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Abstract Background. Stressful events in early life
predispose to the development of eating disorders in
adulthood. This study investigates how neonatal maternal
separation (NMS) affects satiety and ghrelin secretion
in adulthood. Methods. Sprague-Dawley rats underwent
NMS and controls were without NMS. Experiments were
conducted on day 60: (1) water avoidance stress (WAS); (2)
feeding after overnight fasting; (3) feeding after overnight
fasting and WAS. Blood samples, gastric and hypothalamic
tissues expression were collected for ghrelin analysis.
Results. (1) MS rats had a higher basal ghrelin. After WAS,
MS rats had enhanced ghrelin. (2) A higher initial calorie
intake and lower postprandial gastric ghrelin protein in MS
are observed without difference in overall calorie intake.
(3) MS had symptoms of binge eating and early satiation.
Overall reduction of calorie intake was observed until 48
hours in MS. Conclusion. Stressful events in early life led
to aberrant ghrelin profile and early satiation in response to
stressful experience in adulthood.
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1 Background

Stressful events in early life (such as childhood physical
or sexual abuse) have been implicated as a risk factor of
functional GI disorders and eating disorders such as bulimia
spectrum disorders (BSDs), Bulimia Nervosa (BN), and
Binge Eating Disorder (BED) [7,8,11,40]. Studies showed
that the dysfunction of hypothalamic-pituitary-adrenal
(HPA) [9,14,18,26] and serotonergic systems [3,31,32]
may be involved in the pathogenesis of eating disorders.
Neonatal maternal separation (NMS) had been estab-
lished as a model of stressful events experienced in
childhood. It had shown a permanent alternation of the
HPA axis with adverse consequences such as anxiety-like
behaviors [16,17,24,38,39,43]. NMS had been proposed as
an animal model for various gastrointestinal disorders.
Studies showed NMS as a model of Irritable bowel
syndrome with visceral hyperalgesia, somatic analgesia,

and increased colonic motility in response to acute
psychological stressors [5]. Jahng et al. further proposed
NMS as an animal model of eating disorders with sustained
hyperphagia and anxiety-/depression-like behaviors [12].

In order to account for some of the characteristics
in eating disorders, a series of experiments had been
carried out using neonatal maternal separation as an animal
model. Ghrelin expression has been analyzed in detail in our
experiment. Ghrelin is a 28-amino acid peptide cleaved from
a larger precursor, preproghrelin. It is a growth hormone-
releasing acylated peptide as endogenous ligand for the
growth hormone secretagogue receptor (GHS-R) [13]. It
is produced by A-like cells and localized mainly in the
oxyntic mucosa of the stomach. It stimulates appetite and
body weight by chronic administration of ghrelin. It can also
increase body weight in many species by food intake, energy
expenditure, and fuel utilization [2,20,21,22,37,41,42].
Circulating total ghrelin increases after fasting and
decreases after feeding or oral glucose administration [6,
37]. Ghrelin has also been reported to be involved in anxiety
regulation in response to stressful stimuli. In rodents, the ad-
ministration of ghrelin induces anxiogenic behavior [1,23].

Heighted gut-brain ghrelin responses are often present
in many eating disorders such as Anorexia nervosa and
Prader-Willi Syndrome [34,35,36]. However, the impact
of early stress on ghrelin activity and appetite regulation
remains unclear. This study aimed to investigate the effects
of stressful events in early life on ghrelin profile and appetite
regulation in adulthood using a neonatal maternal separation
stress rat model. We hypothesized that stressful experiences
in early life lead to aberrant ghrelin response to fasting and
acute psychological stress, which affects the satiety and
appetite regulation.

2 Methods

2.1 Animals

Neonatal maternal separation (NMS) of newborn rats has
been developed as a model of early life stress that leads to
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Table 1: Nutritional composition (%) of food used in the
study (Prolab RMH 2500, 5P14).

Total protein (%) 28.768
Total carbohydrate (%) 59.095
Total fat (%) 12.137
Crude fiber (%) 53
Energy (kcal/g) 3.34

the permanent changes in the central nervous system and
stress-induced visceral hyperalgesia [5].

