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LEVIN, B E.J TRISCARI AND A C SULLIVAN The ¢effect of diet and chronic obesity on brain catecholanne
turnover in the rat PHARMACOL BIOCHEM BEHAV 24(2) 299-304, 1986 —Male Sprague-Dawley rats were fed a high
calorie, high fat diet for 3 months to produce chronic diet-induced obesity (DIO) in which they gained 70% more weight than
chow-fed controls Thirty-six percent of the rats fed the DIO diet resisted the developmentof obesity (DR), gaiming no more
weight than chow-fed controls but serving as a comparison for the effects of the diet alone on the metabolism of brain
catecholamines The major influence of dietary composition was upon norepinephrine (NE) metaboltsm Both DIO and DR
rats had increased turnover of NE (107-217%%) and/or shorter NE half-lives (42-67%) than controls in the hypothalamic
paraventricular (PVN) and dorsomedial (DMN) nucler and the median eminence (ME), dopamine (DA) turnover was
similarly accelerated in the PVN The DR rats alone exhibited decreased NE levels with increased disappearance of NE 1n
frontal cortex and increased disappearance of DA in the ventromedial hypothalamic nucleus (VMH) The major effect of
chronic obesity alone was a 31-33% decrease in DMN DA turnover and an 809 decrement in ME DA turnover associated
with a 619 decrease in DA levels as compared to chow-fed controls Therefore, the major eftect of a high calorie, high fat
diet was a diffuse acceleration of brain NE and DA turnover while chronic obesity led to decreased DA turnover in the
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A number of studies have shown that changes in diet may be
associated with altered metabolism of brain catecholamines
[1, 7, 32] In addition, states of chronmic obesity in rodents,
whether genetically determuned [5, 6, 16, 17] or lesion-
induced [4], have also been linked to changes in brain
monoamine levels Diet-induced obesity (DIO) can be
produced n rats by feeding them high calorie, high fat diets
over a penod of weeks to months [8, 15, 19, 20, 30] This
method of causing obesity obviates many of the problems
associated with genetically-linked or lesion-induced types of
animal obesity in which many other defects which are not
necessanly causally related to the pathophysiology of obe-
sity are also present As such, DIO has many similarities to
certain types of adult-onset obesity tn humans These in-
clude hypercellular, hypertrophic adiposity in some fat de-
pots [8,36], type II diabetes with insulin resistance [7, 18,
36], hyperglycerolemia, and an associated increase 1n
metabolic efficiency such that increased body weight 1s
maintamed with the intake of the same or fewer calories than
comparable lean controls [15, 18, 21, 36]

We have previously used a semisynthetic diet which 1s
relatively high in calones and fat (“‘DIO diet’”) to produce
DIO in adult rats [15, 19, 20, 21] Generally, rats show an

early increase 1n food intake on this diet with the subsequent
development of obesity Over the ensuing 2-3 month period
caloric ntake 1s usually reduced to levels fairly comparable
to or even below that of chow-fed controls [15, 20, 21, 36] In
some of these chronic studies, a subgroup of rats fed the DIO
diet fails io increase 1ts imttal intake and thus ‘‘resists’’ the
development of DIO [15,20] These diet-resistant (DR) rats
thus serve as a useful control for the effects of dietary com-
position on the parameters to be examimned The presence of
such a group in a study alleviates the problems associated
with restricted feeding schedules which would otherwise be
required to produce a dietary control group of comparable
weight to chow-fed controls Thus the use of our DIO diet
provides an extremely powerful animal model which can
serve as a means to evaluate the effects of both high calorie,
high fat diets and chronic obesity on the metabolism of brain
catecholamines

