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1. INTRODUCTION

Orexin (OX), also known as hypocretin, is a hypothalamic neuropeptide. It is produced
from a common precursor molecule, pre-orexin (De Lecea et al., 1998, pp. 322-327) and binds
to two G-coupled receptors, namely OX-1 and OX-2 (Sakurai et al., 1998, pp. 573-585). The
OX neurons are located in the hypothalamus and are also found in other regions of the brain
(Nambu et al., 1999, pp. 243-260; Peyron et al., 1998, pp. 9996-10015). A considerable body
of evidence points to the involvement of the OXergic system in modulating a variety of
physiological processes, including food intake and energy expenditure, motivation, circadian
rhythms of sleep and wakefulness, memory, cognitive functions, and the neuroendocrine
system (Willie et al., 2001, pp. 429-458). In addition, the OXergic system plays an important
role in regulating the cardiovascular system (Altinbas et al., 2021, pp. 147239; Samson et al.,
1999, pp. 248-253; Shirasaka et al., 1999, pp. 1780-1785). Data from several studies have
shown that central injection of OX increases mean arterial blood pressure (MAP), heart rate
(HR), renal sympathetic nerve activity, and plasma catecholamines in both awake and
anesthetized rats (Samson et al., 1999, pp. 248-253; Shirasaka et al., 1999, pp. 1780-1785). On
the other hand, previous studies in this research area have reported that the OX-evoked
cardiovascular effects are mediated by the vasopressinergic (Al-Barazanji et al., 2001, pp. 421-
424), renin-angiotensin (Lin et al., 2002, pp. 619-622), cholinergic (Antunes et al., 2001, pp.
1801-1807), and histaminergic systems (Jochem 2009, pp. 36-37).

AA released from membrane phospholipids by activation of phospholipase A2 (PLA2)
forms prostaglandins (PG) or leukotrienes via the COX or lipoxygenase LOX enzyme pathway
(Wlodawer & Samuelsson, 1973, pp. 5673-5678). In previous studies, researchers have
documented that AA and its metabolites are involved in cardiovascular control (Tassoni et al.,
2008, pp. 220-228). Centrally injected melittin, PLA2 activator and AA increased arterial
pressures in normotensive and hypotensive rats (Yalcin & Erturk, 2007, pp. 103-110; Yalcin &
Aydin, 2009, pp. 447-453; Yalcin et al., 2009, pp. 341-347). It could be considered that
centrally injected melittin- or AA -induced cardiovascular responses are the result of possibly
central COX pathway products. This is because it is known that as AA -COX pathway products
centrally PGE2, PGD2 (Ariumi et al., 2002, pp. 61-64; Hoffman et al., 1981, pp. 899-904; Siren
1982a, pp. 229-234; Siren 1982Db, pp. 349-359, Wasserman et al., 1977, pp. 255-269), PGF2a
(Hoffman et al., 1981, pp. 899-904; Siren 1982c, pp. 503-513) and also thromboxane (TX) A2
(Yalcin & Savci, 2004 pp. 177-187) play a role in cardiovascular modulation. Recently, it was
reported that centrally injected OX increased the hypothalamic total extracellular concentration
of PG, and central COX and LOX enzymes also mediated OX -induced cardiovascular
responses (Altinbas et al., 2021, pp. 147239). However, it is unknown which AA metabolites
involved in cardiovascular modulation accompany OX -induced cardiovascular effects.
Therefore, in the current study, we investigated the possible role of TXA2, PGE, PGD, and
PGF2a, which are synthesized in a substep of the COX -pathway, in the cardiovascular effects
induced by centrally administered OX.
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2. METHODS
2.1 Animals

A total of 98 adult, male Sprague-Dawley rats (280-340 g) obtained from Experimental
Animals Breeding and Research Center, Uludag University, Bursa, Turkey, were used for these
experiments. Four or five rats were housed per cage under controlled conditions of temperature
(2022 °C), humidity (60-70%), and lighting (12 h light/dark cycle) and provided with food
and water ad libitum. The Animal Care and Use Committee of Bursa Uludag University
approved all experimental procedures in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals. (Date 02.12.2014 / No.2014-16/01).

Each animal was studied separately, in a single experiment, and each experimental
group consisted of seven rats.

