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Abstract

Obesity is one of the leading health concerns in the United States. Studies from human
and rodent models suggest that inherent differences in the function of brain moti-
vation centers, including the nucleus accumbens (NAc), contribute to overeating and
thus obesity. For example, there are basal enhancements in the excitability of NAc
GABAergic medium spiny neurons (MSN) and reductions in basal expression of AMPA-
type glutamate receptors in obesity-prone vs obesity-resistant rats. However, very
little is known about the regulation of extracellular glutamate and GABA within the
NAc of these models. Here we gave obesity-prone and obesity-resistant rats stable
isotope-labeled glucose (13C6-glucose) and used liquid chromatography mass spec-
trometry (LC-MS) analysis of NAc dialysate to examine the real-time incorporation
of 13Cé-glucose into glutamate, glutamine, and GABA. This novel approach allowed
us to identify differences in glucose utilization for neurotransmitter production be-
tween these selectively bred lines. We found that voluntarily ingested or gastrically
infused 13Cé‘-glucose rapidly enters the NAc and is incorporated into 13C2-glutamine,
13C,-glutamate, and **C,-GABA in both groups within minutes. However, the magni-
tude of increases in NAc 13C2-glutamine and 13C2-GABA were lower in obesity-prone
than in obesity-resistant rats, while basal levels of glutamate were elevated. This sug-

gested that there may be differences in the astrocytic regulation of these analytes.

Abbreviations: 1362, stable isotope-labeled glutamate/GABA/glutamine; 13C6, stable isotope-labeled glucose; 3-MT, 3-methoxytyramine; AAALAC, Association for Assessment and
Accreditation of Laboratory Animal Care International; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; ANOVA, analysis of variance; AVMA, American Veterinary Medical Association; CaCl,, calcium chloride; CSF, cerebral spinal fluid; ESI, electrospray ionization; GABA,
y-Aminobutyric acid; GAD-67, glutamic acid decarboxylase-67; Gln, glutamine; GLT-1, glutamate transporter-1; Glu, glutamate; GLUT-1, glucose transporter 1; GS, glutamine synthetase;
HPLC-MS, High-performance liquid chromatography-mass spectrometry; i.p, intraperitoneal; KCl, potassium chloride; LC-MS, liquid chromatography-mass spectrometry; MgSO,,,
magnesium sulfate; MSN, medium spiny neurons; NAc, nucleus accumbens; NaCl, sodium chloride; NaH,PO,,, sodium phosphate; OP, obesity prone; OR, obesity resistant; PFA,
Paraformaldehyde; PSI, pounds per square inch; RM ANOVA, repeated measures analysis of variance; SEM, standard error of the mean; TCA, tricarboxylic acid cycle (citric acid cycle).
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1 | INTRODUCTION

In 2016, the WHO estimated that there were 1.9 billion adults
worldwide with overweight, and 650 million of those individuals are
obese. This amounts to roughly 13% of the world's population, and
childhood overweight and obesity rates suggest that these numbers
will only continue to rise. Within the United States of America, the
obesity rate in adults over the age of 18 in 2017-2018 was greater
than 40% (Hales et al., 2020). Rising obesity rates negatively impact
health due to a variety of associated conditions including diabe-
tes, stroke, heart disease, and certain cancers (GBD 2015 Obesity
Collaborators, Afshin A, Forouzanfar MH, Reitsma MB, Sur P,
Estep K, Lee A, Marczak L, Mokdad AH, Moradi-Lakeh M, Naghavi
M, Salama JS, Vos T, Abate KH, Abbafati C, Ahmed MB, Al-Aly Z,
Alkerwi A, Al-Raddadi R, Amare AT, Amberbir A, Amegah 2017).

While many studies of the neural basis of obesity have focused
on the hypothalamus because of its role in the regulation of appe-
tite, energy expenditure, and metabolism, a growing number of stud-
ies have begun to examine brain areas associated with motivation
and reward, including the nucleus accumbens (NAc; Dagher, 2009;
Stice et al., 2013; Ferrario, 2017). The use of obesity-prone (OP) and
obesity-resistant (OR) rat lines has revealed a number of basal dif-
ferences in NAc function and feeding behavior that promote weight
gain (Ferrario, 2020; Gorski, 2006; Madsen et al., 2010). For example,
there are basal enhancements in the excitability of NAc GABAergic
medium spiny neurons and reductions in basal expression of AMPA-
type glutamate receptors in obesity-prone vs obesity-resistant rats
(Alonso-Caraballo & Ferrario, 2019; Derman & Ferrario, 2018a;
Oginsky & Ferrario, 2019; Oginsky, Maust, et al., 2016). Furthermore,
consumption of sugary, fatty foods selectively enhances NAc gluta-
mate transmission in obesity-prone but not obesity-resistant rats,
and blockade of NAc AMPARs is sufficient to reduce food-seeking
in obesity-prone groups (Derman & Ferrario, 2018b; Ferrario, 2020;
Oginsky et al., 2016a). However, very little is known about the regu-
lation of extracellular glutamate and GABA within the NAc of these
models.

An estimated 90% of glutamate uptake in the brain occurs via
GLT-1 glutamate transporters on astrocytes, after which glutamate
is converted into glutamine by the enzyme glutamine synthetase

Thus, we next examined NAc glutamine synthetase, GAD67, and GLT-1 protein ex-
pression. Consistent with reduced '*C,-glutamine and **C,-GABA, NAc glutamine
synthetase and GLT-1 protein expression were reduced in obesity-prone vs obesity-
resistant groups. Taken together, these data show that NAc glucose utilization differs
dramatically between obesity-prone and obesity-resistant rats, favoring glutamate
over GABA production in obesity-prone rats and that reductions in NAc astrocytic
recycling of glutamate contribute to these differences. These data are discussed in
light of established differences in NAc function between these models and the role of

the NAc in feeding behavior.