METHOD

Antmals

Three month old (400-500 g), adult, male Sprague-
Dawley rats (Charles River Breeding Laboratories) were
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TABLE 1 TABLE 2
BODY WEIGHT CHANGES IN RATS FED CHOW OR THE DIO DIET EFFECT OF DIET AND OBESITY ON BRAIN NE METABOLISM
Chow DIO DR Chow DIO DR
Initial Body Weight (g) 417 = 6 420 + 6 420 = 6 PVN
Final Body Weight (g) 655 + 21 824 + 15% 664 + 13 NE, 153 +490 173 =260 163 = 080
Weight Gain (g) 238 + 18 405 + 13* 251 = 10 ti/2 355 =069 194 = 041* 150 = 032+
N 30 29 16 TR 299 +077 618 = 1 12* 762 + 100+
DMN
Groups of rats were fed chow (n=30) or the DIO diet (n=45) for 3 NE 189 +27 206 +25 187 =19
months A subgroup of rats on this later diet (n=16) resisted the ! N - N x
tl/2 285+072 098 + 013+ 117 + 016
development of obesity (DR) while the remainder became obese R 460 = 0 46 +18 . 132t
(DIO) *p<0 001 when DIO rats were compared to chow-fed con- T 60 = 091 146 = 185% I =1
trols by post-hoc 7-test after a significant intergroup difference was VMH
found by ANOVA NE, 183 =21 160 + 17 142 =35
tl/2 162025 163 +021 139 032
TR 783 +105 680 = 0 80 708 169
o CHOW ol ME
° .o NE, 186 +19 724 + 0 9% 108 =227
tY2 363 =087 198 = 0 45* 1 48 + (0 34*
TR 355 =061 253 045 506 =110
FC
NE, 404 053 289 =050 132 +0247%
tl/2 386 + 087 456 + 149 169+ 037*
TR 073 =013 044 =0 11 055 =011

NOREPINEPHRINE (pg/i2 0)

FIG 1 Effect of diet and obesity on brain NE metabolism Rats
were fed chow (O) or the DIO diet Subgroups of the DIO diet-fed
rats became obese (@) or resisted the development of obesity (A)
over a 3 month period of feeding Sets of 4-10 rats from each of the 3
diet groups were treated with a-methyl p-tyrosine (300 mg/kg, IP)
and decapitated 1 5 and 3 hr later A further set of 8-14 rats from
each diet group was left untreated for determination of endogenous
NE levels Data points are mean+SE (vertical bars) NE concentra-
tion (log) plotted as a function of time for the hypothalamic paraven-
tricular (PVN), dorsomedial (DMN), ventromedial (VMH) nuclei,
median eminence (ME) and frontal cortex (FC) Turnover data de-
rived from these plots are given in Table 2

housed individually at 23-24°C on a 12 hr hght-dark
schedule Rats were randomized by weight into 2 groups,
controls (n=30) were fed pelieted Purina rat chow which
contains 4 5% fat and 4 0 kcal/g and a second group (n=45)
was fed a pelleted, semisynthetic diet (BioServ, Inc) com-
posed of 47% chow, 8% corn o1l and 44% sweetened con-
densed milk containing 16-17% protein, 15-16% fat and 4 6

Rats fed chow or the DIO diet for 3 months (those which became
obese [DIO] and those which did not [DR]) were given a-methyl
p-tyrosine (300 mg/kg, IP) and decapitated in sets of 4-10at 1 5Sand 3
hr later Other untreated rats were used for endogenous NE levels
(NE,, pg/ug protein) Data were plotted as in Fig 1 and expressed as
mean = SE half-life (t'/2. hr ') and turnover rate (TR, pg/ug
protein/hr) *p<<0 05 fp<0 01 Ip<0 001 when data from DIO or
DR rats were compared to those from chow-fed rats and §p <0 05
when data from DIO rats were compared to those from DR rats by ¢
test for post-hoc comparisons after ANOVA showed there to be
significant intergroup differences (p<<0 05)

kcal/g (DIO diet, [19]) Diet-feeding was continued for 3
months at the end of which time rats were weighed and allo-
cated to 1 of 3 groups according to analysis of body weight-
gain histograms [15, 20, 21] Chow-fed rats showed a Gaus-
sian distribution of body weight gain while DIO diet-fed rats
feil into 2 subgroups, both of which were ‘‘normally’ dis-
tributed according to body weight gain The first group be-
came obese (DIO), gaining significantly more weight than
controls (Table 1), the second group ate the DIO diet but
gained approximately the same amount of weight as controls
and these were defined as ‘*diet-resistant’” (DR) All further
studies were carried out prospectively upon these animals as
previously allocated to these 3 groups

