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We used temporally-targeted food restriction (TTFR), in which ovariectomized rats had chow only for 2 h/day,
to test the hypothesis that estradiol benzoate (EB) suppresses feeding and decreases body weight during brief
fos (4 day) TTFR, as it does during ad libitum feeding. All rats lost weight during TTFR, but the loss was greater with
Estrogen receptor alpha EB treatment. However, OIL and EB-treated rats ate comparable amounts of chow during TTFR. We next in-
Free fatty acids vestigated central nervous system pathways and peripheral hormonal and metabolic changes that accompany

Triglycerides . . . . .
Glychgen the effects of TTFR to determine the mechanism for this effect. Inmunolabeling for fos in the nucleus of the
Insulin solitary tract, the terminal site of vagal afferents from the gastrointestinal tract, was increased when rats on

Leptin TTFR had access to chow for 1 h on the test day, indicating neuronal activation associated with consumption of
the meal. However, fos immunolabeling was not affected by EB treatment, nor were numbers of the a subtype of
estrogen receptors. TTFR had the expected effects on carbohydrate and lipid metabolites and metabolic hor-
mones, with only slight differences in plasma glucose, triglycerides, and free fatty acids attributable to EB
treatment. Interestingly, plasma corticosterone levels were greater in EB-treated rats on TTFR, and increased
further after eating. Given that corticosterone affects metabolism, these findings suggest that elevated corti-
costerone may explain the persistence of EB-induced differences in body weight during TTFR despite the lack of

Corticosterone

effect on food intake.

1. Introduction

Research into the controls of food intake and body weight is in-
creasingly important as the number of overweight and obese Americans
continues to rise (Flegal et al., 2012a, 2012b). Body weight increases
substantially in women after menopause (Carr, 2003; Lovejoy and
Sainsbury, 2009), an observation that suggests a role for ovarian hor-
mones in body weight regulation. Unfortunately, the strategy many
women employ to lose weight—decreasing the amount of calories and/
or the number of meals consumed—has limited success, particularly
over the long-term (Meckling et al., 2002; Rossner, 1998; Stunkard
et al., 1955). Better understanding of the peripheral mechanisms and
central neural pathways by which ovarian hormones affect body weight
during periods of food restriction, therefore, has the potential to pro-
vide critical insights into maintaining healthy body weight.

Research using laboratory rats has been useful in advancing our
knowledge on the controls of eating and body weight, especially in
regard to sex differences. It has been known for approximately
100 years that ovarian hormones reduce feeding and body weight, and
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more recent studies have provided a wealth of information about the
role of the ovarian hormone, estradiol, in modulating feeding and body
weight (Asarian and Geary, 2002, 2006, 2007; Butera et al., 2010;
Eckel, 2011; Geary and Asarian, 1999; Krause et al., 2006; Wade,
1975). However, these investigations typically were conducted in
conditions when chow was freely available (Asarian and Geary, 2006;
Butera et al., 2010; Eckel and Geary, 1999; Geary and Asarian, 1999),
circumstances that stand in striking contrast to the voluntary food re-
striction employed by many people in weight loss programs (Eshghinia
and Mohammadzadeh, 2013; Meckling et al., 2002; Rossner, 1998).
Indeed, many obese dieters opt to skip breakfast and/or lunch, con-
suming only a single large meal each evening (Beaudoin and Mayer,
1953; Dole et al., 1954; Stunkard et al., 1955), and little research in
female rats has examined the controls of eating and body weight under
conditions of such temporally-targeted food restriction (TTFR).

In 1962, Hollifield and Parson employed a TTFR protocol with male
rats (Hollifield and Parson, 1962a, 1962b) during which rats were given
chow for only 2h each day for seven days. After seven days of TTFR,
these rats consumed large amounts of chow (60% of daily ad libitum

Received 25 March 2019; Received in revised form 2 July 2019; Accepted 9 August 2019

Available online 27 August 2019
0018-506X/ © 2019 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/0018506X
https://www.elsevier.com/locate/yhbeh
https://doi.org/10.1016/j.yhbeh.2019.104566
https://doi.org/10.1016/j.yhbeh.2019.104566
mailto:kath.curtis@okstate.edu
https://doi.org/10.1016/j.yhbeh.2019.104566
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yhbeh.2019.104566&domain=pdf

R.J. Naukam and K.S. Curtis

intake) during comparatively brief daily access. Interestingly, this large
influx of nutrients was not stored as glycogen but rather, was converted
to lipids. The authors proposed that the shift in fuel usage—in which
newly synthesized lipids were catabolized as the major energy source,
thereby limiting glucose utilization to the small amounts required by
the central nervous system (CNS)—was attributable to adaptation to
TTFR. Clearly, such a shift in fuel utilization has profound implications
for obesity and weight management during obesity, but it remains to be
determined whether a similar shift occurs in females. Moreover, to our
knowledge, the effect of TTR on central pathways associated with
feeding and body weight has not been investigated in females. Ac-
cordingly, the goal of these studies was to assess the effect of TTFR on
eating, body weight, and metabolism in female rats. In particular, we
sought to determine whether estradiol-induced modulation of feeding
and body weight persists during TTFR, and the central and peripheral
factors associated with such changes.

2. Materials and methods
2.1. General methods

2.1.1. Animals, surgeries, and hormone treatments

Adult female Sprague-Dawley rats (Charles River), three months of
age, were housed in individual cages in a temperature controlled
(22 £ 2°C) room on a 12:12 light:dark cycle (lights on 07:00). All rats
were given ad libitum access to water and chow (Harlan rodent diet
#2018) except as described. Experimental protocols were in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and all procedures were approved by the Oklahoma
State University - Center for Health Sciences Institutional Animal Care
and Use Committee. After one week to acclimate to the colony room,
rats were bilaterally ovariectomized (OVX) under pentobarbital an-
esthesia (50 mg/kg i.p.; Sigma-Aldrich) using a midventral incision and
then allowed to recover for 7-10 days. After recovery, a regimen of
0.1 ml subcutaneous injections with 17-f estradiol-3-benzoate (EB;
10 pg/0.1 ml sesame oil; Fisher Scientific), or sesame oil vehicle (OIL;
0.1 ml) was initiated, with injections given on two consecutive days at
weekly intervals for the 3-week duration of the experiment. All rats
were sacrificed 48 h after the second OIL or EB injection (i.e., Day 4) of
Week 3. We and others have used this 4-day protocol in tests of beha-
vioral and neural effects of estradiol (Eckel and Geary, 1999; Geary and
Asarian, 1999; Asarian and Geary, 2002; Eckel et al., 2002; Asarian and
Geary, 2006; Krause et al., 2006; Santollo and Eckel, 2008; Jones and
Curtis, 2009; Butera et al., 2010; Graves et al., 2011; Rivera et al.,
2012), as it mimics the pattern of fluctuations of estradiol that occurs in
reproductively intact rats (see also, Curtis, 2015).

2.1.2. Feeding protocol

During Week 1 and Week 2, rats were weighed each day at 10:00,
and chow and water were removed from the cages. Pre-measured chow
was returned to the cages from 13:00 to 15:00, along with water in
graduated cylinders fitted with drinking tubes. Water intake was mea-
sured after 2h and uneaten chow was collected and weighed to de-
termine intake during this period. For the first two weeks (Week 1 and
Week 2), pre-weighed chow and water were returned at 15:00, rats had
ad libitum access to chow and water overnight, and intakes of both
were determined the following morning.

