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Several genes involved in glucosensing of the endocrine pan-
creas have been proposed to serve a similar function in the
brain. These genes include the glucose transporter-2 (Glut-2)
and glucokinase (GK). In addition, the glucagon-like peptide 1
receptor, which serves as a downstream signal modulator in
pancreatic glucosensing and centrally alters feeding, is also of
interest. We used quantitative real-time RT-PCR to measure
changes in hypothalamic and brainstem Giut-2, GK, and Glp-1R
expression of these genes induced by food restriction and re-
feeding. Sprague-Dawley rats were 50% food restricted for 1
day; one-half of the food-restricted rats were refed with chow
for 1 hr before sacrifice. In both hypothalamus and brainstem,
gene expression of Glut-2, GK, and Glp-1R was significantly
lower in refed rats compared with food-restricted rats. The mea-
sures of gene expression In two feeding control groups (ad
{ibitum and voluntarily overfed animals) were intermediate be-
tween the food-restricted and refed groups, but were not sig-
nificantly different from each other. The results indicate that
putative glucosensing (GK, Glut-2, and Gip-1R) gene expres-
sion in the hypothalamus and brainstem Is reduced in response
to food intake, depending on prior nutritional status. Exp Biol
Med 228:943-950, 2003

Key words: glucose transport 2; glucokinase; glucagon-like pep-
tide-1 receptor; feeding

ypothalamic and brainstem regions have long been
implicated as glucose-sensing brain areas important
to the control of energy balance (1-6). Electro-

physiological studies have identified glucose-responsive
and glucose-sensitive neurons in both areas (7-10). The
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application of glucose, or glucoprivic agents, in these brain
regions alters multiple facets of energy balance, including
peripheral glucose homeostasis and feeding (11-13). The
precise mechanism by which the brain senses and responds
to alterations in glucose availability is not well understood.
Multiple studies suggest that glucose-sensing mechanisms
in pancreatic 3 cells provide a model for central glucose-
sensing processes (14-18). Several genes implicated in the
regulation of pancreatic B cell glucosensing and insulin se-
cretion are expressed in the hypothalamus and brainstem.
These genes include the glucose transporter-2 (Glut-2), glu-
cokinase (GK), and glucagon-like peptide-1 receptor (Glp-
1R) (19-27). Glut-2 is a high-capacity glucose transporter
that permits rapid intracellular and extracellular equilibra-
tion of glucose, whereas the hexokinase, GK, possesses a
K,, in the range of physiological glucose concentrations
(28). The physical properties of GK and Glut-2 facilitate
proportional cellular responses to alterations in glucose
availability over a range of physiological concentrations. As
such, Glut-2 and GK have been proposed to optimize “gate-
keeper” functions for glucose entry and metabolism during
glucosensing processes (14, 29, 30). Glp-1R is a receptor-
recognizing hormone synergistic with glucose in controlling
insulin release in pancreatic B cells and is important in
determining cellular sensitivity to glucose (31).

Previous studies have shown Glut-2, GK, and Glp-IR
mRNA to be colocalized in discrete brain regions associated
with the regulation of food intake (20, 21, 32). Several in
vivo studies indicate a role for Glut-2, GK, and Glp-IR in
the control of feeding. Intracerebroventricular injection of
antisense against Glut-2 reduces glucoprivic hyperphagia
(33); the injection of possible GK inhibitors into the third
cerebral ventricle disrupts normal feeding (34); and cen-
trally administered Glp-1R agonists and antagonists recip-
rocally affect feeding (20, 35, 36). Collectively, these find-
ings support the hypothesis that Glut2, GK, and Glp-1R

participate in central glucosensing related to the regulation
of food intake.
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In the pancreas and liver, the expression of Glut-2 and
GK genes is altered by nutritional status; fasting reduces the
expression of both genes in both organs, whereas refeeding
rapidly enhances GK expression and more slowly increases
Glut-2 expression (37). It is not known whether such treat-
ments affect the brain expression of these genes. Here, we
hypothesized that short-term food restriction and refeeding
alter the expression of Glut-2, GK, and Glp-1R genes in
selected regions of the rat brain. Highly sensitive, quantita-
tive real-time RT-PCR was used to measure hypothalamic
and brainstem Glut-2, GK, and Glp-1R mRNA levels in
food-restricted rats and refed rats. We also examined gene
expression in liver as a peripheral tissue control and for
methodological validation. Brain cortex was used as a nega-
tive tissue control. Two additional feeding control groups
were included in the attempt to account for changes in ex-
pression that may occur due to food restriction and also due
to food-intake independent of prior feeding status, (Fig. 1).