Brain Catecholamine Turnover Studies

Subgroups of rats from each of the 3 diet groups were
myected with a-methyl p-tyrosine (300 mg/kg, IP) and 4-10 of
these rats from each grup were decapitated 1 5 hr or 3 hr
later [2,12] Addittonal animals from each diet group (n=8-
14) were not injected with drug and were used for the deter-
mination of endogenous brain catecholamine levels At the
time of decapitation, brains were quickly removed, frozen on
Dry Ice and stored at —70°C for no more than 2 days Brains



DIET AND OBESITY AFFECT BRAIN CATECHOLAMINE TURNOVER 301

TABLE 3
EFFECT OF DIET AND OBESITY ON BRAIN DA METABOLISM
Chow DIO DR

PVN

DA, 127 =022 279 =063 301 =134
t'/2 113 +024 097010 102+020
TR 078 =015 199 + 033* 2 05 = 0 66*
DMN

DA, 349072 319057 349093
t'/2 132013 176 + 022* 111 =021
TR 183 =015 126 = 026* 218 = 050
VMH

DA, 250 =048 339012 280 +078
ti/2 130 =027 164 £ 041 095 = 0208
TR 133 =027 143020 204 = 0108
ME

DA, 229 =30 897 = 199+ 254 *+15
t'/2 096 = 008 192 + 0 40* 107 =014
TR 165 =18 324 = 070% 165 =156

Rats were fed chow or the DIO diet and treated with a-methyl
p-tyrosine as described in Table 2 and the Method section
DA,=endogenous DA content (pg/ug protein) and TR=turnover
rate in pg/ug protein/hr Data are derived from plots in Fig 2 and are
given as mean + SE *p<0 05 fp<0 01 ip<0 001 when data from
DIO or DR rats were compared to those from chow-fed rats and
§p <0 05 when data from DIO rats were compared to those from DR
rats by 7-test for post-hoc comparisons after significant intergroup
differences (p <0 05) were found by ANOVA

were microdissected by the method of Palkovits et al [28].
Four-6 bilateral punches were taken using a 0 5 mm punch
for the hypothalamic paraventricular (PVN), dorsomedial
(DMN), ventromedial nucler (VMN) and median eminence
(ME) and 4 punches from frontal cortex (FC) were taken
using a | mm punch The tissue punches were placed im-
mediately mto 150 ul 0 1 N perchloric acid containing 10
ng/mg dihydroxybenzylamine as an internal standard Cate-
cholamines were adsorbed to alumina at pH 8 5 and eluted
with 0 1 N perchloric acid Brain catecholamines were de-
termined by reversed phase high performance liquid chroma-
tography using a C,, u Bondapack, 10 um Z-module column
(Waters) at a flow rate of 1 S ml/min Electrochemical detec-
tion was performed with a glassy-carbon electrode (BAS) at
an apphed voltage of 0 72 v [14] Proteins were determined
by the method of Lowry ¢7 al [22]

Statistics

Catecholamine turnover was calculated by the method of
Brodie ¢t al [2] m which the fractional turnover (k) was
taken as the slope™' of the disappearance of catecholamine
levels (as a natural logarithmic function) plotted against the
time following a-methyl p-tyrosine injections Half-hfe (t1/2)
was calculated as 0693/k Endogenous norepmephrine
(NE,), dopamine (DA,) and epinephrine (E,) levels were ob-
tamed from subgroups of uninjected rats and turnover rate
was given as the product of endogenous levels X fractional
turnover (k) Data were analyzed by 1-way analysis of varn-
ance for individual parameters and by analysis of co-

o CHOW ® DIO a DR

DOPAMINE (pg/u 9)