(Danbolt, 1994, 2001; Schousboe et al., 2014). Glutamine from as-
trocytes is in turn shuttled to glutamatergic and GABAergic neurons
where it is ultimately converted into their primary transmitters. Thus,
alterations in GLT-1 expression, glutamine synthetase, and/or astro-
cytes themselves can affect the synthesis, and reuptake of glutamate/
GABA thereby regulating the homeostatic balance of these trans-
mitters. In the hippocampus, a high-fat diet reduces the expression
of glutamine synthetase (Valladolid-Acebes et al., 2012). A high-fat
diet also enhances astrocyte complexity in the prefrontal cortex and
reduces GLT-1 function (Tsai et al., 2018). Furthermore, treatment
with N-acetylcysteine (which modulates glutamate/GABA homeo-
stasis in large part via actions on astrocytic glutamate processing) is
sufficient to reverse this effect (Lau et al., 2021) and to reduce instru-
mental responding to high-fat food (Sketriene et al., 2021). Finally, ad-
ditional data suggest that the effects of N-acetylcysteine on feeding
may be greater in obesity-prone vs obesity-resistant rats (Sketriene
et al., 2021). However, no studies have examined potential differ-
ences in the regulation of glutamate or GABA in the NAc of obesity-
prone or obesity-resistant rats, nor have direct measures of glutamate
or GABA been made.

Here we used stable isotope-labeled glucose (13C6-glucose)
coupled to microdialysis and liquid chromatography-mass spec-
trometry (LC-MS) to examine extracellular glutamate and GABA
and the real-time incorporation of 13Cé—glucose into these trans-
mitters in the NAc of obesity-prone and obesity-resistant rats. In
addition, expression of GLT-1, glutamine synthetase, and GAD-67
were measured in NAc tissue. We found that, voluntarily ingested
or gastrically infused 13Cé-glucose rapidly enters the NAc and is in-
corporated into 13C2—glutamine, 13C2—glutamate, and 13C2—GABA in
both groups within minutes. However, the magnitude of increases
in NAc 13C2—glutamine and 13C2—GABA were lower in obesity-prone
than in obesity-resistant rats. Glutamine synthetase, and GLT-1
protein expression in NAc tissue were also lower in obesity-prone
compared with obesity-resistant groups. Taken together, these data
suggest basal differences in glucose utilization and the astrocytic
regulation of glutamate and GABA in the NAc of obesity-prone vs
obesity-resistant rat lines. These data are discussed in light of estab-
lished differences in NAc function between these models and the
role of the NAc in feeding behavior.
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2 | METHODS

2.1 | General methods

2.1.1 | Subjects

All studies used male selectively bred obesity-prone (OP) and
obesity-resistant (OR) rats bred in-house (Vollbrecht et al., 2015).
Original breeding pairs were purchased from Taconic, which were
offspring of animals created by Dr. Barry Levin on a Sprague Dawley
background. Food (Lab Diet 5001) and water were available ad libi-
tum unless otherwise specified and all rats were 70days old at the
start of the experiments. All rats were maintained on a reverse light-
dark cycle (12:12; lights off 8 am) and were pair-housed prior to sur-
gery. All microdialysis measures were performed in red light during
the dark phase of the cycle starting at ~9 am. No randomization of
subjects was utilized in this study. Procedures were approved by The
University of Michigan Committee on the Use and Care of Animals in
accordance with AAALAC and AVMA guidelines, protocol number:
PRO00010401.

2.1.2 | Surgery and microdialysis and
dialysate collection

Stereotaxic procedures were used to implant unilateral guide can-
nulae over the nucleus accumbens (NAc) as previously described
(Vollbrecht et al., 2016). Briefly, isoflurane anesthesia was used (in-
duction: 5% maintenance: 2.5%) and rats were given the analgesic
carprofen preoperatively and once per day for 2days postopera-
tively (5 mg/kg, s.c.). After 3days of recovery, rats were food re-
stricted (6days) to 85-90% of their free-feeding body weight by
limiting the amount of food available each day. Food restriction was
maintained throughout the remainder of the experiment. To further
encourage rapid consumption of glucose during microdialysis sam-
ple collection, rats were given samples of the pellets in their home
cage 2days prior to testing, and food was removed from the home
cage the night prior to testing (see Figure 2 for graphical timeline).

A microdialysis probe (BASI-30kDA, PAN Membrane, 320pum
diameter) was lowered through the guide cannula 24h prior to
sample collection. On the day of sample collection, the microdial-
ysis probe was flushed at 2 pl/min with artificial cerebrospinal fluid
(aCSF;145mM NacCl, 2.68mM KCl, 1.10mM MgSO,,, 1.22mM CaCl,,
0.50mM NaH,PO,, and 1.55mM Na,HPO,,; pH 7.4) at a flow rate of
2 pl/min for 1 h. The rate was reduced to 1 pl/min for another hour
prior to dialysate collection. Thus, there was a total of 2 h of equil-
ibration prior to sample collection. Animals were awake and freely
moving throughout the experiment. Samples were collected every
2 min (2 pl) and treated as described previously (Wong et al., 2016)
with sodium carbonate 100mM and benzoyl chloride (2% in aceto-
nitrile v/v) before the addition of the internal standard. The mixture
was quickly vortexed after each addition and stored for subsequent
LC-MS analysis (-80°C).

Neurochemistry

2.1.3 | HPLC-MS analysis

HPLC analysis was performed using a Waters (Milford, MA) nanoAc-
quity HPLC equipped with a Waters BEH C18 column (1 mm x 100 mm,
1.7 pm, 130A pore size). Mobile phase A was 10mM ammonium
formate and 0.15% (v/v) formic acid in water. Mobile phase B was
acetonitrile. The mobile phase gradient was as follows: initial, 0%
B; 0.1 min, 15% B; 2 min, 20% B; 2.3 min, 25% B; 2.31min, 50% B;
5.31min, 50% B; 5.57 min, 65% B; 6.57 min, 65% B; 6.58 min, 0% B;
8.0 min, 0% B. The flow rate was 100 pl/min, and the sample injection
volume was 9 pl in partial loop injection mode. An autosampler was
kept at ambient temperature, and the column temperature was main-
tained at 27°C. An Agilent 6410 triple quadrupole mass spectrometer
was used for detection. Electrospray ionization (ESI) was performed
in positive mode at 4 kV. The gas temperature was 350°C, with a
flow rate of 11 L/min, and the nebulizer was 15 PSI. Automated peak
integration was performed using Agilent MassHunter Workstation
Quantitative Analysis for QQQ, version B.05.00. All peaks were visu-
ally inspected to ensure proper integration. Calibration curves were

constructed on the basis of peak area ratio (P /P, 5) versus con-

analyte
centrations of the internal standard by linear regression.