Our results show that Glut-2, GK, and Glp-1R expres-
sion in the hypothalamus and brainstem were lower in refed
rats compared with food-restricted rats. Expression levels
were not changed by short-term food restriction or volun-
tary hyperphagia. The data provide evidence that changing
nutritional status can acutely alter the expression of genes
proposed to be involved in brain glucosensing.

Materials and Methods

Forty adult male, Sprague-Dawley rats weighing 250 g
were obtained from Harlan Sprague-Dawley (Houston, TX)
and were individually housed in wire mesh cages in a hu-
midity- and temperature-controlled room (22° = 2°C, 65%-
67% humidity) on a 12:12-hr light:dark cycle with lights on
at 0700 hr. All rats had free access to regular chow (Rodent
Laboratory Chow 5001; Purina Mills, St. Louis, MO) and
tap water, and were handled daily. The food intakes were
measured daily for 7 days. One day before the start of
experiment, rats were randomly divided into two groups:
control and food restricted. Control rats had ad libitum ac-

Day before One hour feeding regime on Name of
| experiment experimental day each group

Food Without food » FR

restricted
Ad libitum chow access n

SD rats ¥ Rotd

Ad libitum chow access » Control 1

Control "
Ad libitum chow and cookies Control 2

Figure 1. Schematic illustration of the experimental design of the
feeding portion of this study. For the food-restricted period, rats were
provided with 50% amount of their daily consumed chow for 1 day.
Refeeding began at 0800 hr on the following morning. There were 10
rats in each group.

cess to food; food-restricted rats were fed with 50% of their
daily chow intake for 1 day, starting at 0800 hr. The 50%
value was based on individual animals’ average daily intake
for the previous 3 days. At 0800 hr of the experimental day,
the food-restricted rats were subdivided into two groups
labeled as food restricted (FR) and refed. Animals in the FR
group were continued with no access to food, whereas the
animals in the refed group were given ad libitum access to
chow for a 1-hr period. Control rats were also subdivided
into two groups labeled as “control 1” and “control 2.” Both
control 1 and control 2 rats had continued ad libitum access
to chow throughout the experimental period. The rats in the
control 2 group were additionally provided ad libitum ac-
cess to cookies (Jack’s Vanilla Wafers; Murray Biscuit
Company, Elmhurst, IL, caloric content: 4.3 kcal/g, com-
position: 11.1% fat, 81.5% carbohydrate, and 7.4% protein)
for the 1-hr period of refeeding. Cookies were chosen based
on the results of preliminary studies that showed that non-
FR rats voluntarily consume similar gram quantities of
cookies compared with grams of chow eaten by FR rats in
a similar experimental period. A variety of other palatable
foods yielded inferior responses (Zhou J, unpublished ob-
servations). All rats were decapitated at the end of the 1 hr
refeeding period. The feeding portion of the experimental
design is schematically displayed in Figure 1.

The postmortem measurements included 1 hr of food
intake corrected for spillage, blood glucose (measured with
a glucose testing meter, Accu-Chek Advantage; Roche Di-
agnostics, Indianapolis, IN); serum insulin (Rat Insulin RIA
kit; Linco Research, St. Louis, MO); and Glut-2, GK, and
Glp-1R gene expression in hypothalamus, brainstem, cor-
tex, and liver. The animal protocol was previously approved
by the Pennington Biomedical Research Center Institutional
Animal Use and Care Committee.

The brains and livers were rapidly removed and frozen
on dry ice (brain) or liquid nitrogen (liver) after decapita-
tion. The hypothalamus, brainstem, and cortex were grossly
dissected from the whole brain as tissue blocks on ice.

Dissection of the Hypothalamus, Brainstem,
and Cortex. A 7-mm coronal section of hypothalamic
area was made from the optic chiasm (corresponding ap-
proximately to 0.6-0.7 mm posterior to bregma in the atlas
of Paxinos and Watson [38]) and extended posteriorly to the
mamillary bodies. The resulting section was laid on a plate
with the rostral surface facing up. A horizontal cut was
made at the top of the third ventricle. The resulting lower
portion was cut parasaggitally at the hypothalamic sulci.

