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Abstract

 BACKGROUND—Eating a diet high in fat can lead to obesity, chronic metabolic disease, and 

increased inflammation in both the central and peripheral nervous systems. Dietary supplements 

that are high in omega-3 polyunsaturated fatty acids can reduce or prevent these negative health 

consequences in rats. Eating high fat chow also increases the sensitivity of rats to behavioral 

effects of drugs acting on dopamine systems (e.g., cocaine), and this effect is greatest in adolescent 

females.

 METHODS—The present experiment tested the hypothesis that dietary supplementation with 

fish oil prevents high fat chow induced increases in sensitivity to cocaine in adolescent female rats. 

Female Sprague-Dawley rats (post-natal day 25–27) ate standard laboratory chow (5.7% fat), high 

fat chow (34.4% fat), or high fat chow supplemented with fish oil (20% w/w). Cocaine dose 

dependently (1–17.8 mg/kg) increased locomotion and induced sensitization across 6 weeks of 

once-weekly testing in all rats; however, these effects were greatest in rats eating high fat chow.

 RESULTS—Dietary supplementation with fish oil prevented enhanced locomotion and 

sensitization in rats eating high fat chow. There were no differences in inflammatory markers in 

plasma or the hypothalamus among dietary conditions.
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 CONCLUSIONS—These results demonstrate that dietary supplementation with fish oil can 

prevent high fat diet-induced sensitization to cocaine, but they fail to support the view that these 

effects are due to changes in proinflammatory cytokines. These data add to a growing literature on 

the relationship between diet and drug abuse and extend the potential health benefits of fish oil to 

stimulant drug abuse prevention.
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 1. INTRODUCTION

Feeding conditions (i.e., type and amount of food consumed) can impact sensitivity of rats to 

the behavioral effects of drugs acting on dopamine systems (Baladi et al., 2012a; Collins et 

al., 2008). For example, eating high fat chow increases yawning induced by direct-acting 

dopamine receptor agonists (i.e., quinpirole; Baladi et al., 2011b; Baladi and France, 2010). 

Similarly, eating high fat chow enhances the sensitivity of rats to cocaine-induced 

locomotion and sensitization (Baladi et al., 2012b, 2015). Females are more sensitive than 

males to cocaine (Anker and Carroll, 2011; Lynch and Carroll, 1999; Chin et al., 2001) and 

the impact of eating high fat chow on sensitivity to cocaine is greater in females than in 

males (Baladi et al., 2015, 2011; Serafine et al., 2014b) and is more dramatic in adolescent 

rats compared with adults (Baladi et al., 2012b, 2015).

The mechanism underlying this diet-induced enhancement in drug sensitivity is not known; 

however, eating high fat chow also causes several other negative health consequences, 

including obesity and insulin resistance (Baladi et al., 2011; Liu et al., 2013; Serafine et al., 

2014a). Insulin signaling can impact dopamine systems (Daws et al., 2011); for example, 

dopamine transporter expression and function are decreased in obese rats and in rats that are 

insulin resistant (Narayanswami et al., 2013; Owens et al., 2012; South and Huang, 2008; 

Speed et al., 2011; Williams et al., 2007). However, enhanced sensitivity to drugs acting on 

dopamine systems occurs even in the absence of diet-induced obesity (see Baladi et al., 

2012b, 2015) and insulin resistance (Serafine et al., 2014a). Thus, eating a high fat diet in 

the absence of obesity or insulin resistance is sufficient to alter sensitivity to drugs.

Eating high fat chow also increases inflammation, both in adipose tissue and in the 

hypothalamus (Thaler et al., 2012; Wang et al., 2012). For example, the proinflammatory 

cytokines tumor necrosis factor (TNF)-alpha and interleukin (IL)-6 are significantly 

increased in hypothalamic tissue from rats eating high fat chow (Maric et al., 2014; Wang et 

al., 2012). Diet-induced elevations in proinflammatory markers might underlie the diet-

induced enhancement in drug sensitivity; however, this hypothesis has not been 

systematically examined.

Dietary supplements that are high in omega-3 polyunsaturated fatty acids (e.g., fish oil) can 

prevent high fat chow-induced obesity, insulin resistance, and hypothalamic inflammation 

(Cintra et al., 2012; Pimentel et al., 2013). To examine whether fish oil prevents high fat 

chow-induced enhanced sensitivity to the behavioral effects of cocaine, the present 

experiment investigated the locomotor stimulating effects of cocaine in female rats eating 
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standard chow, high fat chow, or high fat chow supplemented with fish oil. To examine 

whether proinflammatory markers (e.g., TNF-alpha and IL-6) that are increased in male rats 

eating high fat chow are also elevated in female rats eating high fat chow, protein levels of 

27 different chemokines and cytokines were analyzed using a Luminex-based assay from 

plasma and hypothalamic samples taken 24 hours after the last cocaine test.

