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Abstract
Obese humans and animals exhibit reduced functioning of the dopamine (DA) system in the
nucleus accumbens (NAc). The question addressed here is whether this change in NAc DA can be
detected in Sprague-Dawley rats that are prone to obesity on a fat-rich diet but still at normal body
weight. Rats were subgrouped as “obesity-prone” (OP) or “obesity-resistant” (OR), based on their
weight gain during 5 days of access to a high-fat diet, and were then shifted to a lower-fat chow
diet before microdialysis testing was performed. The OP rats compared to OR rats exhibited
markedly reduced basal levels of DA in the NAc. After a high-fat challenge meal, both OP and
OR rats showed a significant increase in extracellular DA and its metabolites; however, the NAc
DA of the OP rats still remained at reduced levels. Also, the increase in DA and metabolite levels
observed in OR rats after systemic administration of a fat emulsion was not evident in the OP rats,
which instead showed no change in DA and a decrease in its metabolites. These results
demonstrate, first, that fat can stimulate accumbal DA release and, second, that outbred rats prone
to overeating and becoming obese on a palatable, fat-rich diet exhibit reduced signaling in the
mesolimbic DA system while still at normal weight, suggesting that it may be causally related to
their excess consummatory behavior.

Keywords
obesity-prone; obesity-resistant; fat; triglycerides; Intralipid; rat

Introduction
Overeating of palatable food may be due to any number of factors, including endocrine,
metabolic, and neurobiological processes [1–4]. Diets in industrialized countries contain
increasingly more fat, and elevated intake of fat-rich, energy-dense foods invariably
promotes weight gain [5]. Importantly, not all humans or animals given access to dietary fat
over-consume it [6–7]. When placed on a diet relatively high in fat and energy content,
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Sprague-Dawley rats exhibit a wide range of eating and body weight patterns, with one sub-
set prone to overeating and becoming obese and another eating normally and remaining at
normal weight on the same diet [6,8]. The reasons for these differential profiles remain
unclear, but one strong possibility is a difference in reward or satiety signaling in response
to consumption of the fat-rich diet.

Dopamine (DA) in the nucleus accumbens (NAc) plays a major role in food reward [9], as
well as in the motivation to seek and eat food [9–11]. Injection of DA in the NAc can
facilitate food intake [12–13], and acute ingestion of fat or injection of a lipid emulsion, both
of which increase levels of circulating triglycerides (TG) [14–16], can stimulate
extracellular DA release, particularly in the shell region [17–19]. Animals made obese from
chronic consumption of a high-fat diet show major differences from non-obese animals in
accumbal DA function. These obese animals have lower levels of electrically-evoked DA in
NAc slices compared to chow-fed rats [18], suggesting that they have lower basal levels of
DA. Also, animals that have chronically consumed fat have decreased DA turnover in the
NAc [20]. In humans, obese adults exhibit a deficiency in DA signaling in the striatum, as
they have diminished availability of the D2 receptor in this region compared to lean
individuals [21]. Obese adolescent girls show less activation of the striatum in response to
consumption of a fat-rich milkshake than do lean girls [22]. Further, body mass index
correlates negatively with activity in dopaminergic brain regions during gastric distention
that normally occurs during food consumption [23]. These results together suggest that
obese individuals have lower DA functioning, not just basally but also in response to food
and fat consumption, and that this disturbance may contribute to an increased drive to
consume rewarding foods high in fat.