2.2 Surgical procedures

Under sevoflurane (2-4% / 100% O-) anesthesia, the left femoral artery was cannulated
with heparinized saline (100 U/ml) using a PE 50 tube filled with heparinized saline (100 U/ml)
to measure mean arterial pressure (MAP) and heart rate (HR). The tip of the tube was covered
and exteriorized at the neck of the rat. For i.c.v. drug application, a burr hole was drilled through
the skull 1.5 mm lateral to the midline and 1.0 mm posterior to the bregma. A 22-gage stainless
steel cannula was lowered 4.5 mm below the skull surface and secured to the skull with acrylic
cement. After surgery, the rats were placed in individual cages and allowed to recover from the
anesthesia for 4-5 h.

2.3 Measurement of cardiovascular parameters

The arterial cannula was connected to a volumetric pressure transducer (BPT 300,
BIOPAC Systems Inc., California, USA), which was connected to the MP36 system (BIOPAC
Systems Inc.) to measure the cardiovascular parameters of the rats. The rats were allowed to
stabilize for 30 minutes before the experiments, and baseline measurements MAP and HR were
recorded within this period. Blood pressure was expressed as MAP (mmHg), and HR was
expressed as beats per minute (bpm).

2.4 Experimental protocols

In the present study, cardiovascular responses to i.c.v. injection of OX were first
investigated as the main control for the study. After baseline measurement, the changes in
cardiovascular parameters were recorded for the next 60 min in OX (1.5 nmol) or saline (5 pl)
I.c.v. injected normotensive rats. The dose of OX was chosen from the effective dose used in
our previous study (Altinbas et al., 2021, pp.147239).

To demonstrate the mediation of central TXAz, PGF,, PGE and PGD in cardiovascular
effects evoked by OX in normotensive rats, pretreatment with the TXA> synthesis inhibitor
furegrelate (250 and 375 pg; i.c.v.), the PGF2, receptor antagonist PGF,, dimethylamine (50
ng; i.c.v.), PGE and PGD receptor antagonist AH6809 (10 pg; i.c.v.), saline (5 pl; i.c.v.) or
30% DMSO (5 ul; i.c.v.) was performed 5 min before the injection of OX (1.5 nmol; i.c.v.) or
saline (5 pl; i.c.v.), and cardiovascular parameters were recorded for the next 60 min in rats.
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The dose of furegrelate, PGF., dimethylamine, and AH6809 was chosen from our previous
studies (Yalcin et al., 2006, pp. 207-212; Erkan et al., 2017, pp. 117-124).

2.5 Drugs and i.c.v. injections

OX (Sigma-Aldrich Co., Deisenhofen, Germany), furegrelate and PGF,, dimethylamine
(Cayman Chemical Company, Ann Arbor, MI, USA) solutions were prepared in saline,
AH6809 (Cayman Chemical Company, Ann Arbor, MI, USA) solution was prepared in 30%
DMSO on the day of experiment.

Intracerebroventricular injections were performed using an injection cannula consisting
of 28-gage stainless steel tubing connected to a 10 pl microsyringe with polyethylene tubing.
The drugs were injected i.c.v. with an injection volume of 5 pl over a 60 s period. During
injection, an air bubble moving in the polyethylene tubing was closely monitored to ensure that
the drug was fully delivered.

2.6 Statistical analysis

All values are expressed as mean + standard error of the mean (S.E.M.) with p < 0.05
as significance level. Statistical analysis was done using two-way analysis of variance with
repeated measures (RM -ANOVA,; two-way) and Bonferroni's post- ANOVA test.

3. RESULTS
3.1 Effects of centrally injected OX on MAP and HR

Intracerebroventricularly (i.c.v.) injected OX (1.5 nmol) showed pressor and
tachycardic effects in normotensive conscious animals (p < 0.05; As shown in Figure 1). OX at
a dose of 1.5 nmol caused an increase in MAP of approximately 15 mmHg. The increase in
MAP after injection of OX began in the first few minutes, and the maximum increase in MAP
occurred 5 min after administration of OX. The pressure response persisted up to 20 minutes
after OX injection (As shown in Figure 1a). Simultaneously, central injection of OX caused an
increase in HR, which began in the first minute after injection and lasted up to 15 min, similar
to MAP (As shown in Figure 1b). OX at a dose of 1.5 nmol caused an increase of approximately
45 beats/min per minute in HR of the rats (As shown in Figure 1b).