214 | 13Cé—glucose pellets

Pellets were made by combining 540 mg of 13Cé—glucose, 5 mg of xan-
than gum, and 120 pl of water on the morning of the experiment. This

mixture was allowed to air dry into solid pellets to be given to the rats.

2.1.5 | Histology

Probe placement was confirmed visually. Briefly, rats were humanely
euthanized using sodium pentobarbital (100mg/kg, i.p.) before
pushing 0.2 ml of Fast Green (blue dye) manually through the mi-
crodialysis probe until the dye is seen exiting the probe outlet. The
brain is removed and fixed in 4% PFA. Coronal brain sections (50 um)
were cut through the forebrain using a Leica CM1850 cryostat (Leica
Microsystems, Buffalo Grove, IL). Only rats with probe placements
falling within the striatum were included in the final analyses (Ns
are given within each experiment below). No animals were excluded
from this study. An example section can be seen in Figure 1.

2.2 | Western blot analysis of NAc
protein expression

Tissue from the NAc was collected from intact adult rats in both
groups (OR n = 5; OP n = 4) and used for Western blotting. Briefly,
rats were anesthetized using isoflurane and weighed prior to decapi-
tation. Microdissection of the NAc was performed on ice. The tissue
was frozen on dry ice and stored at -80°C. Nucleus accumbens tis-
sue was later homogenized with a 2% SDS solution supplemented
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(Roche) and sonicated. Sample buffer (Beta mercaptoethanol/4X
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Laemmli Sample Buffer) was added to the tissue samples before
freezing at -80°C. Sixty microgram protein samples were subjected
to Western Blot analysis using antibodies to glutamine synthetase
(1:1000, rabbit, Millipore, catalog no. G2781), GAD-67 (1:1000, rab-
bit, Invitrogen, catalog no. PA5-21397), and GLT-1 (1:10 000, guinea
pig, Millipore, catalog no. AB1783) diluted in TBS. Secondary anti-
bodies used for detection were Goat anti-Rabbit (1:10 000, LiCor
Westernsure, catalog no. 926-80011) and Donkey anti-Guinea
Pig (1:10 000, Jackson ImmunoResearch, 705-035-147) diluted in
TBS + Tween. Bands of interest were normalized to total protein in
each lane using Ponceau staining. Blots were imaged and analyzed

using a C-DiGit Blot Scanner and ImageStudio (Licor).

2.3 | Experimentl:OraI13C6-glucose

After the 2-h equilibration period described above, baseline di-

alysate samples were collected for 20min (10 fractions). Next, rats

~1mm

FIGURE 1 Example microdialysis probe placement verification.
A fast green dye can be observed at the site of dialysis within the
nucleus accumbens (black arrow; green/blue coloration). The track
of the probe from the dorsal aspect of the brain to the NAc is
indicated by the white arrow. The dotted line indicates the rough
borders of the nucleus accumbens. Scale bar = ~1 mm.

@ Experiment 1: Oral
Overall Timeline

were presented with a crock containing 540mg 13(Z()—Glucose pellets
(OP n =5, OR n = 5), and samples were collected for an additional
70min (Figure 2a). Blood glucose was measured (via tail nick) at the
start of the equilibration period and again at the end of microdialysis
sample collection using a glucometer.

2.4 | Experiment 2: Intragastric sucrose and
3¢, -glucose

Itis possible that the sweet taste of glucose in Experiment 1 contrib-
uted to the observed effects. Therefore, we examined the effects
of intragastric sucrose and 13Cé—glucose on NAc glucose and neuro-
chemicals within the same rats. Gastric sucrose was infused first fol-
lowed by gastric 13Cé glucose in an attempt to compare the effects
of sucrose vs glucose within-subject. Briefly, rats were anesthetized
with isoflurane and after a midline incision, the stomach was ex-
posed (OP n = 3, OR n = 3). The tip of a silastic catheter equipped
with a one-way flow valve to prevent reflux of gastric contents
(Ideasmold LLC, Cincinnati, OH) was inserted into the antrum. The
catheter was secured within the stomach, exteriorized through the
left abdominal wall and tunneled subcutaneously to the dorsal neck
region, and sealed with a 22G PinPort (Instech Laboratories Inc.).
Animals were fed Osmolite 1.0 CAL liquid diet (Abbott Nutrition
Abbott Laboratories Columbus, OH) for 4days following surgery.
Buprenex (twice daily) and meloxicam (once daily) were adminis-
tered prior to surgery, and for 3days following surgery. The gastric
catheter was flushed weekly with a small volume of water via the
PinPort. Animals were allowed to recover for 10days before guide
cannula implantation (Figure 2b).

As above, baseline dialysate samples were collected for 20min
after the 2-h equilibration period. Rats were then given an intragas-
tric infusion of saline (1 ml) followed 30min later by an intragastric
infusion of sucrose (540mg in 1 ml of saline). After an additional
70min, rats were given an intragastric infusion of 13Cé-GIucose
(540mgin 1 ml of saline). Dialysate samples were collected through-
out. As in Experiment 1, blood glucose was measured at the start of
the equilibration period and again at the end of microdialysis sample

collection using a glucometer.

® Experiment 2: Gastric
Overall Timeline

Gastric
Surgery

XS 4
Stereotaxic Microdialysis
Surgery Start Fast ]l Testing

Food
Restriction

Microdialysis Time Course

Stereotaxic - Microdialysis
Surgery Start Fast Testing
Food
Restriction

Microdialysis Time Course

| Baseline (20 min) “ 70 minutes |

l Baseline (20 min) |

30 min 70 minutes 70 minutes I

Oral consumption of
540 mg "*Cg-glucose

Gastric '*Cg-glucose
(540 mgin 1 mL)

Gastric Saline Gastric Sucrose
(1 mL) (540 mgin 1 mL)

FIGURE 2 Experimental timelines. Experiment 1 included 5 OP and 5 OR animals. Experiment 2 included 3 OP and 3 OR animals. A
timeline for animals used in the western blot studies was not included as no manipulation was done.
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2.5 | Statistical analysis