 2. MATERIALS AND METHODS

 2.1 Subjects

Female Sprague–Dawley rats (n = 38; Harlan, Indianapolis, IN, USA; postnatal day [PND] 

20 upon arrival) weighing 70–80 g at the beginning of the experiment (PND 25–27), were 

housed individually in cages measuring 21.5 × 24 × 20.5 cm high in an environmentally 

controlled room (24 ± 1°C, 50 ± 10% relative humidity) that was maintained under a 12:12-

h light/dark cycle (light period 0700–1900 hours). Rats had free access to food and water in 

the home cage throughout the experiment (dietary conditions outlined in section 1.2.2.). Rats 

were weighed daily at 0800 hours. Rats were maintained and experiments were conducted in 

accordance with the Institutional Animal Care and Use Committee, the University of Texas 

Health Science Center at San Antonio, and with the 2011 Guide for Care and Use of 

Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, the 

National Research Council, and the National Academy of Sciences).

 2.2. Feeding Conditions

Rats were habituated to the laboratory as well as to the experimental procedures (PND 21–

24). All subjects had free access to standard chow upon arrival and during initial tests with 

cocaine and saline (baseline; PND 25–27) before being randomly assigned to different 

dietary conditions. Thereafter, and for the duration of the experiment, separate groups of rats 

had free access to standard laboratory chow (n = 12), free access to a high fat chow (n = 13), 

or free access to a high fat chow supplemented with 20% (w/w) fish oil (n = 13). Half of the 

subjects in each diet group were treated with cocaine (n = 20), and the other half were 

treated with saline (n = 18). All other handling and activity recording were the same among 

the three groups with tests occurring once per week. The standard chow (Harlan Teklad 

7912) had a calculated gross energy content of 3.1 kcal/g, with 17% kcal from fat. The high 

fat chow (Harlan Teklad 06414) had a calculated energy content of 5.1 kcal/g, with 60% kcal 

from fat. The supplemented chow contained the same high fat chow, but with 20% (w/w) 

fish oil (Nordic Naturals Omega-3 Pet), resulting in a calculated energy content of 5.9 kcal/g 

with 68% kcal from fat. The fish oil was manufactured with d-alpha tocopherol (a 

preservative) to limit oxidation. The product manufacturer guarantees a minimum of 31% 

total omega-3 fatty acid content per serving size (1 teaspoon), containing 15% 

eicosapentaenoic acid and 9% docosahexaenoic acid (www.nordicnaturals.com). Fish oil, 

and high fat food prepared with fish oil, were refrigerated; daily any uneaten fish oil or high 

fat chow was discarded and replaced with fresh food.

 2.3. Insulin Sensitivity

A sample of blood was collected from the tip of the tail following a small incision (using a 

sterile scalpel blade) and was expressed on a blood-glucose test strip. Glucose values were 
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measured with a commercially available glucose meter (Accu-Chek Aviva; CVS). Based on 

previous work in this laboratory using female rats (Serafine et al., 2014a), glucose was 

measured prior to as well as 15, 30, 45, and 75 min after an i.p. injection of 2.0 U/kg insulin. 

Insulin sensitivity was measured once during the experiment, 4 weeks after assignment to 

dietary conditions, on a day when no cocaine or saline tests occurred.

 2.4. Locomotor Activity

Experiments were conducted in Plexiglas® chambers, measuring 26×61×23 cm high 

(Instrumentation Services, The University of Texas Health Science Center, San Antonio, 

TX), equipped with metal floors and located within ventilated sound-attenuating cubicles 

(MED Associates Inc., St. Albans, VT, USA). Horizontal activity was measured using four 

pairs of infrared photo beams (Multi-Varimex, Columbus Instruments, Columbus, OH, 

USA) positioned 4 cm above the floor of the chamber. Photo beams were separated by 15 

cm with two photo beams located 8 cm from the ends of the chamber. An interface and 

computer monitored the experiments and recorded data.

For three consecutive days beginning on PND 21, rats were placed in locomotor chambers 

for 30 min, after which an i.p. injection of saline (0.2 mL) was administered every 15 min 

for a total of 5 injections (105 min). Beginning the following week (on PND 25–27), rats 

were again placed in locomotor chambers for 30 min, after which injections of saline (0.2 

mL; n = 18) or cumulative doses of cocaine (1.0, 3.2, 10, 17.8 mg/kg; i.p.; n = 20) preceded 

by an injection of saline (0.2 mL) were administered every 15 min for a total of 5 injections 

(105 min). These doses include the ascending limb of the cocaine dose-response curve for 

locomotor stimulation (Baladi et al., 2012b). Only the ascending limb was included because 

it was expected that the curve would shift leftward after repeated injections of cocaine. 