Sprague-Dawley neonates were obtained from the Lab-
oratory Animal Services Center of The Chinese University
of Hong Kong on postnatal day 2. To avoid the influence
of estrogen and hormonal cycles on neurochemical stim-
ulation, we used only male pups in our experiments. The
litters were randomly assigned to one of two rearing con-
ditions: (1) maternal separated (MS) group or (2) control,
non-handling (NH) group.

During postnatal day 2 to day 21, inclusive, litters were
exposed to a 180-min period of maternal separation daily.
The manipulation commenced at 0900 with the removal and
placement of the dams into separation cages, whereas the
litters were removed as a group into an isolation cage in an
adjacent thermoregulated room maintained at 20 °C. After
180 minutes, litters were returned to their maternity cage
with the foster dam. Eight pups were fostered as a group
by a dam housed in a standard cage containing 2.5 cm of
wood chip bedding material. Animals were housed on a
12:12-h light-dark cycle with access to food and water ad
libitum. Table 1 showed the nutritional components of the
food given to both NH and MS rats. Litters were weaned
on day 22. Animal care and experimental procedures were
conducted according to the institutional ethics guidelines
and in conformation with the requirements of the animal
experimentation and ethics committee of the institution (Ref
No. 08/013/MIS) [27].

2.2 Experiment 1: acute psychological stress with water
avoidance stress (WAS)

A number of 10 MS and 10 NH rats had free access of
food before they were anesthesized with isoflurane (Baxter
international Inc., Deerfield, USA) and underwent one hour
of water avoidance stress test (WAS) on day 60 [15]. Twenty
minutes before WAS, a venous blood sample was collected
in EDTA tube from the tail of the rats under anesthesia. Fol-
lowing recovery from anesthesia, the rats were placed on a
1 cm high platform (& = 8 cm), elevated 8 cm above the bot-
tom of a transparent tank (h =45 cm, w =25 cm, [ =45 cm)
that contained water at 25 °C. The experiments were carried
out between 8 and 10am. The rats were confined on the
water surrounded platform for one hour. Immediately after 1
hour of WAS, a second blood sample was collected from the
heart of the rats after renewed anesthesia by the injection of
sodium pentobarbital before they were sacrificed.

An additional 10 rats from each group were used as non-
stressed controls. These rats were anesthesized and allowed
to regain consciousness in their respective cages and stayed
in their cages for 1 h as sham controls.

2.3 Experiment 2: satiety test after fasting

On day 59, 10 NH and 10 MS rats underwent 18-h overnight
fast before satiety test was performed on day 60. Each rat
was anesthesized 1 h (—60 min) before the satiety test. Fast-
ing venous blood sample was then collected from the tail at
full anesthesia (—15 min). The rats were allowed to recover
from the anesthesia for 30 min to regain full consciousness
(—30min to O min). Satiety test began (0 min) when each rat
was then exposed to six repeated 5-min cycles that consisted
of 3 min of feeding and 2 min of food withdrawal [30]. The
amount of food ingested in each cycle was monitored (3 min,
8 min, 13 min, 18 min, 23 min, and 28 min) and the calorie
intake served as a surrogate of satiety function. A postpran-
dial blood sample was collected immediately after the 6-
cycle feeding under renewed anesthesia (28 min). A third
blood sample was collected (60 min) after the second blood
sample from the heart after a renewed anesthesia by injec-
tion of sodium pentobarbital before they were sacrificed.

2.4 Experiment 3: prolonged satiety test after fasting and
WAS

On day 59, 10 NH and 10 MS rats underwent 18-h overnight
fast followed by WAS. After anethesia with isoflurane, each
rat underwent an hour of WAS. Fasting venous blood sample
from tail (0 h) and postprandial blood samples (1, 3, 24, and
48 h) were collected respectively. Food was given ad libitum
to the rats and the calorie intake was monitored regularly at
1, 3,24, and 48 h.

2.5 Plasma ghrelin assay

Plasma acylated ghrelin concentration was determined by
a commercially available colorimetric enzyme immunoas-
say acylated ghrelin kits (Cayman Chemical, Ann Arbor,
MI, USA). Blood samples were collected in an ice-cooled
1.3 mL micro tube (Sarstedt AG & Co., Germany) contain-
ing EDTA. P-hydromercuribenzoic acid was added propor-
tionally to prevent degradation of the acylated ghrelin. Acid-
ification after centrifugation was used to further stabilize the
acylated ghrelin. The supernatant from the acylated ghrelin
was stored at —20 °C until assay.

