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ABSTRACT

Introduction: Corticotropin-Releasing Hormone (CRH) is involved in stress and energy
homeostasis. On the other hand, CRH receptors also exist within the paraventricular nucleus
(PVN) and Central Amygdala (CeA) nuclei. The present study compared the effect of CRH
microinjections into PVN and CeA on three consecutive hours and cumulative food intake,
internal regulatory factors of food intake, such as serum leptin and ghrelin, as well as blood
glucose levels in rats under different acute psychological (Social Stress [SS] and Isolation
Stress [IS] group) stresses.

Methods: Sixty-six male Wistar rats were randomly allocated to 11 groups: Control, Sham,
CRH-PVN, CRH-CeA, SS, IS, SS-CRH-PVN, SS-CRH-CeA, IS-CRH-PVN, and IS-CRH-
CeA groups. The CRH (2 pg/kg in 0.5 pL saline) was injected into PVN and CeA nuclei in rats
under everyday, acute social stress and isolation stress conditions.

Results: Acute isolation and social stresses did not affect cumulative food intake. Whereas
isolation stress led to changes in both leptin and glucose levels, social stress reduced only
glucose levels. Cumulative food intake significantly decreased under acute CRH injection into
the CeA and particularly into the PVN. Blood glucose significantly reduced in all the groups
receiving CRH into their CeA.

Conclusion: The PVN played a more important role compared to CeA on food intake. These
nuclei probably employ different mechanisms for their effects on food intake. Besides, it
seems that exogenously CRH injection into the PVN probably had a more anorectic effect than
naturally activated CRH by stresses. Acute isolation stress had a greater impact than social
stress on leptin level and cumulative food intake. Thus, elevated food intake related to leptin
compared to ghrelin and glucose levels in the CRH-PVN group under acute social stress.
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e Cumulative food intake reduced in the acute CRH administration into CeA and particularly PVN.

e The PVN response to food intake emerged earlier than that of CeA.

e Acute isolation stress had a more destructive effect than social stress on leptin levels.

e Exogenous CRH into PVN had a greater anorectic effect than endogenous CRH.

e The CeA is sensitive to glucose changes, the PVN is sensitive to changes in leptin.

Plain Language Summary

In this study, acute isolation and social stresses did not exhibit any changes in their cumulative food intake probably
due to the restricted duration of the induced acute stress. Cumulative food intake reduced in acute CRH injection into
the CeA and particularly the PVN. The PVN response to food intake emerged earlier than that of CeA due to more
important role of PVN in food intake. Furthermore, leptin level increased only in acute isolation stress with CRH injec-
tion into the PVN and CeA, indicating the roles of different circuits in different type of stress. In addition, exogenous
CRH into the PVN seemed to have a greater anorectic effect than did naturally activated CRH due to stress induction.
Decreased leptin level had a greater influence than ghrelin and glucose on changes food intake in the groups receiv-
ing CRH into their PVN and simultaneously subjected to acute social stress than in similar groups subjected to acute

isolation stress.

1. Introduction

omplex mechanisms regulate relations
between food intake and energy expen-
diture by the different brain nuclei and
neuronal circuits (Spiegelman & Flier,
2001). Both internal and external factors
affect food intake, but these nutritional
mechanisms are still unclear (Sobrino
Crespo, Perianes Cachero, Puebla Jimenez, Barrios, &
Arilla Ferreiro, 2014; Spencer, 2013). For example, acute
psychological stress, as an essential aspect of daily life, has
been identified as a common external factor with potential
effects on behavioral and food intake disorders (Ergang et
al., 2015; Spencer, 2013; Torres & Nowson, 2007).

The hypothalamus widely secretes the Corticotropin-
Releasing Hormone (CRH) throughout the brain under
stressful conditions (Kyrou & Tsigos, 2009; Tsigos &
Chrousos, 2002). Furthermore, CRH neural pathways
are related to such other circuits as regulating food in-
take (Richard, Huang, & Timofeeva, 2000). For exam-
ple, condensed CRH neurons are expressed in the hy-
pothalamic Paraventricular Nucleus (PVN) as the main
region where CRH is secreted (Kiss, Palkovits, & Agu-
ilera, 1996; Makino et al., 2005). At the same time, the
PVN has been recognized as the main region involved in

food intake. CRH neurons are also found in other brain
regions such as the limbic system, bed nucleus of the
stria terminalis, locus coeruleus, cerebral cortex, and es-
pecially the central nucleus of the amygdala (CeA) as the
extra-hypothalamic CRH region (Aguilera & Liu, 2012;
Smagin, Heinrichs, & Dunn, 2001).

It is interesting to note that PVN and CeA regions are
both rich in CRH receptors (Kang et al., 2011; Refojo &
Holsboer, 2009). Hence, similar to PVN, the CeA has
been considered an accessory nucleus capable of releas-
ing CRH (Aguilera & Liu, 2012; Kovacs, 2013; Owens
& Nemeroff, 1991).

