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Abstract

Neuropeptide Y administered intracerebroventricularly and
into the paraventricular nucleus of the hypothalamus stimu-
lates feeding and decreases brown adipose tissue thermogen-
esis. Although specific neuropeptide Y antagonists are not
yet available, previous studies had shown that the opioid
antagonist naloxone blocked neuropeptide Y-induced feed-
ing when both drugs were injected intracerebroventricu-
larly. Wewanted to find out if naloxone injected into specific
brain sites would block neuropeptide Y effects on feeding
and brown fat thermogenesis. Rats were double injected in
specific brain sites with neuropeptide Y and either naloxone
or naltrexone (a congener of naloxone). Food intake and
brown fat measures were assessed. Naloxone or naltrexone
in the paraventricular nucleus weakly decreased paraven-

tricular nucleus neuropeptide Y-induced feeding and did
not affect neuropeptide Y-induced reductions in brown fat
activity. Peripheral naloxone blocked intracerebroventricu-
lar neuropeptide Y-induced feeding and brown fat alter-
ations. Fourth ventricular naloxone decreased paraventricu-
lar nucleus neuropeptide Y-induced feeding, and naltrexone
given into the nucleus of the solitary tract blocked paraven-

tricular nucleus neuropeptide Y-induced alterations in feed-
ing and brown fat. These data indicate that neuropeptide Y
in the paraventricular nucleus may act on feeding and
brown fat thermogenesis through opioidergic pathways in
the nucleus of the solitary tract. (J. Clin. Invest. 1995.
96:163-170.) Key words: neuropeptide - opioid - brain map-

ping * feeding behavior * energy metabolism

Introduction

Neuropeptide Y (NPY)' was first characterized in 1982 by
Tatemoto et al. (1 ) and is the most abundant peptide in the
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brain (2). Centrally administered NPY is a powerful stimulus
for feeding, whether in deprived or sated rats (3-5). The arcu-
ate nucleus contains NPYproducing cell bodies which project
to the paraventricular nucleus (PVN), and the PVN is densely
populated with NPY nerve terminals (6). Deprivation results
in increased NPY in the PVN (7) and NPYmRNAlevels (8)
in the arcuate nucleus. Recently, Kalra. et al. have shown that
release of NPY in the PVN rises before a meal and falls in
response to that meal (9).

NPYalso affects energy expenditure. PVNand intracerebro-
ventricular (ICV) NPY injections increase lipoprotein lipase
activity in white fat, thereby promoting energy storage, and
concurrently decrease uncoupling protein (UCP) activity in
brown fat, which may result in less energy wastage (10, 11).
These metabolic effects of NPYare independent of the feeding
status of ad-libitum fed NPYtreated animals as the same results
are found in pair-fed and food-deprived NPY-treated animals.
NPYhas also been shown to reduce sympathetic nervous system
activity to brown fat ( 12). Thus it appears that NPYis involved
in the regulation of feeding and energy expenditure, and the
overall metabolic effect of NPY is energy storage. The mecha-
nisms by which NPYexerts these effects on energy metabolism
are not fully elucidated.

Opioids have been shown to be involved in the regulation
of feeding. Naloxone, an opioid receptor antagonist, decreases
food intake (13) and opioids increase food intake (14, 15).
Naloxone given peripherally and intracerebroventricularly also
reduces NPY-induced food intake (4, 16, 17). The effect of
naloxone on brown fat activity is unknown. Injection of 3-
endorphin has been reported to decrease sympathetic firing rate
to BAT ( 18) which would presumably decrease brown fat activ-
ity. However, we found no effect of /3-endorphin on brown fat
UCP gene expression (unpublished observations). Although
NPY is not an opioid and therefore would presumably not bind
to or alter opioid receptors, it may affect opioidergic transmis-
sion in exerting its effects on feeding and brown fat.

Our purpose in these studies was to attempt separation of
the metabolic effects of NPYadministration into the PVN. The
rationale was that although several energy metabolism effects
are produced by NPY-increased food intake, decreased ther-
mogenesis, and increased white fat storage-these effects can
be presumed at some point in the efferent pathway to have
separate neural substrates and therefore separate regulation and
perhaps different associated neurotransmitters. Lacking a spe-
cific antagonist for NPY itself, and based on previous experi-
ence indicating that the unrelated opioid antagonist naloxone
could block NPY actions, we proposed that opioid blockade
might block one component of the NPYeffect, such as feeding,
and not another, such as brown fat thermogenesis. Wehave so
far been unable to separate the feeding and metabolic effects
of NPYby neuropharmacological manipulation. Our attempts
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to explore this hypothesis led to a different set of experiments
in which we sought to locate the site at which opioid blockade
also blocked PVNNPY effects. These data appear to establish
a functional link between the PVNand the nucleus of the soli-
tary tract in the brainstem.