Medial hindbrain, including area postrema, nucleus of
the solitary tract, and dorsal motor nucleus of the vagus
were collected as a contiguous tissue block. The brain was
placed on a cool surface, dorsal side up. The cerebellum was
gently retracted and a coronal cut was made approximately
1.0 mm caudal to the anterior-most edge of the visible area
postrema. A second coronal cut was made approximately
1.0 mm rostral to this landmark.
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The brain cortex was collected bilaterally at the frontal
cortex, motor area.

Total RNA Extraction from Hypothalamus,
Brainstem, Cortex, and Liver. Trizol reagent (GIBCO,
Gaithersburg, MD) was used for total RNA extraction, with
the exception that an Atlas Glass Total RNA Isolation kit
(Clontech Laboratories, Palo Alto, CA) was used for the
hypothalamus. Total RNA from each sample was quantified
spectrophotometrically and was confirmed by ethidium bro-
mide staining of the 18S and 28S bands under UV light after
electrophoresing samples on a 1% agarose/formaldehyde
gel.

Real-Time RT-PCR. Glut-2, GK, and Glp-1R
mRNA levels were determined by quantitative real-time
RT-PCR. Cyclophilin mRNA levels from each sample were
used as internal controls to normalize the mRNA levels
(38). TagMan probes and primers were designed using
Primer Express Software, version 1.0 (Applied Biosystems,
Branchburg, NJ) following the manufacturer’s guidelines.
The specificity of the designed primers and probes for their
respective target genes was confirmed by nucleotide
BLAST search on the NCBI database, There were no se-
quence homologies of probes or primers for any genes other
than the target genes in the same species. Primers of GK
were designed to nonselectively amplify both pancreatic
and liver forms of mRNA. The sequences of primers and
probes for cyclophilin (GenBank no. M15933), Glut-2
(GenBank no. NM_012879), GK (GenBank no. M25807),
and Glp-1R (GenBank no. NM_012728) are listed in
Table L

Real-time RT-PCR was performed in a 50-pl final re-
action volume using a TagMan 100Rxn PCR core reagent
kit (Applied Biosystems). The forward primer concentra-
tions were 500 nM for Glut-2, GK, and Glp-1R and 100 nM
for cyclophilin. The reverse primer concentrations were 500
nM for Glut-2, GK, and Glp-1R and 200 nM for cyclophilin.
The probe concentrations were 250 nM for Glut-2, GK, and
Glp-1R and 100 nM for cyclophilin. Real-time RT-PCR
conditions were as follows: 48°C for 30 min, then 95°C for
10 min for one cycle, followed by 40 cycles of 95°C for 15

sec and 60°C for 1 min on an ABI PRISM 7700 sequence
detector (Applied Biosystems). The standard curves were
generated from corresponding tissues from normal, un-
treated Sprague-Dawley rats. The data within the linear re-
gion of the amplification curve was analyzed according to
ABI’s user bulletin no. 2. The specificity of PCR product
for each tested gene was confirmed by sequencing.

Statistic Analysis. Blood glucose and serum insulin
data were analyzed by one-way analysis of variance
(ANOVA) with adjusted Tukey’s post hoc pair-wise com-
parison. For analysis of the differences in the means of
blood glucose and serum insulin values specifically in FR/
refed groups and in control 1/control 2 groups, a linear
function of random variables model was used according to
the method of Freund and Wilson (40). All of the gene
expression data were analyzed by one-way ANOVA. For
comparisons between FR and refed groups, we used FR rats
as the control. For comparisons between the control 1 and
control 2 groups, we use control 1 as the control. Data are
presented as means + SE.