After these two weeks to adapt to the targeted intake period, some
groups of OIL- and EB-treated rats underwent TTR on Week 3. These
rats were weighed on Day 0 and food was removed from the cages.
Thereafter, access to chow was restricted to the targeted period on Day
1-Day 4, though rats continued to have ad libitum access to water each
night. Other groups of OIL- or EB-treated OVX rats were maintained on
ad libitum access to chow (Ad lib) for the duration of the experiment
and, thus, served as untreated controls.

During Week 3, all rats were weighed and received OIL or EB
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Fig. 1. Body weights and experimental timeline. To illustrate the experimental
timeline and effects of hormone treatment and temporally targeted food re-
striction (TTFR), body weight is shown for all ovariectomized rats treated with
0Oil vehicle (OIL; squares) or estradiol benzoate (EB; circles) that were tested in
these experiments. Rats were injected s.c. with OIL or EB on Day 1 and 2 each
week (down arrows) for 3 weeks. During Week 1 and Week 2, pre-weighed
chow and water were available for a targeted period during the light phase; rats
had ad libitum access to chow and water overnight. In some OVX rats (Ad Lib
fed; OIL, n = 8; EB, n = 9), ad libitum feeding procedures described for Week 1
and Week 2 continued during Week 3. Other OVX rats (OIL, n = 25; EB,
n = 24). underwent temporally-targeted food restriction (TTFR). For these rats,
TTFR was initiated on Day O of Week 3 by removal of food (up arrow);
thereafter, rats were given food only for the targeted period each day. TTFR
continued until rats were sacrificed on Day 4. During TTFR, rats continued to
have ad libitum access to water each night.

injections on Day 1 and Day 2, as described, and were sacrificed on Day
4. On Day 4, some OVX rats on TTFR were permitted to eat for 1 h (Fed)
and then sacrificed 1 h later; chow intake during this 1-h intake test was
measured. To control for non-specific effects of TTFR, other OVX rats on
TTFR were not permitted to eat on Day 4 (Fasted) prior to sacrifice.
Chow intake by Ad lib fed rats also was measured during 1-h intake
tests prior to sacrifice on Day 4. In some of these rats, stomachs with
contents were removed, blotted and weighed, then incised and contents
removed. Empty stomachs were rinsed with saline, blotted and weighed
again. Stomach contents were expressed as difference in weight (g). In
other rats, uteri were removed and stripped of fat; a 10 mm section was
cut at the level of the uterine bifurcation, blotted dry, and weighed.

The 4-day hormone protocol and experimental timeline are deli-
neated in (Fig. 1), which also shows body weights throughout the ex-
periment for purposes of illustration.

2.1.3. Statistics
All data are presented as means * standard error of the means.
Food intake on Day 4 of Week 3 was analyzed by 2-way analysis of
variance (ANOVA) with hormone (OIL, EB) and feeding condition (Ad
lib, Fed) as factors. Uterine weight and weight of stomach contents
were normalized to 100 g body weight and analyzed by 3-way ANOVA
with hormone (OIL, EB) and feeding condition (Ad lib, Fasted, Fed) as
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factors. Percent change in body weight during the first and last day of
TTFR also was calculated and analyzed by 2-way repeated measures
(rm) ANOVA with hormone (OIL, EB) and day as factors, repeated for
day. Pair-wise comparisons of significant main effects or interactions
were evaluated using Fisher's LSD test. Effect sizes were estimated as
partial n? (prlz).

2.2. Central neural pathways

2.2.1. Perfusion, brain extraction, and sectioning

On Day 4 of Week 3, subsets of OVX rats that were OIL- or EB-
treated and fed as described (OIL: Ad lib - n = 6; TTFR Fasted — n = 3;
TTFR Fed —n = 8; EB: Ad lib - n = 5; TTFR Fasted —n = 4; TTFR Fed —
n = 8) were deeply anesthetized with pentobarbital (25 mg/rat, i.p.)
and then perfused transcardially with 0.15M NaCl (~300 ml) followed
by phosphate buffered 4% paraformaldehyde (~300 ml). Brains were
removed, stored in paraformaldehyde overnight at 4°C, and then
transferred to 30% sucrose for cryoprotection. Brains were stored at
4 °C until the hindbrain blocks were cut into 40-um sections in a 1-to-3
series using a cryostat (Leica). Sections were stored at —20°C in a
cryoprotectant solution (1% polyvinylpyrrolidone, 30% ethylene
glycol, 30% sucrose in sodium phosphate; pH 7.2), until processed for
immunolabeling. Given that vagal afferents from the gastrointestinal
tract terminate in the hindbrain nucleus of the solitarty tract (NTS;
Contreras et al., 1982; Olson et al., 1993; Thammacharoen et al., 2008),
we limited our analyses to the NTS in this study.

2.2.2. fos immunolabeling and quantification

One series of free-floating hindbrain sections was rinsed of cryo-
protectant, incubated in 0.5% H,0,, washed with 0.05 M Tris NaCl, and
incubated in 10% NGS (mixed in 0.5% Tween 20 with 0.05M Tris
NaCl). Sections then were transferred to the primary antibody (Santa
Cruz SC-52, rabbit anti-c-Fos) diluted 1:30,000 in 2% NGS and in-
cubated at room temperature for 1h before overnight incubation
(~18h) at 4°C.

The following morning, sections were brought to room temperature,
rinsed three times for 5 min with 2% NGS and then incubated for 2 h in
the secondary antibody (Vector biotinylated goat anti-rabbit IgG) di-
luted 1:300 in 2% normal goat serum (NGS). Sections then were rinsed
two times with 2% NGS, followed by three rinses with 0.05 M Tris NaCl.
Labeling was amplified with avidin-biotin (Vector, Vectastain ABC kit)
for 90 min and sections then were rinsed. Labeling was visualized with
nickel-intensified diaminobenzidine (Vector DAB kit) to produce a blue-
black nuclear reaction product. The reaction was terminated by mul-
tiple rinses with 0.05M Tris NaCl.

Labeled sections were ordered and mounted on gelatin-coated
slides, allowed to dry and then dehydrated in an series of ethanols
(70%, 90% and 100%), defatted in xylenes, and coverslips were at-
tached with Cytoseal (Thermo Scientific). Slides were examined under
brightfield illumination using a Nikon Eclipse 80i microscope that also
was fitted with FITC and rhodamine filters and NIS Elements software.
Sections containing the NTS were identified using the atlas of Paxinos
and Watson (Paxinos and Watson, 1998). The NTS was outlined caudal
to calamus scriptorius (cNTS; —14.30 to —14.60 mm relative to
Bregma); and at the middle level subadjacent to the area postrema
(midNTS; —13.68 to —14.08 mm relative to Bregma). Fos-positive cells
within the cNTS and midNTS were quantified in 2-3 representative
sections from each area, matched between animals. Average numbers of
fos-positive cells were calculated for the ¢cNTS and for the midNTS for
each animal; group means then were determined for each feeding
condition.