Cocaine tests occurred once per week on the same day and time for a total of 5 weeks (i.e., 

until PND 60–62). For all locomotor activity experiments, the data are presented for 5-min 

periods beginning 10 min after injections.

 2.5. Brain and Plasma Inflammation

Plasma and brain tissue were collected from all subjects 24 hours following the last saline or 

cocaine test. Plasma was collected via extracting the trunk blood of the animal, funneling it 

into an EDTA-coated tube, and centrifuging the tube at room temperature at 10000 rmp for 

10 minutes. The plasma supernatant was removed and stored in centrifuge tubes at −80°C 

until analysis. Brain tissue was homogenized in a buffer containing 0.32 M sucrose, 1 mM 

EDTA, and a protease inhibitor cocktail (cOmplete™ Mini 11836153001, Roche, 

Indianapolis, IN), and the supernatants were stored at −80°C until analysis. Concentrations 

of epidermal growth factor (EGF), eotaxin, fractalkine, granulocyte-colony stimulating 

factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), GRO/KC/

CINC-1, interferon gamma gamma (IFNγ), IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-12(p70), IL-13, IL-17A, IL-18, interferon gamma-induced protein 10 (IP-10), leptin, 

LIX, monocyte chemoattractant protein-1 (MCP-1), macrophage inhibitory protein 1-alpha 

(MIP-1α), macrophage inhibitory protein-2 (MIP-2), regulated on activation, normal T 

expressed and secreted (RANTES), TNFα, and vascular endothelial growth factor (VEGF), 

were simultaneously quantified using a single sample of plasma or hypothalamic tissue from 

Serafine et al. Page 4

Drug Alcohol Depend. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



each subject, using a Milliplex MAP rat cytokine/chemokine magnetic bead panel (EMD 

Millipore Corp., St. Charles, MO, USA). Protein concentrations were determined using 

antibodies for each analyte covalently immobilized to a set of microspheres according to the 

protocol developed and validated by Millipore. The analytes were then detected using a 

cocktail of biotinylated antibodies. Following streptavidin-phycoerythrin conjugate binding, 

the reporter florescent signal was measured with a Luminex FlexMap 3D™ platform 

(Luminex Corp., Austin, TX, USA) at the University of Texas Health Science Center at San 

Antonio Core for Advanced Translational Technologies. Data were collected using a 

calibration curve obtained in each plate (one for plasma and one for brain tissue 

homogenates) using the respective recombinant proteins diluted in the kit matrix for plasma 

samples, or lysis buffer for tissue samples. When the raw results from the Luminex FlexMap 

3D™ platform for a specific protein fell below detectable levels, they were not included in 

the results.

 2.6. Data Analyses

Results are expressed as the mean (± 1 SEM) locomotor activity counts in the last 5 min of 

each 15-min observation period for each group and plotted as a function of cocaine dose or 

saline injection, or as mean (± 1 SEM) area under the dose-response curve (AUC) and 

plotted as a function of week. Data are also expressed as the average (± 1 SEM) change in 

glucose concentration (mg/dL) from pre-insulin injection levels as a function of week, and 

as the average (± 1 SEM) amount of proinflammatory cytokine level (pg/mL) in each group 

24 hours after the last injection of cocaine or saline. To examine differences among groups 

dose-response curves for locomotion were analyzed with a two-way repeated measures 

ANOVA (feeding condition by dose) using GraphPad Prism (GraphPad Software Inc., San 

Diego, CA, USA). AUC for each dose-response curve was also calculated and differences 

between groups over time were analyzed using a two-way repeated measures ANOVA 

(feeding condition by week; GraphPad Prism). Multiple comparisons were made with the 

Bonferroni test (GraphPad Prism) where appropriate. Differences in proinflammatory 

markers were analyzed using two-way ANOVAs (feeding condition by drug). A two-way 

ANOVA (group by time) was used to examine changes in blood glucose concentration 

before and after administration of insulin to quantify insulin sensitivity. A two-tailed paired-t 

test with Bonferroni multiple comparisons was used to examine maximal changes in blood 

glucose (45 min after insulin administration; Durham et al., 2006) between groups. For all 

tests, p<0.05.

 2.7. Drugs

Cocaine hydrochloride (NIDA Research Technology Branch, Rockville, MD, USA) was 

dissolved in sterile 0.9% saline and administered i.p. in a volume of 1 ml/kg body weight. 

