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Abstract

High-fat diets are linked with obesity and changes in dopamine neurotransmission. Mounting
evidence shows that saturated fat impacts dopamine neurons and their terminal fields, but little

is known about the effect a diet high in unsaturated fat has on the dopamine system. This

study sought to determine whether fat type, saturated vs. unsaturated, differentially affected body
weight, blood glucose regulation, locomotor behavior, and control of dopamine release and uptake
at dopamine neuron terminals in the nucleus accumbens (NAc). C57BL/6 mice were fed a control
diet or a nutrient-matched diet high in saturated fat (SF), unsaturated flaxseed oil (Flax) or a

blend of the two fats. After 6-weeks, mice from each high-fat diet group gained significantly more
weight than Controls, but the group fed Flax gained less weight than the SF group and had fasting
blood glucose levels similar to Controls. E£x-vivo fast scan cyclic voltammetry revealed the SF
group also had significantly slower synaptic dopamine clearance and a reduced capacity for phasic
dopamine release in the nucleus accumbens (NAc), but the Flax and Blend groups resembled
Controls. These data show that different types of dietary fat have substantially different effects

on metabolic phenotype and influence how dopamine terminals in the NAc regulate dopamine
neurotransmission. Our data also suggests that a diet high in unsaturated fat may preserve normal
metabolic and behavioral parameters as well as dopamine signaling in the NAc.
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Introduction

The prevalence of diet-induced obesity has progressed to historically high levels with greater

than 70% of the adult population in the United States having a BMI classification of
overweight or obese [1]. Consumption of a highly-palatable, calorie-dense Western Diet,
which is high in processed carbohydrates and saturated fat, has been generally implicated
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as a primary driver of the obesity epidemic. However, results from the National Health

and Nutrition Survey revealed that intake of saturated fat is specifically associated with
increased BMI [2]. Diets high in saturated fat have also been linked to pathological changes
in dopamine neurochemistry in pre-clinical studies which are supported by clinical reports
of altered dopaminergic responses to food cues and the perceived reward of palatable food
receipt [3-6]. This suggests that saturated fat may promote obesity by altering the dopamine
neurochemistry in reward-related areas of the brain that promote overconsumption of food.

Emerging patterns observed with diet-induced obesity include changes in the expression
and activity of dopamine transporter (DAT) and dopamine D5 receptors; these changes

are associated with pathological behavioral selection and anhedonia, resulting in enhanced
seeking/consumption of rewards [3,4,6,7]. The impact of dopamine on food intake behaviors
is highlighted by imaging studies that report a correlation between BMI and increased
“craving” anticipatory response evidenced by increased striatal dopamine release elicited
by images of highly-palatable foods. However, BMI was inversely correlated with striatal
activation in response to reward receipt when highly-palatable foods were consumed [3,8].
These studies suggest increased dopamine release is elicited by palatable food cues, but
decreased dopaminergic responses occur when the food is consumed. This shift in dopamine
signaling could promote food seeking, but less of a dopaminergic response upon the receipt
of the palatable food likely promotes overconsumption [5,7,8]. Other imaging studies
reported that dopamine D receptor expression and function is significantly decreased in
obese subjects and negatively correlated with BMI [3,9,10]. Pre-clinical studies investigating
the effects of diet and obesity on dopamine neurotransmission consistently use diets high

in saturated fat. Since diet can be controlled and better quantified, these studies provide

a better understanding of the underlying changes to dopamine neurochemistry. A key
finding from preclinical research is that saturated fat is associated with reduced DAT
function [11-14]. This has significant implications since reduced DAT function results

in delayed termination of phasic burst firing, enhanced tonic signaling, and an overall
increase in synaptic dopamine [15]. Enhanced synaptic dopamine that results from reduced
DAT function likely contributes to the compensatory reduction in post-synaptic dopamine
D, receptors observed with obesity [3,10]. Together, dysregulated synaptic dopamine may
contribute to overconsumption of palatable foods in a manner similar to elevated synaptic
dopamine increasing the consumption of other salient rewards [14,16,17]. This has been
demonstrated in rodent studies that report an association between saturated-fat-induced
obesity and reduced expression of D, receptors as well as decreased D receptor binding
compared to control [10]. In addition to changes in post-synaptic D, receptor function,
changes in pre-synaptic D, auto-receptors are also observed with high fat diet-induced
obesity. The effects of saturated fat on dopamine auto-receptors is significant since they
serve key feedback roles in modulating dopamine transmission by decreasing dopamine
neuron excitability as well as regulating dopamine synthesis and release [18-20].