On the other hand, the CRH neurons and receptors
in both PVN and CeA are involved in regulating food
intake, stress (Cai, Haubensak, Anthony, & Anderson,
2014; De Oliveira, Camboim, Diehl, Consiglio, & Quill-
feldt, 2007), body weight, and metabolic control (Ra-
basa & Dickson, 2016). Previous studies have shown
that central injection of CRH suppresses food intake
and that daily intracerebroventricular administration of
CRH reduces body weight (Rabasa & Dickson, 2016;
Richardson, Omachi, Kermani, & Woods, 2002). Be-
sides, various hormonal and food intake indicators (e.g.
ghrelin, leptin, and glucose) regulate feeding behavior
in both normal and stressful situations (Spencer, 2013).
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Figure 1. Experimental schedule for all groups, stereotaxic surgeries, and the day on which behavioral tests and bleeding were

tested, animals exposed to isolation and or social stresses

Peripheral signals from the gastrointestinal tract and adi-
pose tissue, such as ghrelin and leptin, are also involved
in food intake via the synthesis and secretion of hypo-
thalamic neuropeptides (Carlini et al., 2004). However,
controversial results have been reported on the effect of
increased blood glucose levels on an enhanced sense of
satiety as the result of activated glucoreceptors in the
hypothalamus (Flint et al., 2007). Shiiya et al. (2002)
showed that elevated blood glucose levels decrease se-
rum ghrelin levels. Therefore, it seems that changes
in food intake indicators and their interrelations might
be involved in food intake regulation as their periph-
eral responses (Farr, Li, & Mantzoros, 2016; Fischer &
O’Connell, 2017; Sobrino Crespo et al., 2014). Drawing
upon previous research studies, we investigated the re-
lationship between CRH microinjections into PVN and
CeA under two types of acute psychological (social and
isolation) stresses during three consecutive hours and
cumulative food intake. We also checked the internal
regulatory factors of food intake (e.g. serum ghrelin and
leptin as well as blood glucose levels).

2. Materials and Methods

2.1. Experimental animals

For this study, 66 male Wistar rats were obtained from
the Pasteur Institute (Tehran, Iran) with an initial body
weight of 200-250 g and were housed in a standard labora-
tory under controlled temperature (22+2°C) and humidity
(50+5%) over a 12:12 h light/dark cycle (lights on at 07:00
AM-7:00 PM). Food and water were available ad libitum.
The rats were allowed to adapt to the laboratory conditions
(n=6 in each cage) for at least one week before surgery.
The Research and Ethics Committee of Isfahan University
of Medical Sciences (IR.MUI.REC.1396.1.131) in com-
pliance with the National Ingtitute of Health Guide ap-
proved all the experimental conditions and procedures
for the Care and Use of Laboratory Animals (NIH Pub-
lications No. 80-23, 2011 Revision). At the end of the
experiments, the food intake measurement and hormonal
assessment were performed in all groups (Figure 1).

The rats were randomly assigned to the following 11
groups (n=6 in each group):

— Control group (Co): rats transferred to the laboratory
and received no special treatment throughout the study
period.

— Sham-operated PVN group (Sh-PVN): rats under-
went stereotaxic surgery and cannulation into the PVN
for vehicle (saline) injection.

— Sham-operated CeA group (Sh-CeA): rats underwent
stereotaxic surgery and cannulation into the CeA for ve-
hicle (saline) injection.

— Group treated with CRH into their PVN (CRH-
PVN): Rats received one-day microinjections of CRH
into the PVN.

— Group treated with CRH into their CeA (CRH-CeA):
rats received one-day microinjections of CRH into the
CeA.

— Social Stress group (SS): rats were under acute social
stress for one day.

— Isolation Stress group (IS): rats were under acute iso-
lation stress for one day.

— Group subjected to social stress and receiving CRH
injection into their PVN (SS-CRH-PVN): rats were un-
der acute social stress for one day and received microin-
jection of CRH into their PVN.

— Group subjected to social stress and receiving CRH
injection into their CeA (SS-CRH-CeA): rats were under
acute social stress for one day and received microinjec-
tion of CRH into their CeA.

— Group subjected to isolation stress and receiving
CRH injection into their PVN (IS-CRH-PVN): rats were
under acute isolation stress for one day and received
CRH microinjection into their PVN.
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Figure 2. The position of the injection cannula tips

A: The Paraventricular Nucleus (PVN); and B: The Central
Amygdala (CeA) regions for all rats included in the data
analyses.

— Group subjected to isolation stress and receiving
CRH injection into their CeA (IS-CRH-CeA): rats were
under acute isolation stress for one day and received
CRH microinjection into their CeA (Figure 1).

2.2. Experimental procedures
2.2.1. Stress paradigm

In the current study, two types (isolation and social) of
stresses are induced in animals. To induce acute social
stress, each rat was transferred to a new cage with 5 new
neighbors, where they stayed for one day. Acute isola-
tion stress-induced by keeping each rat in an individual
cage without any neighbor (Grippo et al., 2007; Kalshet-
ti, Alluri, Mohan, & Thakurdesai, 2015; Patki, Solanki,
Atrooz, Allam, & Salim, 2013; Radahmadi, Hosseini
Dastgerdi, Fallah, & Alaei, 2017; Ranjbar, Radahmadi,
Alaei, & Reisi, 2014).

Basic and Clinical

2.2.2. Stereotaxic surgery and cannulation

The animals were anesthetized with Intraperitoneal
(IP) injection of chloral hydrate (400 mg/kg) (Hosseini,
Nasehi, Radahmadi, & Zarrindast, 2013) before be-
ing placed in a Stoelting stereotaxic apparatus (incisor
bar+3.3 mm with symmetrically positioned ear bars).
The skull was exposed to drill small holes above the
PVN (AP=-1.92, ML= +0.4, and DV= 8) and the cen-
tral nucleus of the amygdala (AP=—1.8, ML= +3.3, and
DV=-8.8) according to the stereotaxic atlas of Paxinos
and Watson (Paxinos & Watson, 2005). Then, a stain-
less-steel guide cannula (23 gauge) was unilaterally im-
planted and fixed | mm above the PVN or CeA before
a stainless steel stylet (30 gauge) has been introduced
to prevent any likely obstruction. Following the surgery,
all animals received gentamycin injections (5 mg/kg; IP)
to prevent infection (Bhardwaj, Deshmukh, Kaundal, &
Reddy, 2016; Singh & Kumar, 2017) and were allowed
for about 5 days to recover from surgery and the remnant
effects of the anesthetic agent.