FIG 2 Effect of diet and obesity on brain DA metabolism See
legend of Fig 1 and the Method section for details Data derived
from these plots are given m Table 3

varniance for turnover data Where significant differences
(p <0 05 or less) were found, data were further analyzed by
t-test for post-hoc comparisons

RESULTS
Body Weight Gain

Rats which became obese after 3 months on the DIO diet
had final body weights which were 24% and 26% higher than
chow-fed controls and DR rats respectively (Table 1),
F(2,42)=32 16, p=0 0001 This represented a 70% and 61%
greater weight gain than these 2 groups, respectively,
F(2,42)=43 78, p=0 0001

Brain Catecholamine Turnover

Norepinephrine Endogenous NE (NE,) levels were de-
creased by 42% and 61% in the median eminence (ME) of DR
and DIO rats, respectively, compared to chow-fed controls
(Table 2), F(2,21)=14 73, p=0 001 NE, levels were also de-
creased 1n frontal cortex (FC) of DR rats by 67% and 54%
compared to controls and DIO rats, respectively,
F(2,22)=6 45, p=0 007 The fractional turnover of NE was
increased in the PVN, DMN and the ME of both DIO and
DR rats Thus the t'/2 was reduced to 55% and 34% of control
and the turnover rate was increased to 207% and 255% n the
PVN of DIO and DR compared to chow-fed controls, re-
spectively (Table 2 and Fig 1), F(2,30)=73 06, p=0 0001
Decreases m t'/2 to 34% and 41% of control and increases in
turnover rate to 317% and 241% of controls were seen 1n the
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TABLE 4
EFFECT OF DIET AND OBESITY ON BRAIN E LEVELS
Chow DIO DR
PVN 254 045 260 054 145050
DMN* 234 =026 181 + 044 18 + 042
VMH 127 020 160+ 019 192 +046
ME 169+ 034 122 +036 167 =040

Rats fed as described in Table 2 and the Method section had
endogenous E levels determined in sets of 814 per diet group Data
are mean + SE pg/ug protein *F(2,19)=19 52, p=0 001 for 1 way
ANOV A among data for chow-fed, DIO and DR rats, there were no
significant differences among the groups by z-test for post-hoc com-
parisons

DMN of DIO and DR rats, respectively, F(2,30)=88 40,
p=00001 The half-life of NE was also decreased to 55% and
41% of controls 1n the ME of DIO and DR rats, respectively,
F(2,30)=58 18, p=0 0001, but because of the dimimshed
NE, levels, there were no differences in overall turnover
rate In FC there was also a 57% decrease in NE t'/2 in DR
rats without a concomitant increase 1n turnover rate,
F(2,30)=40 43, p=0 0001, no change was seen in FC of DIO
rats There were no differences in NE metabolism among the
3 groups n the VMH

Doparmune In contrast to the general trend toward n-
creased turnover of NE in many of the areas sampled in both
DIO and DR rats, DA metabolism was differentially affected
in the DIO rats when compared to both control and DR rats
(Table 3 and Fig 2) Endogenous levels of DA were de-
creased to 39% of chow-fed controls, F(2,22)=5 92,
p=0009, with a 100% increase 1n t'/2 and 80% decrease in
DA turnover rate in the ME of DIO rats when compared to
controls, F(2,30)=69 12, p=0 0001 There was no compara-
ble change in DA metabolism in the ME of DR rats DIO rats
also had a prolonged t'/> for DA of 33% and a decrement 1n
turnover rate of 319 mn their DMN as compared to chow-fed
controls, F(2,30)=20 20, p=0 0001 Again, DR rats showed
no comparable changes n DMN DA metabolism While
neither the DIO nor DR rats had significantly different DA
metabolism from controls in their VMH, when they were
compared to each other the DIO rats did have a 70% slower
rate of VMH DA turnover as compared to the DR rats,
F(2,30)=22 53, p=0 0001 Finally, while there were signifi-
cant differences 1n neither DA, nor DA t'/: in the PVN of
DIO and DR rats as compared to controls, the turnover rates
were 1Increased by 155% and 163% respectively,
F(2,30)=23 22, p=0 0001

