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Abstract

Social isolation is a reliable method used for the induction of depression and psychiatric disorders in rodents. It has been
suggested that social isolation can lead to hyperlocomotion, as a schizophrenic-like symptom in rodents. On the other hand,
crocin (the major constituent of Crocus sativus) induces a wide-range of neuroprotective and mood enhancer effects. In the
present study, we aimed to investigate the effect of acute crocin on social isolation-induced behavioral changes and BDNF
expression in the hippocampus. Novelty-suppressed feeding test, open field test, marble burying test, hot plate, forced swim
test, and the shuttle box were used to assess anxiety-like behavior, locomotor activity, obsessive—compulsive-like (OCD-like)
behavior, pain threshold, depressive-like behavior, and passive avoidance memory, respectively. Real-time PCR was used
to assess BDNF hippocampal expression level. The results showed that social isolation decreased anxiety- and depressive-
like behavior, pain threshold, and BDNF expression, and induced OCD-like behavior and hyperlocomotion. Crocin dose-
dependently restored the effect of social isolation on pain threshold, locomotor activity, depressive-like behavior, OCD-like
behavior, and BDNF expression. Passive avoidance memory performance was also unaffected. In conclusion, we showed a
hyperlocomotion profile and OCD-like behaviors, and a robust decrease in pain threshold in socially isolated rats. It can be
suggested that social isolation from adolescence induces a “hyperlocomotion state” that affects all the behavioral functions
of rats. Also, the function of BDNF can be related to a hyperlocomotion state and OCD-like symptom. It seems that BDNF
expression level can be related to the therapeutic effect of crocin.
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Introduction early onset and significant observation in socially isolated
rats and is a criterion for the so-called isolation syndrome

Social isolation is one of the most common methods used (Heidbreder et al. 2000). Also, increased anxiety- and

for the induction of depression and psychiatric disorders in
rodents (Begni et al. 2020). Social isolation from early life
significantly leads to the induction of long-lasting changes
in molecular factors and behavioral functions (Begni et al.
2020; Cattaneo and Riva 2016). The hyperlocomotion is an
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depressive-like behaviors have been observed following
social isolation (Djordjevic et al. 2012). Previous studies
have shown that social isolation can lead to impaired neuro-
genesis, long-term potentiation (LTP), and neural plasticity
(Roberts and Greene 2003; Fone and Porkess 2008; Silva-
Gomez et al. 2003), all involved in cognitive and behavio-
ral deficits. Many studies shown the role of social isolation
in the induction of depression and anxiety (Si et al. 2023;
Zarebavani et al. 2023). Social isolation may also be related
to the symptoms of obsession and checking (Timpano et al.
2014). In addition, it has been shown that social isolation
reduces the expression level of brain-derived neurotrophic
factor (BDNF) (Borges et al. 2023).

BDNF is an important neurotrophin that is well stud-
ied and is one of the most well-characterized neurotrophic
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factors in the central nervous system (CNS) (Colucci-
D'Amato et al. 2020). BDNF is significantly involved
in mediating cognitive and behavioral function. BDNF
and hippocampal neurogenesis have a close relationship
(Numakawa et al. 2018). Also, BDNF modulates synaptic
plasticity and neural survival (Li et al. 2017; Lu et al. 2013).
Decreased level of BDNF expression has been reported in
a wide-range of neuropsychiatric disorders and cognitive
impairments. Previous study has shown that BDNF plays
a crucial role in antidepressant-induced hippocampal neu-
rogenesis (Li et al. 2008). It seems that the antidepressant
effect of BDNF may be mediated by the improvement of
neurogenesis (Scharfman et al. 2005). In addition, social
isolation significantly reduces the expression of BDNF. It
has been shown that social isolation for 14 days significantly
reduces BDNF expression level in rats (Aswar et al. 2022).
Other study has shown that BDNF expression level in the
hippocampus is decreased in isolated reared rats (Galal et al.
2021).

On the other hand, crocin (an active and therapeutical
component of Saffron) has pro-cognitive effects and can
increase the expression and function of BDNF. There are
many studies showing the pro-cognitive effects of crocin
(Azmand and Rajaei 2021; Looti Bashiyan et al. 2021; Song
et al. 2022). Furthermore, crocin induces antidepressant and
anxiolytic effects. Previous research has shown that crocin
attenuates depressive-like behavior in rats exposed to chronic
unpredictable mild stress (Wang et al. 2022). It has also been
revealed that crocin significantly reduces depressive- and
anxiety-like behaviors in rats exposed to chronic unpredicta-
ble mild stress (Abbaszade-Cheragheali et al. 2022). Further-
more, crocin can increase the protein level of BDNF in the
hippocampus of sleep-deprived rats, leading to the induction
of pro-cognitive effects (Looti Bashiyan et al. 2021). It has
also been shown that crocin induces neuroprotective effects
via increasing BDNF expression in the hippocampus of rats
(Mozaffari et al. 2019).