Insulin (protamine zinc recombinant human insulin; Boehringer Ingelheim Vetmedica, Inc., 

St. Joseph, MO) was dissolved in sterile 0.9% saline and injected i.p. in a volume of 1 ml/kg 

body weight.
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 3. RESULTS

 3.1. Body Weight

At the beginning of the experiment when all rats were eating standard chow, the average (± 1 

SEM) body weight for all 38 rats was 70.6 ± 0.9 g. One week later, rats were assigned to 

dietary conditions. Rats gained weight throughout the experiment such that on the last day 

they weighed, on average, 216 ± 3.2 g (Figure 1). Specifically, for the groups that were 

tested with cocaine, those eating standard chow weighed 213.0 ± 5.3 g, those eating high fat 

chow weighed 222.3 ± 5.9 g, and those eating high fat chow with fish oil weighed 215.3 

± 15.0 g. For the groups that were tested with saline, those eating standard chow weighed 

213.2 ± 4.6 g, those eating high fat chow weighed 219.5 ± 4.9 g, and those eating high fat 

chow with fish oil weighed 220.5 ± 6.7 g. There were no significant differences in body 

weight among groups at any point in the experiment.

 3.2. Food Consumption

A two-way ANOVA examining food consumption as a function of day for rats that received 

only saline revealed a significant main effect of day (i.e., food intake increased during the 

experiment [F(34,595)=7.125, p<0.0001]), a significant main effect of diet [F(2,525)=969.2, 

p<0.0001], and a significant day by diet interaction [F(68,525)=1.634, p= 0.0018] (see 

Figure 2 top left panel). Tukey’s multiple comparisons revealed that saline-treated rats eating 

standard chow ate significantly more (g) than saline-treated rats eating either high fat chow 

(p<0.0001) or high fat chow with fish oil (p<0.0001).

A two-way ANOVA examining food consumption as a function of day for rats that received 

cocaine revealed a significant main effect of day [F(34,595)=8.904, p<0.0001], a significant 

main effect of diet [F(2,595)=619.1], and a significant diet by day interaction 

[F(68,595)=1.491, p=0.0089]. Tukey’s multiple comparisons revealed that cocaine-treated 

rats eating standard chow ate significantly more (g) than cocaine-treated rats eating either 

high fat chow only (p < 0.0001) or high fat chow with fish oil (p < 0.0001; Figure 2, top 

right panel).

Two-way ANOVAs for total kcal/g consumed yielded main effects of day and diet for 

cocaine-treated rats (main effect of day [F(34,595)= 6.725, p<0.0001] and main effect of 

diet [F(2,595)= 25.74, p<0.0001] and for saline-treated rats (main effect of day [F(34,525)= 

12.83, p<0.0001] and main effect of diet [F(2,525)=32.45, p<0.0001]) There was no 

interaction among groups eating different diets for cocaine-treated rats (see Figure 2, bottom 

right panel) but there was a significant interaction between diet and day for saline-treated 

rats eating different diets [F(68,525)=2.729, p<0.0001] with Tukey’s multiple comparisons 

indicating that all three groups were significantly different from each other (p<0.005; Figure 

2, bottom left panel).

 3.3. Insulin Sensitivity

Under control conditions (no insulin) there were no differences in blood glucose 

concentration among groups of rats eating different diets (data not shown). For groups that 

were tested with cocaine, baseline glucose values were as follows: 111.8 ± 1.5 mg/dl for rats 
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eating standard chow; 119.1 ± 2.4 mg/dl for rats eating high fat chow; and 118.1 ± 3.8 mg/dl 

for rats eating high fat chow with fish oil. For groups that were tested with saline, baseline 

glucose values were as follows: 112.7 ± 3.3 mg/dl for rats eating standard chow; 115.7 ± 2.2 

mg/dl for rats eating high fat chow; and 117.3 ± 2.5 mg/dl for rats eating high fat chow with 

fish oil. There was a significant main effect of time (before or after insulin) indicating a 

significant hypoglycemic response after insulin administration in all groups [F(4,128) = 

53.85, p<0.0001). A two-way ANOVA and paired t-test for maximum decreases in blood 

glucose (i.e., 45 minutes after 2 U/kg insulin; Figure 3) failed to detect any significant 

difference among groups regardless of diet of drug condition.