3.2 The mediating role of central TXA2, PGF2, PGE and PGD on the OX -evoked
cardiovascular effects

Central pretreatment with the TXA: synthesis inhibitor furegrelate (250 and 375 pg;
I.c.v.), the PGF, receptor antagonist PGF, dimethylamine (50 pg; i.c.v.) and the PGE (EP1,
EP2, EP3) and PGD (DP1) receptor antagonist AH6809 (10 pg; i.c.v.) did not alter basal
cardiovascular parameters in rats. However, pretreatment with frugrelate, PGF,-
dimethylamine and AH6809 partially blocked the pressor and tachycardic effects produced by
OX (p <0.05) (As shown in Figure 2a,b; 3a,b; 4a,b).
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Figure 1. MAP and HR effects of centrally administered OX

OX (1.5 nmol; i.c.v.) or saline (5 pl; i.c.v.) was injected after baseline MAP (a) and HR (b)
measurements had been obtained. After the injections, the MAP and HR of the animals were
monitored for 60 min. *p < 0.05 significantly different from the saline group.
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Figure 2. Inhibition of OX-produced cardiovascular effect with frugrelate

Furegrelate (250 and 375 pg; i.c.v.) or saline (5 pl; i.c.v.) was administered 5 min before OX
(1.5 nmol; i.c.v.) or saline (5 pl; i.c.v.) injection, and then MAP (a) and HR (b) were monitored
for the next 60 min. *p < 0.05 was considered significantly different from the value of the
“Saline + Saline” and “Furegrelate + Saline” groups, and *p < 0.05 was considered significantly
different from the value of the “Furegrelate + OX” group.
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Figure 3. Inhibition of OX-produced cardiovascular effect with PGF,, dimethylamine

PGF2q dimethylamine (50 pg; i.c.v.) or saline (5 pl; i.c.v.) was administered 5 min before OX
(1.5 nmol; i.c.v.) or saline (5 ul; i.c.v.) injection, and then MAP (a) and HR (b) were monitored
for the next 60 min. *p < 0.05 was considered significantly different from the value of the
“Saline + Saline” and “PGF», dimethylamine + Saline” groups, and *p < 0.05 was considered
significantly different from the value of the “PGF», dimethylamine + OX” group.
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Figure 4. Inhibition of OX-produced cardiovascular effect with AH6809

AH6809 (10 pg; i.c.v.), or 30% DMSO (5 pl; i.c.v.) was administered 5 min before OX (1.5
nmol; i.c.v.) or saline (5 pl; i.c.v.) injection, and then MAP (a) and HR (b) were monitored for
the next 60 min. *p < 0.05 was considered significantly different from the value of the “30%
DMSO + Saline” and “AH6809 + Saline” groups, and *p < 0.05 was considered significantly
different from the value of the “AH6809 + OX” group.
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4. DISCUSSION

The results showed that central injection of OX caused the pressor cardiovascular effect
by increasing the levels of MAP and HR in normotensive conscious rats. The intriguing finding
of the current study was that the cardiovascular effects of OX were mediated in part by TXAz,
PGE, PGD and PGF,,, as AA-COX pathway.

OX produced by neurons precisely found in the dorso/lateral and perifornical regions of
hypothalamus (De Lecea et al., 1998 pp. 322-327; Sakurai et al., 1998 pp. 573-585). OX system
suggest that OXs are involved in many physiological functions such as appetite, sleep-wake
cycle, arousal, stress, reward, and autonomic functions. In particular, the stimulation of OX
receptors (OXRs) raises wakefulness (Sakurai et al., 2010, pp. 149-161), feeding, and energy
metabolism (Girault et al., 2012, pp. 47-64) and stimulates sympathetic nerve activity (SNA)
(Huang et al., 2010, pp. 522-529), controlling neuroendocrine and autonomic functions (Huang
et al., 2010, pp. 522-529) such as sympathetic vasomotor tone (Li & Pan, 2007, pp. 916-925)
and blood pressure (Samson et al., 1999, pp. 248-253; Shahid et al., 2012b, pp. 159-184;
Shirasaka et al., 1999, pp. 1780-1785). The effect of orexin in the organism is mediated by two
G-protein coupled receptors, orexin-1 (OX1), and orexin-2 (OX2) receptor (Sakurai et al., 1998,
pp. 573-585). OXRs have different distributions in the brain, and both are expressed in regions
involved in autonomic function. Studies showed that OX1R and OX2R have been found in the
bed nucleus of the stria terminalis and in many hypothalamic nuclei (including the
paraventricular nucleus, PVN) and PVN express primarily OX2R. Besides, A5 and A6
noradrenergic group of the locus coeruleus and amygdala express primarily OX1R (Marcus et
al., 2001, pp. 6-25). Also, OX1R has been located in the sympathetic preganglionic neurons
(SPNs) of the thoracic cord more than OX2R (Van den Top et al., 2003, pp.809-821). Other
reports stated that OX1R in the rostral ventromedial medulla (RVLM) area (Ciriello et al.,
2003a, pp. 84-95) and both OX1R and OX2R in the C1 neurons pressor area of the RVLM
(Shahid et al., 2012a, pp. 2292-2303). As seen in studies, it has been determined that orexin
receptors are located in many regions of the central nervous system that are involved in the
control of blood pressure. Although not the specific subject of our study, it can be thought that
the pressor effects induced by orexin may be mediated by both OX's receptors.