2.2.3. Drug microinjection into the PVN and CeA

Depending on their experimental group, the rats would
receive intra-nuclear (PVN or CeA) injections of saline-
dissolved corticotropin-releasing hormone (2 pg/kg in
0.5 pL saline) (CRH; Sigma-Aldrich Co., USA). After
stereotaxic surgery and PVN and CeA nuclei cannula-
tion, equal volumes of only the vehicle (0.5 pL saline)
were injected into either the PVN or the CeA nuclei of
both sham groups (i.e. Sh-PVN and Sh-CeA) between
7:00-8:00 AM for one day. Moreover, the animals re-
strained in hand for the styles to be removed from the
guide cannula and replaced with dental injection needles
(27 gauge) 1 mm longer than the guide cannula that
would be subsequently connected to 10-uL Hamilton
micro-syringes via Polyethylene tubing (PE-20). CRH
and or saline (for the experimental and sham groups, re-
spectively) were injected into either PVN or CeA nuclei
using an automated microinjection pump. The forward
movement of a small air bubble inside the polyethylene
tubing interposed between the upper end of the needle
and the microinjection pump was taking as drug flow.
The solutions (drug and saline) were injected in a total
volume of 0.5 puL for 60 s. Following the injections, the
needles were left in place for an extended 60 s to facili-
tate drug diffusion.

2.2.4. Food intake paradigm

The simplest paradigm used for food intake investiga-
tions is to record the mass of food eaten during a fixed
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Figure 3. Comparison of the experimental groups in terms of food intake (g) after 1 h

Results are expressed as Means+SEM (ANOVA followed by LSD post-hoc test).

*P<0.05; and **P<0.01 compared to Co; P<0.05 compared to Sh-PVN; ®P<0.01 compared to SS; ®P<0.01 compared to IS;
4P<0.05 compared to CRH-PVN; **P<0.001 compared to CRH-CeA; #P<0.01 compared to SS-CRH-PVN; **P<0.001 compared

to IS-CRH-PVN; #£P<0.001 compared to SS-CRH-CeA.

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA: Sham-
operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-CeA: CRH
injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH injection
into the PVN; SS-CRH-CeA: Social stress-CRH injection into the CeA; ISCRH-CeA: Isolation stress-CRH injection into the CeA.

time (Kristenssson et al., 2006). The food intake trials
normally were conducted between 9:00-12:00 AM for
rats deprived of food for 16—18 h after one day of stress
treatment. On day 2, the rats were transferred to the labo-
ratory at least 1 hour before the beginning of the food
intake trial. Food pellets were weighed on an hourly
basis over three consecutive hours (Izadi, Radahmadi,
Ghasemi, & Rayatpour, 2017; Rayatpour, Ghasemi, Ra-
dahmadi, & Izadi, 2017). Subsequently, the rats were
placed individually in transparent Plexiglas cages lined
at the bottom with thick white paper. Then, the rats were
allowed access to a pre-measured amount of regular lab
chow. At the end of each hour of the 3-hour feeding pe-
riods, the leftover in the first test cage, including crumbs,
were measured and reported as the amount consumed.

2.2.5. Assessment of serum leptin, ghrelin, and
blood glucose levels

As planned for this study, after the food deprivation pe-
riod (on day 2), blood samples (500 puL) were collected
from the tail vein at 8:00-9:00 AM to assess blood glu-
cose levels using a glucometer (On Call Plus Co., USA).
Additional blood samples were collected in plastic vials

and centrifuged at 6000 rpm for 20 min to separate se-
rum samples that would be subsequently stored at -80°C
until hormone (ghrelin and leptin) analysis. Serum lev-
els of ghrelin and leptin, using the commercial Enzyme-
Linked Immunosorbent Assay (ELISA) kit (Zellbio Co.,
Germany) with a detection limit of 0.1-20 ng/mL for rat
leptin and a sensitivity of 0.05 ng/mL (intra-assay preci-
sion CV<10% and inter-assay precision CV<12%). The
detection limit for rat ghrelin was set at 0.4—12.8 ng/mL
and sensitivity at 0.025 ng/mL (intra-assay precision
CV<10% and inter-assay precision CV<12%).

2.3. Histology

At the end of the experiments, the animals were decapi-
tated at 13:00-14:00. Then, their brains were removed
and stored in 10% formalin for at least 3 days. Besides,
frozen serial transverse sections (60 pm) were cut from
the brain, and a light microscope was used to identify
the PVN and CeA injection sites according to a rat brain
atlas (Figure 2).

137
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Figure 4. Comparison of the experimental groups in terms of their food intake (g) after 2 h

Results are expressed as MeanstStandard Error of The Mean (ANOVA followed by LSD post-hoc test).