 3.4. Locomotor Activity

Cocaine dose-dependently increased locomotor activity, with peak activity occurring at a 

dose of 17.8 mg/kg. There were no differences among the three dietary conditions with 

regard to initial sensitivity to cocaine-induced locomotion when all rats were eating standard 

chow (Figure 4A). The following week, rats eating high fat chow were more sensitive than 

rats eating standard chow to the locomotor-stimulating effects of cocaine (Figure 4B; 17.8 

mg/kg). A two-way ANOVA with diet and dose as factors revealed a main effect of diet 

[F(2,85) = 4.662, p = 0.0340], a main effect of dose [F(4, 85) = 16.96, p<0.0001], as well as 

a significant interaction between diet and dose (F(8,85) = 2.215, p = 0.034). Since there was 

a significant interaction, Bonferroni multiple comparisons were conducted and revealed that 

rats eating high fat chow were significantly more active than rats eating standard chow, but 

only at the largest dose of cocaine (17.8 mg/kg, p<0.001). This difference persisted the 

following week (e.g., 2 weeks after assignment to dietary conditions; main effect of diet 

[F(2,85) = 4.778, p=0.0108], dose [F(4,85) = 11.28, p<0.0001], and a significant interaction 

[F(8,85) = 2.664, p=0.0117]) with Bonferroni multiple comparisons revealing that rats 

eating high fat chow were significantly more active than rats eating standard chow at a dose 

of 17.8 mg/kg (p<0.01). Moreover, rats eating high fat chow were also more active than rats 

eating high fat chow with fish oil (17.8 mg/kg; Figure 4C; p<0.01). The following week 

(e.g., 3 weeks after assignment to dietary conditions), a two-way ANOVA revealed 

significant main effects of diet [F(2,85) =4.755, p=0.0110], dose [F(4,85) = 14.75, 

p<0.0001], and a significant diet by dose interaction [F(8,85) = 2.581, p=0.0142]. 

Bonferroni multiple comparisons revealed that rats eating high fat chow were more active 

than rats eating high fat chow with fish oil, although only at the largest dose of cocaine (17.8 

mg/kg; p<0.0001; Figure 4D). The next week (e.g., 4 weeks after assignment to dietary 

conditions), a two-way ANOVA revealed significant main effects of diet [F(2,85) =6.137, 

p=0.0032], dose [F(4,85) = 33.50, p<0.0001], and a significant diet by dose interaction 

[F(8,85) = 2.542, p=0.0156], with Bonferroni multiple comparisons revealing that rats eating 

high fat chow were more active than rats eating high fat chow with fish oil at two doses of 

cocaine (10.0 mg/kg, p<0.001; 17.8 mg/kg, p<0.05; Figure 4E). On the last week of testing 

(e.g., 5 weeks after assignment to dietary conditions), a two-way ANOVA revealed 

significant main effects of diet [F(2,85) =9.307, p=0.0003], dose [F(4,85) = 24.23, 

p<0.0001], and a significant diet by dose interaction [F(8,85) = 2.643, p=0.0123]. 

Bonferroni multiple comparisons revealed that rats eating high fat chow were more active 

than rats eating standard chow (p<0.05) and rats eating high fat chow with fish oil (10 

mg/kg; p<0.0001; Figure 4F).
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Sensitization to cocaine emerged in all groups (Figure 4F; see also Figure 5). A two-way 

repeated measures ANOVA analyzing the AUC for cocaine dose-response curves revealed 

main effects of week ([F (15,85) = 30.99; p <0.0001]; see Figure 5), diet [F (2, 17) = 5.703; 

p = 0.0127], as well as a significant diet by week interaction [F (10,85) = 3.332; p = 0.0011]. 

Bonferonni multiple comparisons revealed that on weeks 4 and 5, the AUC was greater in 

rats eating high fat chow compared with those eating high fat chow with fish oil. Moreover, 

in week 5, the AUC was greater in rats eating high fat chow compared with those eating 

standard chow (all p values <0.05; Figure 5). Data are not shown from rats treated with 

saline.

 3.5. Inflammatory Markers

Although two-way ANOVAs revealed significant differences for several cytokines and 

chemokines between saline- and cocaine-treated rats and among dietary conditions, there 

was no significant interaction between diet and drug. For example, there was a main effect 

of drug for plasma protein levels of IL-6, IL-1α, and MIP-1α and a significant main effect of 

diet for leptin and EFG (all p values < 0.05; see Table 1). In the hypothalamus, there was a 

main effect of diet for protein levels of IL-18 and fractalkine only (all p values < 0.05; see 

Table 2).