It is not clear, however, whether this lower DA functioning observed in already obese
subjects actually precedes and is causally related to the obesity or whether it is simply a
consequence of it. To determine this, it is important to investigate subjects prior to or very
early in the development of obesity. As with obese outbred rats, inbred rats that are prone to
developing obesity have lower levels of NAc DA compared to those bred to be obesity-
resistant, as assessed by both microdialysis and electrophysiology [24]. These studies in
selectively-bred rats illustrate how one can detect significant differences in pre-obese
animals to elucidate mechanisms that may contribute to the development of obesity. Similar
experiments in outbred animals, however, are lacking, as it can be difficult to identify rats
early on that are prone to overeating and obesity. In outbred, Sprague-Dawley rats given ad
libitum access to a high-fat, high-energy diet, there is evidence that animals which overeat a
fat-rich diet and eventually become obese can be readily identified by their weight gain
during the first few days of access to the diet [8,25–26]. These “obesity-prone” (OP) rats
compared to their “obesity-resistant” (OR) counterparts, after just five days on the high-fat
diet, start to show some disturbances in brain function, including elevated expression of the
orexigenic peptide, galanin, in the hypothalamus [8] that is known to preferentially stimulate
intake and weight gain on a high-fat diet [27]. There is further evidence that circulating
lipids, in particular TG, which are also increased in OP rats [8,28], may be responsible for
stimulating galanin expression and may contribute to their increase in food intake on a fat-
rich diet [16,28].

In the present study, we first tested whether these outbred OP rats, while still at normal body
weight and maintained on a standard lab chow diet, already show differences from OR rats
in their accumbal DA levels, both basally and in response to dietary fat. We also examined
the possibility that the differences between these groups in their accumbal DA may be
related to differences in their circulating levels of TG, which are found to impact on
neurochemical processes in the brain that control consummatory behavior. We hypothesized
that OP rats would have lower basal and fat-induced NAc DA release but higher fat-induced
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TG levels than OR rats. Our results highlight a novel mechanism, involving circulating
lipids and accumbal DA levels, which may contribute to the propensity of OP rats to over-
consume a fat-rich diet.

2. Methods and procedures
2.1. Subjects

Male Sprague-Dawley rats (N = 55 total), weighing approximately 250 g at the onset of
experiments, were obtained from Taconic Farms (Germantown, NY). They were housed
individually in the Princeton University animal vivarium on a reversed 12-h light/dark cycle,
with lights off at 6:00 am. All rats were maintained ad libitum on lab chow (LabDiet #5001,
PMI Nutrition International, Richmond, IN) and water, except when indicated in the
experimental design. All procedures were conducted in accordance with the Princeton
University Institutional Animal Care and Use Committee and conformed to the National
Institutes of Health guidelines on the ethical use of animals.

2.2. Classification as obesity-prone or obesity-resistant
Rats were characterized as OP or OR based on their 5-day weight gain on a high-fat diet, as
previously described [8]. The high-fat diet used in this experiment was presented in round
glass jars in the home cage, and it contained 50% fat (82% lard and 18% vegetable oil), 25%
carbohydrate (30% dextrin, 30% cornstarch and 40% sucrose) and 25% protein (100%
casein), supplemented with minerals (USP XIV Salt Mixture Briggs; ICN Pharmaceuticals,
Costa Mesa, CA) and vitamins (Vitamin Diet Fortification Mixture; ICN Pharmaceuticals,
Costa Mesa, CA). The diet contained 5.15 kcal/g gross energy. At the start of the study
while maintained on lab chow and water, rats (N=37) were adapted acutely to the high-fat
diet with a single, 15-kcal meal given early in the dark cycle for each of 3 days. Following
this, chow was removed, and animals were given ad libitum access to the high-fat diet for 5
consecutive days, during which time daily measurements were taken of body weight and
caloric intake. Based on their 5-day weight gain which is strongly, positively correlated with
their daily high-fat diet intake, animals were rank ordered and classified as OP (highest
tertile) or OR (lowest tertile). Elevated intake of the high-fat diet in the OP animals has been
previously shown to cause a 50% greater accumulation of body fat after 3 weeks of ad
libitum access to this high-fat diet [8]. After classification of the subgroups, the high-fat diet
was removed and replaced with ad libitum lab chow for at least two weeks, to normalize
body weight and caloric intake in the OP and OR rats before the start of the tests.