Peripheral signals that regulate food intake, like insulin and leptin, also modulate
dopamine release and uptake [6,21]. Saturated fat is well known to cause insulin and
leptin resistance, due in part to saturated fat promoting low-grade inflammation [22,23].
Neuronal insulin resistance also occurs with saturated-fat-induced obesity, which impacts
dopamine neurotransmission since insulin increases DAT activity and fine-tunes dopamine
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neuron firing [24-26]. Interestingly, it has been reported that consuming a diet high in
anti-inflammatory mono-unsaturated fat (MUFA) does not impact behavioral response

to amphetamine or DAT and dopamine receptor D1 protein levels in the same manner

as saturated fat [4]. Similarly, polyunsaturated fatty acids (PUFAS) prevent enhanced
behavioral effects of cocaine and D, agonists caused by saturated fat [27,28]. Collectively,
this suggests that the type of dietary fat may differentially impact dopamine signaling with
saturated fat reducing but MUFA and PUFA anti-inflammatory fats preserving or restoring
dopamine neurotransmission.

A growing body of evidence links diets high in saturated fat to pathological changes in
dopamine neurotransmission, with notable effects on synaptic regulation by reducing DAT-
mediated dopamine clearance. The question remains, however, whether these changes at
dopamine terminals are driven by the high amount of dietary fat or the #ype of dietary

fat. The purpose of this study was to examine whether the type of dietary fat influences
synaptic regulation of dopamine in the nucleus accumbens (NAc). Specifically, we examined
whether substituting a high-saturated-fat diet with the same amount of polyunsaturated-rich
flax seed oil changed dopamine release and uptake kinetics at NAc terminals. Diets high in
unsaturated fatty acids are well known to promote brain health and influence dopaminergic
behaviors, but little is known on exactly how or if these unsaturated fats change synaptic
control of dopamine. We hypothesized that a diet high in PUFA-rich flax would not impair
dopamine terminals in the same manner as saturated fat, consistent with reports that MUFA
and PUFA-rich diets preserve dopaminergic behaviors that can be altered by saturated fat
[29,30]. Here we show a potential mechanism for preserved dopamine neurotransmission
with unsaturated fat. In the context of maladaptive eating behaviors, understanding how
different dietary fats alter NAc dopamine provides insight to whether satiety circuits that
project from the NAc to the hypothalamus could be altered by fat type [31]. Additionally,
these data may reveal potential therapeutic targets for the prevention and treatment of
obesity.

Animals and Diet

Six-week-old male C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor,
ME), housed three per cage, and maintained on a 12 h light/dark cycle with free access to
water and either a control normal fat diet (Control; 10% kcals from fat; D12450J, Research
Diets, n=6) or one of three nutrient matched experimental diets containing 60% kcals from
fat: either high in saturated fat (SF; D12492, Research Diets, n=9), saturated fat combined
with flaxseed oil (Blend; 1:1 ratio of saturated fats to n3 polyunsaturated fats, Research
Diets, n=6) or high in unsaturated fat from flaxseed oil (Flax; 3:7 ratio of saturated fats to
n3 polyunsaturated fats, n=6). Custom flax diets were micronutrient matched to the high-fat
and control diets, and calorically matched to the high saturated-fat diet. Food intake was
measured on Mondays, Wednesdays, and Fridays by weighing the amount of diet consumed
and calculating caloric intake based on food disappearance. Body weights were collected
upon arrival and weekly thereafter. Mice remained on respective diets for 6-weeks prior to
experimental tests. All experiments were approved by the UNC Greensboro Animal Care
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and Use Committee and conducted in accordance with the Guide for the Care and Use of
Laboratory Animals.

Open Field Locomotor Behavior

Locomotor and exploratory activities were assessed using an open field test measuring total
distance travelled and entries into the center of the open field during a 10-minute habituation
period and the total session duration of 60 minutes. Behavioral experiments were conducted
during the first four hours of the light cycle using plexiglass chambers (30 cm x 30 cm x

60 cm). Videos were analyzed using TopScanLite (\Version 2.0, CleverSys Inc), based on
previous reports [32].

Intraperitoneal Glucose Tolerance Test

At the end of the 6-week dietary protocol we measured fasting blood glucose and glucose
clearance using an intraperitoneal glucose tolerance test (IPGTT). Mice were fasted for 9 h,
then fasting blood glucose was measured from the tail vein using a TRUEtrack glucometer
and blood glucose test strips (Rite Aid Pharmacy, Camp Hill, PA). Next, an i.p. bolus of
glucose (2 g/kg in 20% w/v saline) was delivered and repeat blood glucose measurements
were performed after 15, 30, 60, and 120 minutes to assess glucose clearance.

