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Abstract
Fasting increases neuropeptide Y (NPY) expression, peptide levels and the excitability of
NPY-expressing neurons in the hypothalamic arcuate (ARC) nucleus. A subpopulation of
ARC-NPY neurons (~ 40%) are glucose-inhibited (GI)-type glucose sensing neurons.
Hence, they depolarize in response to decreased glucose. Because fasting enhances NPY
neurotransmission, we propose that during fasting GI neurons depolarize in response to
smaller decreases in glucose. This increased excitation in response to glucose decreases
would increase NPY-GI neuronal excitability and enhance NPY neurotransmission.
Using an in vitro hypothalamic explant system, we show that fasting enhances NPY
release in response to decreased glucose concentration. By measuring relative changes in
membrane potential using a membrane potential sensitive dye, we demonstrate that
during fasting, a smaller decrease in glucose depolarizes NPY-GI neurons. Furthermore,
incubation in low (0.7 mM) glucose enhanced while leptin (10 nM) blocked
depolarization of GI neurons in response to decreased glucose. Fasting, leptin and
glucose-induced changes in NPY-GI neuron glucose sensing were mediated by 5'AMP
activated protein kinase (AMPK). We conclude that during energy sufficiency, leptin
reduces the ability of NPY-GI neurons to sense decreased glucose. However, after a fast,
decreased leptin and glucose activates AMPK in NPY-GI neurons. As a result, NPY-GI
neurons become depolarized in response to smaller glucose fluctuations. Increased
excitation of NPY-GI neurons enhances NPY release. NPY, in turn, shifts energy
homeostasis towards increased food intake and decreased energy expenditure in order to
restore energy balance.
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Introduction
Energy homeostasis is regulated by a neural network that responds to nutrients,
hormones, and neuronal signals (28). The neuropeptide Y (NPY) neurons within the
arcuate nucleus of the hypothalamus (ARC) stand out as prime candidates for sensing and
responding to signals of energy homeostasis. Fasting increases neuropeptide Y (NPY)
gene expression and peptide content and enhances NPY neuronal excitability (5, 36, 40).
Stimulation of NPY neurotransmission activates neuronal circuitry that increases feeding
and promotes energy storage to restore energy homeostasis (27).

Nutrients and hormones inform ARC-NPY neurons about peripheral energy status. For
example, ~40% of ARC-NPY neurons belong to the subtype of glucose sensing neurons
which are inhibited by glucose (GI neurons) (22). GI and NPY-GI neurons also respond
to hormonal signals of energy balance. For instance, leptin inhibits both NPY and GI
neurons (2, 6, 32). Both glucose and leptin concentrations are proportional to peripheral
energy status (1, 9). Therefore, during positive energy balance, elevated glucose and
leptin would inhibit both NPY and GI neurons. In contrast, during fasting, when energy
stores are low, reduced glucose and leptin would increase the response of NPY-GI
neurons to decreased glucose. Under these conditions small decreases in glucose would
activate NPY-GI neurons and enhance NPY neurotransmission.

The identity of the cellular protein(s) conferring glucose sensitivity to NPY-GI neurons is
unclear. However, our data and that of others suggest that the cellular energy sensor,

5'AMP-activated protein kinase (AMPK) plays a key role in mediating glucose sensing
(6, 7, 22). Hypothalamic AMPK activity varies with nutritional status. During conditions
of energy deficit, like fasting, AMPK activation leads to increased food intake and
decreased energy expenditure to restore energy homeostasis (3, 16, 17, 21). Glucose and
leptin inhibit hypothalamic AMPK (3, 13, 19, 21). Moreover, AMPK activation mimics
the excitatory effect of low glucose in GI neurons while mice lacking the AMPKα2
subunit have no detectable GI neurons (6, 7). These data suggest that reduced leptin and
glucose during fasting activates AMPK in NPY-GI neurons. AMPK activation would, in
turn, increase the response of NPY-GI neurons to reduced glucose.

The aim of this study was to determine whether fasting enhances the response of NPY-GI
neurons to decreased glucose through the AMPK pathway. We used two approaches to
test this hypothesis. First, we compared hypothalamic NPY release in response to
decreased extracellular glucose from fed and fasted rats using an in vitro hypothalamic
explant system. Second, we determined whether fasting-induced AMPK activation
altered the glucose sensitivity of NPY-GI neurons using membrane potential sensitive
dye. Our results suggest that alterations in the glucose sensitivity of NPY-GI neurons
may underlie fasting-induced changes in hypothalamic NPY release.

Materials and Methods
1. In vitro hypothalamic peptide release
1a. Animals and Feeding Regimen
Male Sprague-Dawley rats (Charles River, 8-12 week old) were housed in a temperature
and humidity controlled facility with a 12 hour light: dark cycle (Lights on 0700- 1900).
They were fed standard rodent chow (Teklad# 4012) were randomly assigned to fed or
fasted feeding regimens. For fasted rats, food was removed at approximately 3 pm, 2
days before the experiment. Water was supplied to all rats ad libitum. Body weight was
recorded on each of the 2 days before and on the day of the experiment. The cumulative
body weight change was calculated for each feeding group. Trunk blood was collected
for glucose and leptin determinations. Leptin was measured using by ELISA using
commercially available kits according to the manufacturer's instructions (Linco,
Indainapolis IN). Glucose levels were measured using a glucose analyzer (AccuCheck,
Roche Diagnostics, Indianapolis, IN). The effect of food restriction was determined using
a One-Way ANOVA. The difference between individual feeding regimens was
determined using Bonferroni’s Post-Hoc Test. All procedures using laboratory animals
were approved by the IACUC of Merck Research Laboratories and the University of
Medicine and Dentistry of NJ.

1b. Tissue Preparation
On the morning of the experiment (between 1000 and 1130), rats were euthanized by
decapitation. The brains were rapidly removed and put into ice cold oxygenated perfusion
solution (composition in mM: KCl 2.5, NaH2PO4 1.25, MgCl2 7, CaCl2 0.5 NaHCO3 28,

glucose 7, ascorbate 1, pyruvate 3, sucrose 233, pH 7.4). The hypothalami were dissected
from the brain by blocking the tissue using the following anatomical landmarks: (1) the
optic chiasm rostrally, (2) the hypothalamic fissures laterally, (3) the mamillary bodies
caudally and (4) the ventral surface of the thalamus dorsally. The isolated block of tissue
was cross-chopped into 300 μm3 pieces using a McIlwain tissue chopper (Mickle
Laboratory Engineering, Guilford, UK) and loaded into individual chambers of the
Brandel Suprafusion System (Brandel Corporation, Gaithersburg Md.).