2.2.3. ERa immunohistochemistry and quantification

Another series of free-floating hindbrain sections was rinsed of
cryoprotectant by six 5-min washes with 0.05M Tris NaCl and then
incubated in 0.5% H,0, in 0.05M Tris NaCl for 30 min at room
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temperature. After six 5- min washes with 0.05M Tris NaCl, sections
were incubated in 10% NGS (mixed in 0.5% Triton-X with 0.05M Tris
NaCl) for 1 h at room temperature. Sections were then transferred to the
primary antibody (Millipore, rabbit anti-estrogen receptor alpha (ERa))
diluted 1:10,000 in 2% NGS for 1 h at room temperature, followed by
70h incubation at 4 °C.

Sections were brought to room temperature, rinsed three times for
5 min each with 2% NGS and then incubated for ~4 h in the secondary
antibody, (Jackson Immunoresearch goat anti-rabbit IgG - Cy2) diluted
1:300 in 2% NGS. Sections then were rinsed two times with 2% NGS,
followed by three rinses with 0.05M Tris NaCl.

Labeled sections were ordered and mounted on gelatin-coated
slides, allowed to dry, then dehydrated and defatted, and coverslips
were attached as described. Slides were examined using a Nikon Eclipse
80i microscope, and sections containing the cNTS and midNTS were
identified and outlined as described. ERa-labeled neurons were counted
in 2-4 sections at each level that were matched between animals.
Average numbers of ERa-labeled cells were calculated for each animal
at each level and group means for each level were determined for each
feeding condition. In this analysis, we focused on OIL-and EB-treated
rats that were Ad lib fed or were on TTFR and fasted prior to sacrifice.

2.2.4. Statistics

All data are presented as means + standard error of the means.
Numbers of rats from each group included in fos and ERa im-
munolabeling are shown in the respective figure legends.

Numbers of fos-positive cells in the cNTS and midNTS were ana-
lyzed using separate 2-way ANOVAs with hormone (OIL, EB) and
feeding condition (Ad lib, Fasted, Fed) as factors. Numbers of ERa-
positive cells in the cNTS and midNTS were analyzed using separate 2-
way ANOVAs with hormone (OIL, EB) and feeding condition (Ad lib,
Fasted) as factors. Pair-wise comparisons of significant main effects or
interactions were evaluated using Fisher's LSD test; effect sizes were
estimated as partial n? (,n*) and n°

2.3. Peripheral and metabolic factors

2.3.1. Tissue collection

On Day 4 of Week 3, other subsets of OVX rats that were OIL- or EB-
treated and fed as described (OIL: Ad lib — n = 6; TTFR Fasted - n = 6;
TTFR Fed —n = 6; EB: Ad lib — n = 6; TTFR Fasted — n = 6; TTFR Fed —
n = 6) were rendered unconscious with CO, and decapitated. Trunk
blood was collected into Lithium-EDTA tubes and centrifuged to obtain
plasma, which was then frozen in aliquots for later analysis of hor-
mones and metabolites.

Abdominal fat and liver samples were collected and quick frozen for
later analysis of glycogen, triglycerides (TGS) and free fatty acids
(FFAs). Adrenals were removed and weighed.

2.3.2. Plasma hormone analyses

Leptin, insulin, and corticosterone were measured by ELISA ac-
cording to the manufacturers' instructions.

Plasma leptin levels were measured spectrophotometrically via a
sandwich ELISA (Millipore), with increased absorbency at 450 nm,
corrected from the absorbency at 590 nm after acidification of formed
products. The sample concentration was based on interpolation from a
reference curve generated in the same assay with standards of known
concentrations of rat leptin.

Plasma insulin levels also were measured spectrophotometrically
via a sandwich ELISA (Millipore), with increased absorbency at 450 nm,
corrected from the absorbency at 590 nm after acidification of formed
products. The sample concentration was based on interpolation from a
reference curve generated in the same assay with standards of known
concentrations of rat insulin.

Plasma corticosterone levels were measured colorimetrically via
ELISA (Enzo) after 1:60 dilution. Optical density (measured as intensity
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of bound antibody at 405 nm) was used to calculate the concentration
of corticosterone based on a reference curve generated from standards
of known concentrations of rat corticosterone.

2.3.3. Plasma metabolite analyses (colorimetric)

Glucose, glycogen, free fatty acids (FFAs) and triglycerides (TGs)
were measured with colorimetric kits according to the manufacturers'
instructions.

Plasma glucose levels were measured in one microliter of un-
diluted plasma sample via colorimetric assay (BioVision) read at
570 nm. Sample concentrations were calculated from the standard
curve.

Plasma glycogen levels were measured via colorimetric assay
(Abcam) at 450 nm.

Plasma FFAs were measured via fluorimetric assay (Cayman
Chemical). Resorufin fluorescence was measured with a 530-540 nm
excitation wavelength and a 585-595 nm emission wavelength, with
sample concentrations determined from a standard curve.

Plasma TGs were measured via spectrophotometric assay (Abcam)
from the oxidation reaction product of glycerol, converted from FFAs,
read at 570 nm.

2.3.4. Liver and abdominal adipose metabolites

Frozen liver or adipose tissue was placed into 2 ml microcentrifuge
tubes, weighed and homogenized on ice at 5 mg/ml in 4% Nonidet P-40
using a sonic homogenizer, then centrifuged at 14000 xg for 5 min at 4°
C.

For liver and adipose levels of TGs, supernatant was removed, di-
luted ten-fold in deionized water, and frozen at -20° C until analyzed
using methods described above.

For liver levels of glycogen, supernatant was removed and analyzed
the same day using methods described above.

2.3.5. Statistics

All data are presented as means * standard error of the means.
Numbers of rats from each group included in fos and ERa im-
munolabeling are shown in the respective figure legends.

Metabolite and hormone data were analyzed by two-way ANOVA
with hormone (OIL, EB) and feeding condition (Ad lib, Fasted, Fed) as
factors. Adrenal and uterine weight, and weight of stomach contents
also were analyzed by two-way ANOVA with hormone (OIL, EB) and
feeding condition (Ad lib, Fasted, Fed) as factors. Pair-wise comparisons
of significant main effects or interactions were evaluated using Fisher's
LSD test; Effect sizes were estimated as partial 52 (prlz) and 2.

3. Results

To illustrate the effects of EB-treatment and TTFR, the time course
of daily body weights of OVX rats that were fed Ad lib throughout the
experiment or were on TTFR on Week 3 are shown in Fig. 1.

The change in body weight in OIL- and EB-treated rats on the first
and last day of TTFR on Week 3 is shown in Fig. 2. Two-way ANOVA for
these data revealed main effects of day [F; 47) = 582.72, p < 0.001;
prlz = 0.925; 1'12 = 0.620] and of hormone treatment [F 47, = 10.75,
p < 0.01; ,n* = 0.186; n*> = 0.057]. There also was an interaction
between hormone treatment and day [F(1,47) = 22.45, p < 0.001;
prl2 = 0.323; n® = 0.024], and pairwise comparisons indicated that
both OIL- and EB-treated rats lost significantly more weight on the last
day than on the first day (both ps < 0.001). However, on the last day
of the protocol, EB-treated rats lost significantly more weight than did
OIL-treated rats (p < 0.0010).

As shown in Table 1, food intake on Day 4 of Week 3 depended on
whether rats were fed Ad lib or were on TTFR. Two-way ANOVA re-
vealed a main effect of feeding condition [F 41y = 105.31, p < 0.001;
o> = 0.720; n* = 0.716], with food intake by rats on TTFR greater
than that by Ad lib fed rats, independent of hormone treatment. There
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Fig. 2. Change in body weight during temporally targeted food restriction
(TTFR). Percent change in body weight during TTFR for all OIL- (n = 25) and
EB- (n = 24) treated ovariectomized rats tested in these experiments.