2.3. Surgery
Surgery to implant guide cannulas for microdialysis was performed at least one week after
the animals were returned to chow and returned to normal body weight. Animals (N = 16,
randomly selected from the OP and OR groups) were anesthetized with 20 mg/kg xylazine
and 100 mg/kg ketamine (i.p.), supplemented with ketamine as needed. Using a stereotaxic
instrument, bilateral 21-gauge stainless-steel guide cannulas were implanted and aimed at
the posterior medial accumbens shell, with coordinates +1.2 mm anterior to bregma, 0.8 mm
lateral to midsagittal sinus, and 4.0 mm ventral to the surface of the level skull.

2.4. Microdialysis and DA assays
After one week of recovery, a microdialysis probe was inserted and cemented in place,
protruding 5 mm from the guide cannula to reach the intended site in the accumbens shell (9
mm ventral to skull surface). Probes were fixed in place and perfusion begun approximately
16 h before the microdialysis session, to allow neurotransmitter recovery to stabilize.
Microdialysis probes were constructed of silica glass tubing (37 μm inner diameter,
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Polymicro Technologies Inc., Phoenix, AZ) inside of a 26-gauge stainless steel tube, with a
cellulose tubing tip sealed at the end with epoxy cement (6000 MW, 0.2 mm outer diameter
× 2.0 mm long, Spectrum Medical Co., Los Angeles, CA) [29]. Probes were perfused with
buffered Ringer’s solution (142 mM NaCl, 3.9 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2,
1.35 mM Na2HPO4, 0.3 mM NaH2PO4, pH 7.3) at a flow rate of 0.5 μL/min. This was
increased to 1.0 μL/min 2 h before and throughout the microdialysis session. Samples were
collected every 20 min during the session.

Dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), were analyzed by reverse phase, high-performance liquid chromatography with
electrochemical detection. Samples (20 μL each) were injected directly into a 20-μL sample
loop leading to a 10-cm column with 3.2 mm bore and 3 μm, C-18 packing (Brownlee Co.
Model 6213, San Jose, CA). The mobile phase contained 60 mM sodium phosphate, 100 μM
EDTA, 1.24 mM heptanesulfonic acid, and 5% vol/vol methanol, with a pH of 3.6.
Dopamine, DOPAC and HVA were measured with a coulometric detector (ESA Co. model
5100A, Chelmsford, MA), with the conditioning potential set at +500 mV, and the working
cell potential at −400 mV.

2.5. Specific Experiments
Three experiments were performed to measure extracellular accumbens DA levels in the OP
and OR rats (N = 16). In Experiment 1, basal levels of accumbens DA were measured in
each subgroup under conditions where no food was available. In Experiment 2, the OP and
OR rats were given a small, 15-kcal high-fat challenge meal, and its effects on extracellular
DA and metabolites, as well as circulating TG, were measured. In Experiment 3, rats were
injected with 10 kcal of the fat emulsion, Intralipid (5 mL i.p.; 20% fat, Baxter Healthcare
Corporation, Deerfield, IL), and its effects on extracellular DA and the metabolites as well
as circulating TG, were measured.

For microdialysis, each rat was brought from its home cage to the microdialysis cage the
night before experimentation, at which time the microdialysis probe was implanted. Food
was removed from the cage 12 h before the microdialysis session began. On the first day,
microdialysis samples were collected starting 4 h into the dark phase, at which time water
was also removed from the cage. After a stable baseline was reached (variation no more than
10% in 3 continuous samples), rats were given a 15-kcal, challenge high-fat meal for 20
min, and samples were collected both during this meal and for the following 60 min. Food
and water were then returned to the cage. On the second day, food was again removed from
the cage 12 h before the microdialysis session, and the samples were collected starting 4 h
into the dark phase, with water removed. After 3 stable baseline samples were collected, rats
were injected with Intralipid (10 kcal, 5 mL, i.p.) and microdialysis samples were collected
for the following 4 h. After testing, the rats were then returned to their home cages where
they remained on ad libitum rodent chow and were later tested for circulating levels of TG.