Epinephrine There was no sigmificant turnover of E fol-
lowing the adminmistration of a-methyl p-tyrosine in any brain
area examined Endogenous E levels were similar in all brain
areas except the DMN where there were significant inter-
group differences by ANOVA, F(2,19)=19 52, p=0 0001,
but none by post hoc r test comparisons

DISCUSSION

Both diet and chronic obesity appear to exert independent
effects upon brain catecholamine metabolism In the present
studies, chronic intake of a diet which was relatively high in
fat and calories, whether or not the animals became obese,
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had 1ts primary effects on bramm NE metabohism These
changes included increased turnover in the PYN and DMN
of both DR and DIO rats as well as less striking dietary
effects upon DA metabolism 1n the PVN [n addition, only
the DR rats showed the combination of decreased NE levels
and increased fractional turnover of NE n the ME and fron-
tal cortex These latter changes suggest a situation in which
neuronal activity and transmitter release and/or degradation
of NE exceeded the synthetic capacity of the cells in produc-
g NE In contrast to the predominantly facihitatory effect of
diet on brain NE metabolism, chronic obesity alone was
associated primarily with decreased DA turnover in the
DMN and ME Such differential effects of diet and obesity
suggest that these central sites may play an important role 1n
the development and maintenance of chromic DIO

One possible cause for the differences in brain catechol-
amine metabolism seen among the groups in the present
study would be possible differences in the amount of food or
calories taken in Imitially, those rats which are destined to
become obese on the DIO diet generally increase their total
caloric intake while those which will eventually become
obesity-resistant tend to eat less from their earliest exposure
to the diet than either chow-fed controls or DIO rats [15]
After 3 months, caloric intake in DIO rats 1s usually fairly
comparable to, or even decreased below that of chow-fed
controls [15,21] Therefore, even though food intake was not
measured in the current studies, 1t 1s unlikely that the differ-
ences 1n caloric intake alone were the determining factor n
producing the changes in brain NE metabolism seen here

Neither was there a clear relationship between the
amount of dietary protein intake and the changes in brain
catecholamine metabolism A direct correlation between di-
etary protein content and ME levels of DA has been reported
[9] However, while the amount of protein in chow and the
DIO diet were not totally comparable, the relative ammo
acid compositton was virtually the same since most of the
protein was denived from the chow itself It 1s well known
that changes m the ratio of plasma tyrosine to other large
neutral amimo acids can alter the amount of brain tyrosine
although this effect 1s not clearly related to the amount of
tyrosine in the diet [34,35] Furthermore, while dietary
tyrosine can affect catecholamine metabolism 1n the brain,
this influence appears to be primanly upon neurons which
are 1n a heightened state of activation and 1s most marked in
dopaminergic neurons {25,33] Since the major effect of diet
in the current studies was predominantly upon NE rather
than DA metabolism, 1t appears unlikely that differences in
dietary amino acid composition could easily explaimn the ob-
served changes