2.6 Analysis of mRNA gene expression by real-time quan-
titative PCR

Fresh glandular gastric body and hypothalamic tissues were
harvested for the measurement of ghrelin gene expression.
The tissues were frozen under —80°C until use. Total
RNA was extracted from stomach and brain tissues using
TRIzol reagent (Invitrogen Corp., Carlsbad, CA, USA).
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Table 2: Primers and annealing temperatures used for real time PCR experiments.

Primers Primer sequence 5'-3'

Temperature cycle profile

Ghrelin (sense) cca gca gag aaa gga aat cca

Ghrelin (anti-sense) gct get ggt act gag cte ct
[B-actin (sense) tgt cac caa ctg gga cga ta

[B-actin (anti-sense) ggg gte ttg aag gtc tca aa

50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles
of 95 °C for 15 s, and 60 °C for 1 min

Residual DNA was removed by DNase I (Invitrogen). RNA
concentrations were measured spectrophotometrically
at 260nm with 1pug of total RNA for each sample.
Samples were first DNA digested by RQ1 RNase-free
DNase (Promega corporation, Madison, WI, USA) and
reverse transcription was performed by MMLV (Promega
corporation, Madison, WI, USA) and random primers
(Invitrogen, Karlsruhe, Germany). Primers were designed
by Primer3 (NIH., US) and primer express software
(Applied Biosystems, Foster City, CA, USA). Real-time
PCR was performed using ABI 7900 Fast Real-Time PCR
system for sequence detection (Applied Biosystems). A
10 pL-reaction mixture was prepared with POWER SYBR
Green Master Mix (Applied Biosystems) as detection
format containing total volume of 10 4L and 0.4 uL. cDNA.
Gene specific primers with melting curve analyzed for
specificity of the amplified products are shown in Table 2.

2.7 Analysis of protein expression by western blot

Gastric body and hypothalamic tissues were harvested and
stored immediately at —80 °C until use. The tissues were
crushed under liquid nitrogen and homogenized with a
Polytron mixer in the immersion of T-PER tissue protein
extraction reagent (Thermo Fisher scientific Inc., Waltham,
USA) with complete protease inhibitor cocktails tablets (F.
Hoffamnn-LA Roche Ltd., Basel, Switzerland) for protein
extraction. The protein concentration was detected by
Bio-Rad protein Assay. For the detection of ghrelin, 40—
50 pg/lane was used in electrophoresis on 16% tricine gel.
Gels were electroblotted onto 0.2 um PVDF membranes
(Millipore, Billerica, USA). The membranes were blocked
overnight on 5% slim milk in 5mL of PBS-T at 4°C.
Primary antibody of rabbit anti-rat ghrelin (Santa Cruz
biotechnology Inc., CA, USA) was probed overnight at
dilution of 1:400-500 compared with primary antibody of
rabbit anti-rat GAPDH (Abcam) probing overnight together
at a dilution of 1:5000. After washing thrice with PBS-
T, a secondary antibody of anti-rabbit IgG (Abcam Inc.,
USA) at a dilution of 1:5000 stored for one hour at room
temperature (25 °C) was used. After repeated washing of
PBS-T, immuocomplexes were visualized by Immobilion
western chemiluminescent HRP substrate (Millipore) with
X-ray film. It was quantified with the relative intensity of
the bands in preproghrelin in ratio with bands of GAPDH
by Quantity One (Bio-Rad).

2.8 Statistical analyses

Data were presented as mean =SEM with indicated number
(n) of experiments. Statistical analyses were performed
by SPSS 15.0 (SPSS, Chicago, IL, USA) and GraphPad
Prism 5.0 (GraphPad software, Inc., San Diego, CA,
USA). Comparisons between two groups were performed
by unpaired Student’s t-test or Mann-Whitney U-test as
deemed appropriate. Comparisons in trends and interaction
across groups were performed by repeated measures of
ANOVA with Bonferroni post-test as the test for post-hoc
comparisons. A difference with P < .05 was considered as
statistically significant.