Fast Scan Cyclic Voltammetry (FSCV)

FSCV was used to characterize baseline dopamine release and uptake within the NAc

core. FSCV is a useful tool to measure dopamine neurotransmission in the NAc due

to its excellent temporal and spatial resolution as well as its sensitivity for dopamine.
Importantly, FSCV measures millisecond changes in synaptic dopamine allowing for kinetic
measurements of dopamine release by pre-synaptic terminals and dopamine uptake via the
DAT. All voltammetry experiments were conducted after the 6-week dietary protocol and
within two weeks after IPGTT using a Latin square design. All voltammetry experiments
began ~3 h into the light cycle. Experimental procedures were executed and modelled as
previously described [33]. Briefly, mice were rendered unconscious using 5% isoflurane,
decapitated, and the brain swiftly removed. The brain was hemisected with one hemisphere
submerged in ice cold artificial cerebral spinal fluid (aCSF) (in mM: 126 NaCl, 25 NaHCOs3,
11 D-glucose, 2.5 KCl, 2.4 CaCly, 1.2 MgCl,, 1.2 NaH,POy4, 0.4 L-ascorbic acid, pH
adjusted to 7.4) for slicing on a compresstome (Precisionary Instruments; Greenville, NC).
Next, 300 um brain slices containing the NAc (from +1.45 to +0.74 from bregma) were
transferred to the voltammetry chamber and allowed to equilibrate for 60 min at 32 °C while
bathed in oxygenated (95% 0,/5% CO,) aCSF at 100 mL/min. Dopamine was recorded
using a triangular waveform applied to a glass capillary-pulled carbon-fiber working
microelectrode (70-100 um length, 7 um diameter). The working electrode penetrated

brain slices within the NAc core ~50 uM in depth, and a bipolar stimulating electrode
(Plastics One, Roanoke, VA, 8IMS3033SPCE) was placed on the surface of the slice
approximately 100-200 um away from the working electrode. The working electrode was
maintained at a potential of 0.4 V versus an Ag/AgClI reference electrode and subsequently
ramped up to +1.2 V and back to —0.4 V at a scan rate of 400 V/s every 100ms.

Dopamine release was evoked with a single electrical pulse (20Hz, 4 ms pulse width,

350 pA stimulation amplitude) from the stimulating electrode every 3 min. Next, dopamine
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release was evoked using 5 pulse stimulations at 5, 10, 20, 40, and 100 Hz frequencies to
characterize phasic dopamine release. Dopamine signals were acquired and modeled using
Demon Voltammetry Software (Wake Forest School of Medicine; Winston-Salem, NC),
based on Michaelis—Menten kinetics using a Km of 160 nM for dopamine [34]. Baseline
recordings were obtained from one to two brain slices from each animal. To measure
dopamine D, auto-receptor function at dopamine terminals, quinpirole (Tocris; Minneapolis,
MN; Cat. No. 1061) was subsequently washed over the slices with cumulative half-log
applications to obtain a dose response curve (1-100 nM) at the same location as baseline
collections. Dopamine current was converted to concentration by electrode calibration after
each experiment using a flow cell, adding 3 UM of dopamine in combination with the
Demon Analysis Software.

Statistical Analysis

Results

Graph Pad Prism v.8 (La Jolla, CA) was used for all statistical analyses. Two-way repeated
measures analysis of variance (ANOVA) was used to identify significant differences
within and between treatment groups for body weight X IPGTT and voltammetry dose
response curves using Tukey’s post hoc analysis to identify significant variations between
groups when applicable. One-way ANOVA tests were used to analyze between group
differences for food intake, fasting blood glucose, area under the curve data for IPGTT,
locomotor activity measurements, dopamine release, and Vax. Pearson’s correlational
analysis was used to identify relationships between body weight or glucose clearance and
dopamine release and uptake kinetics. Group data are presented as mean + SEM; statistical
significance was set at p < 0.05.

Flax attenuated weight gain and improved blood glucose regulation.

All high-fat groups consumed significantly more kcals per day than controls (Control 10.0 +
0.18; SF 13.9 £ 0.18; Flax 13.5 £ 0.31; and Blend 14.1 + 0.39) (< 0.0001), no difference
in daily kcal intake was observed between the SF, Flax, and Blend groups (Figure 1A). Final
body weight was also significantly higher (p < 0.0001) in all high-fat groups (SF 37.7 +

0.9 g; Flax 32.6 + 1.1 g; Blend 36.9 + 1.3 g) compared to Control (25.8 + 0.9 g); however,
the Flax group gained significantly less body weight than the SF (< 0.001) or Blend (p

< 0.01) groups (Figure 1B). A two-way repeated measures ANOVA identified a significant
interaction between diet and body weight (F(3, 23) = 20.7; p < 0.0001) with main effects of
diet (F(3, 23) = 25.57; p < 0.0001) and time (F(1, 23) = 369.1; p < 0.0001), indicating that
dietary fat amount and fat type both impacted body weight.