2.6. Blood collection and metabolite assessment
To understand their relationship to accumbens DA, circulating levels of TG were measured
in response to a high-fat meal challenge or the injection of Intralipid. For Experiment 2, the
effect of the 1-h high-fat meal (15 kcal) was measured in a separate set of OP or OR rats (n
= 9/group), starting 5 h into the dark cycle, one hour after lab chow was removed from the
home cage. For Experiment 3, the effect of Intralipid was measured in the same rats used for
microdialysis (OP: n = 8; OR: n = 8), several days following the completion of
microdialysis. Starting 5 h into the dark cycle, food was removed from the home cage, and
the animals were injected with Intralipid (10 kcal, 5 mL, i.p.). One hour after the start of the
high-fat meal or injection of Intralipid, tail vein or trunk blood, respectively, was drawn for
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measurement of TG levels. Serum was then assayed using a Triglyceride Assay kit (Sigma-
Aldrich Co., St. Louis, MO).

2.7. Histology
At the end of the experiment, histology was performed to verify microdialysis probe
placements. Rats were sacrificed by rapid decapitation, and the brains were kept in formalin
for a minimum of 1 week. They were then sliced in 40 μm sections on a freezing microtome
and slide-mounted for microscopic verification. Once visualized, probe tracks were plotted
using the atlas of Paxinos and Watson [30]. Three animals had probes more than 0.5 mm
from the target region and were therefore discarded from the analysis. In addition, the
microdialysis probes of two other rats failed overnight between Experiments 2 and 3, thus
data was not collected for these two rats in Experiment 3.

2.8. Data analysis
Experiment 1 data were analyzed by independent samples two-tailed t-tests, in addition to
Pearson’s correlation. Microdialysis data from Experiments 2 and 3 were converted to
percent of the mean of the three baseline samples. They were analyzed by two-way repeated
measures ANOVA (with group as the between-subject factor and time as the within-subject
factor) and then by one-way repeated measures ANOVA and Neuman-Keuls post-hoc tests,
for time within each group when justified. Microdialysis data from Experiment 2, without
conversion, were also analyzed by two-way repeated measures ANOVA (with group as the
between-subject factor and time as the within-subject factor) and then by independent
samples two-tailed t-tests. All TG data were analyzed by independent samples two-tailed t-
tests. All values are expressed as mean ± SEM.

3. Results
3.1. Basal levels of accumbens DA in obesity-prone and obesity-resistant rats

Rats (N = 37) were given 5 days of access to the high-fat diet for group classification. The
rats were designated as OP or OR, based on their weight gain on this diet (7.9 ± 0.4 vs. 4.1 ±
0.2 g/day) that, in turn, was strongly, positively correlated with their daily intake of the high-
fat diet (r = 0.81, p<0.001). While the OP rats at the end of the 5-day classification period
had significantly higher body weight (335 ± 6 vs. 314 ± 3 g, p<0.05) and caloric intake (115
± 3 vs. 94 ± 4 kcal/day, p<0.001) compared to the OR rats, their shift to a lab chow diet for
two weeks allowed the OP animals to return to a similar body weight as the OR rats (369 ± 4
vs. 355 ± 6 g, ns), at which time the microdialysis tests were performed. In the OP (n = 5)
compared to OR (n = 8) animals, the results revealed significantly lower, basal levels of
extracellular DA in the NAc shell (−38%, p<0.05) (Fig. 1). These results demonstrate that,
in the absence of high-fat food, the OP rats at normal body weight already have a different
neurochemical milieu in the NAc, reduced DA signaling, compared to the OR rats.