1c. Measurement of hypothalamic NPY Release
The tissue was perfused with fresh, oxygenated Kreb’s Buffer (composition in mM: NaCl
120, KCl 5, CaCl2 2.6, MgSO4 0.7, KH2PO4 1.2 NaHCO3, 10 glucose, aprotinin 0.1
mg/ml, 0.1 % BSA, pH 7.4, 37 oC) for approximately 30-60 minutes. Incubation in a
supraphysiological glucose concentration (7-10 mM) protects neuronal tissue during
dissection and sectioning. This recovery period does not affect the ability to detect
GSN's using electrophysiological techniques (23, 24, 30, 33, 38, 39). Furthermore,
incubation and testing hypothalamic tissue in 10 mM glucose does not impair the ability
to detect changes in NPY neurotransmission caused by fasting (20, 36). Tissue was then
acclimated in the reagent chamber for a minimum of one hour prior to the start of the
experiment in Kreb’s buffer containing 1.4, 2.5, 5 or 10 mM glucose as described for
individual experiments. Perfusate was collected over a total of 7, 15- minute intervals.
The first three intervals confirmed stable basal NPY release (Fractions#1-#3).
Experimental manipulations (e.g. electrical stimulation or acute glucose concentration
shift) occurred between fractions #3 and #4. Electrical stimulation parameters were

determined experimentally. The threshold electrical stimulus was the minimal electrical
stimulus that significantly increased NPY release. Maximal electrical stimulus yielded
NPY release that was five times that released in response to threshold stimulation.
Perfusate was collected for 3, 15-minute intervals post experimental manipulation
(Fraction #4-#6). Tissue viability was confirmed after a 20-minute washout period using
a 20-minute exposure to 100 mM KCl. KCl stimulated NPY release of viable tissue
samples (95% of those tested) was at least two times levels seen during the baseline
period. Collected perfusate was stored at 4oC and assayed for NPY content using a
commercially available RIA (Phoenix Pharmaceuticals, Belmont, CA).

The average NPY released from viable tissue samples was calculated by measuring the
NPY content for each time interval. Since the entire hypothalamus was used for these
assays, the tissue contained all hypothalamic NPY neuronal populations. Normalizing
NPY release to either tissue weight or total peptide content had no effect on relative
differences in NPY release due to feeding state or experimental manipulations (i.e.
electrical stimulation or glucose concentration change). The average Baseline Release
was calculated by averaging NPY released during each of the three pre-stimulation
intervals. The percent change in NPY release for each post-treatment fraction was
calculated relative to the average baseline release. The effect of electrical and glucosestimulated NPY release was compared to baseline release using a paired Student's t-test.
The effect of fasting, electrical, and glucose-stimulated NPY release was determined
using a One-Way ANOVA or Unpaired Student’s t-test where appropriate.

2. Double c-Fos and GFP immunohistochemistry
As previously described (11) hypothalamic sections containing the ARC of overnight
fasted and ad libitum fed NPY-GFP mice were first incubated in rabbit antiserum against
Fos protein (0.1%; Ab-5 antibody, Oncogene, Cambridge, MA) overnight at 4°C. After
washing, sections were incubated in biotinylated goat anti-rabbit IgG (0.2%; Jackson
ImmunoResearch, West Grove PA) and finally in streptavidin-peroxidase conjugate
(Jackson ImmunoResearch, West Grove, PA). Following diaminonezidine-nickel
revelation, sections were incubated in rabbit polyclonal antibody against GFP (0.1%;
Molecular Probes, Carlsbad, CA.). The second antigen-antibody complex was revealed
by diaminobenzidine. Consequently, Fos-positive cells presented with black nuclei while
GFP expressing cells presented with brown cytoplasm.

Fos +, GFP + and Fos+/GFP+ cells were counted using a computerized image analysis
(Visilog 6.2 software, Noesis). Total numbers of single (GFP) or double labeled (fosGFP) cells were counted bilaterally on six sections per ARC. Data is expressed as mean ±
SEM.

The operator was blinded to the feeding group. The effect of fasting was

determined using an unpaired Student’s t-test, with p < 0.05 taken as significant.

3. In vitro determination of glucose sensitivity in GI neurons using Fluorescence Imaging
Plate Reader Membrane Potential Dye ( FLIPR-MPD)
3a. Animals and Feeding Regimen
Male, 4-6 week old C57/BL6 mice (Taconic Laboratories, Germantown, NY) were
housed in a temperature and humidity controlled facility with a 12 hour light: dark cycle

(Lights on 0700 - 1900). NPY-GFP mice (Stock#006417, Jackson Laboratories, Bar
Harbor ME) were obtained at 4-5 weeks of age. All mice were weaned at 21 days of age
and tested at 4-6 weeks of age. They were fed standard rodent chow (Purina 5001). Mice
were randomly assigned to one of two feeding regimens: (1) fed ad libitum (Fed) or (2)
food removal between 0900-1200 on the day prior to experiment (Fasted). All mice were
weighed and body weight recorded on the day before and the day of the experiment. The
cumulative body weight change was calculated for each feeding group. Water was
supplied ad libitum. Mice were decapitated and trunk blood collected for glucose and
leptin determination. Glucose levels were determined using a glucose meter (AccuCheck,
Roche Diagnostics, Indianapolis, IN). Leptin levels were determined by ELISA using a
commercially available kit (CrystalChem, Downers Grove IL). The effect of fasting was
determined using a One-Way ANOVA.

3b.Measurement of membrane potential using FLIPR-MPD.
Isolated VMH neurons were obtained as described previously (6, 38). Briefly, wild-type
(C57Bl/6) or NPY-GFP mice were anesthetized with sodium pentobarbital (100 mg/kg
i.p.) and transcardially perfused with ice cold oxygenated (95% O2 /5% CO2) perfusion
solution containing (in mmol/l): 2.5 KCl, 7 MgCl2, 1.25 NaH2PO4, 28 NaHCO3, 0.5
CaCl2, 7 glucose, 1 ascorbate and 3 pyruvate (osmolarity adjusted to ~ 300 mOsm with
sucrose, pH 7.4). Brains were quickly removed and placed in an ice cold (slushy)
oxygenated perfusion solution. Sections (350 μm) were made through the hypothalamus
using a vibratome (Vibroslice; Camden Instruments) as described previously (6, 38).
Incubation in a supraphysiological glucose concentration (7 mM) protects neuronal tissue

during dissection and sectioning. This recovery period does not affect the ability to detect
GSN's using electrophysiological techniques (23, 24, 30, 33, 38, 39). Furthermore,
incubation and testing hypothalamic tissue in 10 mM glucose does not impair the ability
to detect changes in NPY neurotransmission caused by fasting (20, 36).