To examine the effect of dietary fat on blood glucose regulation, we measured fasting
blood glucose and blood glucose clearance with IPGTTs. Fasting blood glucose was not
significantly different between the Control (118.3 £ 6.7 mg/dl) and Flax (109.7 + 10.8
mg/dl) groups (p = 0.9637), but fasting blood glucose was significantly elevated in the SF
(184.9 £ 13.1 mg/dl) and Blend (186.7 + 13.7 mg/dl) groups compared to the Control (p <
0.01, each) and Flax groups (p < 0.001, and p < 0.01; SF and Blend, respectively) (Figure
2A). Similarly, there were main effects of diet group (F(3, 23) = 20.63; p< 0.0001) and time
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(F(3.259, 74.95) = 225.7; p < 0.0001) on blood glucose clearance after IPGTT, with a diet by
time interaction (F(12, 92) = 8.044; p < 0.0001) and post hoc analysis showed delayed glucose
clearance in the SF and Blend groups compared to Control and Flax groups at 30, 60, and
120 minutes (Figure 2B). Interestingly, blood glucose clearance was negatively correlated
with body weight in the SF group (r = —0.69; p < 0.05) (Figure 2C), indicating that mice
with higher body weights were better at clearing blood glucose in the SF group.

Exploratory behaviors were reduced with a high saturated fat diet, but not flax.

Open field analysis was conducted to observe changes in ambulation and exploratory
behaviors. Total distance travelled was not significantly different between any diet group
after 10 minutes (Figure 3A) or 60 minutes of testing (Data not shown), but there was

a significant effect of diet on entries into the center of the open field (F(3, 23) = 3.990;
p=0.02) with post hoc analysis indicating the SF group entered the center of the arena
significantly fewer times than the control group (p = 0.034). Because total distance travelled
was not different between groups, avoidance of the center of the open field was likely not
caused by simply less ambulation in heavier mice from the SF and Blend groups. Decreased
center entries have been previously described as an anxiodepressive phenotype associated
with pathological changes in dopamine neurotransmission [30]. Representative line traces
from video analysis show reduced center exploration in the SF group, but not the Flax or
Blend groups (Figure 3C).

Unsaturated fat-rich flax does not slow dopamine clearance or reduce phasic dopamine
release in the same manner as a diet high in saturated fat.

Ex-vivo voltammetry was used to characterize dopamine terminal changes in the NAc
following six-week exposure to the control and experimental high-fat diets. Dopamine
release evoked by a single-pulse stimulation was not affected by any of the high-fat diets
(Figure 4A); however, diet significantly altered the maximal rate of dopamine clearance
(Vmax) (F(3,73) = 4.351; p=0.007), and post-hoc analysis revealed dopamine clearance was
significantly slower in mice receiving SF (1.87 £ 0.08 pM/s) compared to Control (2.32 £
0.15 uM/s) and Flax (2.29 £+ 0.07 uM/s) groups (o < 0.05) (Figure 4B). Representative cyclic
voltammograms show dopamine oxidation signatures at 0.6 volts corresponding with pseudo
color plots that show the intensity and duration of electrochemical conductance of dopamine
following a single pulse stimulation at 4.9 seconds (Figure 4C).

Next, we evoked phasic dopamine release with 5-pulse stimulation trains from 5-100

Hz, and 2-way ANOVA revealed main effects of diet (F(1 70) = 6.556; p= 0.0126) and
stimulation frequency (F(4,70) = 23.23; p < 0.0001) between the Control and SF groups
(Figure 5A). Phasic dopamine release across frequencies was not different between the
Control, Flax, or Blend diets (Figure 5A). The average AUC of compiled line traces
corresponding with dopamine release after 5-pulses at 20 Hz (the physiological burst firing
rate of dopamine neurons) was significantly greater than one-pulse for each diet group (o
< 0.001) (Figure 5B), and the 5-pulse 20 Hz AUC was only significantly different between
the Control and SF groups (p < 0.05). Notably, the difference between 5-pulse to one-pulse
AUC shows the SF group had the smallest dynamic range of tonic (1-pulse) to phasic
(5-pulse) dopamine release. We then examined D, auto-receptor function to determine if
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reduced phasic release in the SF group was associated with increased D, auto-receptor
inhibition of dopamine release. There was a main effect of quinpirole dose on dopamine
release (F(2.719,35.34) = 177.8; p< 0.0001), as expected with a D, agonist, but no differences
in quinpirole’s ability to reduce dopamine release was detected between groups (Figure 5C),
suggesting reduced dynamic range of 1:5 pulse release in the SF group is not driven by
heightened sensitivity of D, auto-receptors.