Thus, in the present study, we aim to explore the potential
role of crocin in the improvement of mood state and BDNF
function in socially isolated rats.

Material and method
Animals

Sixty male Wistar rats (180-200g, 8-9 weeks old) were
used in this study. The rats were housed six per Plexi-
glas cage (25%50%20cm). Also, a 12h:12h light/dark cycle
(lights on at 7:00h) and stable temperature (22+1°C) were
provided. Each experimental group consisted of six rats,
based on previous research (Wang et al. 2023; Al-Dmour
et al. 2023; Rajkumar et al. 2023). All the rats were born
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and bred in Cognitive Neuroscience Lab, Medicinal Plants
Research Center, Institute of Medicinal Plants, ACECR,
Karaj, Iran. Also, all the rats had free access to food and
water and all the experiments were done during the light
hours (9:00 a.m. to 3:00 p.m.). Our experimental protocol
was designed in accord with National Institutes of Health
Guide for the Care and Use of Laboratory Animals (2011).

Experimental groups
This study consisted of 10 groups (n=6 for each group):

Group 1- Control: The rats received no injection.
Group 2- Sham: The rats (at PND 60) received saline
(1 mL/rat) injection.

Group 3: Crocin 25 mg/kg: The rats (at PND 60)
received crocin (25 mg/kg) injection.

Group 4: Crocin 50 mg/kg: The rats (at PND 60)
received crocin (50 mg/kg) injection.

Group 5: Crocin 100 mg/kg: The rats (at PND 60)
received crocin (100 mg/kg) injection.

Group 6- Social isolation: The rats (at 30 PND) were
socially isolated for 30 days (from 30 to 60 PND).
Group 7- Social isolation + Saline: The rats (at 30 PND)
were socially isolated for 30 days (from 30 to 60 PND),
and saline (1 mL/rat) was injected at the day 60, 1 h
before the tests.

Group 8- Social isolation + Crocin 25 m/kg: The rats (at
30 PND) were socially isolated for 30 days (from 30 to
60 PND), and crocin (25 mg/kg) was injected at the day
60, 1 h before the tests.

Group 9- Social isolation + Crocin 50 mg/kg: The rats
(at 30 PND) were socially isolated for 30 days (from 30
to 60 PND), and crocin (50 mg/kg) was injected at the
day 60, 1 h before the tests.

Group 10- Social isolation + Crocin 100 mg/kg: The rats
(at 30 PND) were socially isolated for 30 days (from 30
to 60 PND), and crocin (100 mg/kg) was injected at the
day 60, 1 h before the tests.

The order of the experiments was as follows: Novelty-
suppressed feeding test, open field test, marble burying
test, hot plate, forced swim test, shuttle box (train), shut-
tle box (test), real-time PCR. There was an interval of 30
minutes between novelty-suppressed feeding test (NFST)
and open field test (OFT) to allow the rats to eat enough
food. NFST, OFT, and marble burying test were conducted
at 60 PND. Hot plate, forced swim test (FST), and shut-
tle box (training) were conducted at 61 PND. Shuttle box
(test) and sacrifice were done at 62 PND. The timeline of
the study has been provided in Fig. 1 (Fig. 1).
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Social Isolation 30 Min Later 3
30 PND 60 PND Crocin (25, 50, or 100 mg/kg, i.p.) Novelty-suppressed feeding test (NFST)
1 2
30 Min Later
4  Open Field Test (OFT)
60 Min Later
8 Shuttle Box (Train) Forced Swim Test (FST) Hot Plate Marble Burying Test (MBT)
60 Min Later ; 60 Min Later 24 Hours Later
5
24 Hours Later
10

9  Shuttle Box (Test) Rat Sacrifice

10 Min Later

Fig. 1 The order of the experiments and the timeline of the study (24 h before novelty-suppressed feeding test (NFST), food deprivation started)

Social isolation

All the rats were socially isolated at the age of 30 days (30
postnatal day “PND”). During isolation, each rat was placed
in a separate cage and food and water were provided. The
duration of social isolation was 30 days (Guven et al. 2022).
All the tests were performed when the rats were at the age
of 60 days (60 PND).

Crocin

Crocin was purchased from Pouyesh Darou Sina, Samisaz
Co., Mashhad, Iran. Crocin was dissolved in normal saline
and was injected intraperitoneal at the doses of 25, 50, and
100 mg/kg. Crocin doses were chosen according to previ-
ous studies (Li et al. 2022; Azmand and Rajaei 2021; Sun
et al. 2020).

Novelty-suppressed feeding test

Novelty-suppressed feeding test (NFST) evaluates anxi-
ety-like behavior in rodents. Twenty-four hours before the
test, all the rats were deprived only from food. During the
test day, the rat was placed in one corner of a plastic box
(100 % 100 x 40 cm) with wooden bedding covered floor and
had ten minutes to explore the environment. A food pellet
was placed on a circular filter paper in the center of the
arena. Each rat was placed in a corner of the box and the
time taken to bite food, not simply sniff or touch the pellet
was recorded as feeding latency. If a rat did not bite food
during ten minutes, the feeding latency was recorded as 10
min (Laaziz et al. 2022).