Brain slices then were placed in glucose-free Hibernate A/B27 (Brain Bits, Carlsbad, CA)
to which 2.5 mmol/L glucose, 3 mmol/L pyruvate, 1 mmol/L lactic acid, 0.5 mmol/Lglutamine and B27 supplement [1:50 vol:vol; Invitrogen, Carlsbad, CA]) were added and
held at 30oC. The VMH (ARC + VMN) was dissected and digested in Hibernate A
(same composition as Hibernate A/B27 excluding the B27) with Papain (20 U/ml). The
tissue was incubated for 30 min in a 30oC water bath with a platform rotating at 100rpm
and then rinsed with Hibernate A/B27 and subjected to gentle trituration. After
triturating, the cell suspension was centrifuged and the pellet resuspended in glucose-free
growth medium (Neurobasal; Invitrogen, Springfield, IL) to which 2.5 mM glucose, 3
mmol/L pyruvate, 1 mmol/L lactic acid and 0.5 mmol/L-glutamine and B27 supplement
(1:50 vol:vol; Invitrogen, Carlsbad, CA.) were added. Neurons were plated in growth
medium with fluoresbrite beads (Polysciences, Warrington PA) (Neurobasal; Invitrogen,
Springfield, IL) and used within 1 day. Fluoresbrite beads were used for data
normalization.

VMH neurons were incubated in 1.75% FLIPR-MPD at 37oC in extracellular solution
(ECF; Composition in mM: 135 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 2.5 glucose,
pH 7.4) beginning 30 min prior to and throughout the duration of all experiments.

Neurons were visualized on an Olympus BX61 WI microscope with a 10X objective
equipped with a red filter (excitation 545, emission 563-647) for visualization of FLIPRMPD dye and a green filter (excitation 470 nm, emission 500-530 nm) for visualization
of NPY-GFP neurons. Images were captured at 1 minute intervals (150 msec exposure
time) over the course of each experiment using a CCD camera (Photometrics, Cool Snap
HQ, Tucson AZ). Images were acquired and analyzed using MetaMorph software
(Molecular Devices, Sunnyvale CA). The fluorescence intensity of each image
(expressed as gray scale units per pixel) was normalized to that of the co-incubated
fluorescent beads. Images were captured both before and after changing the extracellular
glucose concentrations. The extracellular solution bathing isolated VMH neurons initially
contained 2.5 mM glucose. Five minutes after initiating image acquisition, this solution
was exchanged for an identical solution containing one of the following glucose
concentrations: 2.5 (control), 1.4, 1.0, 0.7, 0.5 or 0.3 mM. Images were acquired every
minute for 20 minutes post-glucose concentration change. Percent change in fluorescence
intensity was calculated relative to the fluorescence intensity before solution change.

3c. Definition of depolarization using FLIPR-MPD Dye
We previously showed, in rats, that the FLIPR-MPD fluorescence intensity of GI neurons
increased within 5-10 minutes and reached a stable plateau between 10 and 20 minutes
following

extracellular

glucose

reduction

(6).

This

is

analogous

to

our

electrophysiological and Ca2+ imaging studies which show that glucose responses are
observed by 5 min and maximal by 10 min post glucose change (15, 30). Thus, the
average percent change in FLIPR-MPD fluorescence intensity between 10 and 20

minutes post glucose change (%Δ FLIPR-MPD (10-20)) was used to evaluate neuronal
depolarization. The criterion to define membrane depolarization was determined
experimentally by evaluating the distribution of %Δ FLIPR-MPD (10-20) in response to
a solution exchange in which glucose remained constant at 2.5mM. These studies showed
that 97% of VMH neurons obtained from both fed and fasted mice exhibited a %Δ
FLIPR-MPD (10-20) of less than 11%. Therefore, neurons were considered to be
depolarized in response to decreased glucose if their %Δ FLIPR-MPD (10-20) was
greater than 11%. Cell viability was confirmed using a 5 minute exposure to 200 μM
glutamate at the conclusion of the imaging session for each dish. Neurons were
considered to be viable if glutamate exposure increased FLIPR-MPD fluorescence
intensity by at least 20%. Only glutamate responsive neurons were used.

Glucose response curves were constructed and the half-maximal glucose concentration
change to detect neuronal depolarization was calculated using non-linear regression
analysis (four-parameter logistic fit) (Graphpad PRISM for Windows version 4.00,
Graphpad Software, San Diego, CA.). The half-maximal glucose concentration change
to detect neuronal depolarization from both feeding regimens was compared using F-test
with p < 0.05 indicating significant difference.

3. Western Blot Analysis
Western blots were performed using VMH sections from fed or fasted 4-5 week old male
C57Bl/6 mice. Sections were treated as described in the results. Sections were
homogenized in lysis buffer (50 mM Tris, 150 mM NaCl, 0.02%, sodium azide, 0.1%

sodium dodecylsulphate, 1% NP40, 0.5% deoxycholic acid, 2 mM PMSF, 2 µg/ml
leupeptin, 2 µg/ml aprotinin, 2 µg/ml pepstatin A) at 4 °C. Lysate supernatant was
collected (10 min at 14 000xg at 4°C) and frozen at −80°C. Protein (30 μg; determined by
modified Bradford Assay) was loaded on a 10% Tris-HCl gel (Bio-Rad, Hercules, CA)
and electrophoresed for 1.5 h at 120 V. Proteins were transferred to nitrocellulose
membranes (Bio-Rad) for 2 h at 350 mA. Immunodetection was performed overnight at
4°C using rabbit polyclonal antibodies against each protein of interest: anti-phosphoAMPKα (Thr172; 1:1000; Cell Signaling, Danvers, MA), anti-AMPKα2 (1:1000;
Abcam, Cambridge, MA) or anti-GFAP (1:50,000; Abcam). Membranes were then
incubated with a horseradish peroxidase-conjugated secondary antibody (anti-rabbit
1:10 000; Jackson Immunoresearch, West Grove, PA) for 1 h at room temperature before
signals were visualized using the SuperSignal West Pico ECL kit (Thermo Scientific,
Rockford, IL). Quantification was performed using Scion Image (Scion Corp, Fredrick,
MD). Results are presented as percentage of control after normalization to GFAP. The
effect of experimental manipulations on AMPK phosphorylation was determined using
an Unpaired Student's t-test or One-Way ANVOA.