# = significantly less than first day; 1 = significantly different from OIL on
corresponding day.

was no effect of hormone treatment and no interaction between hor-
mone treatment and feeding condition.

The weight of stomach contents also is shown in Table 1, and here,
too, there was a main effect of feeding condition [F(,3s) = 75.65,
p < 0.001; prlz = 0.812; n2 = 0.811]. Pairwise comparisons revealed
that, independent of hormone treatment, stomach weights were sig-
nificantly greater in rats on TTFR that were Fed prior to sacrifice
compared to both Ad lib fed rats and rats on TTFR that were Fasted
prior to sacrifice (both ps < 0.001). Stomach weights in Ad lib fed rats
were significantly greater than those in rats on TTFR that were Fasted
prior to sacrifice (p < 0.05). There was no effect of hormone treatment
and no interaction between hormone treatment and feeding condition.

Table 1 also shows uterine weights, which clearly were greater in
EB-treated rats [F(1,28) = 166.06, p < 0.001; pr12 = 0.856;
n? = 0.841]. There was no effect of feeding condition and no interac-
tion between hormone treatment and feeding condition.

3.1. Central neural pathways

Fig. 3 shows fos immunolabeling in the NTS. In both the cNTS
(Fig. 3A, bottom) and midNTS (Fig. 3B, bottom), few cells were labeled
for fos in Ad lib fed rats, which ate little or nothing (0-0.14 g) in the
intake test prior to sacrifice, or in rats on TTFR that were Fasted prior to
sacrifice. In contrast, fos immunolabeling was elevated in both levels of
the NTS of rats on TTFR that were Fed prior to sacrifice. Two-way
ANOVAs revealed main effects of feeding condition in both the ¢cNTS
[Fo,20) = 5.46, p < 0.05; ,n°=0.353; n®>=0.348] and midNTS
[Fo,21y = 13.63, p < 0.001; ,n® = 0.565; n* = 0.556], with no effect
of hormone treatment or interactions for either level. For the cNTS,
pairwise comparisons of the main effect of feeding condition showed
that, regardless of hormone treatment, numbers of fos-positive cells
were significantly greater in rats on TTFR that were Fed than in Ad lib
fed rats (p < 0.05) and in rats on TTFR that were Fasted (p < 0.01)
groups, which were not different from each other. Similarly, in the
midNTS, pairwise comparisons of the main effect of feeding condition
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Table 1

Food intake, weight of stomach contents, and uterine weight on the final day of the experiment. Ovariectomized rats were given s.c. injections of OIL vehicle (OIL) or
estradiol benzoate (EB) twice weekly for three weeks and fed ad libitum (Ad lib) throughout, or were subjected to temporally-targeted food restriction (TTFR) during
the third week. Some rats on TTFR were fasted prior to sacrifice on Day 4 (Fasted); others were fed and sacrificed 1 h later (Fed). Numbers in parentheses indicate
numbers of rats. 1 = significantly greater than OIL; a = significantly greater than Ad lib; b = significantly greater than Fasted.

OIL EB
1-hr food intake (g/100 g body weight)

Ad lib 0.24 +0.13 (8) 0.13 +0.07 (9)
Fasted -—
Fed?® 3.08 £ 0.32 (14) 2.75+0.24 (14)

Stomach contents (g/100 g body weight)

Ad lib® 1.29+0.13 (6) 1.39 +0.15 (7)
Fasted 0.66+0.12 (7) 0.55 + 0.06 (7)
Fed™P 412 +0.51(7) 3.94 +0.43 (7)

Uterine weight (mg/100 g body weight)

Ad lib 7.01+1.24 (5) 34.23+3.52(6) |
Fasted 9.80 + 0.55 (6) 39.86+4.36 (6) 1
Fed 8.36 + 0.62 (6) 34.71+1.96 (6) |

showed that numbers of fos-positive were significantly greater in rats
on TTFR that were Fed than in rats that were fed Ad lib or were on
TTFR and Fasted (both ps < 0.001), with no differences between Ad
lib fed and Fasted rats.

Fig. 4 shows ERa immunolabeling in the cNTS and midNTS. Neither
feeding condition, hormone treatment, nor the interaction altered
numbers of ERa-positive cells in the cNTS. There was a main effect of
hormone treatment on ERa immunolabeling in the midNTS
[Fa,» =12.02, p < 0.05; lez = 0.632; 112 = 0.588]; however, the
number of ERa-positive cells was very low, overall.

3.2. Peripheral and metabolic factors

Fig. 5 shows plasma glucose and hepatic glycogen levels, along with
plasma insulin levels. Two-way ANOVA revealed a main effect of hor-
mone treatment on plasma glucose levels [F 30) = 14.22, p < 0.001;
Prl2 = 0.322; n2 = 0.292] with plasma glucose in EB-treated rats sig-
nificantly less than those in OIL-treated rats, independent of feeding
condition. There was no effect of feeding condition, nor was there an
interaction between hormone treatment and feeding condition. In
contrast, there was a main effect of feeding condition on hepatic gly-
cogen levels [F; 15y = 56.03,p < 0.001; prlz = 0.862; n° = 0.839] and
pairwise comparisons showed that, independent of hormone treatment,
liver glycogen was significantly greater in Ad lib fed rats compared to
that in rats on TTFR that were Fed or Fasted (both ps < 0.001). In
addition, glycogen was greater in rats on TTFR that were Fed than in
those that were Fasted (p < 0.01). There was no hormone treatment
effect or interaction. Two-way ANOVA demonstrated a main effect of
feeding condition on plasma insulin levels [F(3 2g) = 11.43, p < 0.001;
prl2 = 0.450; n® = 0.428], with pairwise comparisons showing that le-
vels of insulin in rats on TTFR that were Fasted were significantly less
compared to both Ad lib fed rats and rats on TTFR that were Fed
(ps < 0.001). No hormone treatment effect or interaction between
hormone treatment and feeding condition was observed.

Fig. 6 shows plasma TG, FFA, and leptin levels. Two-way ANOVA
revealed a main effect of hormone treatment on plasma TG levels
[Fa,20) = 18.89, p < 0.001; ,n* = 0.394; n* = 0.222] with plasma
TGs in EB-treated rats significantly greater than those in OIL-treated
rats. There also was a main effect of feeding condition [F( 29y = 16.11,

p < 0.001; ,n°>=0.526; n®>=0.379] and pairwise comparisons
showed that plasma TGs in rats on TTFR that were Fasted were sig-
nificantly less than those in rats that were Ad lib fed or that were on
TTFR and Fed (ps < 0.001), which were not different from each other.
There was no interaction between hormone treatment and feeding
condition on plasma TG levels. Similar patterns also were observed for
plasma FFA levels, with main effects of both hormone treatment
[Fa,30 = 10.15, p < 0.01; ,n®=0.253; n°> =0.165] and feeding
condition [F(530) = 9.35, p < 0.001; ,n* = 0.384; n* = 0.304], but no
interaction. Here, too, plasma FFAs were greater in EB-treated rats, and
in rats on TTFR that were Fasted (p < 0.05, 0.001). Two-way ANOVA
also revealed a main effect of feeding condition on plasma leptin levels
[Fo20) = 9.02, p < 0.001; ,n® = 0.383; n? = 0.357], with pairwise
comparisons showing that rats on TTFR that were fasted had sig-
nificantly less leptin than did rats that were Ad lib fed (p < 0.001), as
well as rats on TTFR that were Fed (p < 0.05). Interestingly, there was
no difference between the latter two conditions, nor was there a hor-
mone treatment effect or an interaction. Finally, as shown in Table 2,
there were no main effects or interactions for either adipose or hepatic
TG levels.