Methods

General experimental protocols
Animals. Male Sprague-Dawley rats (Harlan, Madison, WI) weighing
231-436 grams were individually housed in conventional hanging cages
with a 12 h light/12 h dark photoperiod (lights on at 07.00) in a
temperature controlled room (21-220C). Purina verified Lab Chow and
water were allowed ad libitum, except where noted.

Surgery. Rats were anesthetized with Nembutal (40 mg/kg) and
fitted with 23-gauge (PVN, fourth ventricle [4thV], and nucleus of
the solitary tract [NTS] cannulations) or 20-gauge (ICV experiments)
stainless steel guide cannulas (Plastics One, Austin, TX) placed into
the PVN for experiments I,. H, IV, and VI, ICV for experiment HI, into
the 4thV for experiment IV and into the nucleus of the solitary tract
(NTS) for experiments V and VI. Stereotaxic coordinates were deter-
mined from the rat brain atlas by Paxinos and Watson (19) and were
as follows: PVN cannulations: 0.5 mmlateral, 1.9 mmposterior to
bregma, and 7.3 mmbelow the skull surface. ICV cannulations: 1.5
mmlateral, 1 mmposterior to bregma, and 3.5 mmbelow the skull
surface. 4thV cannulations: midline, 3 mmposterior to lambda, and 6.5
mmbelow the skull surface. NTS cannulations: 1.4 mmlateral, 3.3
mmposterior to lambda, and 7.2 mmbelow the skull surface. For all
cannulations, the incisor bar was set at 3.3 mmbelow the ear bars. At
least 7 d elapsed following surgery before experimental trials.

Injections. Peripheral injections were given in a 0.5 ml volume.
Ventricular injections were administered in a 5-jil volume over 15 s.
Injections into the PVNand the NTS were given in a 1-ji1 volume over
30 s. In experiment II, the first PVN injection was given in a 0.5-jil
volume over 15 s and the second PVN injection was given in a 1-jil
volume over 30 s. In all experiments where double injections were
given, there was at least a 30 s delay between injections.

Verification of cannula placement. After PVN, 4thV, and NTS ex-
periments, brains were dissected out and stored in a 10% formaldehyde
solution for later placement verification by histologic examination. For
experiment III, correct placement was estimated prior to experimental
testing by injecting 100 ng angiotensin ICV and measuring water intake.
Only those animals that drank greater than or equal to 5 grams of
water within 30 min of angiotensin injection were used for experimental
testing. After the experiment, ICV cannula placement was verified by
injection of India ink followed by brain dissection to determine ventricu-
lar flow of the ink. Data from animals with incorrectly placed cannulas
were discarded from the experiments

Drugs. Angiotensin was purchased from Sigma Chemical Co. (St.
Louis, MO). Naloxone and naltrexone were purchased from RBI (Na-
tick, MA). Porcine NPY was purchased from Peninsula Laboratories
(Belmont, CA). All drugs were dissolved in 0.9% saline just be-
fore use.

Food Intake Measurements. Food was allowed ad libitum until the
start of each experimental trial. Just before injection, food was removed.
Immediately after injection, pre-weighed pellets of chow were placed
inside the rat cage. At selected time points, these pellets and collected
spillage were weighed and subtracted from the initial weight to quantify
the amount of food eaten.

UCPmRNADetermination. For experiments H, III, V, and VI, rats
were killed by decapitation 1-2 h i~fter the final set of injections and
interscapular brown fat was dissected free from surrounding tissue. In
experiments H, III, and V, the BATpad was divided into two symmetri-
cal pieces, one for UCPmRNAdetermination and one for UCPprotein
determination, and stored at -70°C. For the UCPmRNAdetermination,
total RNAfrom brown fat was extracted by the rapid guanidine thiocya-
nate-phenol-chloroform method (20). Tissue was homogenized in a

buffer containing 4 Mguanidine thiocyanate with added ,/-mercaptoeth-
anol and water saturated molecular biology grade phenol. Sarcosyl, 2
Msodium acetate, and chloroform were then added. After centrifugation
the aqueous phase was precipitated with isopropanol, resuspended in
guanidine thiocyanate buffer and reprecipitated with isopropanol. The
pellet was washed with 75% ethanol. The resulting RNAwas stored in
100% ethanol at -80TC.