Open field test

The open field test (OFT) (Tajhiz-Gostar Omid Iranian Co, Teh-
ran, Iran) is a reliable method to measure locomotor activity.
This apparatus consists of clear perspex container box (height:
30x30x40cm) divided into 16 equal-sized squares. Locomotor
activity is evaluated as the number of crossings from one square
to another during 300s (Rezaie et al. 2021; Mahdavi et al. 2021).

Marble burying test

Marble burying test evaluates obsessive-compulsive disorder
(OCD)-like behavior in rodents. In this test, standard glass
toy marbles (assorted styles and colors, 15 mm diameter,
5-6 g in weight) gently put on the surface of the bedding in
2 rows of 5 marbles (10 marbles). Note that, marble burying
test involves the placement of any number of marbles (usu-
ally between 4 and 25, depending on the zone configuration
of the marble-burying arena) (de Brouwer et al. 2019). The
duration of the test was 30 minutes. OCD-like behavior was
evaluated by recording the number of buried marbles.

Hot plate

Pain threshold was assessed using hot plate apparatus. Hot
plate was a sheet getting hot by electric current (Tajhiz-Gostar
Omid Iranian Co, Tehran, Iran). At first, hot plate sheet was
cleaned by ethanol 70% and each rat was placed on the hot
sheet. The start time was determined and as soon as the rats
started to lick their paws or change their steps, the pain thresh-
old was recorded. The temperature of the apparatus was set at
50 °C. The cut-off time was 100 seconds (Mahdavi et al. 2021).
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Forced swim test

Forced swim test (FST) is an approved test to evaluate
depressive-like behavior in rats. FST consists of a cylindrical
transparent container that is filled with water (20-22°C) up to
2/3 of it. Each rat was float inside the cylindrical transparent
container. FST duration was 5 minutes. During 5 minutes,
immobility and climbing time were measured. The duration
of immobility was considered as depressive-like behavior
(Kordestani-Moghadam et al. 2020).

Passive avoidance memory

Shuttle box apparatus was used to assess passive avoidance
memory performance. Shuttle box had two equal-sized
compartments (25x25X25 cm), including a light and a dark
compartment with a grid floor. The two compartments were
separated by a guillotine door. This test had two sessions:
training and test. In the training session, each rat was placed
into the light compartment for 60 seconds. After opening the
guillotine door and entrance of the rat into the dark compart-
ment, the door was closed and a 0.5 mA with 50 Hz foot
electric shock was delivered for 2 seconds via the grid floor.
20 seconds later, the rat was delivered to its cage. In the test
session (24h after training), rats were placed in the light
compartment. The step-through latency to enter the dark
compartment was measured, to a maximum of 300 seconds
(Rezaie et al. 2020).

Real-time PCR
Total RNA extraction and preparation of cDNA

Ten minutes after the shuttle box test, the brain sample of
each rat was obtained after euthanasia and decapitation.
Following the decapitation, the hippocampus samples were
dissected from the brain; snap-frozen in liquid nitrogen; and
stored at -80 °C before sample preparation. For gene expres-
sion measurement, total RNA was extracted from 100 mg
of the hippocampus by Qiazol (Qiazol lysis reagent, USA)
in a sterilized RNase-free tube. NanoDrop ND-100 spectro-
photometer (Thermo Scientific, Waltham, MA, USA) evalu-
ated the concentration and purity of RNA by the ratio of the
absorbance at 260 nm and 280 nm (A 260 /A 280). RNA was
converted into complementary DNA (cDNA) by DNase I
first strand synthesis system for RT-PCR (Fermentase, Ger-
many), according to the manufacturer's recommendations.
Real-time PCR reactions were done using Takara SYBR
Premix Ex Taq II (Tli RNaseH Plus) (2X conc.) in a final
volume of 20 pl on StepOnePlus Real-Time PCR System
(Applied Biosystems). 2 pl of the synthesized cDNA was
used in all reactions. The annealing temperature optimized
for primers pairs was 64 °C. For quantification of target
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gene, standard curve method was applied. All the samples
were loaded in duplicate and the mean data were used for
further analysis. The specificity of PCR products was veri-
fied by observing a single peak in melting curve analysis.
The data obtained were normalized against the housekeeping
gene (encoding glyceraldehyde 3-phosphate dehydrogenase,
GAPDH). Relative quantification according to the AACt-
method (Livak and Schmittgen 2001) was used for data anal-
ysis. For complementary length verification, PCR products
were visualized on 2.5% agarose gel (Malboosi et al. 2020).