Adrenal weights and plasma corticosterone levels are shown in
Fig. 7. Two-way ANOVA revealed a main effect of hormone treatment
on adrenal weights [F(;.7) =18.09, p < 0.001; l,r]2 = 0.856;
n? = 0.397], with EB-treated rats having greater adrenal weights than
did OIL-treated rats. There were also was a main effect of feeding
condition [F(55,) = 13.01, p < 0.001; ,n* = 0.856; n* = 0.571] and
pairwise comparisons revealed that adrenal weights in rats that were
fed Ad lib were significantly less than those in rats on TTFR, whether
they were Fed or Fasted (both ps < 0.001), which were not different
from each other. There was no interaction between hormone treatment
and feeding condition. Similarly, 2-way ANOVA revealed that plasma
corticosterone levels were affected by main effects of feeding condition
[Fa,2) = 15.05, p < 0.001; ,n® = 0.578; n* = 0.233] and hormone
treatment [F( 22y = 56.91, p < 0.001; ,n*=0.721; n>=0.441].
However, there also was an interaction between feeding condition and
hormone treatment [F22 = 10.02, p < 0.001; Pr]2 = 0.477;
n? = 0.155). Pairwise comparisons of this interaction revealed no dif-
ferences in the corticosterone levels in rats that were fed Ad lib, but
plasma corticosterone was significantly greater in EB-treated rats on
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Fig. 3. fos immunolabeling in the nucleus of the solitary tract (NTS) of ovariectomized rats treated with Oil vehicle (OIL) or estradiol benzoate (EB). A: caudal NTS
(cNTS). Schematic of ¢cNTS (top left, adapted from [Paxinos and Watson, 1998]) and representative photomicrographs of fos immunolabeling (dark nuclear staining)
in the cNTS of OIL-treated (top middle) and EB-treated (top right) rats on temporally-targeted food restriction (TTFR) that were allowed to eat (Fed) prior to sacrifice
on Day 4. Bottom panel shows mean numbers of fos* cells in OIL- and EB-treated rats that were fed ad libitum (Ad lib; white bars; OIL, n = 2; EB, n = 3), or Fasted
(gray bars; OIL, n = 3; EB, n = 4) or Fed (black bars; OIL, n = 7; EB, n = 7) prior to sacrifice after TTFR. B: middle NTS (midNTS). Schematic hemisection of midNTS
(top left, adapted from [Paxinos and Watson, 1998]) and representative photomicrographs of fos immunolabeling in hemisections of the midNTS of OIL-treated (top
middle) and EB-treated (top right) rats on TTFR that were Fed prior to sacrifice. Bottom panel shows mean numbers of fos™ cells in OIL- and EB-treated rats that were
Ad 1ib fed (OIL, n = 2; EB, n = 3), or Fasted (OIL, n = 3; EB, n = 4) or Fed (OIL, n = 7; EB, n = 8) prior to sacrifice after TTFR. Blue shading - NTS; yellow shading -
dorsal motor nucleus of the vagus; red shading - Area Postrema (AP). ts - tractus solitarius; cc - central canal; scale bars - 100 um. a = significantly greater than Ad lib;

b = significantly greater than Fasted.

TTFR than in OIL- treated rats on TTFR, both Fed and Fasted (both
ps < 0.001). Moreover, plasma corticosterone in EB-treated rats on
TTFR that were Fed was significantly greater than that in EB-treated
rats that were fed Ad lib (p < 0.001), and corticosterone in EB-treated
rats on TTFR that were Fasted were significantly greater than those in
EB-treated rats that were Ad lib fed (p < 0.001) or were on TTFR and
fasted (p < 0.05). There were no differences in corticosterone levels in
OlIL-treated rats between feeding conditions.

4. Discussion

Over the last 40 years, the role of estrogens in feeding and body
weight regulation has become the subject of intensive investigation.
From seminal observations of feeding behaviors in rats by Wade and
colleagues in the mid-1970s (Blaustein and Wade, 1976; Wade, 1975)
to more recent studies employing sophisticated techniques to explore
the molecular bases of the actions of estrogens in the control of in-
gestive behaviors (Eckel et al., 2000; Musatov et al., 2007), work in this
area has led to better understanding of the control of feeding and body
weight during ad libitum feeding conditions. Indeed, investigators are
beginning to dissect out specific CNS areas, neurotransmitter systems,
and estrogen receptor subtypes (Eckel et al., 1998; Hrupka et al., 2002;
Rivera et al., 2012; Santollo and Eckel, 2008; Santollo et al., 2011,
2013), that will allow manipulations for even more finely-honed ap-
proaches to understanding the mechanism(s) of the actions of estro-
gens, especially as it pertains to the CNS. Certainly, there are conflicting
findings about the location of central estrogen receptors that control
feeding and body weight (Hrupka et al., 2002; Santollo et al., 2011),
and the relative influence of specific central neurotransmitter systems
remains to be determined (Eckel et al., 1998; Rivera et al., 2012;
Sakurazawa et al., 2013; Santollo and Eckel, 2008; Santollo et al., 2011,
2013). Nonetheless, remarkable progress has occurred, particularly in
regard to the control of feeding during conditions of ad libitum access.

To our knowledge, this is the first comprehensive investigation fo-
cused on the influence of estradiol on chow intake and body weight of
OVX rats during TTFR. Given the propensity of overweight and obese
individuals to eat only one large meal at the end of the day, when
energy levels are low (Beaudoin and Mayer, 1953; Dole et al., 1954;
Stunkard et al., 1955), and the fact that females—especially Black and
Hispanic females (Lovejoy and Sainsbury, 2009; Flegal et al., 2012a,
2012b)-suffer disproportionately from obesity, the goals of this study,
therefore, were to examine the effects of estradiol during TTFR and to
test CNS and peripheral mechanisms that may underlie these effects.
Better understanding of interactions between estradiol and inhibitory
signals during TTFR has the potential to provide important insights for
weight control in humans.

4.1. Estradiol effects on body weight and uterine weight

In this study, EB-treated rats lost weight during ad libitum feeding,
while OIL-treated rats gained weight throughout (Fig. 1). While shown
for purposes of illustration, it should be noted that these findings that
are consistent with previous work from our lab and others (Geary and
Asarian, 1999; Asarian and Geary, 2002; Asarian and Geary, 2006;
Krause et al., 2006; Jones and Curtis, 2009; Butera et al., 2010; Graves

et al., 2011; Eckel, 2011). In addition, uteri assessed after EB-treatment
were hypertrophied compared to those in OIL-treated rats (Table 1), as
we have reported previously (Graves et al., 2011; Curtis, 2015). This
hypertrophy occurs in conjunction with increased circulating estradiol
(Curtis, 2015); thus, together, these measures demonstrate the efficacy
of the EB protocol.