Results

One day of 50% food restriction resulted in lower body
weights compared with control rats (273 +4 g vs 291 3 g;
P < 0.01). One-hour calorie intake during the experimental
period is shown in Figure 2. Refed rats ate more chow than
control 1 rats and ate a similar amount of food (grams)
compared with control 2 rats (data not shown). The calorie
intake of the control 2 group was slightly higher than the
refed group; 99% of food eaten by control 2 rats was cook-
ies. Blood glucose and serum insulin values are shown in
Table II. Blood glucose was significantly lower in FR ani-
mals and was significantly higher in the refed and control 2
groups compared with control 1 rats (Table II; P < 0.01).
The serum insulin levels of FR rats were significantly lower
compared with the control 1 group; refed rats’ serum insulin
values were similar to those of the control 1 group. The
insulin levels of the control 2 (cookie-fed) group were sig-
nificantly elevated compared with control 1 rats (Table II; P
< 0.01). The magnitude of change in blood glucose and

Table I. The Sequences of Primers and Probes for Cyclophilin (GenBank no. M15933), Glut-2 (no.
NM_012879), GK (no. M25807), and Glp-1R (no. NM_012728)

Name

Sequence (5'-3')

Cyclophilin

Forward primer: CCCACCGTGTTCTTCGACAT

Reverse primer; TGCAAACAGCTCGAAGCAGA
Probe: CAAGGGCTCGCCATCAGCCG

GK Forward primer: CAAGCTGCACCCGAGCTT
Reverse primer: TGATTCGATGAAGGTGATTTCG
Probe: TCAGCCTGCGCACACTGGCG

Glut-2

Forward primer: GTCCAGAAAGCCCCAGATACC

Reverse primer: TGCCCCTTAGTCTTTTCAAGCT

GLp-1R

Probe: TTGCCCTGACTTCCTCTTCCAAATTTAGGTAA
Forward primer: CTGCATCGTGATAGCCAAGCT

Reverse primer: GGACTTCGCGAGTCTGCATT
Probe: AGGCTAATCTCATGTGTAAGACC
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Figure 2. Food intakes during 1-hr experimental period. Refed rats
ate more chow than control 1 rats and had slightly lower calorie
intakes than contro 2 rats. Ninety-nine percent of food consumed by
control 2 rats came from cookies. Data are means + SE.

serum insulin in FR versus refed animals compared with the
changes occurring in control 1 versus control 2 gro\u'ps is
shown in Table II. The data indicate that the extent to which
blood glucose rose in the refed rats compared with the FR
animals was significantly greater than the rise in blood glu-
cose in the control 2 group compared with control 1 (P <
0.01). The magnitude of change in serum insulin reveals no
difference between FR and refed animals compared with the
difference between controls 1 and 2 (P > 0.05).

The results of Glut-2, GK, and Glp-1R expression in
the hypothalamus and brainstem for all four treatment
groups are illustrated in Figure 3A (hypothalamus) and Fig-
ure 3B (brainstem). In both the hypothalamus and brain-
stem, gene expression of Glut-2, GK, and Glp-1R was sig-
nificantly lower in refed rats compared with FR animals
(F, , =478,P<0.05F; 5 = 11.5,P<00LF; 15 =
19.5, P < 0.01 for Glut-2, GK, and Glp-1R, respectively, in
the hypothalamus; F; 15y = 7.4, P <0.05; Fy |5, = 4.55,
P = 0.05; F, 5 = 6.16, P < 0.05 for Glut-2, GK, and
Glp-1R, respectively, in the brainstem). Although the
changes in Glut-2 and Glp-1R for FR and refed rats were
small, there was still a 35% reduction in Glut-2 and a 16%
reduction in Glp-1R. Gene expression in the control 2
group, which had similar food intake as the refed group
during the 1-hr refeeding period, did not show the changes
compared with control 1 (non-FR) rats. The measures of
gene expression in control groups 1 and 2 (non-FR or
cookie-fed) were intermediate between the FR and refed

groups, but were not significantly different from each other
or from FR rats.

In the liver (Fig. 4), changes in Glut-2 gene expression
were similar to those observed in the brain: 1 hr of refeeding
significantly reduced Glut-2 gene expression in liver com-
pared with FR rats (P < 0.05). The two control groups had
intermediate Glut-2 gene expression between the FR and
refed groups, but the values were not significantly different
from each other or the other experimental groups. The
changes of GK expression in liver showed a distinctly dif-
ferent pattern compared with brain GK expression. FR re-
duced GK expression compared with control 1 (P < 0.05).
Refed animals showed significantly increased liver GK ex-
pression compared with FR rats (P < 0.05), and similar
levels as the control 1 rats. GK expression in the control 2
(cookie-fed) group was 400% higher than the control 1
group (P < 0.01).