*P<0.05; and ***P<0.001 compared to Co; #P<0.01 compared to Sh-PVN; €P<0.05; “P<0.01; and ““P<0.001compared to SS;
9P<0.05 compared to IS; 24P<0.01; and 2*4P<0.001 compared to CRH-PVN; *P<0.05 compared to SS-CRH-PVN; P<0.05 com-

pared to SS-CRH-CeA.

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA:
Sham-operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-
CeA: CRH injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH
injection into the PVN; SS5-CRH-CeA: Social stress-CRH injection into the CeA; IS-CRH-CeA: Isolation stress-CRH injection

into the CeA.

2.4. Statistical analysis

The feeding trials and other variables (e.g. ghrelin,
leptin, and glucose levels) were analyzed using ANOVA
followed by the LSD post-hoc test for multiple groups.
The results were reported as Means+Standard Error of
The Mean (SEM). P values less than were 0.05 considered
statistically significant. Ultimately, calculations were per-
formed using SPSS V. 24 (SPSS Inc., Chicago, IL, USA).

3. Results

Not all the data revealed significant differences be-
tween the Control (Co) and the sham (Sh-PVN and
Sh-CeA) groups, indicating that neither the surgery nor
the injections had any significant effects on all factors.
Therefore, the control group was used as the reference in
all comparisons (Figures 3-9).

In the current study, the different variables are pre-
sented in 5 aspects. A first aspect of the present research
was investigating the food intake changes and their in-
dicators due to either isolation or social stresses (IS and
SS groups vs. control group) as naturally activated CRH

because of activated hypothalamus-pituitary-adrenal
(HPA) axis in stress conditions.

The second aspect of the present study investigated the ef-
fects of exogenously CRH injection into different (PVN and
CeA) nuclei compared with the control, and both stressed (as
naturally activated CRH) groups (the CRH-PVN and CRH-
CeA groups vs. the control, IS, and SS groups).

In the third aspect of the current study, all variables in
the stressed sub-groups receiving CRH injections into
both PVN and CeA were compared with those in con-
trol, and both stressed groups, groups receiving CRH
without stress and even each other in the same nucleus
(the IS-CRH-PVN, SS-CRH-PVN, IS-CRH-CeA, SS-
CRH-CeA groups vs. the control, IS, SS, CRH-PVN and
CRH-CeA groups).

The fourth aspect of this study was the comparison of
groups receiving CRH injections into PVN and

CeA without stress condition on all variables (the
CRH-PVN group vs. the CRH-CeA group).
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Figure 5. Comparison of the experimental groups in terms of food intake (g) after 3 h

Results are expressed as Means+SEMean (ANOVA followed by LSD post-hoc test).

*P<0.05; *P<0.01; and ***P<0.001 compared to Co; ¥P<0.05; and #P<0.01 compared to Sh-PVN; ¢P<0.05; and *P<0.01 compared
to SS; ®P<0.05; and **P<0.001 compared to IS; *P<0.05; and *P<0.01 compared to CRH-CeA.

PVN: Paraventricular nucleus; CeA; Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA: Sham-
operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-CeA: CRH
injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH injection
into the PVN; SS-CRH-CeA: Social stress-CRH injection into the CeA; ISCRH-CeA: Isolation stress-CRH injection into the CeA.

Finally, as a fifth aspect of the current study, all stressed
sub-groups receiving CRH injections into the PVN were
compared with similar groups receiving CRH injections
into the CeA in terms of their anorectic effects and their
impacts on food intake indicators (the IS-CRH-PVN vs.
IS-CRH-CeA group; SS-CRH-PVN vs. the SS-CRH-
CeA group).

3.1. Measurement of food intake

3.1.1. Effects of acute social and isolation stresses
on food intake after 1, 2, and 3 hours, as well as
cumulative food intake

The 1-way ANOVA followed by the LSD post-hoc
test revealed no significant differences in the social and
isolation stress (SS and IS) groups compared with the
Co group and each other 1 and 3 hours after food intake
(Figures 3A and 5A). Whereas the food intake after 2
hours was significantly lower in the IS group than in the
control and SS groups (P<0.05 and P<0.01, respectively)
(Figure 4A).

There were no significant differences in the SS and IS
groups compared with the Co group and each other in
cumulative food intake (Figure 6A).

3.1.2. Effects of CRH injections into PVN and CeA
in the normal groups on food intake after 1, 2, and
3 hours, as well as cumulative food intake

3.1.2.1. Effects of CRH injections into PVN

There were no significant differences in food intake after
1 hour of CRH injection into the PVN (CRH-PVN) group
than the Co, SS, and IS groups (Figure 3B). Whereas,
food intake after 2 hours significantly decreased in the
CRH-PVN group when compared with Co and SS group
(P<0.001 in both) (Figure 4B). Also, compared to the Co,
SS, and IS groups, the CRH-PVN group exhibited sig-
nificant (P<0.01, P<0.05, and P<0.001, respectively) de-
creases in their food intake in the third hour (Figure 5B).

Significant declines were observed in cumulative food
intake by the CRH-PVN group relative to the values
measured in Co, SS, and IS groups (P<0.01, P<0.05, and
P<0.05, respectively) (Figure 6B).

3.1.2.2. Effects of CRH injections into CeA

There were no significant differences in food intake 1
and 2 hours after CRH injection into the
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Figure 6. Comparison of the experimental groups in terms of cumulative food intake (g)

Results are expressed as Means+Standard Error of the Mean (ANOVA followed by LSD post-hoc test).