4.2. Estradiol effects on chow intake and body weight during TTFR

During ad libitum access to chow, the intake that occurred over-
night appeared to be satiating, as neither EB- nor OIL-treated group ate
appreciable amounts of chow during intake tests conducted during the
day (Table 1). Our TTFR protocol was intended to mimic eating pat-
terns of some obese and overweight people who often eat only one large
evening meal. Accordingly, we restricted the time rats were permitted
to eat, rather than restricting the amount of chow provided. As a result,
both EB-treated and OIL-treated rats consumed substantial and similar
amounts of chow in intake tests during TTFR. These findings were
unexpected, given numerous reports that EB decreases food intake
during ad libitum feeding (Asarian and Geary, 2002, 2006; Butera et al.,
2010; Eckel, 2011; Geary and Asarian, 1999; Krause et al., 2006), and
suggest that the effect of estradiol in the control of eating is altered
during TTFR. Thus, one might predict changes in body weight would
parallel the effects on eating. However, even taking into account that
EB-treated rats weighed less than OIL-treated rats at the end of the prior
ad libitum feeding period, and despite substantial body weight loss in
both groups during TTFR (Fig. 2), EB-treated rats lost more weight than
did OIL-treated rats.

4.3. Mechanisms underlying estradiol effects during TTFR

4.3.1. Estradiol effects on central pathways

During ad libitum feeding conditions, the EB-induced decrease in
chow intake is primarily a function of decreased meal size (Blaustein
and Wade, 1976; Geary and Asarian, 1999) due, in part, to enhanced
sensitivity to gastric distension and/or the gut hormone, CCK (Asarian
and Geary, 2007; Cummings and Overduin, 2007; Eckel and Geary,
1999, 2001; Eckel et al., 2002; Moran, 2006). In the present study, both
OIL- and EB-treated rats consumed substantial amounts of chow during
TTFR. In fact, amounts of chow consumed in these 1-h tests were ap-
proximately half the amounts typically consumed by rats during 24 h of
ad libitum access to chow (Hubert et al., 2000), and far in excess of
what would typically be consumed in a single meal during ad libitum
feeding (Asarian and Geary, 2002; Blaustein and Wade, 1976). These
intakes likely generated considerable gastric distension and, thereby,
considerable activation of stretch receptors that project to the NTS via
the gastric vagus (Contreras et al., 1982; Dockray and Burdyga, 2011;
Kentish et al., 2012). Gastric distension—even more moderate distension
associated with a meal of modest size—contributes to the cessation of
feeding (Moran, 2006; Eckel, 2011; Maniscalco et al., 2013). Thus, the
observation that both OIL- and EB-treated rats ate well in excess of the
volumes reported in those studies suggests that both groups were less
sensitive to inhibitory signals related to gastric distension during TTFR.

Input from gastric vagal afferent fibers signaling gastric distension
(Contreras et al., 1982; Dockray and Burdyga, 2011; Kentish et al.,
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Fig. 4. ERa immunolabeling in the nucleus of the solitary tract of ovariectomized rats treated with Oil vehicle (OIL) or estradiol benzoate (EB). Left column: caudal
NTS (cNTS). Schematic of cNTS (top; adapted from [Paxinos and Watson, 1998]), representative photomicrograph of ERa immunolableing (green nuclear staining) in
the ¢NTS (middle), and mean numbers of ERa™ cells in the cNTS (bottom) of OIL- and EB-treated rats that were fed ad libitum (Ad lib; white bars; OIL n = 2, EB,
n = 2) or were Fasted (black bars; OIL, n = 4, EB, n = 3) prior to sacrifice on Day 4 of temporally targeted food restriction (TTFR). Right column: middle NTS
(midNTS). Schematic hemisection of midNTS (top; adapted from [Paxinos and Watson, 1998]), representative photomicrograph of ERa immunolabeling in a
hemisection of the midNTS (middle), and mean numbers of ERa™ cells in the midNTS (bottom) of OIL- and EB-treated rats that were Ad lib fed (OIL, n = 2; EB, n = 2)
or were Fasted (OIL, n = 3; EB, n = 4) prior to sacrifice after TTFR. Blue shading - NTS; yellow shading - dorsal motor nucleus of the vagus; red shading - Area
Postrema (AP); ts - tractus solitarius; cc - central canal; scale bars - 100 pm. 1 = significantly less than OIL.

2012) produces neuronal activation in the NTS (Olson et al., 1993;
Ceccatelli et al., 1989; Dockray and Burdyga, 2011; Eckel and Geary,
2001; Eckel et al., 2002; Geary and Asarian, 1999). Accordingly, we
opted to employ immunohistochemical labeling of the fos protein as a
strategy to assess neuronal activation in the NTS in response to

consumption of chow during TTFR (Fig. 3). There was little fos im-
munolabeling in the NTS of EB- or OIL-treated rats that had ad libitum
access to chow and therefore ate little during the intake test prior to
sacrifice. Similarly, fos immunolabeling in the NTS of rats on TTFR that
were Fasted was sparse (Eckel and Geary, 2001), an important finding
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Fig. 5. Carbohydrate metabolites and hormones in ovariectomized rats treated
with Oil vehicle (OIL) or estradiol benzoate (EB). Top: plasma glucose levels in
OIL- and EB-treated rats that were fed ad libitum (Ad lib; white bars; OIL,
n = 6; EB, n = 6), or were Fasted (gray bars; OIL, n = 6; EB, n = 6) or Fed
(black bars; OIL, n = 6; EB, n = 6) prior to sacrifice on Day 4 of temporally
targeted food restriction (TTFR). Middle: hepatic glycogen levels in OIL- and EB-
treated rats that were Ad lib fed (OIL, n = 4; EB, n = 4), or were Fasted (OIL,
n = 2; EB, n = 3) or Fed (OIL, n = 5; EB, n = 6) prior to sacrifice after TTFR.
Bottom: plasma insulin levels in OIL- and EB-treated rats that were Ad lib fed
(OIL, n = 6; EB, n = 6), or were Fasted (OIL, n = 5; EB, n = 5) or Fed (OIL,
n = 6; EB, n = 6) prior to sacrifice after TTFR. a = significantly less than Ad
lib; ¢ = significantly less than Fed.

which suggests that the TTFR itself did not elicit neuronal activation in
the NTS. In contrast, fos immunolabeling in the NTS of rats on TTFR
that were Fed before sacrifice was elevated, with no difference between
hormone treatments. This finding further supports the idea that EB- and
OlL-treated rats are less sensitive to inhibitory gastric distension sig-
naling during TTFR.