Data were analyzed using Prism 9 (GraphPad, San Diego, CA).
Comparison between the two groups was made with unpaired
two-tailed t-tests, as appropriate. For the comparison of two
groups over time, two-way-repeated measures ANOVAs were
used. Sidak's post-hoc multiple comparisons were utilized when
appropriate. The threshold p-value was set at 0.05 in all cases ex-
cept for data presented in Tables 1 and 2, which set the thresh-
old at 0.007 as a result of Sidak's post-hoc multiple comparison
tests applied after t-tests were conducted. We did not conduct an
a priori power analysis as we had no way to estimate the expected
variance or effect size. Post-hoc analysis was used to calculate ef-
fect size and evaluate statistical power. Assuming a medium ef-
fect size, repeated measures comparisons, and an N of three per
group, there is a 97% chance of correctly rejecting the null hypoth-
esis (G*power; Faul et al., 2007). Cohen's d values of 0.2, 0.5, and
0.8 are considered to be small, moderate, and large, respectively,
whereas values of greater than 1 are considered to be extra-large
(Festing, 2018). No tests for outliers were used; no data points
were excluded. No assessment of the normality of the data was
conducted. Experimenters were not blinded to animal strain dur-
ing care or dialysis sample collection, but were blinded during tis-
sue collection, assessment of probe placement, and microdialysis

analyte analysis.

3 | RESULTS
3.1 | Experiment 1: Oral 13C6-glucose

Table 1 summarizes extracellular concentrations of analytes of in-
terest at baseline (prior to the introduction of labeled glucose). The
concentration of 3-MT, glucose, and glutamine was slight, although
significantly, reduced in obesity-prone vs obesity-resistant groups,
whereas concentrations of glutamate and GABA were significantly
greater in obesity-prone vs obesity-resistant groups (see Table 1 for

statistics).

TABLE 1 Baseline nucleus accumbens
extracellular analyte concentrations,
Experiment 1 3-MT

DA
GABA

Compound

Glucose
Glutamate
Glutamine

Norepinephrine

JNC =—W1 LEY-

Although rats were food restricted to 85%-90% of their free-

feeding body weight, obesity-prone rats were still significantly

Neurochemistry

heavier than obesity-resistant animals at the time of dialysate collec-
tion (Figure 3a; unpaired two-tail t-test: t; = 3.41; p <0.01). Food was
removed from the home cage the night prior to testing; therefore, all
rats readily and rapidly ate the 13Cé-glucose pellets presented (within
1 min, visual observation KMN). This consumption resulted in a sig-
nificant increase in blood glucose levels from the start to finish of di-
alysate sample collection that was similar in both groups (Figure 3b;
Two-way RM ANOVA; main effect of time: F(1,s) = 9.54; p = 0.01;
main effect of group: F(l,S) = 3.98; p = 0.08; time x group interaction:
Fig = 0.34; p = 0.58). Prior to **C,-glucose consumption, NAc glu-
cose levels were similar in obesity-prone vs obesity-resistant groups
(Figure 3c; baseline). However, after ingestion, total NAc extracel-
lular glucose (endogenous +13C6—glucose) was significantly lower in
obesity-prone vs obesity-resistant groups (Figure 3c; two-way RM
ANOVA; time x group interaction: F(1,s) = 2.62; p = 0.14; main effect
of time: F(1,8) = 2.21; p = 0.18; main effect of group: F(1,8) = 5.29;
p = 0.05; Sidak's posttest: OP vs OR baseline: p = 0.8893, postglu-
cose p = 0.0275), suggesting that glucose uptake from the blood-
stream into the NAc may be reduced in obesity-prone rats.

Figure 4 shows concentrations of 13Cé-glucose (A), 13C2-glutamate
(B), °C,-glutamine (C), and **C,-GABA (D) for each dialysate sample
collected (1 sample/2 min; 70min total). In these experiments, we
measured 13C2—glutamate and 13C2—glutamine because these isoto-
pologs are formed in neurons and astrocytes from 13Cé—glucose via
Kreb's cycle (Shameem & Patel, 2012). Examination of this time course
showed a lower rate of rise of 1°C s-8lucose in obesity-prone vs obesity-
resistant groups (Figure 4a; time x group interaction: Flaassy = 3.96;
p<0.0001). Concentrations of stable isotope-labeled glutamate,
glutamine, and GABA increased over time in both groups, as the
stable isotope-labeled carbon from 13Cé—glucose was metabolized
and incorporated into these neurotransmitters (Figure 4b-d: Two-
way RM ANOVA; significant main effect of time, 13C2-glutamate:
Fusssy = 6901 p<0.0001; °C,-glutamine: F,s0, = 48.73;
p<0.0001; °C,-GABA: Fy, ;s = 33.78; p<0.0001). Increases in
13C2—glutamate were similar across groups (Figure 4b). In contrast,

increases in 13C2—glutamine and 13C2—GABA were significantly lower

OR(n=5) OP (n=5) p value
0.49 +0.014nM 0.44 +£0.0056nM 0.0029*
2.5+0.067nM 2.3 +£0.049nM 0.087
14 +0.36nM 16 +0.53nM 0.0002*
230 +5.1uM 210 +4.6 M 0.042
320 £9.5nM 480 +14nM <0.0001*
29 +£0.63pM 26 +0.55uM 0.0004*
0.19 +£0.013nM 0.20 +0.0087nM 0.35

Note: Average concentration across first 18 min prior to glucose admin. Values reported as

averages + SEM.

*p <0.007 via two-tailed unpaired t-test with Sidak's multiple comparison correction.
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in obesity-prone than obesity-resistant groups (Figure 4c,d; Two-way
RM ANOVA,; significant time x group interaction, 13C2—glutamine:
Fuua 359 = 1.502; p<0.05; *C,-GABA: F,, 55, = 1.598; p<0.05). Thus,
although both groups have similar glutamate production, the produc-
tion of extracellular glutamine and GABA from ingested glucose was
reduced in obesity-prone rats. Given that glutamate is the precursor
for GABA and relies on glutamine for its synthesis, this pattern sug-
gests that there could be alterations in glutamate/GABA reuptake and

metabolism (see discussion).