3 Results

A total of 128 rats (67 NH and 61 MS rats) were used in this
study. MS rats had significantly lower mean body weight at
both childhood on day 22 (MS: 38.95+£0.51 g, NH: 42.54 £
0.52 g, P < .001) and adulthood on day 60 (MS: 270.49 +
2.89¢g, NH: 288.79+£2.49¢g, P < .001) compared with NH
rats.

3.1 Experiment 1
3.1.1 Effects of WAS on ghrelin mRNA and protein expres-

sion
In MS rats, there was a significant increase in baseline pro-
duction of mRNA ghrelin from the hypothalamus as quanti-
fied on RT-PCR when compared with NH rats (MS: 1.012 +
0.098, NH: 0.618 0.071, P = .009) under sham-stressed
conditions. Following WAS, there was a non-significant
trend of increase in hypothalamic mRNA ghrelin in both
groups. However, the increment was significantly higher
in MS rats compared to NH rats (repeated measures of
ANOVA, P = .015 for rat groups and P = .048 for WAS
exposures). Western blot also demonstrated a consistent
increase in gastric preproghrelin in both MS and NH rats
after WAS compared to sham stressed controls. Further-
more, MS rats had significantly a higher gastric preproghre-
lin expression after WAS compared to NH rats (MS: 4.847 +
1.008, NH: 1.860+0.302, P=.022) (Figures 1(a) and 1(b)).

3.1.2 Effect of WAS on plasma AG expression

MS rats had significantly a higher baseline plasma acylated
ghrelin level (MS: 141.6 + 28.92pg/mL, NH: 97.69 +
38.21 pg/mL, P = .014) than NH rats before WAS. After
WAS, MS rats, but not NH rats, showed a further significant
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Figure 1: (a) Gastric preproghrelin protein in NH and
MS rats assessed in experiment 1. Mean +SEM, n = §,
*P < .05. Enhanced expression of gastric preproghrelin
after stress in MS rats was observed (repeated measures of
ANOVA, P = .003 for rat groups). (b) Gastric preproghrelin
protein in NH and MS rats assessed in experiment 1 by
Western Blot.

increase in plasma acylated ghrelin compared to baseline
(pre: 141.6 + 28.92pg/mL, post: 173.9 £ 37.31 pg/mL,
P = .046) (Figure 2).

3.2 Experiment 2
3.2.1 Effect of fasting on satiety

The satiety patterns between the two groups were shown
in Figure 3. MS rats had a significantly higher calorie
intake after the first feeding cycle at 3 minutes (MS:
1.303 4+ 0.293 kcal, NH: 0.319 + 0.159kcal, P = .011)

Significant higher baseline and enhanced up-regulation in
plasma ghrelin in MS rats were observed (repeated measures
of ANOVA, P = .032 for rat groups, P = .002 for WAS).
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Figure 3: Total calorie intake taken in repeated feeding
cycles in experiment 2. Data are expressed as mean +=SEM,
n=9—10, *P < .05. MS rats ate more rapidly and later
developed early satiety (repeated measures of ANOVA, P <
.001 for interaction between rat groups and time, P < .0001
for time).

and second cycle at 8 minutes (MS: 2.578 &+ 0.207 kcal,
NH: 1.299 £ 0.416kcal, P = .019) when compared with
NH rats. However, the calorie intake of MS rats in the
subsequent feeding cycles dropped abruptly and was
significantly lower than that of NH rats after 6 feeding
cycles at 28 min. (Repeated measures ANOVA: P < .001
for interaction between rat groups across time, P < .001 for
time.) At 28 min, MS rats had significantly lower calories
consumed in the last cycle (MS: 2.017 £ 0.140 kcal, NH:
2.709 4+ 0.206 kcal, P = .015). However, the total calorie
intake by both NH and MS groups over the 6-cycle feeding
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was not significantly different (MS: 12.95+0.597 kcal, NH:
11.19£0.679 keal, P = .693).

3.2.2 Effect of fasting on ghrelin mRNA and protein expres-
sion

After feeding, MS rats showed a significant postprandial
suppression in the amount of mRNA encoding ghrelin in
the stomach when compared with NH rats (MS: fasting only
1.427 £ 0.307, after feeding 0.895 £ 0.141; NH: fasting
only 2.113 +0.280, after feeding 1.621 £0.198, P = .014).
Within groups, both NH and MS showed down-regulation
of ghrelin production in the stomach postprandially.