 4. DISCUSSION

Eating high fat chow enhances the sensitivity of rats to behavioral effects of drugs acting on 

dopamine systems (Gosnell, 2005; Avena and Hoebel, 2003; Baladi et al., 2012b; Serafine et 

al., 2014b). Although eating high fat chow also causes adverse health consequences, such as 

obesity, insulin resistance, and inflammation, eating high fat chow can alter sensitivity to 

drugs even in the absence of those adverse consequences (Baladi et al., 2011; Serafine et al., 

2014b). This study examined the impact of dietary supplementation with fish oil, which is 

rich in omega-3 polyunsaturated fatty acids, on changes in body weight, insulin sensitivity, 

inflammation, and sensitivity to the locomotor effects of cocaine as a result of eating high fat 

chow. Cocaine dose-dependently increased locomotor activity in rats, and induced 

sensitization after repeated administration. Consistent with previous reports, these effects 

were largest in rats eating high fat chow (Figure 5; see also Baladi et al., 2011; Serafine et 

al., 2014b). Dietary supplementation with fish oil (20% w/w) prevented high fat chow-

induced enhancement of sensitivity to the behavioral effects of cocaine.

As reported previously (Baladi et al., 2015; Serafine et al., 2014b), unlimited access to high 

fat chow did not alter body weight in adolescent female rats, compared with adolescent 

female rats eating standard chow. Adolescent rats gain body weight very rapidly and eating 

high fat chow does not further accelerate that weight gain, in contrast to the dramatic weight 

gain (e.g., obesity) that occurs in adult rats eating high fat chow (Baladi et al., 2011; Serafine 

et al., 2014a). Although body weight was not significantly different among groups of rats 

under different dietary conditions, nonsystematic observation of tissue during dissection 

suggested that body fat pads appeared to be larger and more widespread in rats eating high 

fat chow compared with rats eating standard chow or high fat chow with fish oil. Further 
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studies on body fat composition might provide insights with regards to the impact of fish oil 

on high fat diet induced changes in sensitivity to drugs.

Insulin resistance can develop in adult rats after only two weeks of eating high fat chow (see 

Baladi et al., 2011; Serafine et al., 2014a). In the present study, adolescent female rats did 

not develop insulin resistance despite 5 weeks of eating exclusively high fat chow. While it 

is possible that longer access to high fat chow might have resulted in the development of 

insulin resistance in adolescent female rats, it is also possible that insulin signaling was 

altered by eating high fat chow despite a normal response to insulin challenge. For example, 

eating high fat chow can alter activation of the insulin-activated signaling kinase Akt, 

thereby decreasing dopamine transporter expression on the cell surface and reducing 

dopamine clearance (Speed et al., 2011). Thus, increased sensitivity to cocaine in rats eating 

high fat chow might result, in part, from changes in insulin signaling; conversely, attenuation 

of high fat chow induced increases in sensitivity to cocaine in rats eating high fat chow with 

fish oil might occur from a normalization of insulin signaling.

Other feeding-related hormones, such as leptin, might also play a role in the behavioral 

effects that were observed in the current study. For example, leptin increases dopamine 

transporter expression in rats eating standard chow (Perry et al., 2010) and leptin resistance 

develops in rats eating high fat chow (Kim et al., 2006). Consistent with previous reports, 

plasma leptin concentration was elevated in rats eating high fat chow; however, dietary 

supplementation with fish oil did not prevent this increase in leptin (Table 1).

Eating high fat chow can also increase proinflammatory markers both in peripheral tissues 

(Maric et al., 2014) and in the central nervous system (Maric et al., 2014; Wang et al., 2012). 

In the current study, there was no interaction between diet and drug treatment for any 

inflammatory marker. However, the present study used an assay to examine multiple 

inflammatory markers simultaneously in samples collected from individual subjects. While 

this approach detects changes in inflammation caused by injury (e.g., Fox et al., 2005), 

changes in inflammation due to consumption of high fat chow might not be sufficiently 

robust to be detected using this technique. Changes in mRNA levels might be more sensitive 

to diet-induced inflammation (see Maric et al., 2014; Wang et al., 2012; Thaler et al., 2012). 

Moreover, in the current study rats ate high fat chow for 5 weeks and showed increased 

sensitivity to cocaine-induced locomotion after as little as 2 weeks, whereas in previous 

studies reporting significant effects of diet on hypothalamic inflammatory markers subjects 

ate high fat chow for up to 10 weeks (Maric et al., 2014; Wang et al., 2012). Since the 

current study focused on adolescence as a potential period of vulnerability to dietary effects 

on sensitivity to drugs (adolescence is also a period of increased intake of high fat foods in 

humans [Poti et al., 2013]), it was not feasible to significantly extend the period of access to 

high fat chow without infringing on adulthood. Another difference between the current study 

and previous studies is the type of high fat chow. Some studies used coconut oil or butter to 

create a high fat diet (e.g., Maric et al., 2014) while others used commercially available 

chow similar to the chow used in the present study (e.g., Wang et al., 2012). Because 

different chows were used across studies, the total kcal from fat in the various diets likely 

was not the same. Moreover, some studies differentiated rats based on whether obesity 

developed in individual rats eating a high fat diet (Wang et al., 2012). In the current study, 
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adolescent rats did not become obese, perhaps precluding significant changes in cytokines 

that occur only with obesity. Finally, the majority of studies on inflammatory effects of 

eating high fat chow in rats used adult male subjects. It is possible that the effects of diet 

(and drug) on inflammatory markers differ between males and females.