4. Chemicals
The AMPK activator, 5-aminoimidazole-4-carboxamide-1-ß -D-ribofuranoside (AICAR;
Toronto Research Chemicals, Toronto ON) was prepared in ECF. The AMPK inhibitor,
Compound C (Calbiochem, Gibbstown, NJ) was prepared as a 1000X stock solution in
DMSO and diluted in ECF so that the final concentration of DMSO did not exceed 0.1%.
The concentrations of Compound C and AICAR were chosen based on published

sources. Compound C is a small molecule selective inhibitor of AMPK. It inhibits
AMPK activity by a reversible and competitive mechanism with respect to ATP (Ki ≈
100 nM). Compound C at concentrations > 10 μM inhibits AICAR (0.5mM) induced
activation of acetyl CoA carboxylase (ACC) in hepatocytes (41). Leptin (Preprotech,
Rocky Hill NJ) was prepared as 1000X stock in sterile water and then diluted to the final
test concentration in ECF. Test compound concentrations are described in Results. Test
compounds remained in the extracellular fluid throughout the imaging procedure unless
otherwise noted.

Results
Hypothalamic NPY release is dependent on extracellular glucose concentration.
Hypothalamic NPY release in fed and fasted rats was significantly greater in 1.4 mM
glucose compared to that in 2.5, 5 or 10 mM (Fig 1A). Decreasing the extracellular
glucose concentration from 2.5 to 0.1 mM significantly increased hypothalamic NPY
release in fed rats (Fig. 1B; p < 0.05). However, decreasing the glucose concentration
from 5 or 10 mM to 0.1 mM did not stimulate hypothalamic NPY release (data not
shown; p > 0.05).

Fasting enhances NPY Release in response to decreased glucose.
Fasting significantly reduced body weight, and plasma leptin and glucose levels in rats
(Table 1). These fasting-induced changes were associated with changes in NPY release in
response to decreased glucose. Reducing glucose from 2.5 to either 0.7 or 0.1 mM
significantly increased NPY release from hypothalami of fasted rats (p < 0.01; Fig. 1B).
Unlike fasted rats, hypothalamic NPY release from fed rats was not elevated in response
to a glucose decrease from 2.5 to 0.7 mM. (Fig.1B). Furthermore, although a glucose
decrease from 2.5 to 0.1 mM increased hypothalamic NPY release in fed rats, it was
significantly less than that observed in fasted rats (p < 0.05; Fig.1B).

In contrast to glucose-induced changes in hypothalamic NPY release, electrical and KCl
stimulation increased NPY release to the same extent in fed and fasted rats. Both
intermediate (50 mA, 0.5Hz, 60s) and maximal electrical stimulation (50 mA, 25Hz, 150
s) stimulated NPY release to the same extent in hypothalami from fed and fasted rats
(Fig.1B). Similarly, the amount of NPY released in response to intermediate (50 mM for
5 minutes) and maximal (100 mM for 20 minutes) KCl stimulation was the same in fed
vs. fasted rats (Intermediate KCl: Fed: 38 ± 18 pg; Fasted: 39 ± 4 pg; p > 0.05; Maximum
KCl: Fed: 254 ± 90 pg, Fasted: 304 ± 75 pg; p > 0.05, data not shown). Baseline NPY
release was the same in all experimental test groups. The levels of NPY released (pg/15
min) were ~5 fold greater in response to maximal vs. threshold/intermediate levels of
both stimuli. Furthermore, hypothalamic NPY release in response to an acute glucose
reduction from 2.5 to 0.1 mM and that from a moderate electrical or KCl stimulus was

within the same range (~20-150 pg) and did not approach the maximal levels of NPY
release (Fig. 1B; ~300 pg)

Fasting enhances the response of VMH-GI and NPY-GI neurons to decreased glucose.
Fasting also significantly reduced body weight, and plasma leptin and glucose levels in
mice (Table 1). The relationship between an incremental decrease in glucose
concentration and the percentage of detectable depolarized GI neurons (those that
increased %Δ FLIPR-MPD (10-20) >11%) was sigmoidal for both the fed (r2 =0.90; p =
0.01) and fasted (r2=0.82, p = 0.06) mice (Fig 2). For VMH neurons from fed mice, a
significant increase in the percentage of depolarized neurons was first observed when
glucose was decreased from 2.5 to 0.7 mM (p < 0.05; Fig.2). The maximum number of
detectable VMH-GI neurons (~25%) was observed when the glucose concentration was
decreased from 2.5 to concentrations less than 0.5 mM. The half-maximal % of
depolarized VMH-GI neurons was calculated to occur with a decrease in glucose from
2.5 to 0.77 mM. In contrast, in VMH neurons from fasted mice, a significant increase in
the percentage of depolarized neurons was first observed with a glucose decrease from
2.5 to 1.0 mM (p < 0.05). The maximum number of detectable VMH-GI neurons (~25%)
was observed with decreases in glucose concentration from 2.5 to less than 0.7 mM. In
VMH neurons from fasted mice, the half-maximal % of depolarized VMH-GI neurons
was calculated to occur with a decrease in glucose from 2.5 to 1.1 mM. The calculated
glucose concentration at which the half-maximal % of depolarized VMH neurons (i.e. GI
neurons) would occur in response to a decrease from 2.5 mM was significantly greater
for VMH neurons from fasted mice (1.1 mM [95% confidence interval= 0.94 to 1.31

mM]) compared to that for VMH neurons from fed mice (0.77 mM [95% confidence
interval= 0.59 to 0.87 mM]) (F= 4.96 (2, 82); p < 0.05). There was no significant
difference between the total percentage of detectable VMH-GI neurons when glucose
was decreased from 2.5 mM to concentrations lower than 0.5 mM in VMH neurons from
fed or fasted mice (Fig.2; p > 0.05). Therefore, during fasting, a smaller decrease in
glucose concentration is sufficient to activate the GI neuron population.

