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Abstract

We hypothesized that hypothalamic NPYergic mechanisms mediate the blood pressure lowering effect of caloric restriction in
Ž . Ž .hypertensive rats. Aortic coarctation-induced AC hypertensive rats ns25 were assigned to either an ad libitum fed control group

Ž . Ž .AL or food restricted group FR; 60% of AL consumption for 3 weeks. Rats were instrumented chronically with vascular catheters and
Ž . Ž . Ž .bilateral guide cannulae directed at the paraventricular hypothalamic nuclei PVN . Blood pressure BP and heart rate HR responses to

Ž . w 32 x Ž .bilateral PVN microinjection of saline 200 nl or the putative NPY receptor antagonists D-Trp NPY 3.3 mgr200 nl andŽ1 – 36.
w 27,36 32 x Ž .D-Tyr Thr NPY D-NPY ; 3.3 mgr200 nl were determined. The FR rats were then refed and cardiovascular responsesŽ27 – 36. Ž27 – 36.

Žto PVN injections of NPY receptor antagonists were again determined. FR rats had significantly reduced resting BP 159"4 vs. 129"4
. Ž .mmHg and HR 360"11 vs. 326"9 bpm compared to AL controls. Refeeding restored BP and HR of FR rats to levels similar to AL

Ž . w 32 xBPs153"4 mmHg, HRs359"11 bpm . PVN administration of D-Trp NPY produced foraging behavior and concurrent increases
w 32 xin BP and HR in FR, AL and Re-fed rats. The behavioral activation suggests that D-Trp NPY produced activation of NPYŽ1 – 36.

receptors. In contrast, D-NPY did not produce any behavioral response or affect BP or HR in AL or Re-fed rats. In FR rats, D-NPYŽ27 – 36.
Ž .produced significant increases in BP peaks15"3 mmHg which partially reversed the effect of FR on BP. Thus, in FR rats withŽ27 – 36.

reduced BP, PVN administration of an NPY receptor antagonist increases BP. NPY blockade in the PVN accounted for about 50% of the
BP effect of food restriction, thus other mechanisms are likely to be involved. These findings are consistent with the hypothesis that
NPYergic mechanisms may contribute to the reduction of BP produced by food restriction. q 1999 Elsevier Science B.V. All rights
reserved.

w 32 x w 27,36 32 xKeywords: Hypertension; Energy balance; Hypothalamus; D-Trp NPY ; D-Tyr Thr NPYŽ1 – 36. Ž27 – 36.

1. Introduction

Ž .Reduced caloric intake lowers blood pressure BP in
w xhypertensive animals 11,20,25,38,39,41 . The mechanisms

responsible for this observation have not been clarified;
however, decreases in sympathetic nervous system activity
frequently accompany reduced caloric intake. In the spon-

Ž .taneously hypertensive rat SHR , fasting-induced
reductions in BP are accompanied by reduced cardiac no-

Ž . w xrepinephrine NE turnover 40 and reduced sympathetic
w x Ž .support of BP 25 . Reduced plasma norepinephrine NE

levels and decreased sympathetic support of BP have also
Ž .been observed in the aortic coarctation-induced AC hy-
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w xpertensive rat during food restriction 39 . Thus, there is
considerable evidence suggesting that reduced sympathetic
activity is an important mechanism responsible for de-
creased BP resulting from reduced caloric intake. The
mechanisms by which decreased caloric intake might pro-
duce reductions in sympathetic activity and BP are poorly
understood.

Several lines of evidence suggest that neuropeptide Y
Ž .NPY -containing neurons that project from the arcuate

Ž .hypothalamic nuclei to the paraventricular nuclei PVN
are important for the stimulation of appetite and the reduc-
tion in thermogenic sympathetic activity that accompany

w xnegative energy balance 5,17,32 . Interestingly, microin-
jections of NPY into PVN have also been shown to reduce

w x w x w xplasma NE levels 37 , heart rate 15,37 , and BP 15 .
Thus, increased activation of NPYergic activity in the
hypothalamus could contribute to the sympathoinhibitory

0006-8993r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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and hypotensive actions of reduced caloric intake. Further-
more, we have recently reported that lesions of the PVN
markedly reduce the magnitude of reduction in BP pro-

w xduced by caloric restriction in AC hypertensive rats 38 .
Therefore, we hypothesized that elevated NPYergic activ-
ity in the PVN could explain, at least in part, the reduced
sympathetic activity and BP produced by caloric restric-
tion.