Body weight and glucose clearance differentially predict dopamine uptake rate in the SF

group.

Pearson’s correlational analysis was conducted to determine if biometric measurements were
related to dopamine release and uptake. Dopamine release was not correlated with body
weight (Figure 6A) or IPGTT AUCs (Figure 6B) in any diet group. A significant negative
relationship was observed in the SF group between body weight and dopamine uptake

rate (Vmax) (r = —0.39; p < 0.05), indicating dopamine clearance slowed as body weight
increased (Figure 6C). Interestingly, we observed the opposite relationship between Vax
and blood glucose clearance. A significant positive relationship was observed in the SF
group between the AUC for IPGTT and Vax (r = 4.68; p< 0.05), indicating dopamine
clearance increased as blood glucose clearance decreased (Figure 6D). Linear regression in
the Control, Flax, and Blend groups showed negative, but not significant, slopes when Vax
was plotted against glucose clearance (Figure 6D) and relatively flat slopes when plotted
against body weight (Figure 6C). While increased body weight does not predict reduced
glucose clearance (Figure 2C), it selectively predicts slower dopamine clearance rate with
high saturated fat intake. Similarly, impaired glucose clearance selectively predicts faster
glucose clearance rate in the saturated fat group.

Discussion

It is well-established that diets high in saturated fat produce a metabolic syndrome-like
phenotype characterized by obesogenic weight gain and impaired blood glucose regulation
related to insulin-resistance. Consistent with previous studies, we induced a metabolic
syndrome-like phenotype in our mice with a diet high in saturated fat and observed that

a diet high in monounsaturated and polyunsaturated fat in the form of flaxseed oil did not
cause metabolic impairments. Previous studies show that saturated fat-induced metabolic
phenotypes are associated with impaired dopamine neurotransmission [13,14,27,33,35].

In contrast to saturated fat, recent studies showed that a diet high in mono- and

omega-3 polyunsaturated fat prevented dopamine-related behavioral changes in locomotion,
exploration, sensitization to cocaine, and compulsive food seeking and also preserved
normal protein expression of DAT and dopamine receptors [27,30]. Findings reported here
build on these previous studies by directly measuring presynaptic dopamine release and
uptake after mice consume a diet high in saturated fat or unsaturated fat. We show that a diet
high in saturated fat decreased phasic dopamine release and dopamine uptake, producing
NAc dopamine terminals functionally distinct from controls. Importantly, we also report a
novel observation that a diet high in polyunsaturated fat specifically preserved the dynamic
range of phasic dopamine release and dopamine uptake rate at dopamine terminals in the
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NAc, similar to controls. This suggests that the type of dietary fat is distinct from the amount
of dietary fat regarding its impact on dopamine neurotransmission.

Our study used an open field test to assess exploratory behaviors associated with an
anxiodepressive phenotype, since high fat diets and diet-induced obesity are implicated

in dopamine-modulated processes that contribute to both rewarding and aversive salient
stimuli. While high fat diets have been associated with compulsive sucrose seeking,
decreased exploratory activity and behaviors associated with an anxiodepressive phenotype,
recent studies comparing the effects of different lipid species report that the changes
associated with a high fat diet are only observed with diets high in saturated fat while
mono- and omega-3 poly-unsaturated fats appear to confer a protective effect [30,36-38].
Our examination of dopamine-related behaviors, albeit limited, are in line with other more
extensive appraisals of dietary fat on behavioral outcomes We showed that mice fed diets
high in saturated fat entered the center of the open field significantly fewer times than the
Control, Blend, and Flax groups, even though they travelled the same distance. Future
studies employing additional behavioral tests, specifically with dopamine agonists like
cocaine or amphetamine, are merited to fully characterize the impact of fatty acid type

on dopamine related behaviors linked to DAT dysfunction. We, however, show a behavioral
phenotype in our SF group similar to previous reports, and unsaturated Flax appears to
attenuate SF-induced effects.

The most significant observation of this study is the differences in dopamine reuptake by

the DAT between groups. The maximal rate of dopamine uptake (measured by calculating
Vmax, Which directly represents DAT-mediated dopamine clearance) was significantly slower
in the SF group compared to the Control and Flax groups. In addition, an analysis of the
relationship between body weight and rate of dopamine clearance also suggests that different
types of dietary fat have different effects on dopamine regulation. We report a negative
association between Vax and body weight unique to mice consuming saturated fat, even
though mice fed flax were significantly heavier than controls. Because DAT function was
preferentially altered in the SF group, our findings suggest that the type of dietary fat is

an additional independent factor that impairs dopamine uptake and DAT activity apart from
diet-induced obesity. The effect of impaired DAT activity is significant because the DAT is
the key regulator of synaptic dopamine, and it is associated with increased food intake and
susceptibility to binge eating behaviors [39].