Next, we evaluated the effect of fasting specifically on NPY neurons. First, we confirmed
that arcuate NPY neurons were activated by fasting using immunodetection of the protein
product of the immediate-early gene c-fos, as a marker of neuronal activation, in NPYGFP mice. Overnight fasting significantly increased the number of double labeled c-FosGFP (NPY) positive ARC cells (Fig. 3; fed: 3 ± 1 (n=3); fasted: 181 ± 25 (n=3); p <
0.05). Fasting did not affect the total number of GFP positive cells (fed: 256 ± 28 [n=3];
fasted: 280 ± 28 [n=3]; p > 0.05).

We then determined whether fasting specifically altered the glucose sensitivity of NPYGI neurons using NPY-GFP mice (Fig 4A-B). When glucose was reduced from 2.5 to 0.7
mM, significantly more NPY neurons from fasted (6 out of 17 NPY-GFP neurons [35%])
vs. fed (3 out of 19 NPY-GFP neurons [16%]) mice depolarized; t(8)=2.661; p = 0.03;
Fig. 4C). The same percentage of NPY neurons were depolarized in both the fed (6 of 13
NPY neurons [47%]) and the fasted (5 of 14 NPY neurons [41%]) groups in response to a
glucose decrease from 2.5 to 0.3 mM (p > 0.05). Thus, fasting did not alter the total % of

NPY-GI neurons. In addition, the total percentage of visible GFP neurons per culture
dish was the same in fed and fasted mice (p > 0.05).

AMPK mediates the effects of fasting.
We next determined whether the increased response of VMH-GI neurons to decreased
glucose during fasting was mediated by increased AMPK activity. Immunoblots of VMH
tissue using a specific mouse phospho-AMPKα2 antibody showed that fasting
significantly increased the level of VMH AMPKα2 subunit phosphorylation (Fig 5A-B;
t(10)=5.165, p < 0.001). Similarly, lowering glucose from 2.5 to 0.7 mM for 30 minutes
also increased VMH AMPKα2 subunit phosphorylation in fed mice; this effect was
blocked by Compound C (Fig 5C-D; F(2,15)=94.93, p < 0.0001).

There were no

differences in total AMPKα2 or GFAP between any treatment groups.

In fed mice, the addition of 0.5 mM AICAR to 2.5 mM glucose increased the percentage
of detectable VMH GI neurons measured using FLIPR-MPD fluorescence imaging.
Moreover, the percentage of VMH-GI neurons observed when glucose was reduced in
the presence of AICAR was significantly greater than with AICAR or decreased glucose
alone. While Compound C (in 2.5 mM glucose) did not alter the percentage of VMH-GI
neurons, it did completely block the effect of decreasing glucose in the presence or
absence of AICAR (Fig. 6A).

Decreasing glucose from 2.5 to 0.7 mM significantly increased VMH AMPK α2 subunit
phosphorylation in fed mice. This increase in VMH AMPKα2 subunit phosphorylation

was significantly enhanced when glucose was lowered in the presence of AICAR
(Fig.6B-C; p < 0.05).

Compound C completely blocked AMPK α2 subunit

phosphorylation observed when glucose was lowered in the presence of AICAR (Fig.6BC). There were no differences in total AMPKα2 or GFAP between any treatment groups

Similar results were obtained in fasted mice. That is, the addition of Compound C in 2.5
mM glucose did not change the percentage of VMH GI neurons. However, Compound C
completely blocked the increase in the percentage of GI neurons observed in response to
a 2.5 to 0.7 mM glucose concentration reduction (Fig. 7). Finally, vehicle (0.1% DMSO)
did not change FLIPR-MPD fluorescence (6.1± 1 %) nor did it alter the number of
depolarized VMH neurons observed when the glucose concentration was reduced from
2.5 to 0.7 mM (21± 2%).

To determine whether decreased glucose per se increased the number of depolarized GI
neurons in response to reduced glucose, VMH neurons from fed mice were pre-incubated
in 0.7 mM glucose for 1 hour. A glucose concentration of 0.7 mM corresponds to VMH
glucose levels measured in rats after an overnight fast (9). 2.5 mM glucose was reapplied
for 30 minutes. When the glucose concentration was subsequently decreased to 0.7 mM,
the percentage of detectable VMH GI neurons in dishes pre-incubated in 0.7 mM glucose
was significantly greater than those not pre-incubated in this lower glucose level (p <
0.001; Fig. 8). Compound C prevented the effect of pre-incubation in 0.7 mM glucose.
When glucose was reduced from 2.5 to 0.3 mM, the same percentage of VMH-GI
neurons were detected in dishes that were pre-incubated in 0.7 mM and those that were

not (0.7 mM glucose pre-incubation: 27±5%; 2.5 mM glucose: 22 ± 2%; p > 0.05).
Finally, cells pre-incubated in 0.7 mM glucose were stained with trypan blue to confirm
cell viability. The percentage of trypan blue labeled cells was identical in cultures
incubated in 0.7 mM glucose for 4 hours to those maintained in 2.5 mM glucose (0.7 mM
glucose:14 ± 2%; 83 of 536 from 6 plates; 2.5 mM glucose: 11 ± 2 %; 108 of 979 from 6
plates, respectively ; p > 0.05).

Leptin alters glucose sensitivity of GI neurons via AMPK inhibition
To determine whether decreased leptin contributes to the fasting-induced changes in
glucose sensitivity of GI neurons, cultures from fasted mice were incubated with leptin
(10 nM) for 1 hour. Glucose levels were then decreased from 2.5 to 0.7 mM in the
presence of leptin. Leptin significantly reduced the number of GI neurons detected as
glucose was reduced from 2.5 to 0.7 mM (Fig. 9A; p < 0.05). To determine whether the
leptin-associated suppression of GI neuronal response to decreased glucose persisted,
VMH neurons were exposed to leptin for 1 hour. Leptin was then removed and 6 hours
later the glucose concentration was reduced from 2.5 to 0.7 mM. The percentage of
depolarized VMH neurons was 5 ± 2.5 % in dishes exposed to leptin compared to 26 ±
4% in those without leptin (p < 0.01 Data not shown). Co-application of leptin with
AICAR blocked the inhibitory effect of leptin on the depolarization of GI neurons in
response to decreased glucose (Fig. 9A). Moreover, decreasing glucose from 2.5 to 0.7
mM in the presence of leptin completely blocked the increase in phosphorylation of
α2AMPK subunit seen when glucose was decreased in the absence of leptin (Fig 9B-C)

Discussion
This study shows that fasting enhances NPY release and the number of depolarized NPYGI neurons in response to decreased glucose. Thus, fasting shifts the glucose
concentration range to one where NPY-GI neurons are activated in higher glucose levels.
This change in the glucose sensitivity of NPY-GI neurons may be due to decreased
glucose and/or leptin concentration during fasting. This conclusion derives from our
observations that leptin decreases, while low glucose increases, the response of NPY-GI
neurons to decreased glucose. Moreover, our data strongly suggest that AMPK is the
cellular target by which fasting-induced changes in glucose and leptin regulate the
glucose sensitivity of NPY-GI neurons. These results are consistent with the established
role of NPY in maintaining energy homeostasis (8, 34, 35). Increased responsiveness of
NPY-GI neurons to decreased glucose would enhance NPY neurotransmission because
NPY-GI neurons would become activated in response to smaller decreases in
extracellular glucose. Activation of NPY neurons causes increased food intake and
decreased energy expenditure. This positive shift in energy balance would restore energy
homeostasis.