3.2 | Experiment 2: Intragastric sucrose and
13C6-glucose

It is possible that the sweet taste of glucose contributed to group
differences in NAc glucose and neurochemical levels. Therefore,
we examined the effects of intragastric sucrose and intragastric
'8¢, -glucose infusions in obesity-prone and obesity-resistant rats.
Figure 5 shows the weight (A), blood glucose levels (B), and NAc

Compound OR (n=3) OP(n=3)
3-MT 0.43 +£0.020nM 0.43 +£0.045nM
DA 2.9 +0.13nM 3.0 £0.057nM
GABA 16 +0.54nM 24 +1.1nM
Glucose 180 +7.2uM 150 +3.7uM
Glutamate 230 +10nM 530 +17nM
Glutamine 26 +1.1uM 27 £0.57uM
Norepinephrine 0.23 +0.020nM 0.12 +0.019nM

glucose during baseline (C; 0-18 min), after intragastric saline (20-
50min), and after intragastric glucose infusion (50-120min). It
should be noted that, while tempting, values from Experiment 1 and
Experiment 2 should not be compared as animals were treated dif-
ferently and experiments were not set up for direct comparison.

Table 2 summarizes concentrations of analytes of interest at
baseline for obesity-prone and obesity-resistant rats in Experiment
2. Differences here were generally similar to those observed in
Experiment 1. Specifically, GABA and glutamate were greater in
obesity-prone vs obesity-resistant groups, while NAc glucose levels
were significantly lower in obesity-prone vs obesity-resistant groups
(see Table 2 for statistics). In contrast to Experiment 1, the relatively
small difference in 3-MT was not observed, however, lower norepi-
nephrine levels were found in obesity-prone vs obesity-resistant
groups.

Total NAc glucose before and after gastric sucrose infusion is
shown in Figure 5d. At the time of testing, obesity-prone rats were
significantly heavier than obesity-resistant rats (Figure 5a; t, = 5.65;

p<0.01). Baseline blood glucose levels were similar between groups

TABLE 2 Baseline nucleus accumbens
extracellular Analyte concentrations,
0.99 Experiment 2

0.47
<0.0002*
<0.005*
<0.0001*

0.33

0.001*

p-value

Note: Average concentration across first 18 min prior to saline injection. Values reported as

averages+SEM.

*p <0.007 via two-tailed unpaired t-test with Sidak's multiple comparison correction.
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FIGURE 3 Oral 13Cé-glucose consumption results in similar increases in blood glucose levels but lower total NAc glucose in obesity-prone
vs obesity-resistant groups. (a) Obesity-prone (OP) rats were significantly heavier than obesity-resistant (OR) rats (t; = 3.41; p<0.01). (b)
Blood glucose levels were similar at the start of the experiment and increased following 13Cé—glucose consumption in both groups (main

effect of time: F(1 8= 9.54; p = 0.01; main effect of group: F(1,8) =398;p

=0.08). (c) Baseline NAc glucose levels were similar between

groups (prior to ! C,-glucose consumption), but total NAc glucose levels (endogenous +13C6—g|ucose combined) following 13Cé—glucose
consumption were lower in obesity-prone vs obesity-resistant groups (main effect of group: F(1,8) =5.29; p = 0.05). n = 5 animals per group.
All data are shown as average + SEM unless otherwise noted; *p <0.05, **p <0.01 (see Results for additional statistical information).
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FIGURE 4 13Cé-glucose entry and incorporation into glutamate, glutamine, and GABA after oral consumption. The dotted line indicates
the time of oral 13Cé-glucose consumption. (a) Nucleus accumbens 13Cé-glucose levels increased at a greater rate and to a greater extent in
obesity-resistant vs obesity-prone groups (time x group interaction: F44y352) = 3.96; p<0.0001). (b) increases in 13C2-glutamate were similar
in both groups. (c) 13C2—glutamine increased shortly after increases in 3C2—glutamate in both groups, but the magnitude of this increase was
smaller in obesity-prone vs obesity-resistant groups (time x group interaction, Flaa.3s0=1.502; p <0.05), (d) 13C2—GABA increased in both
groups, but the magnitude of this increase was smaller in obesity-prone vs obesity-resistant groups (time x group interaction F(44y352) =1.598;

p<0.05). n =5 animals per group. #a significant time x group interaction; #p <0.05; ###p <0.001.
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FIGURE 5

Intragastric sucrose administration results in similar blood glucose levels but reduced NAc glucose in obesity-prone vs obesity-

resistant groups. (a) Obesity-prone animals were significantly heavier than obesity-resistant rats (t, = 5.65; p <0.01). (b) Blood glucose levels
were similar between groups and appeared to increase following intragastric sucrose infusion (main effect of time: Fu4=620p= 0.07). (c)
Dotted lines represent intragastric infusion of saline (20 min) and glucose (50 min). Intragastric saline had no effect on NAc glucose levels.
Intragastric sucrose increased NAc glucose in both groups, but the magnitude of this effect was much greater in obesity-resistant vs obesity-
prone groups (group x time interaction: Fisg0a0) = 1.597; p = 0.008). (d) NAc glucose average baseline levels (time 0-18 min) and 70 min
following sucrose infusion (min 120). n = 3 animals per group. **p <0.01, ##a time x group interaction with p <0.01.

and appeared to increase following intragastric 13C,‘,)-glucose infusion
(Figure 5b; Two-way RM ANOVA; main effect of time: F[1,4] = 6.20;
p = 0.07). Similar to results following oral administration, intragas-
tric sucrose increased extracellular glucose levels in the NAc in both
groups, with smaller increases in obesity-prone vs obesity-resistant
groups (Figure 5¢; Two-Way RM ANOVA,; significant main effect of

time: F(1471s, 6.873) = 8.91; p = 0.01; significant group x time interac-
tion: Figg 535, =1.597;p = 0.008). These group differences were also
apparent when comparing NAc glucose levels before and after intra-
gastric sucrose infusion, with lower NAc glucose levels in obesity-
prone vs obesity-resistant groups (Figure 5d; Two-Way RM ANOVA;
main effect of group: F(1,4) =9.49; p = 0.04; Sidak's Post-test OP vs
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was no effect of intragastric saline on NAc glucose levels (Figure 5c,
20-50min). Thus, intragastric sucrose produced similar changes in
both blood and NAc glucose as voluntary oral glucose consumption.