To test this hypothesis, we determined the BP responses
to PVN administration of putative NPY antagonists in ad
libitum and food restricted hypertensive rats. We predicted
that blockade of NPY receptors would elevate BP and
sympathetic activity in food restricted rats, while having
minimal cardiovascular effects in normally fed animals.
Because the receptors within the PVN that may mediate
the NPYergic stimulation of appetite and reductions in

w xsympathetic activity have not been clearly determined 2 ,
the BP response of two different putative NPY receptor
antagonists were examined. We hypothesized that blocking
NPYergic receptors within the PVN would significantly
increase BP of hypertensive rats that were in negative
energy balance.

2. Materials and methods

2.1. Treatment conditions

All experiments were approved by the Institutional
Animal Care and Use Committee at Florida State Univer-

Žsity. Male Sprague–Dawley rats 6–7 weeks old, 151–175
.g; ns25 , were individually housed in standard wire rack

Žcages. They were given free access to rat chow Labora-
tory Rodent Diet 5001; PMI Feeds; St. Louis, MO; NaCl

.contents0.96% and demineralized water for a 2-week
acclimatization period prior to any intervention. The ani-
mal quarters were maintained at a temperature of 22–238C,

Žand kept on a 12-h light:dark cycle lights off: 1700–0500
.h .

To produce hypertension by partial aortic coarctation,
animals were anesthetized with ketamineracepromazine

Ž .maleate 100r1.1 mgrkg, i.p. for placement of a
suprarenal abdominal aortic constricting ligature as de-

w xscribed previously 38 . The animals were allowed to
recover for 7 days before being randomly assigned to

Ž .either an ad libitum fed control group AL or a food
Ž .restricted FR group.

Food consumption was measured weekly in the AL
group. The animals in the FR group received 60% of the
food consumed by AL rats. FR rats received their daily
allotment of food between 1600 and 1700 h. Feeding was
within 1 h of ‘lights off’ so that the corticosterone rhythm
that becomes entrained to restricted daily feeding coincides
with the normal circadian peak of corticosterone just after

the beginning of the dark phase of the 24 h light:dark cycle
w x18 .

2.2. Surgery

Two weeks prior to cardiovascular data collection, all
Ž .rats were anesthetized ketamineracepromazine and

Žplaced into a stereotaxic device David Kopf; Tujunga,
.CA with the incisor bar approximately y3 mm so the

Ž . Žskull was level. Guide cannula 26-gauge Plastics One,
.Roanoke, VA were positioned 128 from vertical and di-

rected bilaterally toward the PVN using coordinates from
w xPaxinos and Watson 27 . Cannulae were secured in posi-

tion with stainless steel screws and dental adhesive, and
closed with 33-gauge internal ‘dummy’ cannulae.

One week later, an intravascular catheter was inserted
into the left carotid artery of all rats while under halothane

w xanesthesia as described previously 39 . Catheters were
Ž .flushed daily with heparinized saline 100 Urml to main-

tain patency. The week following catheterization, animals
continued to receive either the ad libitum or restricted diet

Žand were acclimatized to round opaque testing cages di-
.ameters30 cm; heights39 cm used for data collection.

Ž .Each acclimatization session 2–3 sessionsrrat lasted 2–3
h during which no food or water was available.

2.3. Protocols

A tygon extension line was attached to the vascular
catheters for measurement of pulsatile BP. Thirty-three
gauge internal injection cannulae, that extend 1.0 mm
beyond the PVN-directed guide cannulae, were attached to
extension lines and back-filled with 200 nl of either
w 32 x Ž . w 27,36D-Trp NPY 3.3 mgr200 nlrside , D-TyrŽ1 – 36.