Aliquots of total RNAwere dissolved in 7.4% formaldehyde:6x
SSCand denatured for 15 min at 65°(. 1, 2, and 4 jg of each sample was
pipetted onto 6x SSC soaked nylon (Zetaprobe, Biorad Laboratories,
Richmond, CA) using a slot blot apparatus. The RNAwas fixed onto the
nylon after air drying by UVcross-linking. Nylon filters were prewashed
before use, and prehybridized overnight at 420C in 50% formamide, 5x
SSC, lOx Denhardt's solution, 0.2% SDS, and denatured salmon sperm
DNAin 50 mMNa phosphate, pH 6.5. Hybridization was at 420C in
50% formamide, 5X SSC, 2x Denhardt's solution, 0.2% SDS, denatured
salmon sperm DNAand yeast tRNA in 50 mMNa phosphate, pH 6.5
with the addition of 106 cpm/ml of [32P] -dCTP UCP(UCP 365) labeled
probe (generously supplied by Dr. Daniel Ricquier). After hybridization
the filter was washed and exposed to x-ray film at -80°C. Quantification
of autoradiograms was performed-using 2-D densitometry.

UCPlevel determination. Frozen BAT was homogenized in 5 ml
buffer containing 250 mMsucrose, 5 mMTES, 2 mMEDTAat a pH
of 7.2. The mitochondria were washed by a differential centrifugation
method (21) and washed with isolation buffer containing 1% bovine
serum albumin. The BSAwas removed with three successive washings
of 250 mMsucrose buffer at a pH of 7.2. After the final wash the
mitochondrial pellets were resuspended in buffer to a concentration of
1.5 mg protein/ml. Protein levels were determined by the Bradford
method (22) with BSA as the standard. UCPlevels were determined
using a modified double antibody RIA method of Milner and Trayhurn
(23). Samples were suspended in SDSTris buffer and heated for 15 min
at 550C to solubilize the protein. Nitrocellulose filters were presoaked
in Tris-buffered saline (TBS) and placed in a BioDot Microfiltration
apparatus (BioRad Laboratories, Richmond, CA). Solubilized protein
was then passively filtered for 30 min, washed with TBS, and blocked
with 1%BSA (RIA grade) in TBS by overnight passive filtration. The
filter was rinsed with TBS + 0.05% Tween-20 (TTBS). Anti UCP
serum in 1%BSATTBS was added and allowed to passively filter for
45 min. The filter was then washed with TTBS. An "2I-labeled second
antibody (Amersham IM 144) was added and allowed to passively filter
for 45 min. Filters were washed with 1TBS, and individual dots cut out
of the filter and placed in a gammacounter to determine "2I levels'for
each sample. Sample levels were compared with standards which had
been run on the same filter and used to generate a standard curve relating
bound UCPto UCPlevels. UCPantibody was generously supplied by
Dr. Jean Himms-Hagen. UCP concentrations were corrected for the
percent recovery of mitochondria. Mitochondrial recovery was deter-
mined by comparing the mitochondrial mass in known volumes of ho-
mogenate and final mitochondrial preparations as reflected by the activ-
ity of the mitochondrial marker enzyme, cytochrome c oxidase. Cyto-
chrome c oxidase activity was assayed as previously described (24).

Specific experimental protocols
Experiment I: the effect of PVNand peripheral naloxone on PVNNPY-
induced feeding. PVN cannulated rats received each of the following
treatments with at least 5 h between each session: (a) PVN saline
followed by PVNsaline, (b) PVNsaline followed by 1 jig PVNNPY,
(c) 50 jig PVN naloxone followed by 1 tzg PVN NPY, (d) 100 jig
PVNnaloxone followed by 1 jig PVNNPY, and (e) 5 mg/kg subcutane-
ous (s.c.) naloxone followed by 1 jg PVN NPY. Food intake was
measured at 1 and 2 h after injection.

Experiment H1: the effect of PVNnaltrexone on PVNNPY-induced
feeding and brown fat activity. PVN cannulated rats were randomly
assigned to four treatment groups: (a) saline followed by saline, (b)
saline followed by 1 jig NPY, (c) 50 jIg naltrexone followed by 1 ug
NPY, or (d) 50 jig naltrexone followed by saline. Injections were given
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every 6 h for 24 h. Food intake and brown fat UCPmessage and protein
levels were measured.