Figure6showsneurochemica|changesfollowingintragastric13C6-
glucose administration (note time is continuous with Figure 5c; dot-
ted line 120 min). Similar to the effects of oral 13Cé—glucose, stable
isotope-labeled NAc glucose levels increased in both groups fol-
lowing gastric infusion, and this increase was significantly lower in
obesity-prone vs obesity-resistant groups (Figure 6a; Two-way RM
ANOVA; significant main effect of time: F(35,140) =10.19; p<0.001;
significant time x group interaction F(35,140) =1.489; p = 0.05). In this
cohort, increases in 13C2—glutamate were greater in obesity-prone vs
obesity-resistant groups (Figure 6b; Two-way RM ANOVA,; signifi-
cant main effect of time: F(94,376) =16.11; p<0.0001; significant main
effect of group: F(1,4) = 7.79; p = 0.05; significant group x time inter-
action: Fig, 57 = 1.376; p = 0.02). Similar to oral **C,-glucose, both
'3¢,-glutamine and *C,-GABA increased following intragastric*®C,-
glucose infusion in both groups (Figure 6c,d; Two-way RM ANOVA,;
main effect of time, glutamine: F(94,376) = 22.46; p<0.0001, GABA:
F(94,376) = 21.70; p<0.0001). While there were visual trends for
smaller increases in 13C2-glutamine levels in obesity-prone vs
obesity-resistant groups, no significant differences were observed.
This is likely due to high variability in the obesity-prone group.
However, increases in 13C2—GABA levels were smaller in obesity-
prone vs obesity-resistant groups (Figure 6d; Two-way RM ANOVA,;
significant timexgroup interaction: F(94,376) = 1.530; p = 0.003),
consistent with results from oral administration above. In sum, the
overall pattern of neurochemical changes was similar across oral and
intragastric administration. In addition, the smaller increases in 13C2‘
glutamine, and 13C2—GABA observed in obesity-prone vs obesity-
resistant groups suggest differences in the production of GABA
between obesity-prone and obesity-resistant groups.

Differences in the rate and magnitude of *3C,-glutamate, **C,-
glutamine, and 13C2-GABA increases between obesity-prone and

(a) 8C¢-Glucose (b) 13C,-Glutamate
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obesity-resistant groups could be due to alterations in the synthesis,
degradation, and uptake of these transmitters and their precursor.
Specifically, glutamine is the precursor for glutamate which is itself
converted into GABA by glutamate decarboxylase 67 (GAD-67),
which is found primarily in GABAergic neurons. The balance of glu-
tamate and GABA is also strongly influenced by the degradation of
these transmitters within astrocytes where glutamate is metabolized
into glutamine via glutamine synthetase (GS), an enzyme not found
in neurons (Figure 8). In addition, the expression of the glutamate
transporter GLT-1 on astrocytes also contributes to the regulation
of glutamate as the primary mechanism for glutamate reuptake from
the synapse. Therefore, to gain clues about potential differences in
these processes we used Western blotting to examine the protein
expression of GLT-1, GS, and GAD-67 in NAc tissue from obesity-
prone and obesity-resistant rats.

At the time of tissue collection for western blot analysis, obesity-
prone rats were significantly heavier than obesity-resistant rats
(OP = 630+43.9g; OR = 456+10.5g; t, = 4.3; p = 0.003; data not
shown). Analysis of GLT-1 expression showed GLT-1 was significantly
reduced in NAc samples from obesity-prone vs obesity-resistant
rats (Figure 7a; t, = 2.85; p = 0.02). Expression of GS in the NAc
was also significantly reduced in obesity-prone vs obesity-resistant
samples (Figure 7b; t, = 2.69; p = 0.03). No significant differences
were observed in GAD-67 expression (Figure 7c; t, = 1.23; p = 0.26).
Overall, the reductions in GS and functional GLT-1 in combination
with less glutamine synthesis in obesity-prone rats suggest substan-
tive differences in GABA/glutamate homeostasis between obesity-

prone and obesity-resistant groups.

4 | DISCUSSION

The use of obesity-prone and obesity-resistant rat lines has re-
vealed a number of basal differences in neural function and feeding
behavior that promote weight gain (Ferrario, 2020; Gorski, 2006;
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FIGURE 6 13C,‘,)-glucose entry and incorporation into glutamate, glutamine, and GABA after intragastric infusion. The dotted line in each
panel shows intragastric 13Cé-glucose infusion 70 min after intragastric sucrose infusion. (a) Labeled NAc glucose increases rapidly following
intragastric infusion and reaches higher levels in obesity-resistant vs obesity-prone groups (time x group interaction F(35,140) =1.489;

p =0.05). (b) 13C2—glutamate levels increased following intragastric 13Cé—glucose infusion, with larger increases in obesity-prone vs obesity-
resistant groups (main effect of group: F(1,4) =7.79; p = 0.05; significant group x time interaction: F(94,376) =1.376; p=0.02). (c) 13C2—glutamine
increased in both groups, with no significant difference between groups. (d) 13C2—GABA levels increased following intragastric 13Cé—glucose
infusion, with smaller increases in obesity-prone vs obesity-resistant groups (time x group interaction: F(94,376) =1.530;p=0.003).n=3
animals per group. #a significant interaction; *a main effect of strain; #p <0.05; ##p <0.01; *p <0.05.
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FIGURE 7 Protein expression of GLT-1 and glutamine synthetase is lower in obesity-prone animals. (a) Western blot analysis
demonstrated that expression of the functional monomer of GLT-1 (molecular weight ~62kD) was significantly reduced in obesity-prone rats
(t, = 2.85; p = 0.02). (b) Expression of the astrocytic protein glutamine synthetase (molecular weight ~42kD), which converts glutamate into
glutamine, was significantly lower in obesity-prone rats (t-test: t, = 2.69; p = 0.03). (c) No differences were observed in expression of GAD-

67 (molecular weight~ 67 kD) between groups (t, = 1.23; p=0.26). ORn=50Pn=4.
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FIGURE 8 Summary of proposed differences in astrocytic regulation of glutamate and GABA. Left: In obesity-resistant rats, glutamate
(glu) is removed from the extracellular space via GLT-1 on astrocytes. Within astrocytes (green cells), glutamate is metabolized into glutamine
via glutamine synthetase (GS). This glutamine is then used for the synthesis of GABA within medium spiny neurons (MSN). Right: This

same process occurs in obesity-prone rats, but the combination of reduced GLT-1 and GS expression in astrocytes results in less glutamine
availability for GABA synthesis in MSNs. Ultimately, these differences in astrocytic regulation result in higher NAc extracellular glutamate
levels in obesity-prone vs obesity-resistant rats, and reduced incorporation of 13Cé—glucose into 13Cz—glutamine and 13CZ—GABA following its

ingestion.