*P<0.05; and **P<0.01 compared to Co; #P<0.01 compared to Sh-PVN; "P<0.05 compared to Sh-CeA; €P<0.05 compared to SS;
P<0.05 compared to IS; 2P<0.05 compared to CRH-PVN; ¥**P<0.001 compared to CRH-CeA; ¥P<0.01 compared to IS-CRH-

PVN; #P<0.05 compared to SS-CRH-CeA.

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA: Sham-
operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-CeA: CRH
injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH injection
into the PVN; SS-CRH-CeA: Social stress-CRH injection into the CeA; ISCRH-CeA: Isolation stress-CRH injection into the CeA.

CeA (CRH-CeA) group compared to the Co, SS, and
IS groups (Figures 3C and 4C). The food intake af-
ter 3 hours had significant decreases in the CRH-CeA
group relative to the values measured for Co, SS, and
IS (P<0.001, P<0.01, and P<0.001, respectively) (Figure
5C). Significant decline (P<0.01) was observed in cumu-
lative food intake by the CRH-CeA group compared to
the Co group (Figure 6C).

3.1.3. Effects of CRH injections into PVN and CeA
in stressful condition on food intake after 1, 2, and
3 hours, as well as cumulative food intake

3.1.3.1. Effects of CRH injections into PVN

The social stress group receiving CRH injections into
the PVN (SS-CRH-PVN) showed significant increases
in their food intake during the first hour when compared
with the Co, SS, and CRH-PVN groups (P<0.05, P<0.01,
and P<0.5, respectively) (Figure 3B).

Food intake in the second hour also significantly
(P<0.05) decreased in the SS-CRH-PVN group com-

pared to that in the SS group, but significantly (P<0.01)
increased compared to that in the CRH-PVN group (Fig-
ure 4B). Also, significant decreases (P<0.01 and P<0.05,
respectively) in food intake at the third hour were record-
ed for the SS-CRH-PVN group as compared with the Co
and SS groups (Figure 5B).

As shown in Figure 3B, the isolation stress group re-
ceiving CRH injections into the PVN (IS-CRHPVN)
did not show significant differences in food intake af-
ter 1 hour compared to Co, IS, and CRH-PVN groups.
The IS-CRH-PVN group showed significant (P<0.05
and P<0.001, respectively) enhancements in their food
intake after 2 hours when compared with the IS and
CRH-PVN groups (Figure 4B). At the same time, the IS-
CRH-PVN group exhibited significant (P<0.01 in both)
decreases in food intake after 3 hours compared to the
values recorded for the Co and IS groups (Figure 5B).
Besides, ISCRH-PVN exhibited a significant (P<0.01)
decrease compared to SS-CRH-PVN only in their food
intake after 1 hour (Figure 3B).
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Figure 7. Comparison of the experimental groups in terms of serum leptin level (ng/mL)

Results are expressed as Means*Standard Error of the Mean (ANOVA followed by LSD post-hoc test).

*P<0.05; and *P<0.01 compared to Co; *P<0.05 compared to Sh-PVN; P<0.05 compared to Sh-CeA; P<0.05; and *P<0.01 com-
pared to SS; 4P<0.05 compared to CRH-PVN; £P<0.05 compared to SS-CRH-CeA.

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA: Sham-
operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-CeA: CRH
injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH injection
into the PVN; SS5-CRH-CeA: Social stress-CRH injection into the CeA; ISCRH-CeA: Isolation stress-CRH injection into the CeA.

As shown in Figure 6B, the cumulative food intake sig-
nificantly (P<0.05) increased in the SS-CRH-PVN group
compared to that recorded for the CRH-PVN group.

3.1.3.2 Effects of CRH injections into CeA

No significant differences were observed in food intake
after 1 and 2 hours in the social stress group receiving
CRH injections into the CeA (SS-CRH-CeA) compared
with the Co, SS, and CRH-CeA groups (Figures 3C and
4C). At the same time, food intake after 3 hours had sig-
nificantly (P<0.05) enhancement in comparison to the
CRH-CeA group (Figure 5C).

As shown in Figure 3C, compared to the Co and IS
groups (P<0.01 in both), the isolation stress group receiv-
ing CRH injections into the CeA (IS-CRH-CeA) showed
significant enhancements in their first-hour food intake.
In contrast, the IS-CRH-CeA group recorded a significant
increase(P<0.001) in this parameter compared to the val-
ues measured in the CRH-CeA groups (Figure 3C). Also,
the IS-CRH-CeA group showed significant (P<0.01)
enhancements in food intake after 3 hours compared to
the values recorded for the CRH-CeA group (Figure 5C).
The IS-CRH-CeA group recorded significant increases

and decreases (P<0.001 and P<0.05, respectively) in
food intake after 1 and 2 hours compared with SS-CRH-
CeA groups (Figures 3C and 4C). Finally, the cumulative
food intake increased significantly in the IS-CRH-CeA
group compared to the values measured for IS, CRH-
CeA, and SS-CRH-CeA groups (P<0.05, P<0.001, and
P<0.05, respectively) (Figure 6C).

3.1.4. Comparison of groups receiving CRH injec-
tions into PVN and CeA without stress on food
intake after 1, 2, and 3 hours as well as cumulative
food intake

As seen in Figure 4, only the food intake in the second
hour had significant (P<0.01) enhancements in the CRH-
CeA group when compared with the CRH-PVN group
(both groups receiving similar injections). There were
no significant differences in cumulative food intake of
the CRH-CeA group compared to the CRH-PVN group
(Figure 6).
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Figure 8. Comparison of the experimental groups in terms of serum ghrelin level (ng/mL)

Results are expressed as Means+Standard Error of the Mean (ANOVA followed by LSD post-hoc test).