Oligonucleotide set design

GAPDH was used as the housekeeping gene to normalize
target gene expression. The primers that were used for the
real-time PCR was BDNF (Table 1).

Statistical analyses

SPSS software (V.26) was used to analyze data. The Shapiro-
Wilk test was used to assess normality of distribution (The
Shapiro-Wilk results were not significant for all the tests).
Furthermore, two-way and one-way ANOVA, and post hoc
Tukey’s were used to compare groups. Spearman correlation
test was also used to assess potential correlations between
BDNF expression level and each behavioral function. Data
were expressed as mean + SD and P<0.05 was considered
as the level of statistical significance.

Results
Anxiety

The results of one-way ANOVA revealed that there was no
significant difference between control rats (F,,9 = 1.52,
P>0.05). Also, the results of one-way ANOVA revealed that
there was no significant difference between socially isolated
rats (F, o = 0.31, P>0.05) (Fig. 2).

Table 1 The primers used for
the Real-time PCR

Primer Sequence (5" —3")

BDNF F: 5-GGACAT
ATCCATGAC
CAGAAAGA-3’

R: 5’-GGCAAC
AAACCACAA

CATTATCG-3’

F: 5’-CATTCT
TCCACCTTT
GATGCTG-3’

R: 5>-TGGTCC
AGGGTTTCT
TACTCC-3’

GAPDH
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The results of two-way ANOVA revealed that only the
effect of isolation was significant (F; 5, = 239.96, P<0.001),
while the effect of crocin (F, 5o = 0.79, P>0.05) and
crocin*isolation (F4 5o = 0.15, P>0.05) was not significant.
Post hoc Tukey test showed that social isolation significantly
decreased anxiety-like behavior (P<0.001), however, crocin
at all doses had no effect (Fig. 2).

Locomotor activity

The results of one-way ANOVA revealed that there was no
significant difference between control rats (F, ;9 = 0.66,
P>0.05). Also, the results of one-way ANOVA revealed that
there was a significant difference between socially isolated
rats (Fy 59 = 19.66, P<0.001). Post hoc Tukey test showed
that crocin (100 mg/kg) decreased locomotor activity in
socially isolated rats (P<0.001) (Fig. 3).

The results of two-way ANOVA revealed that the effect
of isolation (F; 55 = 294.39, P<0.001), crocin (F, 5, = 10.10,
P<0.001), and crocin*isolation (F, 5o = 9.55, P<0.001) was
significant. Post hoc Tukey test showed that social isola-
tion significantly increased locomotor activity (P<0.001),
and crocin at the dose of 100 mg/kg reversed this effect
(P<0.001) (Fig. 3).

Fig.2 shows anxiety-like

Marble burying test

The results of one-way ANOVA revealed that there was no
significant difference between control rats (F, ;9 = 0.18,
P>0.05). Also, the results of one-way ANOVA revealed that
there was a significant difference between socially isolated
rats (F, 59 = 16.31, P<0.001). Post hoc Tukey test showed
that crocin (100 mg/kg) decreased OCD-like behavior in
socially isolated rats (P<0.001) (Fig. 4).

The results of two-way ANOVA revealed that the effect
of isolation (F; 5, = 149.04, P<0.001), crocin (F, 5, =9.11,
P<0.001), and crocin*isolation (F, 5o = 11.08, P<0.001) was
significant. Post hoc Tukey test showed that social isola-
tion significantly induced OCD-like behavior (P<0.001),
and crocin at the dose of 100 mg/kg reversed this effect
(P<0.001) (Fig. 4).

Pain threshold

The results of one-way ANOVA revealed that there was a
significant difference between control rats (F, 5 = 12.01,
P<0.001). Post hoc Tukey test showed that crocin (100
mg/kg) increased the pain threshold (P<0.001). Also, the
results of one-way ANOVA revealed that there was a sig-
nificant difference between socially isolated rats (Fy,9 =
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Fig.3 shows locomotor activity in control and socially isolated rats, received no injection, saline, or crocin at the doses of 25, 50, and 100 mg/kg
(***P <0.001 in comparison with control group; /P <0.001 in comparison with social isolation group) (n=6 for each group)

86.38, P<0.001). Post hoc Tukey test showed that crocin
(100 mg/kg) increased pain threshold in socially isolated
rats (P<0.001) (Fig. 5).

The results of two-way ANOVA revealed that the effect
of isolation (F; 55 = 495.00, P<0.001), crocin (F, 5, = 64.37,
P<0.001), and crocin*isolation (F, 5o = 5.67, P<0.001) was
significant. Post hoc Tukey test showed that social isolation
significantly decreased pain threshold (P<0.001), and crocin
at the dose of 100 mg/kg reversed this effect (P<0.001)
(Fig. 5).