Madsen et al., 2010). Here we asked how voluntary ingestion or
gastric infusion of sugar affects the incorporation of glucose into
extracellular pools of glutamate, GABA, and glutamine in the NAc
using stable isotope-labeled glucose and microdialysis coupled
to LC-MS. It should be noted that, while tempting, values from
Experiment 1 and 2 should not be directly compared as animals
were treated differently and experiments were not set up for di-
rect comparison. Briefly, glucose is normally incorporated into

glutamate both in glutamatergic neurons and within astrocytes.
Glutamate reuptake primarily occurs via astrocytes (GLT-1), where
it is then converted into glutamine (via GS; Figure 8). Thus, eleva-
tions in extracellular glutamate could arise from increased presyn-
aptic glutamate release or from reduced uptake into astrocytes.
Given that GLT-1 expression is reduced in OP vs OR rats, we pro-
pose that reduced uptake of glutamate via GLT-1 in astrocytes
contributes to the differences reported. In addition to reduced
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uptake of glutamate into astrocytes via GLT-1, there is also a re-
duction in GS. Reduced conversion of glutamate to glutamine via
GS likely reduces the glutamine pool available for GABA synthe-
sis. Glutamate reuptake and conversion to glutamine are separate
aspects of astrocyte function which we propose together result
in reduced GABA production. We found that **C,-glucose rapidly
enters the extracellular space but less labeled glucose is found in
obesity-prone than obesity-resistant animals. In both groups 13Cé—
glucose was incorporated into the extracellular pool of glutamate,
glutamine, and GABA; however, the magnitude of increases in
NAc *3C,-glutamine and **C,-GABA were lower in obesity-prone
vs obesity-resistant groups. This was associated with a reduc-
tion in NAc glutamine synthetase and GLT-1 protein expression in
obesity-prone vs resistant groups and basal enhancements in ex-
tracellular glutamate in obesity-prone vs obesity-resistant groups
(Tables 1 and 2). Taken together, these data suggest differences
in glucose entry into the brain and glucose utilization within the
brain, as well as differences in the astrocytic recycling of gluta-

mate in the NAc of obesity-prone vs obesity-resistant rat lines.

4.1 | Levels of NAc glucose and 1‘°’C6-glucose

Despite similar basal NAc glucose levels, NAc glucose levels follow-
ing oral or gastric sugar were lower in obesity-prone vs obesity-
resistant groups (Figures 3-6). This finding, in combination with
similar blood glucose levels before and after sugar ingestion, sug-
gests that differences in NAc glucose may arise from altered glu-
cose transport across the blood-brain barrier in obesity-prone vs
obesity-resistant groups. Consistent with this idea, basal NAc glu-
cose levels tended to be lower in obesity-prone vs obesity-resistant
rats across both cohorts (Tables 1 and 2), despite similar baseline
blood glucose levels. In addition, the rate of rise in 13Cé—glucose
was slower in obesity-prone vs obesity-resistant groups after oral
ingestion (Figure 4a) and reached lower total levels following gas-
tric infusion (Figure 6a; see also below for additional discussion).
Diet-induced obesity can decrease the expression of the glucose
transporter, GLUT1, within endothelial cells of the blood-brain bar-
rier (Jais et al., 2016). In the current study, obesity-prone rats were
heavier than obesity-resistant rats (Figures 3a and 5a). Thus, it is
possible this was sufficient to alter glucose transport to the NAc
even without diet manipulation. These data also suggest that central
disruption of glucose homeostasis may precede peripheral disrup-
tion as the effects of sucrose ingestion on blood glucose levels were

similar across groups.

4.2 | Conversion of 13Cé-glucose into GABA,
glutamine, and glutamate

Following oral 13Cé—glucose ingestion, itsincorporation intolSCZ—GABA
was lower in obesity-prone vs obesity-resistant groups despite basal
extracellular levels of GABA being elevated in OP animals. This was

accompanied by lower 13C2—glutamine in obesity-prone vs obesity-
resistant groups, and similar or elevated levels of 13C2—glutamate.
Medium spiny neurons are the main source of GABA within the NAc;
they comprise 95% of all neurons within the NAc, with fast-spiking in-
terneurons making up ~1-2% of neurons. Both neuron types could be
affected by alterations in glutamine production. Astrocytes that sur-
round GABAergic and glutamatergic neurons take up glutamate from
extrasynaptic spaces via the glutamate transporter, GLT-1, and con-
vert glutamate into glutamine via the enzyme glutamine synthetase
(GS; Figure 8). This recycling of glutamate through astrocytes provides
nearly all of the glutamine required for the subsequent synthesis
of GABA (Schousboe et al., 2014). Thus, these differences in *3C,-
glucose incorporation suggest potential alterations in the synthesis,
degradation, and reuptake of GABA and glutamine. As illustrated in
Figure 8, reductions in GLT-1 expression would be expected to result
in greater basal extracellular glutamate levels and reductions in glu-
tamine needed for GABA synthesis. Combining lower glutamate reup-
take with lower glutamine synthetase expression in astrocytes would
likely further reduce glutamine levels, and consequentially reduced
13C2—GABA which requires glutamine as a precursor.

Consistent with the above hypothesis, we found greater basal ex-
tracellular glutamate in obesity-prone vs obesity-resistant rats in both
studies, and reductions in the expression of the active (monomeric)
form of GLT-1 in NAc tissue from obesity-prone vs obesity-resistant
rats (Figure 7a). We also found lower glutamine synthetase expression
in NAc tissue from obesity-prone vs obesity-resistant rats (Figure 7b).
This decrease in glutamine synthetase expression is consistent with
the lower 13C2-glutamine synthesis in obesity-prone rats and the re-
duced rate of 13C2-GABA production observed in our experiments
(Figures 4 and 6). Thus, taken together, our data suggest that there
are alterations in the astrocytic processing of glutamate (via reduced
uptake via GLT-1 and reduced conversion to glutamine via glutamine
synthetase) in obesity-prone vs obesity-resistant rats (Figure 8).