We also evaluated whether there were changes in pre-synaptic D, auto-receptor function
using quinpirole given pre-synaptic D, auto-receptors are involved in regulation of
dopamine release and reuptake by DAT [19]. Furthermore, it is well established that a
decrease in post-synaptic D, receptor binding is associated with obesity, susceptibility

to binge eating behaviors and substance abuse [3,7,9]. In the present study, we did not
observe a difference in dopamine release between groups with quinpirole, suggesting that
the differences in phasic dopamine release are primarily mediated by mechanisms other
than changes to pre-synaptic D, auto-receptors. Therefore, the downstream impact of
impaired synaptic dopamine clearance by DAT may have a more impact on post-synaptic D,
receptors.
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Our observation that dampened phasic dopamine release only occurred in the SF group

is also noteworthy since phasic burst-release of dopamine specifically occurs in response

to salient stimuli, like high-calorie palatable food [11,20]. This suggests that diets high in
saturated fat could promote dysregulated feeding by dampening phasic dopamine release,
which could reduce the perceived enjoyment of food, leading to compensatory intake

to achieve the same reward magnitude [10,16]. In addition, D receptors preferentially
respond to phasic burst-firing due to their low affinity for dopamine [18,19,21,40]. Since
D1 receptors project to the hypothalamus to promote satiety and terminate feeding, reduced
phasic dopamine release could further promote dysregulated feeding [31]. This is supported
by findings from the Fulton Lab, who reported that a saturated fat diet impaired the D,
receptor/Protein Kinase A (PKA) signaling pathway which is involved with the sensitizing
and conditioning of response to reward [4]. In contrast, a diet high in monounsaturated fat in
the form of olive oil preserved normal signaling associated with D, receptors.

In addition to PKA, impairments in kinase signaling pathways such as protein kinase C
(PKC) might also explain the observed differences in DAT activity between saturated fat
and flax-fed groups. PKC, a primary regulator of DAT surface expression, co-localizes
with DAT and leads to the internalization of DAT [41,42]. One of the molecules that
activates PKC is diacylglycerol (DAG) [43]. Recent research has elucidated that different
PKC isoforms have varying sensitivity to DAG depending on whether DAG contains
shorter and saturated fatty acids or longer and polyunsaturated fatty acids [44]. Moreover,
there is evidence that saturated fatty acids are preferentially converted to DAG compared
to PUFA [45]. Therefore, enhanced PKC activation by DAG driven by saturated fat in

our SF group could contribute to decreased DAT activity indicated by reduced Vpax. In
addition to the putative direct role of PKC and DAG on DAT internalization, extracellular
signal regulated kinase (ERK) also regulates DAT activity [42]. This is highly relevant to
our study where we observe an insulin-resistant phenotype, as insulin acts on the ERK
signaling pathway via PI3K/Akt kinase signaling to regulate DAT activity [46]. Previous
studies also show that impaired insulin receptor function on dopamine neurons, associated
with an insulin-resistant phenotype, slows dopamine uptake [26,33]. Finally, saturated

fat specifically impairs insulin-activated regulation of dopamine uptake in the NAc in a
P13K/Akt-dependent manner by decreasing dopamine transporter expression on the cell
surface and reducing dopamine uptake [35,47]. In the present study we indirectly assessed
the effects of dietary fat on insulin resistance by monitoring the rate of blood glucose
clearance. We previously reported delayed blood glucose clearance in mice fed a high fat
diet, and numerous literature reports show that obesity caused by a high fat diet slows
blood glucose clearance, consistent with insulin resistance and type Il diabetes-induced
metabolic dysfunction [33,48-51]. Our study replicates previous findings with respect to
the high saturated fat group. In addition, our results are consistent with previous reports
that mono- and poly-unsaturated fats (Flax) do not have the same metabolic impact since
the Flax group, in contrast to the SF group, had normal blood glucose clearance that

was similar to the Control group [52]. While the blood glucose clearance curves followed
expected patterns based on previous reports of insulin resistance associated with saturated
fat, an unanticipated significant negative correlation between increased body weight and
increased blood glucose clearance was observed in the SF group. Even though this was not a
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strong negative correlation, it is interesting in context of the strong, non-significant positive
correlation observed in the LF group. Blood glucose clearance is affected by many factors
including the insulin sensitivity and the volume of peripheral tissues present to handle large
boluses of glucose; therefore, further characterization of this relationship in future studies
will likely need to include analysis of adipose tissue samples may provide insights into these
findings. Overall, we suspect that a decrease in insulin sensitivity caused the delayed glucose
clearance in the SF and Blend groups, consistent with reports of saturated fat causing insulin
resistance.