Experiment 111: the effect of peripheral naloxone on ICV NPY-
induced feeding and brown fat activity. ICV cannulated rats were ran-
domly assigned to three treatment groups: (a) s.c. saline followed by
ICV saline, (b) s.c. saline followed by 5 Ag ICV NPY, and (c) 5 mg/
kg s.c. naloxone followed by 5 Ag ICV NPY. The peripheral injections
were given every 2 h for 24 h and the ICV injections were given every
6 h for 24 h. Food intake and brown fat UCPmessage and protein levels
were measured.

Experiment IV: the effect of 4thV naloxone on PVNNPY-induced
feeding. Rats fitted with two cannulas, one into the 4thV and one into
the PVNwere given four treatments: (a) 4thV saline followed by PVN
saline, (b) 4thV saline followed by 1 Ag PVNNPY, (c) 10 jig 4thV
naloxone followed by 1 jg PVNNPY, and (d) 50 Ig 4thV naloxone
followed by 1 jg PVNNPY. Each rat received each treatment at least
once with 2 1 d between treatments. Food intake was measured at 1
and 2 h after injection.

Experiment V: the effect of NTS naltrexone and NTS saline on
food intake and brown fat activity. NTS cannulated rats were randomly
assigned to 2 treatment groups and received either saline or 50 jig
naltrexone into the NTS every 6 h for 24 h. Food intake and brown fat
UCPmessage and protein levels were measured.

Experiment VI: the effect of NTS naltrexone on PVNNPY-induced
feeding and brown fat activity. Rats were implanted with two cannulas:
one into the PVNand one into the NTS, and were randomly assigned
to three treatment groups. The treatments were as follows: (a) NTS
saline followed by PVNsaline, (b) NTS saline followed by 1 ,ug PVN
NPY, or (c) 50 jg NTS naltrexone followed by 1 jg PVN NPY.
Injections were given every 6 h for 24 h. Food intake and brown fat
UCPmessage and protein levels were measured.

Statistical design and analysis
Experiments I and IV. In the analysis of these data, we first compared
the saline group to the NPYgroup (no opioid antagonist) to evaluate
whether NPYstimulated food intake. For all other comparisons, the no
treatment (saline) group was eliminated from the analysis so that we
could more accurately analyze the effect of opioid antagonist on NPY-
induced feeding (only the NPY-treated and opioid antagonist plus NPY-
treated animals were included). The data were analyzed by a random-
ized compact block ANOVA(block = rat, compacted variable = food
intake) followed by Duncan's new multiple range post-hoc t test to
compare means. Data were also analyzed by ANOVAto determine
whether there was an effect of day on food intake (dependent variable
= day, saline groups only). No effect of day on feeding response was
found. Data are expressed as mean+SEM.

Experiments II, III, V, and VI. Data were analyzed by a two-factor
ANOVA(naloxone or naltrexone x NPY) followed by multiple com-
parison contrasts to compare means. Data are expressed as mean±SEM.

Results

Experiment I. In this experiment, food intake was measured for
two hours following NPY injection into the PVN along with:
saline (5.9±0.6 grams); 50 jig naloxone in the PVN(4.8±0.8
grams); 100 jig naloxone in the PVN (3.6±0.2 grams); or 5
mg/kg naloxone given subcutaneously (1.5±0.4 grams). The
control group was saline only in the PVN (1.1±0.2 grams).
An ANOVAincluding the PVN NPYalone, 50 jig PVNnalox-
one + PVN NPY, and 100 jig PVN naloxone + PVN NPY
treated groups showed a significant main effect of PVNnalox-
one on PVN NPY-induced feeding (F = 3.702, P < 0.05,).
Naloxone significantly reduced PVNNPY-induced food intake
(0-2 h) when 100 jig were injected PVNand 5 mg/kg were
injected subcutaneously (P < 0.01). The peripheral naloxone
was clearly more potent at suppressing NPY induced feeding
than either dose of PVNnaloxone.
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Figure 1. The effect of PVNnaltrexone (50 jig every 6 h for 24 h) on
PVNNPY(1 jig every 6 h for 24 h) induced feeding (Experiment II).
Values represent grams of chow and are expressed as mean±SEM. * P
< 0.01 compared with SAL and NTX groups. * P < 0.05 compared
with NPYgroup. n = 6-8 rats per group.