FST

Climbing- The results of one-way ANOVA revealed that
there was no significant difference between control rats
(F409=0.52, P>0.05). Also, the results of one-way ANOVA
revealed that there was no significant difference between
socially isolated rats (F, 59 = 0.14, P>0.05). The results of
two-way ANOVA revealed that only the effect of isolation
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was significant (F, 5, = 51.86, P<0.001), while the effect
of crocin (F, 5o = 0.27, P>0.05) and crocin*isolation (F, 5,
= 0.52, P>0.05) was not significant. Post hoc Tukey test
showed that social isolation significantly increased climbing
(P<0.05), however, crocin at all doses had no effect (Fig. 6).

Immobility- The results of one-way ANOVA revealed
that there was no significant difference between control
rats (F,,9 = 0.97, P>0.05). Also, the results of one-way
ANOVA revealed that there was a significant difference
between socially isolated rats (F, 59 = 11.87, P<0.001). Post
hoc Tukey test showed that crocin (100 mg/kg, P<0.001;
and 50 mg/kg, P<0.01) increased immobility in socially iso-
lated rats. The results of two-way ANOVA revealed that the
effect of isolation (F, 5, = 54.14, P<0.001), crocin (F, 50 =
6.88, P<0.001), and crocin*isolation (Fy 50 =4.47,P<0.01)
was significant. Post hoc Tukey test showed that social iso-
lation significantly decreased immobility (P<0.001), and
crocin at the doses of 50 and 100 mg/kg reversed this effect
(P<0.05) (Fig. 6).
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The results of one-way ANOVA revealed that there was no
significant difference between control rats (F, ;9 = 0.04,
P>0.05). Also, the results of one-way ANOVA revealed that
there was no significant difference between socially isolated
rats (F, 59 = 0.27, P>0.05) (Fig. 7).

The results of two-way ANOVA also showed that the
effect of isolation (F; 5o = 0.65, P>0.05), crocin (F, 50 =
0.22, P>0.05), and crocin*isolation (F, 5, = 0.13, P>0.05)
was not significant (Fig. 7).

BDNF

The results of one-way ANOVA revealed that there was a
significant difference between control rats (F, 59 = 39.84,
P<0.001). Post hoc Tukey test showed that crocin (100 mg/
kg) increased BDNF expression level in the hippocampus of
control rats. Also, the results of one-way ANOVA revealed
that there was a significant difference between socially
isolated rats (F4,9 = 54.03, P<0.001). Post hoc Tukey test
showed that crocin (100 mg/kg, P<0.001; and 50 mg/kg,
P<0.01) increased BDNF expression level in the hippocam-
pus of socially isolated rats (Fig. 8).

Socially isolated

The results of two-way ANOVA revealed that the effect
of isolation (F; 5, = 20.92, P<0.001), crocin (F, 5, = 91.98,
P<0.001), and crocin*isolation (F, 5, = 4.78, P<0.01) was
significant. Post hoc Tukey test showed that social isolation
significantly decreased BDNF expression level (P<0.001), and
crocin at the doses of 50 (P<0.01) and 100 (P<0.001) mg/kg
reversed this effect (Fig. 8).

Correlations

Spearman correlation test showed that there was a signifi-
cant correlation between BDNF expression level and pain
threshold in control rats (tho = 0.442, P <0.05), and between
BDNF expression level and locomotor activity (tho = -0.353,
P <0.05), pain threshold (rtho = 0.398, P <0.05), and immobil-
ity (tho = 0.786, P <0.001) in socially isolated rats. Therefore,
results showed a direct correlation between BDNF expression
level and pain perception in control rats received crocin 100
mg/kg, and between BDNF expression level and pain percep-
tion or immobility in socially isolated rats received no injec-
tion or crocin 100 mg/kg. Also, there was an inverse (opposite)
correlation between BDNF expression level and locomotor
activity in socially isolated rats received no injection or crocin
100 mg/kg (Table 2).
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Fig.5 shows pain threshold in control and socially isolated rats, received no injection, saline, or crocin at the doses of 25, 50, and 100 mg/kg
(***P <0.001 in comparison with control group; “"P <0.001 in comparison with social isolation group) (n=6 for each group)

Discussion

As the results showed, social isolation decreased anxiety-
and depressive-like behavior, pain threshold, and BDNF
expression, and induced hyperlocomotion and OCD-like
behavior. However, crocin dose-dependently reversed the
effect of social isolation on pain threshold, OCD-like behav-
ior, locomotor activity, depressive-like behavior, and BDNF
expression. Both social isolation and crocin did not affect
passive avoidance memory performance. Also, crocin had
no effect on climbing and anxiety-like behavior in socially
isolated rats. Pearson correlation test also showed significant
correlations between BDNF expression level and locomotor
activity, pain perception, and immobility (depressive-like
behavior) in control rats received crocin 100 mg/kg and in
socially isolated rats received no injection or crocin 100 mg/
kg (Table 2).