3.2. High-fat meal-induced rise in DA in obesity-prone and obesity-resistant rats
This experiment, with measurements of accumbens DA and also of circulating TG that may
affect DA signaling, tested the OP and OR rats in terms of their responsiveness to a high-fat
meal challenge, to determine whether their differences in consumption may be related to
different reward signals from the diet. One hour after a high-fat meal (15 kcal) that was fully
consumed, measurements of circulating TG revealed significantly higher levels (+58%) in
the OP compared to OR rats (195 ± 39 vs. 123 ± 14 mg/dl, p<0.05). Across both subgroups
(OR: n = 8; OP: n = 5), the measurements of DA release in the NAc shell after the fat-rich
meal revealed elevated levels over time (F(6,66) = 13.67, p<0.001) (Fig. 2). After the start
of the meal, DA levels increased in the OR rats (F(6,42) = 8.70, p<0.001), significantly at
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both 20 min (125 ± 5%, p<0.001) and 40 min (117 ± 5%, p<0.05), and in the OP rats
(F(6,24) = 5.29, p<0.01), although only at 20 min (132 ± 1%, p<0.01). Despite their similar
relative increase in DA (F(1,11) = 0.35, ns), the OP and OR rats exhibited differences in
their absolute levels, with DA during the first 40 min after the high-fat meal still
significantly lower in the OP rats compared to OR rats (1.3 ± 0.1 vs. 2.1 ± 0.2 pg/20 μl,
p<0.05) (Fig. 2), consistent with results in Experiment 1.

A similar pattern was also observed with the DA metabolites in response to the high-fat
meal (Fig. 3). The OP and OR rats were similar in their DOPAC levels (F(1,11) = 0.08, ns)
(Fig. 3A) that changed over time in both the OR rats (F(6,42) = 2.72, p<0.05) and OP rats (F
(6,24) = 3.20, p<0.05) with a small increase at 20 min (109 ± 3%, p<0.05 for both groups),
but these subgroups exhibited differences in their meal-induced changes in HVA levels.
Although similar in their overall levels (F(1,11) = 0.80, ns) (Fig 3B), the OR rats showed a
significant increase over time (F(6,42) = 3.90, p<0.01), with a peak of 113 ± 4% at 20 min
(p<0.05), but the OP rats showed no change in HVA levels after the meal (F(6,24) = 1.87,
ns). Together, these results demonstrate that the OP rats, while responding to a fat-rich meal
with an increase in accumbal DA release, still have significantly lower absolute levels of DA
compared to the OR rats and exhibit less change in the DA metabolites, while showing
higher circulating levels of TG.

3.3. Intralipid-induced rise in DA in obesity-prone and obesity-resistant rats
The findings in Experiment 2, suggesting that OP compared to OR rats after a fat-rich meal
have lower DA in association with elevated TG, led us to test the possibility that these OP
rats might also exhibit reduced accumbal DA release in response to peripheral
administration of a fat emulsion, which bypasses the mouth and raises circulating TG. The
animals in this experiment (OR: n = 6; OP: n = 5) were given an i.p. injection of Intralipid
(10 kcal). At 1 h after injection, the OP rats once again had significantly higher TG levels
compared to OR rats (296 ± 44 vs. 104 ± 9 mg/dl, p<0.05). In association with this
difference in TG, the OP rats also exhibited a strikingly different pattern of accumbal DA
release and metabolism (F(1,9) = 9.46, p<0.05) (Fig. 4). In the OR rats, DA was
significantly elevated across time (F(14,70) = 2.51, p<0.001), with levels peaking at 125 ±
10% compared to baseline at 200 min after injection (p<0.01). This is in contrast to the OP
rats, which exhibited no significant change in DA levels after Intralipid injection (F(14,56) =
1.59, ns).

The same general pattern also occurred with the DA metabolites, with OR rats showing
higher levels than the OP rats (Fig. 5). There was a significant difference between the OP
and OR rats in their DOPAC levels (F(1,9) = 5.51, p<0.05) but not HVA levels (F(1,9) =
3.54, ns). With no change in DOPAC levels across time in the OR rats (F(14,70) = 0.77, ns),
the group difference actually reflected a decrease in levels in OP animals (F(14,56) = 3.93,
p<0.001), which remained below baseline at 180 min (85 ± 5%, p<0.05), 200 min (81 ± 6%,
p<0.01), and 240 min (85 ± 7%, p<0.05) after injection. Together, these results demonstrate
that OP rats, which appear to metabolize the injected fat emulsion differently, have a
significantly diminished DA response to the circulating lipids, which in the OR rats
markedly increase DA release.

