure response in spontaneously hyper-
tensive (SHR) rats compared with WKY normotensive rats. We
also provide evidence that centrally acting OXA interacts with
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Figure 2. Changes in mean arterial blood pressure (AMABP) during ICV infusion of orexin A in saline (NaCl) or NaCl alone (A), V1aR
antagonist (V1aRANT) in dimethyl sulfoxide (DMSO)or DMSO alone (B), and OXA in NaCl followed by V1aRANT in DMSO (C).
SHR - spontaneously hypertensive rats; WKY — Wistar Kyoto rats. Means+SE are shown. ** p<0.01; *** p<0.001.

vasopressin in the regulation of blood pressure in WKY and
SHR rats, but the functional significance of this interaction in
these 2 strains of rats differs. The finding that ICV infusion of
OXA or its topical administration into the pressor regions of
the brain elevates blood pressure agrees with previous findings
on normotensive Wistar and Sprague-Dawley rats [3,15,16]. In
the present study, ICV infusion of OXA caused a significant and
long-lasting increase in MABP only in normotensive WKY rats,
whereas SHR rats treated with the same dose of OXA and ex-
posed to the same experimental procedures did not respond
with significant changes in MABP. In previous studies, the sen-
sitivity of WKY and SHR rats to centrally acting orexins was not
compared; however, it has been found that blockade of orex-
in receptors by the dual orexin receptor antagonist almorex-
ant, administered orally, significantly decreases blood pres-
sure and CSF norepinephrine levels in SHR rats, whereas it is
not effective in WKY rats. These findings suggested enhanced
activation of orexin receptors in SHR by endogenous orexins

[5]. This assumption is supported by our finding in the pres-
ent study showing higher expressions of OX1IR mRNA and pro-
tein in the brain medulla of SHR in comparison with WKY rats,
and by the experiments of Lee et al. [17] demonstrating high-
er expression of hypothalamic orexin A-immunoreactive (OXA-
IR) cells in SHR rats than in WKY rats. Therefore, the relative
insensitivity of SHR rats to the pressor action of OXA cannot
be explained by the downregulation of OX1R, but it probably
results from the maximum activation of the brain orexigen-
ic neurons by endogenous OXA. In addition, it has also been
shown that the orexinergic system affects the regulation of
blood pressure due to increased activity of the sympathetic
nervous system [3,4,18,19]. Increased sympathetic activity has
been shown to be the main mechanism underlying the devel-
opment and maintenance of hypertension in SHR rats [4,20].
Based on the above data, it can be assumed that the sympa-
thetic nervous system activity of SHR rats is at a maximum
and cannot be further stimulated by exogenic OXA. Therefore,
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Figure 3. Expression of orexin-1 receptor (OX1R) mRNA (A) and protein (B), and vasopressin V1a receptor (V1aR) mRNA (C) and protein
(D) in the brain medulla of spontaneously hypertensive (SHR) and Wistar Kyoto (WKY) rats. Means+SE are shown. * p<0.05,

** p<0.01.

in this study, no MABP changes were observed in SHR rats af-
ter ICV infusion with OXA. Lee et al. [17] showed that appli-
cation of larger (50 pmol) doses of orexin-2R agonist directly
to the RVLM elicits higher pressor responses in 16-week-old
SHR rats than in WKY rats. Therefore, it is possible that the
responsiveness to the pressor action of OXA may depend on
the dose of this peptide and on the age of the tested animals.

Vasopressin is one of the factors that can determine pressor
sensitivity to centrally acting OXA. It is known that AVP, act-
ing via V1aR in the brain and periphery, exerts a key influence
in the control of blood pressure, and that its release and pres-
sor action are enhanced in SHR rats [1]. There is also evidence
that OXA stimulates AVP synthesis in rats, as shown by eleva-
tion of the hypothalamic AVP mRNA level after its ICV admin-
istration [6]. The present study showed that blockade of the
central V1aR significantly reduced the resting MABP in SHR
rats but it was not effective in WKY rats. We also found that
SHR rats have a higher level of protein V1aR in the brain me-
dulla than WKY rats. These findings support the hypothesis

This work is licensed under Creative Common Attribution-
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that the central V1aR are more intensively engaged in MABP
regulation in SHR rats than in WKY rats.

The results presented in Figure 2 show remarkable interac-
tions between OXA and AVP in the central regulation of MABP
in WKY and SHR rats. It should be noted that in the experi-
ments in which the interaction was analyzed, the ICV infusion
of V1IaRANT was introduced 20 min after the start of OXA ad-
ministration, immediately preceding the significant elevation
of MABP after ICV infusion of OXA alone in WKY rats. The pres-
ent study shows that ICV administration of OXA in WKY rats
does not elevate MABP if it is associated with ICV adminis-
tration of V1aRANT, which suggests that the pressor effect of
OXA is mediated by the stimulation of V1aR (Figure 2A, 2C).
In SHR rats, the administration of OXA abolished the hypo-
tensive effect of ICV infusion of V1aRANT administered alone
(Figure 2C), which shows that OXA and AVP interact in blood
pressure regulation and that the increased delivery of OXA may
compensate for the reduced stimulation of V1aR.
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At present, the mechanism underlying the interaction between
orexin and vasopressin has not been established and it is not
known whether the interaction occurs directly between OXA
and AVP or whether it is mediated by some other compounds.
In this context, the role of angiotensin Il and opioid peptides
should be considered, as angiotensin Il is a potent stimulator
of vasopressin secretion [7] and indirect evidence shows that
stimulation of AT1 receptors may be necessary for the appro-
priate prepro-orexin expression in the rat brain [21]. The opi-
oid peptide dynorphin is co-released with orexin and reduces
the postsynaptic effects of orexin and counteracts its cellular
and behavioral effects [22]. Dynorphin levels in the hypothal-
amus, periaqueductal gray matter, and hippocampus differ in
SHR and WKY rats [23] and ICV administration of dynorphin
causes a significant decrease in blood pressure and in the se-
cretion of vasopressin [24,25]. Therefore, it is possible that the
interaction of orexin and vasopressin are modulated by dynor-
phin A, and it is possible that this modulation differs between
WKY and SHR rats.
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Conclusions

The present study provides evidence for significant intra-brain
interaction of orexin and vasopressin in blood pressure regula-
tion in WKY and SHR rats. Under resting conditions, the inter-
action between the endogenous vasopressinergic and orexin-
ergic systems plays an essential role only in SHR rats, whereas
it becomes significant in WKY rats during activation. Although
the above observations are primarily of a basic research na-
ture, they may also have a significant clinical implication, es-
pecially for patients with resistant hypertension. It has not
yet been explained why some hypertensive patients do not
respond to the recommended treatment. The present results
suggest that the orexinergic system and its interactions with
other neuropeptides, including vasopressin, may be involved in
the mechanism of drug-resistance hypertension, because ICV
OXA infusion did not cause changes in MABP, but abolished
the hypotensive effect of V1aRANT in SHR rats.
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