In addition to glucose regulation and cellular signaling pathways altered by fatty acids,
saturated and unsaturated fatty acids have varying effects on membrane lipid raft
composition which in turn affect dopamine related membrane bound proteins and kinase
signaling pathways [23,42,53,54]. This is relevant in context to our findings because dietary
fatty acids influence the fatty acid composition of lipid rafts, which is associated with
kinetic changes of transporters or receptors contained therein [42]. Specifically, dopamine
receptor membrane-localization and oligomerization, as well as DAT conformation/activity
is dependent on lipid raft composition [53]. While direct effects of saturated and unsaturated
fats on lipid membranes may regulate dopamine neurotransmission, there is also evidence
that these fat species differentially influence the inflammatory process [22,55]. Therefore,
the differences we observed could be partially attributed to the well-established effects

of different fatty acids on inflammatory response. There is a large body of evidence
demonstrating that saturated fats promote peripheral inflammation while unsaturated fats
counter these effects [23]. Within the CNS, the effects of saturated and unsaturated fats have
similar effects on the glial cells that support and protect neurons. Specifically, astrocytes
and microglia undergo morphological changes (e.g. gliosis) and produce inflammatory
cytokines during pathophysiological conditions such as injury and infection as well as
consumption of a high saturated fat diet [22,55,56]. The implications of astrogliosis on
regulation of dopamine signaling could be significant, since astrocytes are not only involved
in metabolic support of dopamine neurons but they also modulate the signaling and
excitability of neurons in the dopaminergic VTA-NAc circuitry [57,58]. More broadly,
astro- or micro-glosis caused by saturated fat could lead to production of inflammatory
cytokines that are implicated in dysfunctional dopamine neurotransmission [59]. While a
diet high in saturated fat is associated with inflammation and pathophysiological changes

in dopamine neurotransmission, there is preliminary evidence that diets high in saturated

fat induce inflammatory response and gliosis specifically within the NAc, while a high fat
diet primarily composed of unsaturated fat does not elicit the same effects [30]. Since
unsaturated fats have well-established, beneficial anti-inflammatory effects, differences

in inflammatory status between the SF and Flax groups could provide insight into the
observed differences of blood glucose regulation and dopamine terminal changes in the
NAc. One of the proposed mechanisms for the development of gliosis and subsequent glial
inflammatory response with diets specifically high in saturated fat is associated with the
unique properties of saturated fat in activating toll-like receptors such as TLR-4. This would
also provide an explanation for the differences observed with the Flax diet since unsaturated
fats have been shown to counter these inflammatory responses and inactivate TLR-induced
signaling pathways [23]. This also has broader implications as TLR- induced signaling
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pathways have been shown to disrupt the regulatory kinase pathways that affect dopamine
neurotransmission.

Further appraisal of the impact that dietary fat and inflammation mechanisms have on
dopamine neurotransmission are merited. However, in the context of the divergent effects
of different fat species on dopamine neurotransmission, our findings are an important initial
step to elucidate the underlying mechanistic changes associated with specific dietary fat type
on dopamine neurotransmission. By directly testing real-time dopamine release and uptake
kinetics, we report that a diet high in saturated fat slows dopamine clearance and reduces
phasic dopamine release. In contrast, a high-fat diet containing PUFA-rich flax preserved
“normal” dopamine terminal function when compared to controls. Since the saturated
fat-induced changes in dopamine release and uptake have been linked with pathological
behaviors and anhedonia which promote enhanced seeking and consumption of rewards,
our findings suggest that saturated fat may contribute to individuals developing maladaptive
eating behaviors by disrupting synaptic control of dopamine. Disrupting synaptic dopamine
in brain regions like the NAc, which integrates into broader homeostatic control of satiety
via the hypothalamus, may contribute to the development of obesity. Additionally, given
the fact that our study used 60% kcals of fat, when the average American diet is 30—

45% kcals fat, the question remains as to what threshold of saturated fat is necessary to
impair dopamine neurotransmission. There is likely a graded effect of saturated fat on the
brain with the higher end of the American diet range causing impairments. This specific
examination needs to be completed, along with future studies that explore the efficacy of
an unsaturated fat (e.g. flax) to reverse or restore deficits in dopamine neurotransmission
caused by saturated fat. From a clinical perspective, the strategy of substituting dietary fat
type rather than removing or reducing dietary fat amount could improve the compliance of
dietary prescription. Specifically, when dietary changes are necessary to address systemic
and neurological health concerns caused by a high saturated fat western style diet.