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA:
Sham-operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-
CeA: CRH injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH
injection into the PVN; SS-CRH-CeA: Social stress-CRH injection into the CeA; ISCRH-CeA:Isolation stress-CRH injection into

the CeA.

3.1.5. Comparison of acute stress sub-groups re-
ceiving CRH injections into the PVN and CeA on
food intake after 1, 2, and 3 hours as well as cumu-
lative food intake

As shown in Figure 3B, C, food intake after 1 hour
increased significantly (P<0.001) in the IS-CRH-CeA
group versus the values measured in the IS-CRH-PVN
group (similar in every way but receiving injections
in different nuclei). Whereas, food intake after 2 hours
showed significant (P<0.05) enhancement in the SS-
CRH-CeA group compared with the value recorded for
the SS-CRH-CeA group (Figure 4B, C). However, there
were no significant differences in food intake after 3
hours between these groups (Figure 5B, C).

A Significant (P<0.01) enhancement was observed in
the IS-CRH-CeA in comparison with the IS-CRH-PVN
groups in cumulative food intake (Figure 5B, C).

3.3. Assessment of serum leptin and ghrelin levels
as well as blood glucose level

The IS, CRH-PVN, IS-CRH-PVN, and IS-CRH-CeA
groups exhibited a significant increase in their serum
leptin levels (P<0.05 in IS and IS-CRH-CeA, P<0.01
in both CRH-PVN and IS-CRH-PVN) compared to the
Co group (Figure 7). Besides, significant enhancements
were observed in this same parameter for the IS, CRH-

PVN, and SS-CRH-CeA groups (P<0.05 in IS and SS-
CRH-CeA, P<0.01 in CRH-PVN) compared to that mea-
sured in the SS group (Figure 7). The serum leptin level
was significantly (P<0.05) lower in the SS-CRH-PVN
group than in the CRH-PVN group (Figure 7B). Besides,
the IS-CRH-PVN group showed a statistically significant
(P<0.05) enhancement in its serum leptin level compared
to that in the SS-CRH-PVN group (Figure 7B).

This is while serum ghrelin levels exhibited no signifi-
cant differences among the sub-groups of PVN and CeA
nuclei, although the CRH-PVN groups showed slightly
elevated levels (Figure 8).

Finally, compared to the Co group, the IS, SS, and
all groups receiving CRH into the CeA (CRH-CeA,
SS-CRH-CeA, and IS-CRH-CeA) groups showed sig-
nificant (P<0.05 in all) decreases in their blood glucose
levels. An almost similar (P<0.01) decrease in blood
glucose level was observed in the SS-CRH- CeA group
relative to that in the Co group (Figure 9).

4. Discussion

The interactions among the different brain nuclei, cer-
tain hormones, and main indicators involved in food in-
take behavior under normal and other acute psychologi-
cal stress conditions are not known adequately. Hence,
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Figure 9. Comparison of the experimental groups in terms of blood glucose level (mg/dL)

Results are expressed as Means+Standard Error of the Mean (ANOVA followed by LSD post-hoc test). *P<0.05; and **P<0.01

compared to Co; "P<0.05 compared to Sh-CeA.

PVN: Paraventricular nucleus; CeA: Central amygdala; Co: Control group; Sh-PVN: Sham-operated PVN group; Sh-CeA: Sham-
operated CeA group; SS: Social stress group; IS: Isolation stress group; CRH-PVN: CRH injection into the PVN; CRH-CeA: CRH
injection into the CeA; SS-CRH-PVN: Social stress-CRH injection into the PVN; IS-CRH-PVN: Isolation stress-CRH injection
into the PVN; S5-CRH-CeA: Social stress-CRH injection into the CeA; IS-CRH-CeA: Isolation stress-CRH injection into the CeA.

as a novelty, the present study showed the comparative
effects of CRH injections into the PVN and CeA nuclei
on three consecutive hours of food intake, cumulative
food intake, and its related biochemical indicators (e.g.
serum ghrelin and leptin levels as well as blood glucose)
as appetite mechanisms in rats subjected to acute social
and isolation stress conditions. Therefore, the discussion
is presented in different aspects.

4.1. Effects of two types of acute social and isola-
tion stresses on all variables

The data obtained from the experiments indicated that
acute isolation and social stresses led to insignificant de-
creases in cumulative food intake, probably due to the re-
stricted duration of the acute stress. This finding confirmed
those reported by Marquez, Belda, and Armario (2002).

On the other hand, in the isolation stress group, food
intake decreased in the second hour before its increase
in the third hour. This finding is much similar to the food
intake behavior observed under normal conditions. More
specifically, the isolated (single-housed) rats seemed to
spend more time eating during the third hour, as reduc-
tion of food intake at the second hour almost completely
reversed in the third hour. A previous report that demon-

strated the hyper-responsiveness of individually housed
rats to stressors (Perello, Chacon, Cardinali, Esquifino,
& Spinedi, 2006). Food consumption inversely insignifi-
cantly and significantly changed after two and three hours
in the social and isolation stressed groups, respectively. It
indicates the role of the physiological system in balancing
food intake in consecutive hours in the different stressed
groups. A previous report demonstrated that energy bal-
ance is achieved when the input is equal to output food
(dietary energy intake versus energy expenditure) (Ma-
clean et al., 2003).