In hght of the diet-induced changes in NE metabolism
seen here in various brain areas, 1t 1s interesting that NE
does appear to be involved 1n the regulation of food intake
Its most prominent effect 1s seen in the PVN where 1t has
been shown to stimulate eating 1n sahated rats through a
predominantly a-adrenergic mechanism [11] On the other
hand, DA and E appear to have a predominantly inhibitory
effect on feeding when given into the perifornical area at the
level of the VMH [13] While the PVN was one of the areas
in which NE metabolism was increased in DIO and DR rats,
this appears to have been a rather non-specific and diffuse
effect since similar changes were seen 1n several other areas
of the hypothalamus and even the frontal cortex Although
DIO and DR rats may have had similar caloric intakes to
chow-fed controls, 1t ts not known how their meal patterns
might have differed as regards size and frequency of individ-
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ual meals Therefore, some of the observed dietary effects
on brain NE metabolism could concetvably have been due to
either chromc alterations 1n the circadian pattern of feeding
or to differences 1n mtake during the 3 hr period during which
turnover was measured

Perhaps even more intriguing than the diet-induced
changes in NE metabolism was the obesity-assoclated de-
pression of DA turnover seen in the ME and, to a lesser
extent, the DMN It 1s not immediately apparent how
changes in these two hypothalamic areas might be related to
each other physiologically since the ME receives the major-
ity of its dopamunergic mput from the tubero-infundibular
DA neurons while the DMN appears to derive its
dopaminergic innervation primarily from the periventricular
system of DA neurons [26] These 2 hypothalamic nucle:
presumably have quite different controlling mechanisms and
their rates of DA turnover were very different in the current
studies (see Controls, Table 2) One feature common to both
the ME and DMN 1s the relatively high level of thyrotropin
releasing hormone found mn each area [3] While we have not
measured thyroid function in our DIO and DR rats, Rabolli
and Martin [29] reported increased plasma T3 and T4 levels
in rats fed high fat diets for 4 weeks There are known -
teractions between thyrotropin releasing hormone and cen-
tral DA metabolism [27] but 1t remains unclear what the
exact locus of this interface might be This unresolved 1ssue
1s obviously important given the prominent role played by
thyroid hormones 1n the control of thermogenesis

The act of feeding 1tself has been shown to activate cer-
tain DA neurons i the bramn [32] and 1t 1s possible that de-
creased food intake 1n the DIO rats might have produced the
lower DA turnover seen in their brains as compared to
chow-fed controls This 1s unlikely, however, because DR
rats generally eat even less than DIO rats [15] yet they
showed no decrease in their brain DA turnover here Inter-
estingly, both male and female genetically obese Zucker rats
have decreased levels of DA 1n the DMN at 7 months of age
[17] while no differences in ME DA levels were seen in these

animals or in 2 month old male or 4 month old female obese
Zucker rats [5,6] Obese Zucker rats also show decreased
NE levels in the PVN and VMH depending on their age and
sex [5, 6, 17] Finally there are no changes in brain DA levels
seen 1n rats with obesity induced by ventromedial hypotha-
lamic lesions [4] Since actual turnover studies have been
carried out 1n nerther of these other ammal models of obe-
sity, an effect of obesity on DA metabolism cannot be ruled
out at present

The major role of DA 1n the ME appears to be 1ts tonic
inhibition of prolactin release [23] While there have been no
studies of prolactin metabolism in chronic DIO, genetically
obese Zucker rats have abnormalities m their circadian
rhythms of serum prolactin levels [24] and genetically obese
(obob) mice also appear to have defective prolactin turnover
[10,31] Whether or not these abnormalities in prolactin me-
tabolism are 1n some way causally related to the develop-
ment and mamtenance of obesity remains to be seen al-
though the finding of decreased ME DA metabolism 1n rats
with chronic DIO suggests that further investigation of this
question 1s warranted Of course the major question remains
as to whether any of the differences 1n brain catecholamine
metabolism seen in the DIO rats were primarily the cause or
effect of their obesity Nevertheless, the finding of major
changes 1n brain catecholamine turnover in an amimal model
of obesity in which neither multifactorial genetic defects nor
bram lesions are present to confound the picture strongly
suggests that these changes might be important in the
pathogenesis of obesity
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