Our data show that reduced glucose, per se, stimulates hypothalamic NPY release. This is
expected given that ~40% of NPY neurons are also GI neurons (11). Gozali et al. has
previously reported that reducing glucose did not change hypothalamic NPY release (12).
However, these investigators used glucose concentrations which exceed those found in
the brain during peripheral euglycemia (e.g., a glucose decrease from 8 to 1.5 mM) (9,

29). We show here that hypothalamic NPY release is lower in glucose concentrations
greater than 1.4mM. In fact, decreased glucose from either 10 or 5mM to 0.1 mM did not
stimulate hypothalamic NPY release in fed rats. Thus, the inability of Gozali et al. to
detect increases in NPY release were most likely due to the inhibitory effect of high
glucose on NPY-GI neurons. Our data and those of Gozali et al. emphasize the
importance of studying NPY neurotransmission in physiological glucose concentrations.

Our studies show that fasting enhances hypothalamic NPY release in response to
decreased glucose. This observation is consistent with our result showing that fasting also
increases c-fos expression in ARC-NPY neurons. In addition, the fasting-induced
increase in NPY release is correlated with increased numbers of depolarized NPY-GI
neurons in response to decreased glucose seen in fasting Although, increased NPY
mRNA and peptide level are observed in fasted animals (25, 40), this can not explain
increased NPY release in fasted vs. fed rats in response to decreased glucose. If enhanced
hypothalamic NPY release were simply a function of increased NPY mRNA or peptide,
then any stimulus should cause differential release. However, both KCl and electrically
stimulated hypothalamic NPY release were the same in fed and fasted rats. Moreover, the
absolute amount of NPY release (pg) in response to decreased glucose, and intermediate
electrical or KCl stimulation were of similar magnitude. Therefore, the amount of NPY
release in response to decreased glucose was within the dynamic range of detection for
our assay. Furthermore, the lack of differential NPY release in the fed vs. fasted groups in
response to intermediate KCl or electrical stimulation was not due to a plateau in NPY
release. These data support our conclusion that the fasting-induced increase in NPY

release in response to decreased glucose, which we observed in vitro, is not due to
increased NPY mRNA expression and/or peptide levels. Rather, it is more likely due to
increased numbers of depolarized NPY-GI neurons in decreased glucose. On the other
hand, increased NPY mRNA and peptide levels seen during fasting would replenish the
peptide pool in the face of increased NPY release.

In our study, we used FLIPR-MPD fluorescence intensity changes to demonstrate that GI
neurons from fasted mice depolarize in response to smaller decreases in extracellular
glucose compared to those from fed mice. Our results show that using the FLIPR-MPD
fluorescence intensity change is a viable technique for screening glucose sensitivity in GI
and NPY-GI neurons. Importantly, both patch clamp recordings and FLIPR-MPD
imaging indicate that GI neurons make up approximately 25-30% of neurons in the VMH
(31). Similarly, both techniques reveal that ~40% of NPY neurons are also GI neurons
(11). Moreover, we have observed similar glucose sensitivity of GI neurons from rats and
mice using patch-clamp recording, FLIPR-MPD and calcium imaging (11, 14, 30).
Finally, while the entire VMH was used in the majority of experiments herein in order to
have a sufficient population of GI neurons per culture dish for statistical significance, a
subset of studies specifically evaluated NPY-GI neurons using NPY-GFP mice. Both
FLIPR-MPD imaging and patch clamp recordings indicate that NPY-GI neurons are
similar to the overall population of VMH GI neurons (11).

Fasting decreases leptin and glucose concentrations (9, 10). Therefore, we hypothesize
that alterations in leptin and glucose regulate the glucose sensitivity of GI neurons. As

part of its overall function leptin inhibits both GI and NPY neurons (6, 22). The studies
herein agree with literature showing that leptin blocks the ability of GI neurons to sense
decreased glucose (22). They also concur with those showing that exogenous leptin
blocks fasting-associated increases in the neuronal activity ARC-NPY neurons (36). We
show that incubation of hypothalamic neurons for an hour in leptin blocks the response of
GI neurons to decreased glucose. These data suggest that under normal energy balance,
leptin decreases the activation of GI neurons in response to decreased glucose. Thus, in
the presence of leptin glucose levels must fall further before GI neurons depolarize. Our
data also show that leptin’s effect on glucose sensitivity persists for six hours after
washout. This prolonged effect of leptin prevents oscillations of metabolic neurocircuitry
in response to small glucose fluctuations. However, during fasting, reduced leptin enables
NPY-GI neurons to depolarize in response to smaller glucose decreases. Finally, leptin
inhibits NPY gene expression (18). Thus, decreased leptin during fasting also contributes
to elevated NPY expression. This would serve to replenish the NPY pool in the face of
increased neuronal activity as discussed above.

In order to determine whether decrease in glucose levels per se play a role in fastinginduced changes in the glucose sensitivity of GI neurons, VMH neurons were incubated
in 0.7 mM glucose prior to FLIPR-MPD fluorescence measurements. An extracellular
glucose concentration of 0.7 mM is consistent with that measured in the VMH of a fasted
rat (9). We show here that 1 hr exposure of VMH-GI neurons to 0.7 mM glucose
increases the response of GI neurons to decreased glucose. Thus, there may be a

synergistic effect of leptin and glucose on the fasting-induced changes in glucose
sensitivity of GI and NPY-GI neurons.