Compared to the control group, the leptin, glucose, and
ghrelin levels, respectively, increased, decreased, and
did not change the isolation stressed group. In contrast,
the social stressed group recorded no significant changes
in their serum leptin and ghrelin levels but exhibited a re-
duction only in their glucose levels similar to those of the
isolation stress group. Furthermore, it may be claimed
that identical mechanisms are involved in regulating glu-
cose and ghrelin levels, but not leptin in both social and
isolation stress groups. It seems that isolation stress had
a more adverse effect on increasing serum leptin level
and a probable reduction of appetite and food intake af-
ter two hours than social stress. Some studies reported
that leptin inhibited appetite and food intake while also
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regulated energy expenditure (Kalra & Kalra, 2004; So-
brino Crespo et al., 2014). Consistent with these find-
ings, it was reported that changes in sympathetic activa-
tion during acute stress increase the white adipose tissue
and serum leptin level (Potretzke, Nakajima, Cragin, &
al’Absi, 2014). Bernier, Gorissen and Flik (2012) iden-
tified leptin as a potent anorexic signal-regulating food
intake under hypoxia stress. Contrary to the present find-
ings, Ortolani, Oyama, Ferrari, Melo, and Spadari-Brat-
fisch (2011) showed that the anorexic effect of footshock
stress was irrelevant to elevated serum leptin.

As mentioned before, blood glucose levels unexpect-
edly decreased in both acute isolation and social stressed
groups. However, perhaps hypoglycemia is related to
varied mechanisms such as involvement of different
adrenergic receptors, elevated insulin release, and high
glucose clearance (Armario, Castellanos, & Balasch,
1985; Nowotny et al., 2010). Current data are confirmed
by decreased serum glucose levels in response to acute
noise stress (Armario et al., 1985). In contrast, a study
demonstrated increases in blood glucose (i.e. hypergly-
cemia) due to the release of glucocorticoids from the
adrenal and epinephrine from the sympathetic nervous
system during stress confrontation (Floyd et al., 2017).
Overall, changes in food intake and its indicators in re-
sponse to stress depends on stressor characteristics such
as type, duration, and intensity as well as the individual’s
characteristics, metabolic state, dietary restraint (Adam
& Epel, 2007; Radahmadi, Alaei, Sharifi, & Hosseini,
2015; Torres & Nowson, 2007), or even time of food in-
take evaluation.

4.2. Effects of CRH injections into the PVN and
CeA in normal individual on all variables

The cumulative food intake decreased in acute CRH
injection into both PVN and CeA nuclei, particularly
in that of PVN when compared to the control group.
Besides, acute CRH injection into the PVN decreases
food intake in the second and third hours, whereas CRH
injection into the CeA decrease food intake only in the
third hour. Some evidence supports that food intake re-
duces because of exogenously CRH injection into such
parts of the brain as the third cerebral ventricle and PVN
(Benoit et al., 2000; Krahn, Gosnell, Levine, & Morley,
1988; Sobrino Crespo et al., 2014) while the dosage
seems not to affect. Hence, the effect of CRH on food
intake might be both context- and state-dependent (Hil-
lebrand, de Wied, & Adan, 2002). Since the food intake
response to CRH injection into the PVN was observed
earlier than did the CeA, the role of PVN is more impor-
tant on food intake. Therefore, it seems that the anorectic
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effects of CRH injection into the brain nuclei must be
governed by different mechanisms such as activation
of neuronal circuits, receptor subtypes activated by the
hormone (Benoit et al., 2000), enhanced CRH mRNA
and receptor expression (Makino et al., 2005), inhibition
of parasympathetic nervous system and gastric empty-
ing (Stengel & Tache, 2009), inhibited neuropeptide Y
(NPY), and stimulated proopiomelanocortin (POMC)
expressions in the hypothalamus (Calvez et al., 2011).
While, a previous study has indicated the important role
of CeA in food intake behavior via the involvement of
the hypothalamus-amygdala circuit and the transmission
of inhibitory signals to the arcuate nucleus and lateral
hypothalamus (Baxter & Murray, 2002; Cai et al., 2014;
Lee, Gallagher, & Holland, 2010; Petrovich & Gallagh-
er, 2003; Petrovich, Canteras, & Swanson, 2001).

The other findings showed that leptin levels rose in
response to CRH injection into the PVN (CRH-PVN)
while it only partially increased with CRH injection into
the CeA (CRH-CeA). On the other hand, compared to
the control group, blood glucose level declined only in
the CRH-CeA group rather than the CRH-PVN group.
Since the regulation of CRH receptor numbers might
be an essential mechanism involved in modulating food
intake response, the different responses to it by PVN
and CeA are explained through their likely differences
in CRH receptor densities under CRH injection. This is
while most studies investigating the regulation of CRH
receptors have been focused on the PVN at the neglect of
the CeA (Lu et al., 2005). It has also been suggested that
response to feeding might even depend on the nutritional
state of the animal when CRH is injected in both nuclei
(Hillebrand et al., 2002). Thus, when examining the ef-
fect of neuropeptides on food intake behavior, both the
context and the state of the organism are recommended
to be taken into account (Hillebrand et al., 2002).