On Western blot, MS rats had a lower baseline
preproghrelin protein than NH rats. After feeding, both
groups showed an increase in the production of pre-
proghrelin protein. Although the postprandial increment
was greater in MS (fasting only: 0.221 &+ 0.067; after
feeding: 0.734 4+ 0.113, two-fold increase P = .005)
than NH rats (fasting only feeding: 0.529 & 0.155; after
feeding: 1.230 +0.120; P = .006), MS had less overall
postprandial ghrelin protein production (MS: 0.7344+0.113,
NH: 1.2304+0.120, P = .015) compared with NH rats.

3.2.3 Effect of fasting on plasma AG expression

In MS group, there was a significant reduction in plasma
ghrelin after 6 feeding cycles at 28 min compared with
baseline (fasting only: 257.05 £ 15.86 pg/mL, 28 min:
131.05 £ 15.85 pg/mL, P < .0001). There was a further
trend of reduction in plasma ghrelin between 28 min
and 1h in MS rats (28min: 131.05 4 15.85 pg/mL, 1h:
95.92+£12.71 pg/mL, P = .108). In contrast, there was no
significant difference in plasma ghrelin in NH rats between
duration of approximately 30 min. The overall decrease of
plasma ghrelin after 1 h was more significant in MS than
NH rats (P < .0001) (Figure 4).

Between groups at baseline, no difference in plasma
ghrelin was found after prolonged fasting (P = .519). At
1h, MS had a significant decrease compared to NH (MS:
95.92+12.71 pg/mL, NH: 154.0+ 14.53 pg/mL, P = .010).

3.3 Experiment 3
3.3.1 Effect of WAS on satiety response after fasting

The 48-hour calorie intake profile of the two groups
of rats after WAS was presented in Figure 5. Although
the MS rats had a significantly higher calorie intake
compared with NH rats at the first postprandial hour (MS:
17.24 £ 1.10kcal, NH: 11.95 + 1.20kcal, P = .006), they
had significantly reduced cumulative calorie intake at 3h
(MS: 19.44 £ 1.50kcal, NH: 26.49 4= 2.25 kcal, P = .023),
24h (MS: 87.19 +3.40kcal, NH: 109.8 + 0.26 kcal, P =
.002) and 48 h compared to NH rats (MS: 168.1 +4.76 kcal,
NH: 220.8 £ 8.27 kcal, P < .001).
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Figure 4: Plasma ghrelin concentrations measured in NH
and MS rats in experiment 2. Mean £SEM, n = 8 — 9,
P <.001,** P <.01, * P < .05. MS showed significantly
greater postprandial suppression of plasma ghrelin at 1 hour
(repeated measures of ANOVA, P = .009 for interaction
between rat groups and time, P < .001 for time).
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Figure 5: Total calorie intake measured in NH and MS
rats in experiment 3. Data are expressed as mean =SEM,
n=8-9, *P < .001, *P < .01, *™*P < .05. MS rats ate
more rapidly at first 1 h and later developed early satiety and
significantly reduced overall food intake from 3h to 48h
(repeated measures of ANOVA, P < .001 for the interaction
factor between rats group and time, P < .001 for rat groups,
P < .001 for time).

3.3.2 Effect of WAS on plasma AG profile after fasting

The fasting and postprandial plasma ghrelin profile of the
rats was presented in Figure 6. At baseline, the plasma ghre-
lin level was similar between the two groups. There was
a trend of reduced postprandial plasma ghrelin in NH rats
but blunted responses in MS rats. At 3h, NH rats had a
significantly lower plasma ghrelin level compared to MS
rats (MS: 180.8 +-25.91 pg/mL, NH: 108.0 + 12.60 pg/mL,
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Figure 6: Plasma acylated ghrelin concentrations measured
in NH and MS rats in experiment 3. Means +=SEM, n =
8§—9, ***P < .001, *P < .01, *P < .05. MS showed
exaggerated ghrelin response up to 48 h (repeated measures
of ANOVA, P = .026 for interaction between rat groups and
time, P = .001 for time).

P = .030). However, the plasma ghrelin level restored to
baseline in NH rats after 24 h, when the plasma ghrelin level
in MS rats started to drop. At 48 h, there was no significant
difference in plasma AG level between the two groups.