In the present study, rats eating high fat chow with fish oil were significantly less sensitive 

than rats eating high fat chow without fish oil to the locomotor-stimulating effects of cocaine 

and showed less sensitization to cocaine over repeated testing. These changes in sensitivity 

to cocaine were not accompanied by obesity, insulin resistance, or changes in inflammatory 

markers in the plasma or hypothalamus. Previous studies using adult male rats have reported 

that consuming fish oil attenuates high fat chow-induced obesity, insulin resistance, and 

hypothalamic inflammation (Cintra et al., 2012; Pimentel et al., 2013). Eating fish oil 

attenuated changes in sensitivity to behavioral effects of cocaine without attenuating changes 

in inflammatory markers, indicating that other factors mediate diet-induced sensitization to 

cocaine. It appears as though diet can impact dopamine signaling independently from 

changes in body weight (i.e., obesity) and other metabolic factors (Hryhorczuk et al., 2015). 

These results demonstrate that eating a high fat diet can increase sensitivity to drugs of abuse 

in ways that might be relevant to vulnerability; the results also suggest that dietary 

supplementation with fish oil might prevent these effects.
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Highlights

High fat diet enhances sensitivity to the locomotor effects of cocaine

Eating fish oil prevents enhanced sensitization to cocaine

Changes in cytokines do not mediate this effect of eating fish oil
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Figure 1. 
Body weight of rats eating standard chow (circles), high fat chow (squares), or high fat chow 

with fish oil (triangles) and tested with saline (left panel) or cocaine (right panel). Ordinate: 

body weight in g. Abscissa: week in study.
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Figure 2. 
Mean (± 1 SEM) daily food intake in g (top panels) and in kcal (bottom panels) for rats 

tested with saline (left panels) or cocaine (right panels) and eating standard chow (circles), 

high fat chow (squares), or high fat chow with fish oil (triangles). Ordinates: amount 

consumed in g and kcal. Abscissa: week in study.
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Figure 3. 
Change in blood glucose (mean ± 1 SEM, mg/dL; ordinate) determined during week 4 of the 

study after injection of 2 U/kg insulin in rats eating standard chow (circles), high fat chow 

(squares), or high fat chow with fish oil (triangles). Abscissae: time (min) after 

administration of insulin.
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Figure 4. 
Locomotor activity counts for a 5-min period following the administration of cumulative 

doses of cocaine in female adolescent rats. During the baseline condition (Panel A) all rats 

ate standard chow. Thereafter (Panels B–F), different groups of rats ate standard chow 

(circles), high fat chow (squares), or high fat chow with fish oil (triangles) over 5 weeks of 

once weekly behavioral testing. Ordinates: mean (± 1 SEM) locomotor activity counts. 

Abscissae: dose of cocaine in mg/kg body weight (V = vehicle). *Significantly different 

from rats eating high fat chow.
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Figure 5. 
Area under the cocaine dose-response curves (AUC) in rats eating standard chow (circles), 

high fat chow (squares), or high fat chow with fish oil (triangles) over 5 once weekly cocaine 

tests. Ordinate: mean (± 1 SEM) AUC. Abscissa: week in study. BL refers to the initial 

(baseline; top left panel, Figure 4) cocaine test when all rats were eating standard chow.

Serafine et al. Page 18

Drug Alcohol Depend. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Serafine et al. Page 19

Ta
b

le
 1

Pl
as

m
a 

pr
ot

ei
n 

co
nc

en
tr

at
io

n 
(a

ve
ra

ge
 p

g/
m

l ±
 1

 S
E

M
) 

fo
r 

cy
to

ki
ne

s 
an

d 
ch

em
ok

in
es

 th
at

 w
er

e 
si

gn
if

ic
an

tly
 c

ha
ng

ed
 a

nd
 f

el
l w

ith
in

 th
e 

de
te

ct
ab

le
 r

an
ge

.