4.3. Comparison of CRH injections into the PVN
and CeA compared with those in both stress
groups (as naturally activated CRH) on all vari-
ables

Cumulative food intake was significantly lower in the
CRH-PVN group, but not in the CRH-CeA group, than
in social and isolation stress groups. Besides, elevated
leptin levels in the CRH-PVN group also may confirm
the reduction of cumulative food intake. This is ex-
plained by the fact that the CRH receptor density was
probably higher in the PVN than in the CeA, suggest-
ing that exogenous injection of CRH into the PVN had
perhaps a more anorectic effect than did that CeA. Some
reports are expressed different levels of urocortin (as a
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CRH neuropeptide family) mRNA in the paraventricular
nucleus and amygdala that are involved in stress-coping
responses related to CRH (Reul & Holsboer, 2002).

4.4. Comparison of the PVN and or CeA stressed
sub-groups receiving CRH injections on all vari-
ables

Based on the current findings, no major differences
were detected in cumulative food intake between the
social and isolation tress groups receiving CRH injec-
tions into their PVN or CeA (i.e. SS-CRH-PVN, SS-
CRH-CeA, IS-CRH-PVN, and IS-CRH-CeA) when
compared with the control. Although food intake over
three consecutive hours showed various responses that
it seems compensatory effects in consecutive hours in
those groups. Furthermore, leptin level increased only in
the IS-CRH-PVN and IS-CRH-CeA groups when com-
pared with the control. Changes in serum leptin level
confirmed deceased cumulative food intake only in the
IS-CRH-PVN group, but not in the IS-CRH-CeA group
that confirmed the role of different circuits nuclei in food
intake. The observed food intake reduction might be re-
lated to the direct projection in the PVN, whereas the
CeA received projection indirectly from the basolateral
amygdala nucleus (Welberg & Seckl, 2001).

A significantly increased cumulative food intake was
observed in the SS-CRH-PVN group compared to that
measured in the CRH-PVN group. Also, the IS-CRH-
CeA group exhibited a similar increase when compared
with the CRH-CeA. Differences indicate that various
stress types and brain nuclei were involved in the food
intake responses observed (Berthoud, 2004; Harrold,
Dovey, Blundell, & Halford, 2012; Izadi, Radahmadi,
Ghasemi, & Rayatpour, 2018). Furthermore, reduced
serum leptin levels were observed only in the SS-CRH-
PVN group rather than in the CRH-PVN group, indicat-
ing that decreased leptin level was more effective than
those of ghrelin and glucose in elevated food intake in the
groups receiving CRH injections into their PVNs under
acute social stress (SS-CRH-PVN) than in similar ani-
mals subjected to acute isolation stress (IS-CRH-PVN).

In the IS-CRH-CeA, cumulative food intake increased
when compared with the values measured in the CRH-
CeA group, those subjected to isolation stress, or the
SS-CRH-CeA group. Our results also indicated that,
compared to the control group, the IS-CRH-CeA group
exhibited elevated serum leptin but decreased blood glu-
cose levels. Changes in food intake in the groups receiv-
ing CRH into their CeAs must have occurred via mecha-
nisms other than the leptin, glucose, and ghrelin levels.
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Some studies indicated some different mechanism for
food intake behavior regulation by the amygdala, such
as the activity of an enzyme (protein kinase c¢) changes,
insulin signaling, dopamine, oxytocin, express of NPY
and NPY receptors in this brain area (Areias & Prada,
2015; Chaves, Tilelli, Brito, & Brito, 2013; Primeaux,
Wilson, Cusick, York, & Wilson, 2005).

4.5. Comparison of the sub-groups receiving CRH
injections into the PVN with CeA on all variables

Moreover, the IS-CRH-CeA group, compared to the
IS-CRH-PVN group, showed a significant increase in
their cumulative food intake, indicating the greater role
of PVN’s CRH receptors regarding the anorectic effect
than that of the CeA ones. However, leptin, ghrelin, and
glucose levels did not show any significant differences
among these groups, suggesting different food intake
mechanisms in the relevant groups.

Finally, significant decreases in blood glucose levels
were detected among all the experimental groups re-
ceiving CRH injections into their CeAs. It seems that
the CeA was sensitive to changes in glucose levels
while PVN was sensitive to those in leptin. Stimulation
of sympathetic (Beta) innervation has been reported to
release insulin and diminish blood glucose levels (Hil-
lebrand et al., 2002). Hence, the CeA seems to receive
more beta-adrenergic innervation than the alpha-adren-
ergic one. However, such other factors as type, duration,
and intensity of psychological stresses that are difficult
to manipulate in humans also seem to have a bearing
on the changes observed in feeding patterns as a re-
sult of metabolic responses to stress and CRH, calling
for further research to shed more light on the possible
mechanism(s) involved.

5. Conclusion

Acute isolation and social stresses did not exhibit any
changes in their cumulative food intake, probably due
to the restricted duration of the induced acute stress.
Cumulative food intake reduced in acute CRH injec-
tion into the CeA and particularly the PVN. The PVN
response to food intake emerged earlier than that of CeA
due to the more important role of PVN in food intake.
Furthermore, leptin level increased only in acute isola-
tion stress with CRH injection into the PVN and CeA,
indicating the roles of different circuits in a different type
of stress. Besides, exogenous CRH into the PVN seemed
to have a greater anorectic effect than naturally activated
CRH due to stress induction. Decreased leptin level had
a greater influence than ghrelin and glucose on food
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intake changes in the groups receiving CRH into their
PVN and simultaneously subjected to acute social stress
than in similar groups subjected to acute isolation stress.
Evaluation of the effects of such variables as receptor
regulation, longer stress durations, and assessment of
hormones and biochemical factors through which brain
functions may recommend for future study.
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