Experiment I. In this experiment, rats were coinjected with
NPY±naltrexone into the PVNevery 6 h for 24 h. Naltrexone,
a congener of naloxone, significantly decreases NPY-induced
feeding for 6 h after ICV injection of naltrexone and NPY
(0-6 h food intake: sal + NPY treated rats: 8.3±0.9 grams;
naltrexone + NPY treated rats: 4.4±0.8 grams; P = 0.0006).
PVN NPYsignificantly increased feeding at 2 h and all subse-
quent cumulative feeding intervals (P < 0 .05, Fig. 1). PVN
naltrexone did not significantly reduce PVNNPY-induced food
intake (P > 0.05, Fig. 1). There was no significant difference
in total food intake in the NPY-treated and NPY+ NTXtreated
animals at study's end. PVN NPYsignificantly increased brown
fat pad weight (P < 0.05) and PVNnaltrexone did not block
this increase. UCPmRNAand UCPprotein levels were signifi-
cantly decreased (P < 0.01 ) in the NPYtreated group and PVN
naltrexone did not block this decrease (Fig. 2). Thus, PVN
naltrexone weakly blocked PVNNPY-induced feeding and did
not alter NPY's effect on brown fat.

Experiment III. In this experiment, rats were injected with
ICV NPYevery 6 h and naloxone peripherally (subcutaneous,
s.c.) every 2 h. Peripheral naloxone significantly decreased ICV
NPY-induced food intake (ANOVA F = 7.443, P = .0044,
Table I). In addition, peripheral naloxone significantly blocked
ICV NPY-induced increase in brown fat pad weight and ICV
NPYsuppression of UCPgene expression (P < .05, Table I).
UCPprotein levels were significantly decreased by ICV NPY
(P < .05, Table I), and UCPlevels of naloxone + NPYtreated
animals were not significantly different from controls, consis-
tent with naloxone blockade of NPY.

Experiment IV. In this experiment, rats were given an injec-
tion of naloxone (10 or 50 jig) into the fourth ventricle just
before injection of 1 jig NPY into the PVN. As shown in Fig.
3, 50 jig of 4thV naloxone significantly decreased PVNNPY-
induced feeding (P < 0.05) at 1 and 2 h after injection.

Experiment V. In this experiment, animals were injected
with saline or naltrexone into the NTS every 6 h for 24 h. As
shown in Table II, there was no significant difference in food
intake between naltrexone- and saline-treated animals. In addi-
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Figure 2. The effect of PVNnaltrexone (50 jig every 6 h for 24 h) on
PVNNPY (1 Asg every 6 h for 24 h) induced decrease in UCPmRNA
and UCPprotein levels (Experiment II). UCPmRNAare represented
as O.D. units (arbitrary units) and are means±SEM. UCPproteins
represent jig per mg brown fat (values are corrected for percent mito-
chondria recovery).and are means±SEM. Bars not sharing common
superscripts (within uppercase or lowercase versions) indicate that the
representative values are significantly different, P < 0.05. n = 6-8 rats
per group.

tion, there were no significant differences in brown fat pad
weight, brown fat UCPmRNAlevels or UCP protein levels
between saline and naltrexone treated animals (Table II).

Experiment VI. In this experiment, rats were injected with
naltrexone into the NTS and with NPY into the PVNevery 6
h for 24 h. As shown in Fig. 4, the food intake of the
naltrexone+NPY-treated animals was significantly lower (P
< 0.05) than that of the NPY treated animals and was not
significantly different from the controls. In addition, naltrexone
in the NTS blocked PVN NPY-induced alterations in brown
fat. The BAT pad weights of the saline and naltrexone + NPY
treated animals were similar and lower than that of the NPY

Table L The Effect of Peripheral Naloxone on ICV NPY-induced
Changes in Food Intake, BAT Weight, UCPmRNAand Protein
Levels (Experiment 111)

Injection site
and treatment Brown adipose tissue measures

s.c. IcV 25 h F.I. BAT weight UCPmRNA UCPProtein

g mg/iOOgBW O.D. units jig UCP/mg PRO

Saline Saline 20±2* 77±5* 36±2* 149±10*
Saline NPY 28±2* 109±12* 30±2* 103±15+ 1
NLX NPY 16±2* 72±6* 37+2* 131±11*§

The dose of naloxone was 5 mg/kg (every 2 h for 24 h) and the dose
of NPYwas S /ig (every 6 h for 24 h). F.I., food intake. BAT weight
is expressed as mg BAT per 100 gram body weight. O.D. units are
arbitrary units. UCPlevels are expressed as jig UCPper mg mitochon-
drial protein and are not corrected for percent mitochondrial recovery
(data not available). Values represent mean±SEM, and values within
columns that do not share common superscripts are significantly differ-
ent, P < 0.05. n = 8 rats per group.
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Figure 3. The effect of 4thV naloxone (10 and 50 pg) on PVNNPY
(1 jg)-induced feeding (Experiment IV). Values represent grams of
chow and are expressed as mean±SEM. * P < 0.01 compared with
SAL group. * P < 0.01 compared with NPYgroup. n = 9 rats per
group.

treated animals, although these differences were not statistically
significant. The UCPmessage levels were significantly higher
(P < 0.05, Fig. 5) in the saline and naltrexone + NPYtreated
animals than in the NPY treated animals.