The regulation of blood pressure is mainly controlled by the sympathetic nervous system
and by many hypothalamic and brainstem neuronal groups (Guyenet, 2006, pp. 335-346).
Recent studies show that the OX system is directly and/or indirectly effective in regulating
blood pressure and SNA (Huang et al., 2010, pp. 522-529; Shahid et al., 2012b, pp. 159-184;
Shirasaka et al., 2003, pp.639-651). First, Samson et al. (1999, pp. 248-253) and Shirasaka et
al. (1999, pp.1780-1785) reported that OX-induced cardiovascular effects. In these studies,
centrally administered OX was found to increase MAP, HR, and renal sympathetic nerve
activity in both awake and anesthetized rats. The later findings proved beyond doubt that the
central sympathoexcitatory effect plays a direct role in the cardiovascular effects of OX
(Antunes et al., 2001, pp. 1801-1807; Dun et al., 2000, pp. 65-70). Intracisternal and intrathecal
(T2-T3) administration of OX also elicited the same cardiovascular responses as i.c.v. injection
(Antunes et al., 2001, pp. 1801-1807; Dun et al., 2000, pp. 65-70; Shahid et al., 2011, pp. 961-
973). Intragastric or intraperitoneal injection of OX antagonists to rats exposed to novelty stress
caused alterations in tachycardic and pressor responses in rats (Beig et al., 2015, pp. 146-156).
In addition, OX microinjections administered within different regions of the central autonomic
network triggered changes in the levels of MAP and HR (Antunes et al., 2001,pp. 1801-1807;
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Ciriello et al., 20033, pp. 84-95; Ciriello et al., 2003b, pp. 1611-1620; Dun et al., 2000, pp. 65-
70; Huang et al., 2010, pp. 522-529; Shirasaka et al., 2001, pp. 1114-1118; Van den Top et al.,
2003, pp. 809-821). At the same time, OX contributes to the regulation of blood pressure by
sending excitatory projections to the main areas of the brain that synthesize epinephrine and
norepinephrine (Marcus et al., 2001, pp. 6-25; Peyron et al., 1998, pp. 9996-10015).
Furthermore, it is stated that adrenergic neurons in the RVLM, which send direct projections to
SPNs and are involved in the tonic and phasic control of blood pressure and sympathetic
activity, mediate the cardiovascular effects of orexin (Dampney, 1994, pp. 323-364; Guyenet
etal., 1990, pp.1063-1074; Shirasaka et al., 1999, pp. 1780-1785). Additionally, studies report
that orexin injected directly into the RVLM exerts its pressor effects on blood pressure by
inhibiting vagal activity and increasing sympathetic outflow (Huang et al., 2010, pp. 522-529).
Finally, it has been suggested that pre- OX knockout mice and rats with genetically ablated OX
neurons have lower resting blood pressure compared to their wild-type controls (Kayaba et al.,
2003, pp.581-593). These reports provide evidence that OX plays a role in cardiovascular
control, as demonstrated in our study. It can be thought that OX, which we applied as i.c.v in
our study, exerts its pressor effects on blood pressure by directly stimulating the norepinephrine
and adrenergic systems in the central nervous system, as well as activating SPNs in the medulla,
which is effective in cardiovascular control. Additionally, we have recently shown that COX
and LOX pathways in the prostaglandinergic system are also stimulated by OX and affect blood
pressure (Altinbas et al., 2021, pp.147239). In this study, we revealed that OX can also affect
blood pressure through prostaglandin derivatives, which are in the lower step of the COX
pathway.