Reductions in 13C2-GABA could also arise from reduced con-
version of glutamate to GABA via the neuronal enzyme GAD-67.
However, the expression of GAD-67 was similar in obesity-prone
and obesity-resistant groups (Figure 7c; same samples probed
for GLT-1 and GS). This suggests that differences in 13Cé—glucose
utilization between obesity-prone and obesity-resistant rats may
be specific to the astrocytic regulation of GABA and glutamate.
Consistent with this interpretation, basal levels of GABA were
higher in obesity-prone vs obesity-resistant rats (Tables 1 and 2),
indicating that there are no fundamental deficits in neuronal GABA
synthesis or release per se. Rather, this could suggest that while
the rate of 13Cé—glumse incorporation into 13C2—GABA is slowed,
GABA release could be greater, and/or GABA uptake could be
slower in obesity-prone vs obesity-resistant rats. Consistent with
enhanced GABA release, the intrinsic excitability of GABAergic
medium spiny neurons in the NAc is enhanced in obesity-prone
vs obesity-resistant rats (Alonso-Caraballo et al., 2021; Oginsky &
Ferrario, 2019; Oginsky, Maust, et al., 2016). Given that MSNs are
the primary source of GABA within the NAc, enhanced activity of
these neurons could contribute to basal elevations in extracellular
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GABA, although GABAergic terminals from other input regions
or GABA release from local fast-spiking interneurons could also
contribute. This, combined with elevations in basal glutamate and
reduced glutamate uptake discussed above, could result in greater
activity of MSNs, which comprise 95% of all neurons within the
NAc, and higher basal levels of extracellular GABA despite re-
duced GABA production from glucose.

Previous studies have found reductions in glutamine synthe-
tase expression in hippocampal tissue from rats fed a high-fat diet
(Valladolid-Acebes et al., 2012). In addition, diet-induced obesity has
been shown to reduce GLT-1 function in the orbital frontal cortex,
and treatment with N-acetylcysteine (which modulates glutamate/
GABA homeostasis through actions on astrocytic proteins) is suf-
ficient to reverse this effect (Lau et al., 2021). Thus, intrinsic dif-
ferences between obesity-prone and obesity-resistant rats found
here would be expected to exacerbate the effects of a high-fat
diet and/or obesity on the astrocytic regulation of glutamate and
GABA. While we do not know why GLT-1 levels are lower in obesity-
prone vs obesity-resistant rats, closer examination of the Western
blots provides some clues. Specifically, when we probed for GLT-1
there was a smear above ~125 kD in samples from obesity-prone
but not obesity-resistant rats (Supplemental Materials). This pattern
is consistent with the expression of the polyubiquitinated form of
GLT-1 (Ibafiez et al., 2016; Martinez-Villarreal et al., 2012; Sheldon
et al., 2008). Polyubiquitination of the transporter via Nedd4-2 is
associated with internalization and degradation of GLT-1 and with
elevated glutamate (Garcia-Tardon et al., 2012; Ibdfez et al., 2016).
Thus, differences in the regulation of GLT-1 protein degradation
could contribute to reduced GLT-1 expression in obesity-prone rats
and elevated basal extracellular glutamate levels.

When 13Cé—glucose was given via intragastric infusion, 13C2—GABA
and 13C2—glutamine incorporation increased in both groups. This
demonstrates that orofacial sensation, sensory transduction in the
oral cavity or esophagus, or voluntary intake are not required for the
observed increases following oral ingestion in Experiment 1. Instead,
these effects appear to be linked to intestinal absorption of glucose
regardless of administration method. Similar to results following oral
infusion, intragastric 13Cé—glucose resulted in smaller increases in
extracellular 13C2—GABA and 13C2—glutamine in obesity-prone vs
obesity-resistant groups. In addition, we found elevated 13Cé-glucose
incorporation into '*C,-glutamate. This is in contrast to oral **C,-
glucose which resulted in similar (though highly variable) levels of **C,-
glutamate. Although speculative, this difference could arise because
13Cé—glucose was given after gastric sucrose infusion, essentially pro-
viding more substrate in these fasted rats. In any case, elevations in
extracellular **C,-glutamate are consistent with reduced GLT-1 ex-
pression and lower 13C2-glutamine and GABA discussed above.

4.3 | Additional considerations and summary

Although the NAc 13Cé-glucose levels reached were lower in
obesity-prone vs obesity-resistant groups, we do not think this is
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13C2—GABA. Specifically, given that glutamate is the necessary pre-
cursor for GABA, and that 13C2—glutamate levels were either similar
or enhanced following **C,-glucose, reductions in **C,-GABA in-
corporation are most likely due to reduced availability of glutamine
and not to differences in NAc 13Cé-glucose. In our studies, all rats
were food-restricted and had not eaten for at least 12h prior to
sugar ingestion. Thus, it is unclear whether basal levels of analytes
or the response to sugar ingestion would differ in ad lib-fed animals.
The number of animals utilized in Experiment 2 was relatively small.
However, Cohen's d tests indicate large effect sizes for the animal
weight (Figure 5a; Cohen's d = 4.627), total NAc glucose (Figure 5c;
Cohen's d = 1.334), and C,-glucose (Figure éa; Cohen's d = 1.002), a
medium effect size for C,-glutamate (Figure 6b; Cohen's d = 0.423),
and small effect size for C,-GABA (Figure éd; Cohen's d = 0.294).
These values suggests that our studies have uncovered significant
results. While additional significant findings may be masked by a low
N our power analysis suggests that with our current N we should be
able to correctly identify differences with a medium effect size 97%
of the time. Finally, females were not included. While there is no a
priori evidence to suggest sex differences, effects in females should
be examined in future studies. In summary, data here support the
idea that the astrocytic regulation of NAc glutamate and GABA, and
NAc glucose utilization differ in obesity-prone vs obesity-resistant
rats. Decreased levels of the astrocytic proteins GLT-1 and glutamine
synthetase likely contribute to alterations in glutamate recycling and
GABA synthesis that were observed in these studies. Future studies
should continue to explore the role of astrocytes in obesity, specifi-
cally considering how manipulations of proteins such as GLT-1 and
glutamine synthetase may contribute to behavioral phenotypes ob-

served in obesity.
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