Alterations in AMPK activity mediate the effects of fasting, leptin and glucose on GI
neuron’s glucose sensing (6). Previously, we found that AMPK activation with AICAR
mimics the effect of decreased glucose on GI neuronal activity (6). Our present data and
that of others (21) show that fasting increases VMH AMPKα2 subunit phosphorylation.
Moreover, both leptin and glucose inhibit fasting-induced increases in AMPK
phosphorylation (3, 19). We show here that leptin also prevented increased AMPK
phosphorylation in response to decreased glucose. Moreover, AMPK activation with
AICAR enhanced the response of GI neurons to decreased glucose and enhanced VMH
AMPKα2 subunit phosphorylation. In contrast, inhibition of AMPK with Compound C
reduced the response of GI neurons to decreased glucose and blocked the effects of
AICAR on VMH AMPKα2 phosphorylation. Finally, AICAR reversed the inhibitory
effect of leptin on GI neuron glucose sensing. These observations are consistent with
Mountjoy et al (22). We conclude that low leptin and glucose levels during fasting
enhance AMPK activity and the ability of GI neurons to respond to decreases in glucose.
Increased numbers of depolarized GI neurons in response to decreased glucose increases
the excitability of the NPY-GI neuron population. This leads to increased NPY release in
response to decreased glucose during fasting.

Finally, although our data clearly show that both leptin and glucose may mediate, in part,
fasting’s effects on GI neurons, we can not rule out a role of other nutrients and
hormones. For example, fasting also decreases insulin levels and increases tissue and
circulating free fatty acids (4). Similar to leptin, insulin decreases NPY expression (26).
Moreover, both leptin and insulin activate phosphatidylinositol-3-kinase (PI3K) and
inhibit AMPK in hypothalamic neurons (6, 21). Surprisingly, we have shown that while
GI neurons possess both PI3K and AMPK signaling pathways, leptin’s effects do not
appear to be mediated by PI3K nor insulin’s effects mediated by AMPK in these neurons
(6). That is, insulin increases while leptin decreases nitric oxide production in GI neurons
via the PI3K and AMPK signaling pathways, respectively. Thus, it is difficult to predict
the effects of insulin on the glucose sensitivity of GI neurons without detailed
experimentation. Clearly, however, fasting-induced changes in extracellular insulin
concentration may affect NPY-GI neurons. Similarly, while we find no overlap between
glucose and oleic acid sensing neurons in the arcuate nucleus (37), we can not rule out a
role of free fatty acids in the fasting-induced changes in NPY-GI neurons.

In conclusion, our data suggest that during normal energy balance, leptin decreases the
response of NPY-GI neurons to decreased glucose. Thus, when energy stores are
sufficient, a greater reduction in glucose is required to activate NPY-GI neurons.
However, fasting-induced decreases in leptin and glucose cause NPY-GI neurons to be
activated in response to smaller changes in glucose concentration. Because intermeal
glucose levels fluctuate, it is not efficient for potent metabolic neurocircuitry, such as the
NPY system, to be activated in response to subtle reductions in glucose. This would

preclude maintenance of stable long term energy balance. However, during energy deficit
(e.g., fasting) decreased glucose is a greater threat due to depletion of alternate energy
stores. Thus, increased responsiveness of NPY-GI neurons to small fluctuations in
glucose would more readily activate the systems needed to restore energy balance.
Moreover, enhanced responses of NPY-GI neurons to decreased glucose would
contribute to the overall increase in NPY neurotransmission during fasting.
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Figure Legends
Fig. 1: A): Effect of glucose concentration on basal (non-stimulated) hypothalamic NPY
release in fed and fasted male rats. Collections from 3, consecutive 15 minute periods
were averaged. Basal NPY release was the same in fed and fasted rats. NPY release in
1.4mM glucose was significantly increased compared to higher glucose concentrations
Data are presented as Mean ± SE **p < 0.001.

(B): Effect of decreasing glucose and electrical stimulation on hypothalamic NPY release
in fed and fasted rats. NPY release was measured 15 minutes after glucose concentration
change or electrical stimulation. Decreased glucose increased hypothalamic NPY release
to a greater extent in fasted vs. fed rats. In contrast, electrical stimulation evoked the same
amount of NPY from fed and fasted rats. The amount of NPY released in response to
decreased glucose and electrical stimulation were within the same range. The amount of
NPY release in response to decreased glucose was within the dynamic range of detection
for our assay. Data are expressed relative to baseline levels and are presented as Mean ±
SE. $p < 0.05 vs. baseline (i.e. in 2.5 mM glucose). *p < 0.05 fed vs. fasted.

Fig 2: The percentage of depolarized VMH neurons from fed (□) and fasted (•) mice
observed in response to decreased glucose using FLIPR-MPD fluorescence intensity.
Glucose was reduced from 2.5 to 1.4, 1.1, 0.7, 0.5 or 0.3 mM. GI neurons were defined as
those neurons whose average % change in FLIPR fluorescence between 10 and 20 minute
post glucose change (%ΔFLIPR (10-20)) was greater than 11%. Isolated VMH neurons
from fasted mice depolarized in response to a significantly smaller glucose decrease
compared to those from fed mice (calculated glucose concentration at which half of GI

neurons depolarized to detectable levels: fasted, 1.1 mM; fed, 0.77 mM; p < 0.05). Data
points (Mean ± SE) show the % of GI neurons per culture dish. Number of dishes used
and number of cells analyzed are shown above each data point (#dishes, # total cells).
Each plate was comprised of cells pooled from at least 3 mice.

Fig. 3. Effect of fasting and reduced glucose on ARC-NPY neurons.
(A): Photomicrograph of the hypothalamic arcuate nucleus from fed (right panels) and
fasted (left panels) NPY-GFP mice. A higher magnification of each square is illustrated
at the bottom.

C-fos immunopositive nuclei (red arrowhead); GFP immunopositive

neuron (white arrow); double-labeled neurons (blue arrow).
(B and C): Fluorescence (B) and bright field (C) image of an NPY-GFP neuron stained
with FLIPR membrane potential dye (dashed arrow) visualized with a 40X objective.
The solid arrow points to a fluorescent bead.

(C): Percentage of depolarized NPY neurons from fed and fasted NPY GFP mice in
response to decreased glucose (2.5 to 0.7 mM or 0.3 mM) using changes in FLIPR-MPD
fluorescence intensity. Significantly more NPY neurons from fasted mice depolarized
when glucose was reduced from 2.5 to 0.7 mM. The % of NPY neurons that depolarized
when glucose decreased from 2.5 to 0.3 mM was the same in fed and fasted NPY-GFP
mice. Data points (Mean ± SE) show the % of NPY-GI neurons per culture dish. Number
of dishes analyzed is shown above each bar. Bars with different letters are statistically
different (p < 0.05).