Our recent study exhibited an interaction between the central OX and AA cascade
(Altinbas et al., 2021, pp. 147239). In that study, we showed that i.c.v. injection of OX activates
the COX and LOX pathways in cardiovascular responses. In the same article, we also performed
a microdialysis study reporting that central administration of OX increased total extracellular
AA metabolite levels in the posterior hypothalamus. However, this study did not explain which
AA metabolites mediate the OX-induced cardiovascular effects. The most remarkable finding
of this work is that TXAz, PGE, PGD, and PGF», as AA-COX metabolites partially mediate the
OX-induced cardiovascular responses. Thus, in our study, we showed that each of the specific
antagonists we used partially inhibited OX’s cardiovascular effects. However, we did not co-
inject all the antagonists used in the study. Nevertheless, the combined administration of all
antagonists can completely abolish the blood pressure effects of OX, according to the results
obtained. Previously, researchers have shown that centrally administered TXA. affected MAP
and HR (Yalcin and Savci, 2004, pp. 177-187). In another study, it was reported that TXA>
effectively activated the central sympatho-adrenomedullary outflow in rats (Murakam, et al.,
2002, pp. 289-294). Recent research found that injection of PGE into the lateral ventricle or
directly into the different brain areas altered cardiovascular scores (Hoffman et al., 1981, pp.
899-904; Siren, 1982a, pp.229-234). Besides, studies showed that centrally administered PGE>
by injection or infusion into the cerebral ventricles in anesthetized or awake rats produces
tachycardic effects, leading to increases in plasma norepinephrine and epinephrine, renin
activity, and vasopressin levels (Feuerstein et al., 1982, pp. 335-342; Hoffman & Schmis, 1979,
pp. 159-169; Kondo et al., 1979, pp. 769-774; Takahashi & Bunag, 1981, pp. 426-432).
Moreover, reports indicated that the sympathetic nervous system mediates the hypertensive
effects of central PGE>. In this regard, PGE>'s pressor response has significantly attenuated by
pretreatment with phenoxybenzamine, non-selective irreversible alpha-blocker, and by the
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cervical section of the spinal cord (Takahashi and Bunag, 1981, pp. 426-432). Also, as noted
earlier, the central application of PGD: to the i.c.v in rats increased blood pressure and heart
rate values due to central activation of the sympathetic nervous system (Forstermann et al.,
1983, pp. 365-370; 1985, pp. 301-308; Siren, 1982a, pp.229-234). Also, PGD; administration
into the cerebrospinal fluid produced an acute, sympathetically mediated increase in blood
pressure (Forstermann et al., 1985, pp. 301-308). In another study, PGE, and PGD: levels were
significantly increased in the medulla oblongata and hypothalamus during hemorrhagic shock
(Cernak et al., 1994, pp.363-375). Similarly, central PGF,, application caused pressor and
positive chronotropic effects and tachycardia (Hoffman et al., 1981, pp. 899-904; Ono et al.,
1983, pp. 23-28; Rao et al., 1987, pp. 7-14; Siren, 1982c, pp. 503-513). In a study in which
PGF., was applied centrally, it was reported that the changes in cardiovascular parameters
occurred via the sympathetic nervous system, and these changes were accompanied by
increases in plasma epinephrine levels. Further, i.c.v. pretreatment with a TXA. synthase
inhibitor (Yalcin et al., 2006, pp. 207-212) or a PGD, PGE, or PGF», receptor antagonist (Erkan
etal., 2017, pp. 117-124) partially blocked the cardiovascular effects of central injection of AA.
As seen in the studies, it has been reported that AA metabolites play a role at least partially in
the control of blood pressure. Furthermore, reports indicate that the above-mentioned AA
metabolites control blood pressure through activation of the sympathetic system. Based on this
information, we can think that the cardiovascular effects of orexin are mediated by TXA», PGE,
PGD, and PGF», by stimulating the sympathetic system.

5. CONCLUSION

In conclusion, the results of our work suggest that i.c.v. injection of OX elicits pressor and
tachycardic cardiovascular responses. Interestingly, the result of the study shows that some AA-
COX pathway end products, including TXAz, PGE, PGD and PGF»,, partially mediate the OX-
induced cardiovascular responses. Perhaps higher doses of furegrelate, PGF,, dimethylamine,
and AH6809 could block OX-induced cardiovascular responses, but higher doses of the drugs
caused adverse effects in the animals. However, furegrelate (Yalcin et al., 2006, pp. 207-212),
PGF», dimethylamine, and AH6809, used at the same dose as the one administered in the
present study, were reported to partially block the cardiovascular responses created by AA. In
our study, the partial mediation effects of TXA2, PGE, PGD, and PGF2, as AA-metabolites on
MAP and HR suggest that each metabolite might individually mediate the cardiovascular
responses induced by OX. Although not specifically tested in the current study, prostacyclin,
LOX, and other COX pathway products may play a role in cardiovascular effects formed by
central administration of OX as another AA end product. In addition, the possible effects of
subproducts of the central LOX pathway, which has an active role in cardiovascular control
(Guvenc-Bayram et al., 2020, pp. 102670), on OX-produced cardiovascular responses may be
investigated in future studies. Consequently, the OXergic system and the AA cascade, including
the AA-COX pathway products, were found to interact in the central nervous system with
respect to cardiovascular control.
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