Social isolation is one of the most effective stressors that
significantly disrupts cognitive functions and behavioral per-
formance (Reinwald et al. 2018). Chronic social isolation is
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a highly stressful condition that induces a wide-range of neu-
ral and behavioral deficits in humans, non-human primates,
and rodents (Harlow et al. 1965; Fone and Porkess 2008;
Brenes et al. 2020). Social isolation has been considered as
one of the most reliable preclinical models of schizophrenia,
because it induces the core features of mental disorders, cog-
nitive impairments, hyperactivity, and sensory gating deficits
(Fone and Porkess 2008). It has been reported that social
isolation in males and females, and restraint in males during
adolescence lead to dynamic changes in the hippocampus,
prefrontal, and amygdala (Pattwell et al. 2016). Importantly,
increased locomotor activity induced by social isolation is
a significant symptom observed in isolated rats, and has
been considered as a criterion for the “isolation syndrome”
(Heidbreder et al. 2000). It has been suggested that animals
isolated during adulthood show hyperactivity, while return-
ing to a social context during adolescence normalized the
behavioral phenotype (Begni et al. 2020). A recent study has
shown that learning and memory networks centered on the
amygdala and hippocampus are significantly vulnerable to



Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3929-3944 3937

FST
20 ~

18 A

-—
(e}
1

N
SN
1

[ 1 w T

=y
N
1

—
o
1
*
*
*

Immobility (sec)
o)

300 ~

250 H

200

150 -

Climbing (sec)

100

50

Control Saline 25 50 100 Control Saline 25 50 100

Crocin (mg/kg) Crocin (mg/kg)

Control Socially isolated
Fig.6 shows immobility and climbing in control and socially isolated group; "P<0.001 and MP<0.01 in comparison with social isola-

rats, received no injection, saline, or crocin at the doses of 25, 50, and tion group) (n=6 for each group)
100 mg/kg (***P<0.001 and *P<0.05 in comparison with control

@ Springer



3938

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3929-3944

Passive avoidance memory

350 ~

300—TTTT

250 H

200 H

150 ~

100 ~

50 -

Latency to enter the dark chamber (sec)

Control Saline 25 50

100

Crocin (mg/kg)

Control Saline 25 50 100

Crocin (mg/kg)

Control

Socially isolated

Fig. 7 shows passive avoidance memory performance in control and socially isolated rats, received no injection, saline, or crocin at the doses of

25, 50, and 100 mg/kg (n=6 for each group)

the negative impacts of maternal social isolation (McDonald
et al. 2023). It has also been shown that socially isolated
rats have high level of anxiety, and depressive- and psy-
chotic-like symptoms (Mncube and Harvey 2022). Previous
research has reported that social isolation increases locomo-
tor activity and induces social anxiety and depressive-like
behavior, that is not responsive to fluoxetine (Mncube et al.
2021). Social isolation for three weeks also leads to anhe-
donic-type behavior and an anxiogenic profile in adolescent
male rats (Acero-Castillo et al. 2021). Furthermore, chronic
social isolation may induce OCD-like behavior in rats (Peri¢
et al. 2021, 2018).

However, our data did not show a depressive or anxi-
ogenic effect following social isolation, but on the con-
trary, we showed that immobility and feeding latency were
decreased, along with a hyperlocomotion profile and a robust
decrease in pain threshold. Although our findings are almost
unexpectable, some studies have shown similar results. Pre-
vious research has shown that initiating isolation-housing
in adulthood (PND 66 or PND 116) actually increases both
open-field center entries and defensive burying, suggesting

@ Springer

that adult social isolation may lead to reduced anxiety-like
behavior (Arakawa 2005, 2007). Other study has shown
that isolation has no effect on anxiety-like behavior in the
elevated plus maze when tested on PND 62 (Brenes and For-
naguera 2009). Furthermore, a significant anxiolytic effect
of social isolation for male rat in the elevated plus maze and
open field has been shown, when social isolation is initiated
in later adolescence (PND 45, mid-adolescence) (Thorsell
et al. 2006). It has been suggested that inconsistent reports
in relation to the expression of anxiety-like behaviors may
be a result of varying adversities inherent in the different
test paradigms (Hall et al. 2000), differing isolation onset
and duration, or may represent strain differences between
Lister Hooded rats (Einon et al. 1978) vs. Sprague-Dawley
and Wistar rats (Lukkes et al. 2009b, 2009a, 2009¢). We
also suggest that hyperlocomotion induced by social iso-
lation may affect the rats’ performance in the NFST and
FST. Social isolation from adolescence can lead to the
induction of a “hyperlocomotion state” that affects all the
behavioral functions of rats. Therefore, antidepressant- and
anxiolytic-like effects of social isolation may be related to
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Fig.8 shows BDNF expression level in the hippocampus in control
and socially isolated rats, received no injection, saline, or crocin at
the doses of 25, 50, and 100 mg/kg (***P <0.001 in comparison with