32 x Ž .Thr NPY D-NPY ; 3.3 mgr200 nlrside orŽ27 – 36. Ž27 – 36.
Ž .saline vehicle SAL; 200 nlrside . The dose of D-

NPY has been shown to successfully blunt NPY- andŽ27 – 36.
w xfasting-induced feeding when injected into PVN 24 . The

w 32 xdose of D-Trp NPY has been shown to significantlyŽ1 – 36.
w xblunt NPY-induced feeding 3 . The injection stylets were

inserted into the guide cannulae and treatments were mi-
croinjected using a 1 ml Hamilton syringe over a period of
1 minrside without disturbing the animal. BP was moni-
tored before, and for 2 h following injections. In order to
avoid potential confounding effects of feeding on BP, no
food or water was available during the period of time the
animals were in testing cages for central microinjection
studies.

PVN treatments were administered bilaterally on a dif-
ferent day, in a random order within AL and FR groups.
Treatments were separated by 24–48 h. After completion
of the treatments, the FR group was given food ad libitum
for three days and the protocol was repeated for these

Ž . w 32 xanimals in the refed state ns11 . D-Trp NPY andŽ1 – 36.
w 27,36 32 xD-Tyr Thr NPY were purchased from Bachem,Ž27 – 36.
Torrance, CA.
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Fig. 1. Effects of treatments on body weight. Body weight was not
Ž .different between ad libitum AL and food restricted rats at induction of

Ž .aortic coarctation hypertension AC or at the beginning of 60% food
Ž .restriction FR . Thereafter, food restricted rats weighed significantly less

than AL rats. Body weights of Refed food restricted rats remained
significantly below AL rats.

2.4. BehaÕioral responses

w 32 xMicroinjections of D-Trp NPY into PVN elicitedŽ1 – 36.
a vigorous behavioral response characteristic of feeding.
To quantify this response, activity in the testing cages was
assessed on the following scale: 0sno movement, asleep
or sitting quietly; 1ssmall head movements, walking
intermittently, no grooming; 2smild groomingrmove-
ments, no burrowing, no rearing on hind legs; 3swalking,
intermittent circling, occasional short periods of rearing on
hind legs; 4ssome burrowing, continuous grooming, rear-
ing, continuous circling; 5scontinuous and vigorous
grooming, burrowing or rearing.

2.5. Plasma NE

In pilot studies it was noted that PVN directed microin-
jections of D-NPY increased BP in FR rats. ToŽ27 – 36.
determine if sympathetic activity was also increased, a
blood sample was collected 30 min post injection of
D-NPY and saline for determination of plasma NEŽ27 – 36.

w xlevels using HPLC as described previously 38 .

2.6. Histology

At the conclusion of cardiovascular data collection, rats
Žwere deeply anesthetized with sodium pentobarbital 30

. Ž .mgrkg, i.v. . Dye 5% fast green; 200 nl was injected in
the same manner as all other PVN injections. Rats were
then perfused, the brain removed and first placed in 10%
formalin for 3 days, then transferred to a 30% sucrose
solution for at least 2 days. Brains were sectioned on a

Ž .freezing cryostat. Sections 25-mm slices were thaw-
mounted onto gelatin coated slides. To determine the
placement of cannulae, every other section was stained
with cresyl violet, and compared to dye markings seen on
unstained sections. Placement of injections was assessed
by visual comparison to the atlas of Paxinos and Watson
w x27 .

2.7. Data analysis

Ž .A two-factor ANOVA diet treatment groups= time
was used to determine the effect of diet treatment on BP,
HR and behavioral response data for each central injection.
A one-way ANOVA was used to compare plasma NE
between groups. Tukey’s post-hoc test was used to deter-
mine differences between means when a significant main
effect or interaction was detected. A value of P-0.05
was used to determine significance.

3. Results

3.1. Body weight

Body weights were not different between groups at the
Žtime of AC, or prior to assignment to diet treatment Fig.

.1 . Food restricted rats lost weight during the study,
whereas AL rats gained weight. Refeeding of FR rats for
three days significantly increased body weight, but not to
levels of AL animals.