Discussion

The neural pathway by which NPY induces feeding is not
known. NPYaffects energy balance (25) and decreases brown
adipose tissue thermogenesis ( 11) by decreasing sympathetic
nervous system activity to brown fat (12). The purpose of the
present experiments was to examine the neural pathway by
which NPY affects energy balance. Our first experiment was
based on previous observations indicating that naloxone (2.3-
50 yg) in the PVNdecreases deprivation-induced food intake
(26, 27). Further, naloxone administered ICV was reported to
block NPY-induced feeding at doses of 10 (16) and 25 I.g (17).
PVN naloxone administration effects on PVN NPY-induced
feeding had not been previously tested. Wethought PVNnalox-
one would block PVNNPY-induced feeding and hypothesized
that naloxone may also reverse NPY's effects on brown fat,

Table II. The Effect of NTSNaltrexone on Food Intake, BAT
Weight, UCPmRNA, and Protein Levels (Experiment V)

Injection site Brown adipose tissue
and treatment measures

NTS 25 h F.I. BAT weight UCPmRNA UCPprotein

g mg/iOOgBW O.D. units jig UCP/mg BAT

Saline 14±2 95±6 8±2 15.0±3.3
NTX 11±2 98±5 11±2 12.4±2.5

The dose of naltrexone was 50 ,g (every 6 h for 24 h). F.I., food intake.
BAT weight is expressed as mgBAT per 100 gram body weight. O.D.
units are arbitrary units. UCPprotein levels are expressed as pg UCP
per mgbrown fat and are corrected for percent mitochondrial recovery.
Values represent mean+SEM. n = 5-6 rats per group.
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Figure 4. The effect of NTS naltrexone (50 ,ug every 6 h for 24 h) on
PVNNPY (1 ttg every 6 h for 24 h) induced food intake (Experiment
VI). Values represent grams of chow and are expressed as meantSEM.
* P < 0.05 compared with SAL and NTX + NPYgroups. n = 6-7
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namely an increase in BATweight and a decrease in UCPgene
expression and UCPlevel.

However, in experiments I and II, naloxone or naltrexone
given into the PVNhad a relatively weak effect on PVNNPY-
induced feeding and no effect on brown fat (Figs. 1 and 2),
indicating that the PVN is not the site at which naloxone or
naltrexone antagonize NPY effects. Wehave not ruled out an
effect of high dose PVN naltrexone on PVN NPY-induced
changes in brown fat activity, but it is clear that any such effects
will be at doses higher than seen with ICV naloxone blockade
of ICV NPY feeding effects (4, 16, 17). These data suggest
that the PVNis relatively insensitive to naloxone and naltrexone
blockade with respect to PVNNPY-induced feeding and BAT
effects. It is unlikely that antagonism of opioid receptors at
NPY's site of action (PVN) importantly affects PVN NPY
effects on feeding or brown fat.

In experiment I, peripheral naloxone was more effective at
blocking PVNNPY-induced feeding than the highest dose of
naloxone given into the PVN. In experiment mII, peripheral
naloxone clearly blocked ICV NPY-induced feeding and
changes in brown fat (Table I). Thus naloxone more potently
blocked PVNNPYeffects when given peripherally than when
given into the PVN. This suggests that naloxone acts either at
some other brain site (as naloxone is able to cross the blood
brain barrier) or that naloxone acts in the periphery to block
NPY's effects. Based on evidence indicating a central (vs. pe-
ripheral) role for opioids in feeding (14, 28), we hypothesized
that naloxone acts at a central site (other than the PVN) to
block NPY's effects.