Table2 The direction of the indicators' changes has been provided.
The results showed a direct relation between BDNF expression level
and pain perception in control rats received crocin 100 mg/kg, and
between BDNF expression level and pain perception or immobility in

Control Saline 25 50 100

Crocin (mg/kg)

Socially isolated

control group; P <0.001 and P <0.01 in comparison with social
isolation group) (n=6 for each group)

socially isolated rats received no injection or crocin 100 mg/kg. Also,
there was an inverse (opposite) relation between BDNF expression
level and locomotor activity in socially isolated rats received no injec-
tion or crocin 100 mg/kg

Rats BDNF Locomotor activity Pain threshold Immobility
Socially isolated ! 1 l l
Socially isolated + Crocin 100 mg/kg i l i i
Control + Crocin 100 mg/kg 1 - i -

the induction of hyperlocomotion, and social isolation by
itself may have not an antidepressant or anxiolytic effect.
It seems that the effect of social isolation on locomotor
activity is a very important outcome that can alter the mood
state of rats. Of note, hyperlocomotion has been considered
as a symptom of schizophrenia in rodents (van den Buuse
2010). It has been suggested that increased motor activity
is an important feature of current pharmacological models
of schizophrenia, because hyperlocomotion is related to the
positive symptoms of schizophrenia (van den Buuse 2010).

On the other hand, social isolation can lead to the induction
of schizophrenia-like profile in rodents (Stevens et al. 1997).
Social isolation has been considered as a reliable method
for the induction of schizophrenia (Jones et al. 2011). Pre-
vious research has shown that adolescent social isolation
can lead to schizophrenia-like behaviors in male rats (Sun
et al. 2017). Although in the present research, we did not
provide a rat model of schizophrenia, but isolation-induced
hyperlocomotion was the most important feature in socially
isolated rats.
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Social isolation can alter pain perception. Previous study
has shown that social isolation increases pain perception
and leads to a nociceptive response in juvenile female
Sprague Dawley rats (O'Sullivan et al. 2020). However, it
has been reported that short-term social isolation from lit-
termates is associated with analgesia in rats (Kozlov et al.
2013). A previous study has also shown that rats’ perfor-
mance in the hot plate test was not changed following four
weeks of social isolation (Woodworth and Johnson 1988).
Therefore, the effects of social isolation on pain perception
and pain threshold are inconsistent. In addition, it has been
shown that social isolation can alter the expression level
of BDNF. Previous study has shown that social isolation
reduces BDNF level in the hippocampus of male Sprague-
Dawley rats (Scaccianoce et al. 2006). It has been shown
that social isolation significantly decreases BDNF level in
the prefrontal cortex of rats (Begni et al. 2020). Also, other
study has shown that hippocampal BDNF level is markedly
decreased in socially isolated rats (Kim et al. 2020). On the
other hand, it seems that hyperlocomotion can be related to
the function of BDNF. It has been shown that methylphe-
nidate leads to hyperactivity and decreases BDNF, while
crocin significantly reverses both effects (Ebrahimzadeh
et al. 2019). Other study has shown that ketamine leads to
hyperlocomotion (schizophrenia-like symptom in rats) and
decreases BDNF level, while treatment with vinpocetine
reverses both (Xu et al. 2019). Consistent with previous
findings, we showed hyperlocomotion and decreased BDNF
level in socially isolated rats, although socially isolated rats
showed a decrease in anxiety-like behavior. This can be a
challenging finding, because most previous studies have
shown increased anxiety level following a decrease in BDNF
expression level in socially isolated rats (Pisu et al. 2011;
Murinova et al. 2017; Sun et al. 2013; Ma et al. 2016). How-
ever, it has been shown that anxiety-like behavior does not
change following a decrease in BDNF protein expression in
the central amygdala and the hippocampus (Ravenelle et al.
2014), or in the frontal cortex, striatum, hippocampus and
cerebellum (Simpson et al. 2012) in socially isolated rats.
Other study has shown an increase in anxiety-like behavior
in socially isolated rats, with no changes in BDNF expres-
sion level (Evans et al. 2012). A previous study has shown a
decrease in anxiety-like behavior with no changes in BDNF
mRNA level in socially isolated male rats (Weintraub et al.
2010). This study (Weintraub et al. 2010) also showed that
BDNF mRNA level was decreased in the CA3 region of
the hippocampus of socially isolated female rats, with no
changes in anxiety-like behavior.