3.4. Histology
Histology revealed that microdialysis probes were located primarily in the medial shell
region of the NAc (Fig. 6).
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4. Discussion
4.1. Basal DA is reduced in obesity-prone rats

The question addressed in the present study was whether outbred OP rats, prior to their
development of obesity, show differences from OR rats in their basal accumbal DA levels,
as well as their DA levels in response to fat intake or administration. The results
demonstrated that OP rats, which consume excessive calories when offered a high-fat diet,
have markedly lower extracellular DA in the NAc shell compared to OR rats. These results
are consistent with a recent study of inbred OP rats [24], which compared to inbred OR rats
also show decreased extracellular DA using microdialysis. Recent work by Davis and
colleagues, showing chronic intake of a high-fat diet to decrease accumbal DA turnover in
Long-Evans rats [20], might suggest that the greater intake by the OP compared to OR
animals in the present study during their 5-day classification period contributed to the
decrease in DA. This possibility seems unlikely, however, since the effects in the Davis
study were comparable regardless of whether the fat was consumed ad libitum or was
restricted to match a chow control group. The difference in DA signaling between the OP
and OR rats could be due to a number of different factors, with one likely candidate
involving the adiposity hormone, leptin. After 5 days on the high-fat diet, outbred rats
designated as OP, while only slightly heavier than the OR rats, already have significantly
higher levels of leptin [8], which after a high-fat meal accurately predicts long-term over-
consumption on a high-fat diet [31]. Infusion of leptin is found to inhibit accumbal DA
release [32], while in vitro bath application of leptin suppresses DA cell firing in the ventral
tegmental area [33], which contains the DA cells that project to the NAc. Leptin levels were
not assessed in the present animals as the fat meal or Intralipid injection given prior to blood
sampling would have obscured the results. If, however, the elevated leptin levels seen in the
OP rats on a high-fat diet [8] do remain high even after they are switched to a standard lab
chow diet, as in the present study, this hormone may act via DA cell bodies in the ventral
tegmental area to maintain accumbal DA at generally low levels.

4.2. Low DA can facilitate food intake
The precise role of DA in driving food intake is still a matter of debate, but there is some
evidence that low levels of DA may lead to an increase in consumption. On the one hand, a
rise in accumbal DA can enhance feeding and food-seeking behavior [9], and intra-accumbal
injection of DA agonists can increase food intake [12,34], particularly at a lower dose [35].
On the other hand, levels of DA do not rise during food deprivation [36–37], and NAc
injection of a DA antagonist does not decrease overall free-feeding [38–39]. One correlate
of the DA hypothesis holds that animals enjoy the effects of a rise in DA and work to
enhance DA levels when they are low [40]. This appears to be the case in humans and
animals given antipsychotic medications that act in part as DA antagonists at the D2
receptor. Human patients administered these medications exhibit enhanced food intake and
binge eating, which leads to increased weight gain [41–43]. A similar effect with these
medications is seen in female rats and mice [44–45]. Since low DA functioning can lead to
increased food intake [40], it may be the lower basal levels of accumbal DA in the OP rats
that cause their increased consumption of a high-fat diet.

4.3. Fat-induced DA release fails to compensate for low levels in obesity-prone rats
After a 15-kcal high-fat meal, which stimulates DA, OP rats in the present study showed an
increase in DA release and levels of DA metabolites that was similar in magnitude to the
effect exhibited by OR rats, peaking at the end of the meal and then declining thereafter.
Despite this meal-induced change, however, the absolute levels of DA still remained
significantly lower in the OP compared to OR rats after the meal, suggesting that OP rats
would have to eat more of the high-fat diet to attain the same levels of DA as the OR rats.
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This higher intake, in fact, occurred during the 5-day ad libitum access, as the OP rats
consumed significantly more high-fat diet. While previous work has shown that accumbal
DA is increased by ingestion of a cafeteria diet high in both fat and carbohydrate [18] or by
sham feeding of fat [17], this is the first paper to demonstrate that voluntary ingestion of fat
alone is sufficient to elevate DA levels. Given that palatable meals are generally known to
enhance DA levels in the NAc [46], the high-fat-induced rise in DA in the present study may
be due specifically to the orosensory reward produced by the fat itself. This is suggested by
the findings, for example, that the rewarding tastes of sucrose [47–48] or fat-rich corn oil
[17] in sham feeding rats are sufficient to enhance the release of accumbens DA. Notably,
the OP and fat-preferring, Osborne-Mendel strain of rat is found to have taste receptor cells
that are less responsive to polyunsaturated fatty acids than those of the fat-avoiding, S5B/PL
rat strain [49]. This suggests that the Sprague-Dawley OP compared to OR rats, at normal
body weight, may be less able to detect the fat content of the high-fat meal and thus need to
consume substantially more of the high-fat diet to achieve the same DA levels as the OR rats
with access to the same diet. On the other hand, there is evidence that rats and mice can
detect the taste of fat even when they are anosmic or the diet texture is held constant [50–
51], suggesting that the DA response to fat may also be due to other factors in addition to
orosensory stimulation.