Fig. 4(A) A representative immunoblot of VMH phospho-AMPKα2 and total AMPKα2
from fed and fasted mice.

Fasting increased phosphorylation of AMPKα2 without

changing total AMPK. Each lane contains the VMH from an individual mouse
(B): Immunoblots of pAMPK were measured using densitometry and quantitated relative
to GFAP levels. (**p < 0.001).
C): A representative immunoblot of phospho-AMPKα2 performed on hypothalamic
slices containing the VMH from fed mice. The extracellular glucose concentration
bathing a subset of slices was decreased from 2.5 to 0.7 mM in the presence or absence of
Compound C (30 μM).

Control tissue was held in 2.5 mM extracellular glucose.

Reducing the glucose concentration increased AMPKα2 phosphorylation; this was
blocked by Compound C (30 μM). Neither decreasing glucose nor adding Compound C
altered total AMPK levels. Each lane contains VMH from an individual mouse.
(D): Immunoblots of pAMPK and total AMPK were measured using densitometry and
quantitated relative to GFAP levels. Bars with different letters are statistically different (p
< 0.05).
Fig.5(A): The percentage of depolarized VMH neurons from fed mice measured using
changes in FLIPR-MPD fluorescence intensity. The addition of AICAR (0.5 mM) to
2.5mM glucose or decreasing glucose from 2.5 to 0.7 mM increased the % of depolarized
VMH neurons. The % depolarized VMH neurons was significantly greater when glucose
was decreased in the presence of AICAR compared to either treatment singly. Compound

C (30 μM) in 2.5 mM glucose alone was without effect; however it completely blocked
the effects of AICAR and decreased glucose singly or in combination. Data are presented
as Mean ± SE and show the % of GI neurons per culture dish. Number of dishes used and
number of cells analyzed are shown above each data point (# dishes, #cells). Each plate
was comprised of cells pooled from at least 3 mice. Bars with different letters are
statistically different (p < 0.05).
(B): A representative immunoblot of phospho-AMPKα2 and total AMPKα2 performed
on hypothalamic slices containing the VMH from fed mice. Reducing the glucose
concentration increased AMPKα2 phosphorylation. The addition of AICAR (0.5 mM)
while reducing glucose potentiated the increased AMPK α2 phosphorylation. Compound
C (30 μM) blocked the effect of decreasing glucose in the presence of AICAR. There was
no difference in total AMPK levels between treatment groups. Each lane contains the
VMH from an individual mouse.
(C): Immunoblots of pAMPK were measured using densitometry and quantitated relative
to GFAP levels. Bars with different letters are statistically different (p < 0.01).

Fig 6: The percentage of depolarized VMH neurons from fasted mice measured using
changes in FLIPR-MPD fluorescence intensity. Compound C (30 μM) decreased the %
of depolarized neurons observed as glucose was reduced from 2.5 to 0.7 mM. Data are
presented as Mean ± SE and show the % of GI neurons per culture dish. Number of
dishes used and number of cells analyzed are shown above each data point (# dishes,

#cells). Each plate was comprised of cells pooled from at least 3 mice. Bars with
different letters are statistically different (p < 0.01).

Fig 7: The percentage of depolarized VMH neurons from fed mice measured using
changes in FLIPR-MPD fluorescence intensity. Pre-incubation in 0.7 mM glucose for 1
hour increased the % of depolarized VMH neurons observed when glucose decreased
from 2.5 to 0.7 mM. Pretreatment with the AMPK inhibitor, Compound C (30 μM)
blocked this effect. Data are presented as Mean ± SE and show the % of GI neurons per
culture dish. Number of dishes used and number of cells analyzed are shown above each
data point (#dishes, # cells). Each plate was comprised of cells pooled from at least 3
mice. Bars with different letters are statistically different (p < 0.01).
Fig. 8: The percentage of depolarized VMH neurons from fasted mice measured using
changes in FLIPR-MPD fluorescence intensity. Leptin (10 nM) significantly decreased
the % of VMH neurons which depolarized in response to decreased glucose from 2.5 to
0.7 mM. AICAR (0.5 mM) reversed the effect of leptin. Data are presented as Mean ±
SE and show the % of GI neurons per culture dish. Number of dishes used and number of
cells analyzed are shown above each data point (#plates, # cells). Each plate was
comprised of cells pooled from at least 3 mice. Bars with different letters are statistically
different (p < 0.05).
(B): A representative immunoblot of phospho-AMPKα2 and total AMPKα2 performed
on hypothalamic slices containing the VMH from fed mice. Reducing the glucose
concentration increased AMPKα2 phosphorylation. Leptin (10 nM) blocked the effect of

decreasing glucose. There was no difference in total AMPK levels between treatment
groups. Each lane contains VMH from an individual mouse.
(C): Immunoblots of pAMPK were measured using densitometry and quantitated relative
to GFAP levels. Bars with different letters are statistically different (p < 0.01).

Table 1. Effect of fasting on body weight, glucose and leptin levels in rats and mice.
Species/Feeding

Total Body Weight

Plasma Glucose

Plasma Leptin

Regimen

Change (g)

(mM)

(ng/ml)

ad libitum (n=22)

+22.3 ± 1.28

6.9 ± 0.22

3.6 ± 0.55

Fasted (n=28)

-20.5 ± 1.01a

4.5 ± 0.29a

0.7 ± 0.29a

ad libitum (n=10)

+0.7 ± 0.23

8.5 ± 0.38

6.3 ± 0.45

Fasted (n=17)

-3.0 ±0.17 a

4.3 ± 0.10a

1.1 ± 0.2a

Rat

Mouse

Rats and mice were weighed and body weight recorded daily. Rats were randomly
assigned to one of two feeding regimens: (1) ad libitum: free access to food or (2)
Fasted: food removed at 3pm 2 days prior to blood collection. Mice were randomly
assigned to one of two feeding regimens: (1) ad libitum: food available; (2) Fasted: food
withheld at 12 pm the day prior to blood collection. Cumulative body weight change was
calculated for each feeding group. Glucose levels were determined on the final day of
fasting. Cumulative body weight change was calculated for each feeding group. Fasting
significantly reduced BW, glucose levels and leptin levels in both rats and mice. Values
are means ±SE.

a

p < 0.01 compared to ad libitum fed group.
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