4 Discussion

This study showed that early life psychological stress
in rats resulted in altered ghrelin responses and satiety
function, in particularly following exposure to stressful
events in adulthood. To the best of our knowledge, we have
demonstrated for the potential validity of neonatal maternal
separation (NMS) model for evaluation of initial binge
eating and early satiation, which are common symptoms
of many eating disorders such as anorexia nervosa and
functional dyspepsia [19,28].

NMS model has been shown to cause heightened anxiety
in the adulthood with anxiety features such as hyper-
responsiveness of HPA axis activities, hypervigilance,
autonomic dysfunction, visceral hypersensitivity, and
binge eating disorders [1,12,27,28,44]. Besides, hyper-
responsiveness of ghrelin in NMS is compatible with the
current belief of ghrelin in the role of anxiety behavior [2,
4] and it supports the notion that ghrelin dysfunction can
be one of the mechanisms involved in anxiety disorder
predisposed by early life adversity.

Our study has shown that early life adversity leads to
aberrant feeding behavior after fasting with the character-
istics of initial binge eating and early satiation. Consistent
with previous studies, NMS may lead to an exaggerated

feeding response to repeated fasting or refeeding challenges
that may be due to increased responsiveness of the HPA
axis [12,28]. Previous studies also showed that NMS
altered the preference of macronutrient and pattern of the
food intake. NMS caused not only anxiety or depression-
like behaviors, but also binge eating disorders after
social or physiologic stressors later in life with sustained
hyperphagia [12]. Additionally, sweet food intake was
preferred due to NMS [30]. We expected that these changes
may be associated with rapid postprandial decline in ghrelin
level that led to early satiation. Our new findings shed
lights on the understanding of the putative mechanisms of
early life adversity involved in the development of eating
disorders especially with binge eating and early satiation
in adulthood. Our findings support that altered ghrelin
profile may play an important role in the pathophysiology
of symptoms in eating disorders. However, it is still unclear
why this alteration of postprandial ghrelin developed and
further studies are required to elucidate the mechanisms.

The abnormal postprandial feeding behaviors and
postprandial ghrelin profile are exaggerated after additional
acute psychological stress (i.e., WAS). Elucidated from our
study, additional acute psychological stress not only led
to exaggerated and prolonged initial binge eating related
symptoms, but also development of early satiation that
resulted in overall reduction in energy intake later in life in
response to additional acute psychological stressors. Early
satiation is a common feature in patients with many eating
disorders. Besides, stress is also a common trigger of the
onset of dyspeptic symptoms. These findings suggest that
stress-induced dyspeptic symptoms may be mediated by
abnormal ghrelin response in patients with eating disorders.
Furthermore, this study lends further support to the validity
and application of the NMS model as an animal model for
eating disorder with postprandial distress syndrome.

Our NMS model resulted in reduction of body weight
which was consistent with the study by Mclntosh et
al. [19] but the results are conflicting in other studies [25,
30]. The discrepancies may be attributed to differences
in experimental protocol such as the species of the rats,
housing conditions, procedures and the duration in neonatal
handling, and nutrition components of food given. It
appears that NMS causes a higher level of anxiety that
may lead to response adversity towards physical and
psychological stressors, resulting in abnormal secretion
of ghrelin responses and aberrant appetite and satiety
regulation. These changes contribute to suboptimal weight
gain and lower body weight in adulthood. However, we did
not investigate the metabolic rate of NMS rats during food
deprivation and consumption. Repeated fasting or refeeding
cycles may alter metabolic rate and reduction in energy
intake [10, 12,29,33]. Further investigations are required to
verify the inconsistencies in body weight.
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5 Conclusions

In conclusion, stressful events in early life by NMS lead
to hyper-responsiveness of plasma and tissue ghrelin during
exposure to stressful events in the adulthood. Altered eating
pattern and overall reduction in food intake were observed.
These abnormalities are analogous to patients with eating
disorders, particularly with history of childhood adversity.
Our study may serve as the animal model with abnormal
ghrelin response and also a model for investigation in poten-
tial treatment of eating disorders.

Nomenclature

AG, acylated ghrelin

GI, gastrointestinal

NH, non-handling

MS, maternal separated

NMSS, neonatal maternal separation stress
WAS, water avoidance stress test
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