In contrast to these findings, Eckel and colleagues (Eckel and Geary,
2001) reported that, when meal size was controlled after previous ad
libitum feeding so that EB- and OIL-treated rats ate the same amount,
there was greater fos labeling in in the NTS of EB-treated rats. It should
be noted that while EB- and OIL-treated rats also consumed similar
amounts of food during TTFR, we restricted the time rats were per-
mitted to eat, rather than restricting the amount of chow provided. This
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Fig. 6. Lipid metabolites and hormones in ovariectomized rats treated with Oil
vehicle (OIL) or estradiol benzoate (EB). Top: plasma triglyceride (TG) levels in
OIL- and EB-treated rats that were fed ad libitum (Ad lib; white bars; OIL,
n = 6; EB, n = 5), or were Fasted (gray bars; OIL, n = 6; EB, n = 6) or Fed
(black bars; OIL, n = 6; EB, n = 6) prior to sacrifice on Day 4 of temporally
targeted food restriction (TTFR). Middle: plasma free fatty acid (FFA) levels in
OIL- and EB-treated rats that were Ad lib fed (OIL, n = 6; EB, n = 6), or were
Fasted (OIL, n = 6; EB, n = 6) or Fed (OIL, n = 6; EB, n = 6) prior to sacrifice
after TTFR. Bottom: plasma leptin levels in OIL- and EB-treated rats that were
Ad lib fed (OIL, n = 6; EB, n = 6), or were Fasted (OIL, n = 5; EB, n = 6) or Fed
(OIL, n = 6; EB, n = 6) prior to sacrifice after TTFR. a = significantly less than
Ad lib; ¢ = significantly less than Fed.

strategy produced very large intakes in a comparatively short period of
time, suggesting that fos immunolabeling in the NTS of EB- and OIL-
treated rats may be attributable to activation in response to maximal
input from gastric vagal afferents. Nonetheless, extreme gastric stretch
due to consumption of large amounts of chow would increase vagal
signaling to the CNS and, ultimately, would be sufficient to terminate
feeding (Daly et al., 2011; Kentish et al., 2012). We cannot rule out the
possibility that such large intakes produced maximal fos activation in
the NTS of both OIL- and EB-treated rats. However, both the sensitivity
(Kentish et al., 2012) and the phenotype of gastric vagal afferents
(Dockray and Burdyga, 2011) depend on feeding condition and the
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Table 2

Hepatic and adipose triglyceride (TG) levels in ovariectomized rats treated with
OIL vehicle (OIL) or estradiol benzoate (EB). Rats were fed ad libitum
throughout (Ad lib) or were or were subjected to temporally-targeted food re-
striction (TTFR) during the third week. Some rats on TTFR were fasted prior to
sacrifice on Day 4 (Fasted); others were fed and sacrificed 2h later (Fed).
Numbers in parentheses indicate numbers of rats.

OIL EB
Hepatic TG (mg/ng tissue)
Ad lib 85.1 = 5.6 (3) 82.5 = 19.0 (5)
Fasted 111.0 = 11.8 (5) 79.9 = 13.5(5)
Fed 100.3 = 30.5 (4) 68.1 = 12.0 (6)
Adipose TG (mg/ng tissue)
Ad lib 490.8 + 99.0 (4) 525.8 + 116.6 (4)
Fasted 460.6 + 51.5 (6) 406.4 + 81.6 (5)
Fed 500.3 *= 49.0 (4 400.4 + 84.7 (4
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Fig. 7. Adrenal weights and corticosterone levels in ovariectomized rats treated
with Oil vehicle (OIL) or estradiol benzoate (EB). Top: adrenal weights in OIL-
and EB-treated rats that were fed ad libitum (Ad lib; white bars; OIL, n = 6; EB,
n = 6), or were Fasted (gray bars; OIL, n = 5; EB, n = 5) or Fed (black bars;
OIL, n = 5; EB, n = 6) prior to sacrifice on Day 4 of temporally targeted food
restriction (TTFR). Bottom: plasma corticosterone levels in OIL- and EB-treated
rats that were Ad 1ib fed (OIL, n = 4; EB, n = 6), or were Fasted (OIL, n = 5; EB,
n = 4) or Fed (OIL, n = 5; EB, n = 5) prior to sacrifice after TTFR. a = sig-
nificantly greater than Ad lib; 1’ = significantly less than corresponding OIL
group; a’ = significantly greater corresponding Ad lib fed group; b’ = sig-
nificantly greater than corresponding Fasted group.

amounts of food consumed, raising the intriguing possibility that de-
spite similar numbers of fos-positive neurons in the NTS of OIL- and EB-
treated rats on TTFR, different populations may be activated by large
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eating bouts, depending on specific afferents that are activated.

Estradiol effects on feeding under ad libitum feeding conditions are
mediated in part by estradiol binding to the a subtype of estrogen re-
ceptor in the NTS (Thammacharoen et al., 2008). We saw no differences
in ERa immunolabeling in the c¢NTS as a result of feeding condition or
hormone treatment (Fig. 4), whereas numbers of ERa positive cells in
the midNTS were greater in EB-treated rats. Thus, there was no dif-
ferential effect of TTFR on ERa numbers in the NTS. Although ERa and
fos labeling were not done in the same tissue sections because the
primary antibodies were raised in the same animal, we found less ERa
labeling than fos labeling in both the ¢NTS and midNTS. This is parti-
cularly notable in the midNTS, in which scant ERa labeling was ob-
served. This observation that more neurons were activated by eating
during TTFR than there were neurons containing ERa suggests that ERa
in the NTS play a minor role control of feeding during TTFR. However,
it should be noted that ERa numbers may not reflect affinity of the re-
ceptors to bind estradiol. Thus, we cannot rule out a role for ERa in the
control of feeding during TTFR, particularly given the broad distribu-
tion of ERa throughout the CNS.

Together, these findings suggest that, unlike EB effects during ad
libitum conditions, during TTFR, neither food intake nor the detection
of meal-induced inhibitory signals at the level of the NTS is affected by
EB. However, although neural activation was not quantitatively dif-
ferent, different types of neurons may be activated. If this is the case,
the effect is unlikely to be attributable to ERa-bearing neurons in the
NTS which were not affected by TTFR. These interpretations rest on the
assumption that the ingested chow is emptied from the stomach at
comparable rates. In other words, although food intake and fos im-
munolabeling in the NTS were similar between OIL- and EB-treated rats
during TTFR, it is possible that gastric emptying was different. If so, the
degree of gastric distension may not have been comparable, and con-
sistent with this idea, estradiol decreases emptying of a modest gastric
load (Chen et al., 1995). However, we found no differences between EB-
and OIL-treated rats in the weight of stomach contents with TTFR
(Table 2), suggesting there are no differences in gastric distension sig-
nals or processing of food through the stomach during TTFR. None-
theless, even during TTFR, EB effects on body weight persisted.

4.3.2. Estradiol effects on metabolism

Food restriction and dieting are known to reduce metabolism and
metabolic rate (Benton and Young, 2017), whereas estradiol has been
reported to increase metabolism and metabolic rate (Wade and Gray,
1979), as well as locomotor activity (e.g., Eckel et al., 2000). However,
most of these latter studies have been conducted during ad libitum
feeding conditions. If estradiol effects on metabolism persist during
TTFR, it could contribute to estradiol-mediated differences in body
weight we observed during TTFR. Accordingly, we investigated effects
of EB treatment on carbohydrate and fat metabolism, focusing on
hormones and primary metabolites associated with carbohydrate and
fat metabolism.