C
yt

ok
in

e/
C

he
m

ok
in

e
G

ro
up

M
ai

n 
ef

fe
ct

St
at

is
ti

cs

St
an

da
rd

 S
al

in
e

H
ig

h 
F

at
 S

al
in

e
H

ig
h 

F
at

 F
is

h 
O

il 
Sa

lin
e

St
an

da
rd

 C
oc

ai
ne

H
ig

h 
F

at
 C

oc
ai

ne
H

ig
h 

F
at

 F
is

h 
O

il 
C

oc
ai

ne

IL
-6

16
18

.8
 ±

 3
25

4
15

48
.3

 ±
 2

76
.9

15
51

.2
 ±

 1
44

.5
21

86
.0

 ±
 2

57
.7

19
51

.8
 ±

 3
82

.9
24

36
.4

 ±
 3

08
.9

D
ru

g
F(

1,
32

) 
=

 6
.3

37
, p

=
 

0.
01

7

L
ep

tin
64

76
.5

 ±
 8

36
.3

12
63

2.
7 

±
 1

29
1.

0
12

23
0.

3 
±

 1
25

0.
2

60
87

.7
 ±

 8
73

.3
11

29
1.

0 
±

 1
97

2.
2

98
63

.1
 ±

 1
93

8.
1

D
ie

t
F(

2,
32

)=
 8

,2
38

, p
=

 
0.

00
13

IL
-1

al
ph

a
74

.3
 ±

 1
1.

6
73

.9
 ±

11
.3

2
68

.1
 ±

 9
.9

90
.0

 ±
 1

3.
3

94
.3

 ±
 1

2.
8

98
.1

 ±
 1

1.
3

D
ru

g
F(

1,
32

)=
 5

.1
68

, p
=

 
0.

02
99

E
G

F
25

8.
9 

±
 7

9.
7

38
8.

0 
±

 1
07

.2
22

8.
8 

±
 2

6.
9

59
0.

1 
±

 7
1.

4
44

1.
3 

±
 7

3.
2

18
3.

8 
±

 5
5.

5
D

ie
t

F(
2,

32
) 

=
 5

.0
22

, p
=

 
0.

01
27

M
IP

-1
al

ph
a

12
.6

 ±
 2

.1
14

.0
6 

±
1.

8
13

.6
 ±

0.
5

15
.5

 ±
 1

.6
16

.3
 ±

 2
.4

19
.6

 ±
 1

.6
D

ru
g

F(
1,

32
) 

=
 6

.1
91

, p
=

 
0.

01
82

Drug Alcohol Depend. Author manuscript; available in PMC 2017 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Serafine et al. Page 20

Ta
b

le
 2

H
yp

ot
ha

la
m

ic
 p

ro
te

in
 c

on
ce

nt
ra

tio
n 

av
er

ag
e 

pg
/m

l ±
 1

 S
E

M
) 

fo
r 

cy
to

ki
ne

s 
an

d 
ch

em
ok

in
es

 th
at

 w
er

e 
si

gn
if

ic
an

tly
 c

ha
ng

ed
 a

nd
 f

el
l w

ith
in

 th
e 

de
te

ct
ab

le
 

ra
ng

e.

C
yt

ok
in

e/
C

he
m

ok
in

e
G

ro
up

M
ai

n 
ef

fe
ct

St
at

is
ti

cs

St
an

da
rd

 S
al

in
e

H
ig

h 
F

at
 S

al
in

e
H

ig
h 

F
at

 F
is

h 
O

il 
Sa

lin
e

St
an

da
rd

 C
oc

ai
ne

H
ig

h 
F

at
 C

oc
ai

ne
H

ig
h 

F
at

 F
is

h 
O

il 
C

oc
ai

ne

IL
-1

8
67

.6
 ±

 1
3.

5
13

8.
1 

±
 2

4.
4

11
0.

6 
±

 1
8.

7
71

.4
 ±

 1
2.

1
10

7.
0 

±
 2

0.
2

12
0.

8 
±

 2
2.

1
D

ie
t

F(
2,

32
) 

=
 4

.4
31

, p
=

 
0.

02

Fr
ac

ta
lk

in
e

6.
2 

±
 0

.4
7.

0 
±

 0
.5

7.
0 

±
 0

.3
5.

8 
±

 0
.5

6.
8 

±
 0

.4
7.

0 
±

 0
.3

D
ie

t
F(

2,
32

) 
=

 3
.7

07
, p

=
 

0.
03

56

Drug Alcohol Depend. Author manuscript; available in PMC 2017 August 01.


	Abstract
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1 Subjects
	2.2. Feeding Conditions
	2.3. Insulin Sensitivity
	2.4. Locomotor Activity
	2.5. Brain and Plasma Inflammation
	2.6. Data Analyses
	2.7. Drugs

	3. RESULTS
	3.1. Body Weight
	3.2. Food Consumption
	3.3. Insulin Sensitivity
	3.4. Locomotor Activity
	3.5. Inflammatory Markers

	4. DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