( )3.2. Pretreatment BP and HR Table 1

Ž .Food restriction 60% of AL consumption produced
significant reductions in BP and HR compared to AL.
Three days of refeeding restored BP and HR to levels
similar to those seen in AL animals.

3.3. BP, HR and behaÕioral effects of PVN treatments

Saline injected into the PVN produced no changes in
Ž .BP, HR or behavior in AL, FR or Refed groups Fig. 2 .

w 32 xInjection of D-Trp NPY into the PVN producedŽ1 – 36.
Ž .foraging behavior Fig. 3C and associated increases in HR

Ž . Ž .Fig. 3B and BP Fig. 3A . The temporal relationship

Table 1
Resting arterial BP and HR of groups prior to PVN microinjections

AL FR Refed

SAL BP 159"4 129"5) 153"4
HR 360"11 326"9) 359"11
n 11 14 9

Trp32 BP 157"5 136"4) 154"5
HR 359"16 321"14) 365"11
n 5 6 6

DNPY BP 158"3 129"4) 157"4
HR 356"8 331"7) 357"8
n 11 14 11

Ž . Ž .Resting mean arterial blood pressure BP and heart rate HR in ad
Ž . Ž .libitum fed AL , food restricted FR; 60% AL consumption and follow-

Ž .ing 3–7 days refeeding of FR rats Refed .
Ž .Values were taken prior to PVN injection of saline SAL; 200 nlrside ,

w 32 x Ž . w 27,36D-Trp NPY Trp32; 3.3 mgr200 nlrside or D-TyrŽ1 – 36.
32 x Ž .Thr NPY . DNPY; 3.3 mgr200 nlrside .Ž27 – 36.

): Indicates P -0.05 vs. AL.
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Ž .Fig. 2. Responses to bilateral injections of saline 200 nl into PVN of
Žconscious, unrestrained AC rats fed ad libitum, food restricted 60% AL

. Ž . Ž .for 3 weeks , and Refed rats. A Mean blood pressure, B heart rate and
Ž . Ž .C behavior response. For HR and MAP: control value Pre represents a
20-min average, all others are 5-min averages.

between the cardiovascular and behavioral responses sug-
gests that the observed BP and HR increases may be due
to the increase in physical activity.

Microinjections of the NPY antagonist D-NPYŽ27 – 36.
into the PVN did not significantly affect BP, HR or

Ž .behavior in AL or Refed rats Fig. 4A–C . In FR rats,
D-NPY , caused an increase in BP that reached statis-Ž27 – 36.
tical significance between 10 and 75 min post injection
Ž .15"3 mmHg at 15 min post . HR also appeared to
increase in the FR group after D-NPY injection.Ž27 – 36.
ANOVA indicated a significant interaction for HR, al-

though post-hoc analysis did not reveal significant in-
creases from pre-injection value. Importantly, there was no
increase in activity associated with D-NPY -inducedŽ27 – 36.

Ž .BP responses Fig. 4C . The small peak in activity 45 min
post injection is due to re-infusion of donor blood after
blood collection.

3.4. Plasma NE

Plasma NE levels 30 min after PVN injection of SAL
indicate that FR rats had significantly lower plasma NE
Ž . Ž .230"73 pgrml compared to AL 696"73 pgrml and

Fig. 3. Responses to bilateral injections of the putative NPY receptor
w 32 x Ž Ž .antagonist D-Trp NPY 3.3 mgr200 nlrside into PVN of con-Ž1 – 36.

Žscious, unrestrained AC rats fed ad libitum, food restricted 60% AL for 3
. Ž . Ž . Ž .weeks , and Refed rats. A Mean blood pressure, B heart rate and C

Ž .behavior response. For HR and MAP: control value Pre represents a
20-min average, all others are 5-min averages.
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Fig. 4. Responses to bilateral injections of the putative NPY receptor
w 27,36 32 x Ž Žantagonist D-Tyr , Thr NPY D-NPY ; 3.3 mgr200Ž27 – 36. Ž27 – 36.