Several studies indicate that the hindbrain is involved in
feeding (29) which led us to test whether naloxone administered
into the fourth ventricle would antagonize PVNNPY-induced
feeding. As shown in Fig. 3, 50 jig naloxone in the fourth
ventricle blocked the feeding effect of NPY in the PVN in the
first hour after administration. Based on this indication that the
hindbrain may be involved in NPY-induction of feeding, we
next chose to examine the nucleus of the solitary tract, a hind-
brain structure. The nucleus of the solitary tract receives de-
scending PVN neural projections that are involved in feeding
(30, 31), and the NTS contains relatively high concentrations
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Figure 5. The effect of NTS naltrexone (50 jsg every 6 h for 24 h) on
PVN NPY(1 jsg every 6 h for 24 h) induced changes in UCPmRNA
levels (Experiment VI). Values represent UCPmRNAO.D. units (arbi-
trary units) and are expressed as mean±SEM. Bars not sharing common
superscripts indicate that the representative values are significantly dif-
ferent, P < 0.05. n = 6-7 rats per group.

of mu and kappa opioid receptors (32). Naltrexone alone in
the nucleus of the solitary tract did not impact feeding or brown
fat activity (Table II). However, administration of naltrexone
into the NTS resulted in complete blockade of PVN NPY-
induced increases in feeding (Fig. 4), and blocked NPY-in-
duced reduction in brown fat activity as measured by UCP
message levels (Fig. 5)..

Wealso attempted to separate the feeding and metabolic
effects of NPY. However, in all experiments we found the
feeding and metabolic effects to be inversely related. This fits
with the hypothesis of Bray and colleagues that there is a recip-
rocal interaction between food intake and the sympathetic ner-
vous system (SNS) that has been observed for several peptides
(33). In this hypothesis, feeding results in increased SNSactiv-
ity which then provides a feedback signal to the brain to cause
cessation of feeding. This hypothesis is consistent with the pres-
ent data because food was allowed ad-libitum in all experiments.
However, in previous studies in our laboratory, we have found
that the effect of NPYon brown adipose tissue thermogenesis
is independent of food intake as the same results are found in
food deprived and pair-fed NPY treated rats (10, 11). Thus
the increased feeding observed after NPY, although inversely
related to the effect observed in the BAT (decreased BATactiv-
ity), must not be responsible for the effect observed in the
BAT, indicating the existence of separate neural pathways for
NPYeffects on feeding and thermogenesis.

The results of the present experiments suggest that NPY
may exert its effects on feeding and brown fat through opioider-
gic pathways in the NTS. One hypothesis for the mechanism
by which this may occur is depicted in Fig. 6. In this hypothesis,
NPY in the PVNmay interact with NPY receptors on opioid-
synthesizing cell bodies in the PVN, resulting in increased opi-
oid synthesis in the PVN. Mature opioid peptide would be re-
leased from the nerve ending in the NTS where it binds to
NTS opioid receptors to elicit feeding and to decrease BAT
thermogenesis. NPYergic and opioidergic synaptic contacts
have been reported in the basal medial hypothalamus (34, 35),
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Decreased BAT Thermogenesis

Figure 6. Hypothesized PVN-NPY-NTS-opioid pathway that stimulates
feeding and decreases brown adipose tissue thermogenesis. PVN, para-
ventricular nucleus; NPY, neuropeptide Y; NTS, nucleus of the solitary
tract; AP, area postrema; BAT, brown adipose tissue.

which may parallel the possible NPY-opioid connections in
the PVN. Although opioid agonists in the NTS have not been
tested for effects on feeding, there is a large amount of data to
show that lesions of the area postrema (AP) with surrounding
NTS results in alterations in food intake (29, 36, 37). The AP
lies adjacent to the caudal NTS and the two structures innervate
each other (38, 39). AP lesions result in increased consumption
of palatable foods (40) and decreased glucoprivic feeding (41).
These lesions usually include the adjacent NTS and are often
referred to as AP/NTS lesions. These data lend support to the
idea that the NTS is involved in a feeding regulatory pathway.

There is increasing evidence of a central NPY-opioid con-
nection in relation to feeding. Central administration of opioids
increases feeding (14), although the effect is not as strong
as central NPY-induction of feeding. Naloxone and naltrexone
decrease NPY-induced feeding (4). ICV pre-treatment with
either norBNI (kappa opioid receptor antagonist) or fi-FNA
(mu opioid receptor antagonist) significantly decreased NPY
induced feeding, whereas NTI (delta opioid receptor antagonist)
had no effect, suggesting that the muand kappa opioid receptors
may be involved in NPY's feeding effects (42). Lambert et al
have also recently reported that antisense oligonucleotide to
endogenous dynorphin decreases NPY-induced feeding (43,
44), indicating involvement of the kappa opioid receptor in
NPY induced feeding.