4.3.2.1. Carbohydrate metabolism. Circulating levels of insulin, the
major regulator of glucose levels in carbohydrate metabolism, were
not different in OIL-treated and EB-treated rats (Fig. 5), but were
significantly different between feeding conditions. Specifically, insulin
levels in OIL-treated and EB-treated rats that were fed Ad lib
approximated physiological values, as also has been reported in other
studies (Eringa et al., 2002), with a trend toward lower levels in EB-
treated rats. Insulin levels in rats on TTFR that were Fasted were
reduced as expected, given the decrease in glucose influx during TTFR
with fasting. In contrast, insulin was restored to ad libitum levels within
the short (1h) time of refeeding in both OIL- and EB-treated rats,
presumably because of increased glucose influx. Thus, the hormonal
regulator of glucose homeostasis, insulin, was not affected by EB-
treatment during TTFR. We also measured plasma glucose in OIL- and
EB-treated rats, and found that glucose levels were significantly less in
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EB-treated rats, independent of feeding condition. This decrease in
plasma glucose with EB treatment has been previously reported
(Mandour et al., 1977); however, glucose was not decreased to the
point of hypoglycemia, likely owing to the tight regulation of this is
critical metabolite. Nonetheless, it is possible that the lower glucose
levels in EB-treated rats reflects an overall increase in metabolic rate
that persists during TTFR. An alternative explanation for these results is
that there is impaired glycogenesis in EB-treated rats that leads to
differences in glucose storage as glycogen; however, there were no EB-
mediated differences in liver glycogen. Certainly, glycogen was reduced
in both EB- and OIL-treated rats on TTFR that were not permitted to eat
prior to sacrifice, and utilization of these stores would be expected to
maintain plasma glucose levels during TTFR. Interestingly, hepatic
glycogen levels began to increase within 1 h after eating in both EB- and
OIL-treated rats, and though the increase in EB-treated rats was
somewhat blunted, the difference was not significant.

Thus, differences in carbohydrate metabolism do not appear to be
an important factor in the reduced body weight of EB-treated rats
during TTFR. Nonetheless, it should be noted that all measurements
were taken 1 h after rats were fed; consequently, additional studies will
be necessary to determine if the slight difference in liver glycogen, in
conjunction with the lower overall plasma glucose levels, indicate a
meaningful difference in carbohydrate metabolism in EB-treated rats
during TTFR that may contribute to differences in body weight.

4.3.2.2. Lipid metabolism. Leptin is released from adipocytes and is
proportional to body adiposity. Despite decreased body weight in EB-
treated rats during both ad libitum conditions and TTFR, EB did not
affect circulating leptin (Fig. 6). There was a tendency toward reduced
plasma leptin in EB-treated rats that were fed ad libitum, but these
levels were within the physiological range previously reported
(Watanobe et al., 1999). Leptin levels in rats on TTFR that were
Fasted prior to sacrifice were profoundly reduced, presumably because
of the decreased adiposity in fasted animals but, interestingly, leptin
levels were restored nearly to ad libitum levels within a short time after
eating. This effect may be attributable to the intraluminal source of
leptin (Bado et al., 1998; Cinti et al., 2000; Sobhani et al., 2000) and
suggests that in addition to leptin from adipose tissue which serves as a
long-term adiposity signal, a rapidly-occurring increase in leptin
originating from the GI tract may play a role in feeding and/or body
weight regulation. In any case, neither the intra-luminal nor the adipose
leptin was affected by estradiol in these studies.

Previous studies of women and rats (Spellacy et al., 1973; Kim and
Kalkhoff, 1975) report that estradiol elevates plasma TGs after fasting,
suggesting a role for estradiol in fat metabolism. We found that plasma
TGs in EB-treated rats were greater in all feeding conditions compared
to OIL-treated rats. In addition, plasma TGs were slightly less in rats on
TTFR that were Fasted prior to sacrifice, compared to both ad libitum
fed rats and rats on TTFR that were Fed prior to sacrifice. These data
suggest that TGs are being utilized for energy during fasted conditions
in both EB- and OIL-treated rats; however, plasma TGs increased within
1 h after eating during TTFR, an effect that was particularly pronounced
in EB-treated rats. Neither adipose nor hepatic TGs were affected by
TTFR, suggesting that these sources of energy are not utilized during
TTFR. Nonetheless, adipose TGs in EB-treated rats on TTFR tended to be
less than those in EB-treated rats that were fed Ad lib, which may
suggest a slower rate of uptake TGs into adipose tissue. This idea, which
is consistent with increased plasma TGs in EB-treated rats, may be due
to the slight decrement in insulin levels with EB treatment that likely
reduces lipolysis. Alternatively, lipolysis and mobilization of FFAs may
be accelerated in EB-treated rats during TTFR. Consistent with this idea,
plasma FFA were elevated in EB-treated rats, independent of feeding
condition. In addition, plasma FFA increased in rats on TTFR that were
fasted prior to sacrifice, an effect that was more pronounced in OIL-
treated rats, and may derive from the breakdown of TGs in circulation
and, possibly in adipose, as well.
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4.3.3. Corticosterone and adrenals

Both OIL- and EB-treated rats on TTFR had increased adrenal
weights (Fig. 7), observations that are suggestive of activation of the
hypothalamus-pituitary-adrenal (HPA) axis. However, although circu-
lating corticosterone levels were comparable in OIL- and EB-treated rats
that were fed ad libitum, corticosterone increased after TTFR only in
EB-treated rats, an effect that was enhanced by eating. It is possible that
interoceptive signals associated with fasting or the rapid consumption
of large amounts of food activate the HPA axis (see Maniscalco et al., for
review) in EB-treated but not Oil-treated rats. Consistent with this idea,
estradiol is associated with enhanced corticosterone release in response
to a variety of stressors (Chang et al., 2002; White-Welkley et al., 1995),
as well as with hypertrophy of the adrenals (Fig. 7; Saruhan and
Ozdemir, 2005). Alternatively, although typically thought of as a stress
hormone that is involved in ‘fight or flight’ responses, corticosterone
also affects carbohydrate, fat and protein metabolism, functions that
are particularly important in the face of TTFR. Thus, in EB-treated rats,
increased corticosterone may be responsible for differences in lipid
metabolism that contribute to the persistently decreased body weight in
EB-treated rats on TTFR. Further studies will be necessary to address
this idea, as well as to determine whether these effects persist during
access to high-fat or high-sugar chow that more closely approximates
Western diets.

5. Summary

In summary, EB treatment causes reduced body weight that persists
during TTFR despite an increase in food intake to levels not different to
those consumed by OIL-treated rats. This separation of estradiol effects
on eating behavior from those on body weight contrasts with previous
reports of effects observed during ad libitum feeding (Asarian and
Geary, 2006; Blaustein and Wade, 1976; Bonavera et al., 1994; Butera
et al., 2010). Moreover, TTFR also appears to reverse estradiol effects
on gastric emptying (Chen et al., 1995) and CNS processing of signals
from the gastrointestinal tract (Clegg et al., 2006). Nonetheless, we
observed slight differences in a number of peripheral metabolic hor-
mones and metabolites that, in conjunction with estradiol effects on
locomotor activity and basal metabolic rate (Wade and Gray, 1979;
Eckel et al., 2000) may explain the persistent body weight reduction. In
this regard, a study of male rats on a TTFR protocol (Hollifield and
Parson, 1962a, 1962b) is instructive. The authors report that the large
load of nutrients taken in during TTFR were not stored as glycogen, but
that newly synthesized lipids were presumably used as fuels, a shift that
was proposed to be due to adapting to TTFR. This adaptation involved
catabolizing fat as the major energy source and limiting glucose utili-
zation to the small amounts required by the CNS (Hollifield and Parson,
1962a, 1962b). These findings suggest that EB-treated rats may use a
similar strategy during TTFR, but with slight differences that prevent
better maintenance of body weight during conditions of limited fuel
availability. Thus, estradiol-induced enhancement of corticosterone
release during TTFR may increase basal metabolic rate (Damjanovic
et al., 2009) resulting in greater and more efficient energy utilization,
and thus, decreased body weight.
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