R15DK119897, HHS Research Excellence Grant (SCF)
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Figure 1: Food Intake and Body Weight -
(A) Average daily food intake in kilocalories (kcals) over 6-weeks, with circle graphs

indicating the amount of daily kcals consumed relative to the saturated fat (SF) group.

Box plot represents the median, 25th and 75th percentiles, with the whiskers indicating the
minimum and maximum values. (B) Initial and final body weights in grams (g) connected
by a line for each individual mouse grouped by diet. The (=) marks indicate group means,
and the circle graphs below show the percent weight gain compared to the SF group. (**, p<

0.01; *** p<0.001, **** p<0.0001)
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Figure 2: Blood Glucose Regulation -
(A) Blood glucose measurements following a 9 hr fast. Box plot represents the median, 25th

and 75th percentiles, with the whiskers indicating the minimum and maximum values. (B)
Blood glucose values expressed as group mean = SEM before and after delivery of glucose
(2mg/kg i.p.). (C) Correlational analysis of glucose clearance plotted as a function of body
weight, with lines representing linear regression analysis within group. Pearson’s r values
and corresponding p value are inset in vertical order of treatment group legend. (**, p<
0.01; *** p<0.001, **** p<0.0001)
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Figure 3: Locomotor Behaviors -
(A) Total distance traveled during 10 minutes in an open field. (B) Number of times

each animal entered the center area of the open field during 10-minute exploration. (C)
Representative line traces showing spatial location of exploratory behaviors of the open
field. Box plot represents the median, 25th and 75th percentiles, with the whiskers indicating
the minimum and maximum values. (*, p< 0.05)
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Figure 4: Dopamine Release and Uptakein the NAc -
Dopamine release (A) and maximal rate of dopamine uptake (Vmax) (B) evoked by a

single pulse stimulation. To account for heterogeneous differences in dopamine release and
uptake between micro-domains within dopamine terminal regions of the NAc, at least two
baseline recordings were obtained from two to three separate coronal slices containing the
NAc, per mouse. The following are the (n) values for mice, slices, and total recordings

for each group, respectively: Control n=6 mice, 11 slices, 17 recordings; SF n=9 mice, 18
slices, 28 recordings; Flax n=6 mice, 12 slices, 18 recordings; Blend n=6 mice, 10 slices,
14 recordings. (C) Representative cyclic voltammograms showing the oxidation peak of
dopamine at 0.6 volts (V) accompanied by the corresponding pseudo color plot showing the
change in current magnitude over time after evoking dopamine release by a single pulse at
4.9 seconds.
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Figure 5: Phasic Dopamine Release and Do Auto-receptor Function -

A C
250 -o- (S:I(:ntrol -e- Control -e- Control 150+ —e- Control
- =
" -+ Flax Blend 2 = SF
- © ~
2200 < £ 100-
- ¢ =
2 2 &
= 150 £
0 G 501
Q -
o
00--oooeeremerere e a
T T r T T r T T 0
1 10 100 1 10 100 1 10 100
Stimulation Frequency (Hz)
B *%k%k #
*kkk *kkk
R | R s
AUC 451+1.16 2.67 +0.56 3.59+0.63 3.86 £0.73
Difference
__.} oo
Control Flax Blend
1uM I

(A) Frequency response curve showing dopamine release evoked by 5-pulse trains (5p) at

5, 10, 20, 40, and 100 Hz. Phasic 5-pulse dopamine release is expressed as a percent of
single pulse (1p) dopamine release, and values are mean = SEM. (B) Aggregated line curves
showing dopamine release from 1 and 5 pulses, along with the difference in AUC from 5p
to 1p. The shaded area between dotted lines represents SEM, asterisks denote significant
difference between 1p and 5p within group, and the pound sign represents a significant
reduction in 5p dopamine release in the SF group compared to Control. (C) Dopamine
release following a cumulative half-log dose-response curve of the D5 agonist, quinpirole.
Changes in dopamine release are expressed as percent stable baseline prior to quinpirole

application. (* and #, p< 0.05; ***, p< 0.001, ****, p< 0.0001)
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Figure 6: Relationship Between Dopamine Release and Uptake with Body Weight and Glucose
Clearance -

Correlational analysis revealed no association between dopamine release and final body
weight (A) or AUC for glucose clearance during the IPGTT (B). In the SF group only, a
significant negative correlation was observed between the maximal rate of dopamine uptake
(Vmax) and body weight (C), and a significant positive correlation was observed between
Vmax and reduced ability to clear blood glucose (D). Significant Pearson’s r values for the
SF group are inset.
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