4.4. Accumbal DA in obesity-prone rats is unresponsive to circulating lipids
When the orosensory reward of fat is bypassed with direct injection of a lipid emulsion that
increases TG levels, Sprague-Dawley rats are found to exhibit an increase in levels of
accumbens DA and its metabolites, similar to that seen after the consumption of fat [19]. In
the present experiment, this effect is clearly evident in the OR rats after injection of
Intralipid. With the rise in TG, this increase in DA levels may be due, in part, to the actions
of fatty acids, the breakdown products of TG, which are found to reduce DA uptake in cell
lines that express the DA transporter [52–53], leading to an increase in extracellular levels of
DA. The possibility that fatty acids increase DA is further supported by evidence that
hypothalamic levels of both DA and enzymes associated with DA metabolism are increased
in situations where levels of fatty acids are increased, such as after chronic intake of fat [54]
or fasting [55]. The present study showed the fat-induced rise in accumbal DA to be absent
in OP rats, which after Intralipid exhibited no change in DA and a decrease in its
metabolites. These results suggest that OP rats are less sensitive than OR rats to
physiological signals such as circulating lipids, causing them to have less lipid-induced
stimulation of DA release and thus increase their consummatory behavior to achieve desired
DA levels. This finding is similar to that observed in the OP, fat-preferring Osborne-Mendel
rats, which are less responsive than fat-avoiding S5B/PL rats to the satiating effect of
duodenal Intralipid infusion [56]. It is also consistent with the generally reduced sensitivity
of OP rats to other satiety factors, such as leptin and insulin [57–60]. Recent evidence
suggests that this decreased responsiveness to circulating lipids in OP animals may be due,
in part, to the reduced transport of fatty acids across the blood brain barrier. Inbred rats
prone to the development of obesity have reduced liver gene expression of CD36, a fatty
acid transporter, compared to those resistant to the development of obesity [61]. Thus, the
OP rats may consume more of a high-fat diet, in part, due to their decreased responsiveness
to the physiological signaling of meal consumption.

4.5. Obesity-prone rats have an increased TG response after a fat meal or lipid injection
This decreased responsiveness to physiological signaling in OP rats may be related to the
results obtained with measurements of circulating TG. In response to a high-fat meal or
injection of Intralipid, levels of TG were consistently higher in the OP compared to OR
animals. This finding with a high-fat meal is consistent with previous studies showing OP
animals to have higher TG levels after a single high-fat meal [31] or 5 days of ad libitum
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high-fat diet intake [8]. The present finding with Intralipid is novel and confirms this
increased TG response using a different mode of fat presentation. Elevated TG levels in OP
rats in response to fat are also consistent with findings of elevated levels of leptin and
insulin after fat consumption in these animals [8,25,31]. In response to fatty acid
administration, OP rats generally exhibit reduced fat oxidation compared to OR rats [61–
62]. This suggests that their metabolism of the fat-induced TG would also be decreased,
reducing the availability of fatty acids for stimulating DA. Thus, as with elevated levels of
leptin and insulin reflecting reduced sensitivity to these hormones [57–58], the OP rats of
the present study at normal weight with increased TG levels may also be less sensitive to TG
and their breakdown products in terms of their effects on accumbal DA signaling after
consumption of a high-fat meal or injection of a fat emulsion. Thus, in addition to reduced
orosensory detection, this reduced DA responsiveness to circulating lipids may contribute to
the failure of OP rats to properly regulate their intake on a high-fat diet.