.nlrside into PVN of conscious, unrestrained AC rats fed ad libitum,
Ž . Ž .food restricted 60% AL for 3 weeks , and Refed rats. A Mean blood

Ž . Ž .pressure, B heart rate and C behavior response. For HR and MAP:
Ž .control value Pre represents a 20-min average, all others are 5-min

averages.

Ž .Refed rats 716"72 pgrml . ANOVA indicated a main
effect for NE levels to be elevated 30 min after PVN

Žinjection of D-NPY FR s 320 " 73, AL s 742 " 73,
.Refeds760"76 pgrml ; however, post hoc analysis did

not detect differences vs. SAL injection within any group.

4. Discussion

The major new finding reported herein is that PVN
administration of the NPY receptor antagonist D-NPYŽ27 – 36.

significantly increases BP in food restricted AC hyperten-
sive rats, but has no effect on BP in normally fed or refed
rats. Furthermore, the increase in BP produced by PVN
administration of D-NPY was observed in the ab-Ž27 – 36.
sence of any behavioral response. Although we did not see
similar effects with another putative NPY receptor antago-

Žw 32 x .nist D-Trp NPY , we will point out below that ourŽ1 – 36.
findings are consistent with recent reports indicating that
the compound produces NPY receptor agonist activity. The
finding that PVN administration of D-NPY elevatesŽ27 – 36.
BP specifically in FR rats supports the hypothesis that
increased hypothalamic NPY activity may be partially
responsible for the reductions in BP produced by reduced
caloric intake.

4.1. BP, sympathetic actiÕity, and negatiÕe energy balance

The effects of chronic food restriction on sympathetic
activity and BP in the present study are consistent with

w xthose previously shown in AC rats 36,38,39 . Reductions
in BP produced by chronic food restriction in the AC rat

w xare associated with reduced sympathetic support of BP 39
w xand reduced plasma NE 38 . Acute and chronic food

restriction also lowers sympathetic support of BP in the
w xSHR 20,25,41 . Refeeding rapidly reverses the BP effects

w xof fasting in the SHR 20,41 . Similarly, we discovered in
the current study that three days of ad libitum feeding by
chronically food restricted AC hypertensive rats fully re-

Ž .stored hypertension Table 1 and elevated plasma NE
levels. This re-establishment of elevated sympathetic activ-
ity and BP was observed after short term refeeding even

Žthough body weight had not reached that of AL rats Fig.
.1 . These results support the idea that negative energy

balance, rather than reductions in body weight per se,
produce reductions in sympathetic activity and concomi-
tant decreases in BP in the SHR and AC hypertensive rats.

We speculate that plasma leptin levels, which are clearly
involved in afferent signaling of the hypothalamus con-

w xcerning the status of energy balance 6,12 , were elevated
upon refeeding and may have been involved in the return
of elevated sympathetic activity in refed rats. Exogenous

w xleptin administration activates hypothalamic neurons 9,10 ,
w xincreases sympathetic activity 16 , and increases arterial

w xpressure 7,34 . Further experiments will be required to test
this hypothesis.

The AC model of hypertension was selected for this
study because its etiology is characterized by high sympa-
thetic activity. Two to three weeks following AC, plasma
NE levels are elevated, cardiac NE turnover is increased

w xand tissue NE levels are depleted 35,38 . Because the
elevations in BP due to AC hypertension are related to
enhanced sympathetic activity, this model is ideal for
studying the effects of food restriction on reducing sympa-
thetic activity and BP. In the AC rat, the PVN is important

w xin maintaining BP and sympathetic support of BP 38 .
PVN lesions dramatically reduce BP and sympathetic ac-
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tivity in AC rats. Furthermore, food restriction attenuates
the cardiovascular and sympathetic responses produced by
PVN lesions. Thus, the PVN may therefore be an impor-
tant central site for homeostatic reductions in sympathetic
activity during food restriction.