In our hypothesis, PVNNPY may result in opioid release
in the NTS. If this pathway is involved in food intake regulation,
one might expect that opioid release may provide a negative
feedback signal to NPYergic activity, and that blockade of opi-
oid receptors may prevent this feedback signal. This idea is
supported by studies which indicate NPY-opioid connections
in other systems. For instance, stimulation of opioid receptors
by chronic morphine administration resulted in decreased hypo-
thalamic and striatal NPY levels but not NPYin the hippocam-
pus or cortex (45). Conversely, blockade of opioid receptors
by intraatrial naloxone infusions resulted in increased hypotha-
lamic NPYprotein levels in ,3-estradiol-primed ovariectomized

rats and in vitro release of NPYfrom the mediobasal hypothala-
mus was dose-dependently increased with naloxone (46). In-
creases in plasma NPY by naloxone administration has also
been reported (47).

In our interpretation of the present data, we hypothesize that
the opioid receptors in the NTS are involved in an NPYefferent
pathway affecting energy balance. It is also possible that the
NTSis part of an afferent pathway that modulates hypothalamic
NPYactivity. The NTShas afferent projections to the hypothal-
amus and relays information from the periphery to the brain
(48). Thus there is the potential that feeding-related signals
originating in the NTS may affect endogenous hypothalamic
neuropeptide Y synthesis and release mechanisms, and blockade
of NTS opioid receptors could impact these signals. However,
we found no effect of NTS naltrexone on normal feeding or
brown fat activity (Table II). In the present studies we did not
test this hypothesis of afferent modulation of NPY, but rather,
we looked at blockade and non-blockade of the effects of exoge-
nous NPYadministered into the hypothalamic PVN.

Although the present studies implicate the NTS in NPY's
effects on feeding and brown fat, other neural sites may be
involved. For instance, the AP, which lies in close proximity
to the NTS, receives second order neural projections from, and
innervates, the NTS (29). Also, substances injected into the
NTS may diffuse into the AP (29). Thus, the AP cannot be
ruled out as a potential site involved in PVNNPY effects on
energy balance. Several parabrachial subnuclei receive second-
order afferent projections from the NTS and the parabrachial
nucleus also has efferent projections to the NTS (48). The
parabrachial nucleus has reciprocal neural connections with the
AP and the PVN (48), and has been reported to be involved
in feeding (49, 50) and thus could also have a potential role in
NPY's effects.

NPY may be involved in the etiology of obesity, a risk
factor for several diseases. Brain NPYergic activity is increased
in animal models of obesity (51), indicating a potential role
for NPYin animal obesity. Whether NPYis involved in human
obesity is speculative, but the effects of NPY-increased en-
ergy intake and decreased energy expenditure-parallel the pre-
dictors of human obesity. For instance, Pima Indians, an obesity
prone population, have increased energy intake and it has re-
cently been demonstrated by the doubly labeled water method
that this group also have decreased energy expenditure (52).
The present data may help to broaden the knowledge base of
NPYneural pathways in relation to energy balance, a prelimi-
nary step for the development of anti-obesity drugs.

In summary, the injection of PVN NPYmay exert its effects
on feeding and brown fat via opioid receptors in the NTS. This
was demonstrated in the present experiments by the observation
that NTS naltrexone blocked PVNNPY-induced feeding and
inhibition of brown fat activity whereas PVNnaltrexone had a
weak effect on PVN NPY-induced feeding and no effect on
PVNNPYreduction of brown fat activity. Wedid not demon-
strate separate pathways for the feeding and metabolic effects
of NPY, as blockade (or non-blockade) of NPY's feeding effect
was accompanied by blockade (or non-blockade) of NPY's
effect on brown fat activity (Table III). Further investigation
into PVN NPY neurotransmission is needed to determine
whether other neural sites are involved, where the transmission
of the NPYenergy metabolism signal goes after the NTS, and
whether the PVNNPY feeding stimulatory pathway and PVN
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Table III. Summary of the Effects of Naloxone and Naltrexone on
NPY-induced Feeding and Brown Fat Measures

Treatment and injection site Parameter

NLX or NTX NPY Experiment No. Food Intake BAT Measures

PVN (NLX) PVN I N.M.t
s.c. (NLX) PVN I (+) N.M.
PVN(NTX) PVN II (-) (-)
s.c. (NLX) ICV i (+) (+)
4thV (NLX) PVN IV (+) N.M.
NTS (NTX) N.A.' V (-) (-)
NTS (NTX) PVN VI (+) (+)

* (-) indicates that NPY-induced measured parameter was not blocked,
and (+) indicates that NPY-induced measured parameter was blocked
by opioid antagonist treatment. t N.M. indicates that parameter was not
measured. O N.A., not applicable because NPYwas not injected in this
study and thus measured parameters were not "NPY-induced."

NPYbrown fat inhibitory pathway diverge further along NPY's
efferent pathway.
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