4.6. Summary and conclusions
The present results support the idea that OP rats over-consume a high-fat diet to raise their
levels of accumbal DA, which are basally lower than in OR rats. Consumption of a high-fat
diet, while increasing NAc DA, does not bring DA to the same absolute levels in OP as in
OR rats, indicating that OP rats are likely to consume substantially more of the diet in order
to achieve the same DA concentrations as OR rats. Our findings suggest that the accumbal
DA system of OP rats is less sensitive to specific physiological signals of ingestion related
to dietary fat, such as elevated circulating TG levels, which ultimately impact on the DA
system. Consistent with that seen in already-obese individuals, these neurochemical
disturbances are found here to be evident in normal-weight animals that are prone to obesity,
suggesting that they may be underlying causes of their overeating and eventual obesity on a
high-fat diet. Together, these results point to a novel mechanism, involving circulating lipids
and accumbal DA levels, that contributes to fat over-consumption in certain individuals.

Research Highlights

• Rats prone to obesity show reduced levels of dopamine in the nucleus
accumbens

• Rats show increased levels of accumbal dopamine after ingestion of dietary fat

• Rats prone to obesity have a reduced accumbal dopamine response to intake of
fat

• Obesity-prone rats have a reduced dopamine response to injection of a fat
emulsion

• Reduced dopamine in obesity-prone rats may lead them to over-consume dietary
fat
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Fig. 1.
Obesity-prone rats (n = 5) that over-consume a fat-rich diet have lower basal extracellular
accumbens DA levels than obesity-resistant rats (n = 8). Data are mean ± SEM, *p < 0.05
vs. obesity-resistant.
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Fig. 2.
In response to a 20-min high-fat meal, obesity-prone rats (n = 5; solid circles) and obesity-
resistant rats (n = 8; open circles) have the same relative increase in extracellular DA in the
nucleus accumbens. Data are mean ± SEM, *p < 0.05 vs. baseline. Inset: Absolute levels of
DA after the high-fat meal remain lower in obesity-prone compared to obesity-resistant rats.
Data are mean ± SEM, *p < 0.05 vs. obesity-resistant.
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Fig. 3.
In response to a 20-min high-fat meal, obesity-prone rats (n = 5; solid circles) and obesity-
resistant rats (n = 8; open circles) have similar relative changes in DA metabolites in the
nucleus accumbens. A. Both groups of rats have significant elevations in levels of 3,4-
dihydroxyphenylacetic acid (DOPAC). B. Only obesity-resistant rats have significantly
elevated levels of homovanillic acid (HVA). Data are mean ± SEM, *p < 0.05 vs. baseline.
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Fig. 4.
In response to injection of a lipid emulsion, obesity-prone rats (n = 5; solid circles) release
less DA in the nucleus accumbens compared to obesity-resistant rats (n = 6; open circles).
Data are mean ± SEM, *p < 0.05 vs. baseline.
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Fig. 5.
After injection of a lipid emulsion, obesity-prone rats (n = 5; solid circles) have lower levels
of DA metabolites in the nucleus accumbens than obesity-resistant rats (n = 6; open circles).
A. Obesity-prone rats have decreased levels of dihydroxyphenylacetic acid (DOPAC). B.
There are no significant differences between groups in levels of homovanillic acid (HVA).
Data are mean ± SEM, *p < 0.05 vs. baseline.
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Fig. 6.
Histology showed that microdialysis samples were drawn primarily from the medial nucleus
accumbens shell. Adapted from The Rat Brain, compact 3rd edition, G. Paxinos and C.
Watson, Copyright 1997, with permission from Elsevier.
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