GK and Glp-1R expression could not be detected in
samples from the brain cortex. Glut-2 was detected in
cortex, although the levels were very low compared with
the other brain areas and the liver. In normal, untreated
Sprague-Dawley rats, ratios of Glut-2 to cyclophilin were
10.89 + 1.89, 0.37 £ 0.19, 0.19 £ 0.05, and 0.09 + 0.02 for
liver, brainstem, hypothalamus, and cortex, respectively.
Glp-1R was not detectable in the liver, consistent with pre-
vious reports (32, 41-43).

Discussion

This study was conducted to determine the effects of
food restriction and refeeding on changes in Glut-2, GK,
and Glp-1R gene expression in proposed glucosensing re-
gions of the rat brain (2, 11, 12, 43). The two control groups
were designed to isolate the effects of food restriction (con-
trol 1) and the effects of feeding independent of prior re-
striction (control 2). Our results indicate that feeding, after
a mild caloric restriction, reduces putative glucosensing
gene expression in the hypothalamus and brainstem,
whereas overfeeding from a nonrestricted state does not
produce such changes. However, we cannot rule out the
possibility that overfeeding on cookies failed to alter gene
expression due to unidentified dietary constituents absent in
vanilla wafers but present in chow.

Table Il. Blood Glucose and Serum Insulin of Fasted and Refed Rats

Food Difference

00

restricted Refed Control 1 Control 2 Food restricted  Control 1 versus
versus refed control 2

Blood glucose (mg/dl) 102 + 22 134 + 3° 118 + 3° 132 £ 3° 32134 14 + 48

Serum insulin (ng/ml) 3.4 +£04° 16.2 £ 1.0° 13.2 +1.1¢ 25.9+ 225 129+ 03 127 £1.3

Nots. Data are means + SE for groups 9 to 10 rats measured at the end of a 1-hr feeding period. Statistical significance was determined by
one-way ANOVA with Tukey’s post hoc pair-wise comparison (P < 0.05). Values for a given parameter that do not share a common superscript
are significantly different. For the differences between fasted versus refed and control 1 versus control 2, serum insulin levels were not different,
whereas the magnitude of changes in glucose level were significantly higher in fasted/refed group compared with control 1/control 2 group.
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The level of mRNA from all three genes (GK, Glut-2,
and Glp-1R) was reduced, approximately to the same extent
in both brain regions during refeeding, consistent with regu-
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Figure 4. Glut-2 and GK expression in liver measured at the end of
experiment (after 1 hr of refeeding). Data are means + SE for groups
of eight to nine rats.

=1 Control 1
El Control 2

Figure 3. Giut-2, GK, and Glp-1R
expression in hypothalamus (A) and
brainstem (B) measured at the end
of experiment (after 1 hr of refeed-
ing). Data are means + SE for
groups of seven to nine rats.

lation by a coordinated response or a similar response to a
common factor, as has been suggested for Glut-2 and GK in
BTC6-F7 cells (43). The most likely candidate, as a com-
mon factor affecting the expression, is glucose, which has
been shown to initiate the expression of GK and Glut-2 in
pancreas (45-47) and Glp-1R in cell lines (32, 48). Extra-
cellular brain glucose has been shown to parallel blood glu-
cose over a wide range of concentrations (49). We assume
that, with respect to the refed and control 2 rats, the cells of
the brain regions tested had all been acutely exposed to
changes in glucose availability immediately before sam-
pling. The magnitude of change of blood glucose in the
FR/refed animals was significantly greater than the change
in the control 1/control 2 groups (Table II). Thus, the gene
expression changes in brain might have resulted from either
the extent or rate of change in glucose availability. These
results support Bray’s proposed glucodynamic theory,
which suggests that it is the dynamic change of glucose, not
the absolute level of blood glucose, that is responsible for
control food intakes (1).

The observed changes in hepatic GK expression con-
firm the previous conclusion that the dietary manipulations
had strong effects on the expression of GK in liver (47, 50,
51). Also, across all feeding groups, the relative levels of
liver GK expression coincide with the dietary-induced
changes in serum insulin levels (Table II), and support pre-
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vious reports that insulin is an important regulator of GK
expression in the liver (37, 50). Compared with GK, the
changes in hepatic Glut-2 expression were less profound.