4.2. NegatiÕe energy balance and neuropeptide Y

Within the mediobasal hypothalamus, negative energy
balance produces rapid increases in preproNPY mRNA
and increased NPY delivery from the arcuate nuclei to the

w xPVN 4,30 . This increase in hypothalamic NPY promotes
positive energy balance by stimulating food intake and by

w xreducing thermogenic sympathetic activity 5,17,32 . Previ-
ous studies have indicated that injections of NPY into the
PVN reduces sympathetic activity as indicated by plasma

w xNE levels 37 , and reduced directly measured sympathetic
w xactivity to brown adipose tissue 8 . Interestingly, NPY

also has significant cardiovascular effects in the CNS.
w xSeveral studies have shown that both i.c.v. 1,14,21,31,33

w xand PVN 15,37 administration of NPY decreases BP and
HR. Therefore, we hypothesized that NPY may be in-
volved in the reductions in sympathetic support of BP that
occurs during negative energy balance. Based on this
hypothesis, we predicted that blockade of NPY receptors
in the PVN would partially reverse the reductions in BP
and heart rate that are normally seen during caloric restric-
tion.

There are multiple endogenous receptors that produce
w xthe peripheral and central physiologic effects of NPY 2 .

Within the hypothalamus, the specific receptors involved
in mediating NPY-induced effects on feeding and sympa-
thetic activity have not yet been clarified. However, two
recent reports indicate possible roles for the Y1 and Y5
receptors. NPY-Y1 receptor knockout mice displayed a

w xreduced feeding response to fasting 28 , while NPY-Y5
receptor knockout mice have a reduced feeding response to

w xexogenous NPY administration 22 . Thus, increased NPY
activity at Y1 receptors may be involved in the compen-
satory hyperphagia that follows reduced caloric intake. It is
not yet clear why the NPY knockout mice displays normal

w xrefeeding responses 26 , while the Y1 receptor knockout
demonstrates depressed refeeding.

We utilized two putative NPY antagonists selected for
this study that have been shown to attenuate NPY-induced

w 32 xfeeding. Hypothalamic administration of D-Trp -
NPY was shown to attenuate the feeding activationŽ1 – 36.

w xproduced by co-administered NPY 3 . However, recent
w 32 xevidence suggests that D-Trp NPY stimulates Y5Ž1 – 36.

w xreceptors 13,19 produces similar neurochemical and be-
w xhavioral effects analogous to NPY 13,23 . Similarly, we

also observed substantial behavioral activation characteris-
tic of foraging, suggesting activation of NPY receptors.

w 27,36 32 xPVN administration of D-Tyr Thr NPY hasŽ27 – 36.
been shown to suppress compensatory hyperphagia follow-

w xing fasting and NPY-stimulated feeding 24 . In the present
study, a similar dose of D-NPY did not alter BP, HRŽ27 – 36.
or behavior in AL or refed rats. This finding is consistent
with a recent report showing i.c.v. administration of D-
NPY does not influence BP in ad lib fed animalsŽ27 – 36.
w x29 . However, when administered into PVN of food re-
stricted rats, D-NPY produced significant increases inŽ27 – 36.
BP. This increase in BP was not associated with any
behavioral response. Furthermore, increases in BP in FR
rats were not associated with reflex bradycardia, but rather
an increase in HR to levels seen in ad lib fed animals. In
order to determine if the BP response was associated with
increases in sympathetic activity, plasma NE levels were
assessed. Although plasma NE tended to be increased
following D-NPY treatment, this result was not statis-Ž27 – 36.
tically significant. Unfortunately, blood was collected more
than 30 min post PVN injection, while the peak BP was
seen at 15 min post. Given that NE has a very short
half-life, it is possible that we did not detect the maximum
effect produced by PVN administration of D-NPY .Ž27 – 36.
Therefore, mechanisms of D-NPY -induced increasesŽ27 – 36.
in BP will require further study.

5. Conclusions

Chronic food restriction produces dramatic reductions
in BP and plasma NE of male AC hypertensive rats. Food
restriction-induced reductions in BP and plasma NE are
abolished by three days of refeeding. PVN injection of the

w 27,36 32 xNPY antagonist D-Tyr Thr NPY increases BPŽ27 – 36.
in food restricted rats toward the levels seen in ad libitum
fed animals. These results provide the first evidence that
NPYergic mechanisms within the PVN may suppress BP
during food restriction in hypertensive rats.
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