In the hypothalamus and brainstem, refed rats showed
lower mRNA levels of GK, Glut-2, and Glp-1R compared
with FR animals. Our data indicate both similarities (Glut-
2) and differences (GK) in gene expression after refeeding
between the brain and liver. The pattern of Glut-2 gene
expression is similar between both organs across all treat-
ment groups, suggesting a possible common mechanism of
control in both brain and liver. In contrast, the hepatic and
brain expression of GK are distinctly different from each
other. In the liver, food restriction decreased, and refeeding
increased GK expression, whereas refeeding reduced GK
expression in the brain, and food restriction showed no ef-
fect. Thus, factors regulating GK expression in the brain are
presumed to be different from those affecting GK expres-
sion in the liver. A reliable comparison of brain G]p-lR
gene expression with other organ systems is less clear at this
time.

The primary hypothesis of study is that the mechanisms
of glucosensing in pancreatic 8 cells provide a model for
glucosensing in the brain. Previous reports have shown that
glucose, or glucose dynamics, control the expression of
Glut-2 and GK in pancreatic B cells (45-47), and similarly
regulate Glp-1R expression in MING cells (32). These re-
ports consistently show upregulation of gene expression in
response to increasing concentrations of glucose availabil-
ity. Our results indicate the opposite situation in the brain
where Glut-2, GK, and Glp-1R were downregulated in the
face of presumed increasing glucose concentrations. These
results imply that either elevated glucose differentially regu-
lates the expression of Glut-2 and GK in pancreas and brain,
or that other unidentified local factors are responsible for
the brain effects. Given the diversity of receptor and
postreceptor-mediated events affecting brain cells, together
with the lack of the individual identity of the cells measured
in the current study, we cannot make firm conclusions about
the mechanisms responsible for the observed changes. It is
likely that fasting optimizes brain cell sensitivity to feeding
and is required to produce measurable changes in gene ex-
pression. However, we cannot exclude the alternative pos-
sibilities that the differences in expression may have re-
sulted from differences in nutrient composition (chow ver-
sus cookies), or that hedonic or other sensory inputs from
feeding on highly palatable food might have interfered with
glueose-associated influences on gene expression.

The quantitative real-time RT-PCR technique used in
this study has several advantages over alternative mRNA
assessment techniques. Compared with in situ hybridization
and RNase protection assays, real-time RT-PCR is more
specific and more sensitive for detecting small changes in
the RNA expression, and eliminates the need for electro-
phoresis (52, 53). To further confirm the specificity of real-
time PCR products, we tested for the possibility of genomic
DNA contamination, and the PCR products have been se-

quenced to ensure that the PCR amplification was specific
to the target genes. However, real-time RT-PCR has a low
anatomical specificity compared with in situ hybridization.
It should be noted that by using grossly dissected brain
regions, we may have missed measuring small, but impor-
tant changes in specific brain nuclei due to dilution by
mRNA from unaffected tissues. Nevertheless, our data rep-
resent the first evidence that refeeding after fasting reduces
proposed glucose-sensing gene expression in brain areas
related to the control of feeding behavior.

Our ability to assign physiological relevance of the
present findings is limited because mRNA levels may not
reflect the levels of protein or protein activities (54-57). The
levels of proteins coded by our target genes in the brain are
extremely low, and current protein detection methods are
much less sensitive than real-time PCR. Thus, we cannot
successfully detect comparable changes of protein in the
tissues used in the present study.

In summary, 1 hr of refeeding after 1 day of 50% food
restriction lowered mRNA levels of Glut-2, GK, and Glp-
IR in the hypothalamus and brainstem. Similar food intake
induced by access to palatable food had no measurable ef-
fect in non-FR animals. The changes in hepatic gene ex-
pression induced by fasting and refeeding, and by overfeed-
ing, were consistent with previous reports. The pattern of
changes in hepatic GK expression is dissimilar to the
changes seen in the brain. Although the mechanism under-
lying the nutritionally related changes in gene expression
are not understood at this time, we found lower expression
of the glucosensing gene in hypothalamic and brainstem
in response to food intake, depending on prior nutritional
status.
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