Furthermore, crocin only at the highest dose signifi-
cantly reversed isolation-induced hyperlocomotion. Also,
it reversed the effect of social isolation on pain threshold,
OCD-like behavior, depressive-like behavior, and BDNF
expression. Crocin is an active and therapeutic component
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of Saffron (Ahmed El-Sheikh et al. 2023). Large evidence
has shown the pro-cognitive effects of crocin (Abbaszade-
Cheragheali et al. 2022; Looti Bashiyan et al. 2021). Also,
crocin can induce antidepressant and anxiolytic effects
(Ghalandari-Shamami et al. 2019; Zhang et al. 2022). It
seems that crocin can also affect locomotor activity. Pre-
vious study has shown that crocin (50 mg/kg) attenuates
ketamine-induced hypermotility, stereotypies, and ataxia in
rats (Georgiadou et al. 2014). Previous research has also
shown that crocin significantly reduces hyperlocomotion
induced by MK-801 in a rat model of schizophrenia (Sun
et al. 2020). Furthermore, it has been shown that crocin at
the dose of 400 mg/kg suppresses locomotor activity in rats
exposed to morphine (Tamaddonfard and Hamzeh-Gooshchi
2010). On the other hand, crocin can induce analgesic effect.
It has been shown that crocin decreases thermal hyperalgesia
and mechanical allodynia in a rat model of neuropathic pain
(Vafaei et al. 2020). Crocin significantly reduces the level of
pain-related factors and glial activation in rats (Wang et al.
2020). In line with previous findings, our data showed that
crocin increased pain threshold and decreased locomotor
activity in socially isolated rats.

In addition, crocin can improve the function of BDNF.
Previous study has shown that crocin enhances the pro-
tein level of BDNF in the hippocampus of sleep-deprived
rats (Looti Bashiyan et al. 2021). It has been shown that
crocin increases the expression of BDNF in rats exposed to
chronic unpredictable mild stress (Abbaszade-Cheragheali
et al. 2022). Furthermore, crocin significantly enhances
CA3 BDNF level in the stressed rats (Ghalandari-Shamami
et al. 2021). Our data also showed that crocin increases
BDNF expression level in both control and socially iso-
lated rats. On the other hand, BDNF expression level may
be related to OCD-like behaviors. It has been shown that
treatment with L. casei Shirota and fluoxetine significantly
improves OCD-like behavior and increases the expression
level of BDNF in a rat model of OCD (Sanikhani et al.
2020). Also, it has been suggested that lower BDNF level
is related to OCD (Suliman et al. 2013). It has also been
suggested that BDNF may serve as a potential biomarker
of OCD (Hao et al. 2022). In the present study, crocin sig-
nificantly restored BDNF expression level in socially iso-
lated rats. This effect may be related to the improvement of
OCD-like behavior in socially isolated rats received crocin
(100 mg/kg). However, more detailed studies are needed to
better investigate the effect of social isolation and crocin
on locomotor activity and OCD-like behavior, and sub-
sequent behavioral functions. In addition, the potential
relationship between BDNF function, locomotor activ-
ity, and OCD-like behaviors can be an important research
topic in preclinical studies. Of note, we showed that crocin
increased BDNF expression level and pain threshold in
control rats. Although there is sparse evidence on the
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effect of crocin on BDNF expression level in control ani-
mals, previous research has shown the same finding. This
study (Vahdati Hassani et al. 2014) has shown that crocin
(25 and 50 mg/kg) increases BDNF protein level in the
hippocampus of rats, using western blotting method. This
study has also shown that crocin (12.5 mg/kg) increases
BDNF gene expression level in the hippocampus of rats
(Vahdati Hassani et al. 2014). However, the effect of crocin
on pain perception in control rats has not well investigated.
We can relate this finding to the analgesic effect of crocin
(Hashemzaei et al. 2020; Tamaddonfard et al. 2013). It
should be noted that, observed decrease in BDNF gene
expression without evaluation of BDNF protein expression
in the hippocampus is a limitation of the present study.
We did not evaluate BDNF protein level using molecular
methods particularly western blotting, and this could be a
limitation for the present research.

Conclusion

In the present research, we found that social isolation
decreased anxiety- and depressive-like behavior, pain
threshold, and BDNF expression, and induced OCD-like
behavior and hyperlocomotion. Crocin dose-dependently
reversed the effect of social isolation on pain threshold,
OCD-like behavior, locomotor activity, depressive-like
behavior, and BDNF expression. It can be concluded that
hyperlocomotion is the core symptom of social isolation
that also can affect the mood state. But given that hyperlo-
comotion can affect not only mood state but also emotion-
related behaviors, OCD-like behavior, and pain threshold
assessment, we can suggest that hyperlocomotion may
have an impact on the manifestation of many behavioral
functions.

Author contributions A.K., S.H., and P.T. conducted the experiments.
M.P. writing and analyzing data. S.V. designed the study, supervised
the research process, drafting. All the authors approved the final ver-
sion. The authors declare that all data were generated in-house and
that no paper mill was used.

Funding There is no providing financial support to this project.

Data availability Will be available upon a reasonable request.
Declarations

Consent to participate N/A.

Consent to publish N/A.

Competing interests The authors declare no competing interests.

References

Abbaszade-Cheragheali A, Beheshti F, Kakhki S, Khatibi SR,
Dehnokhalaji F, Akbari E, Fathi H, Safari Farimani S (2022)
Crocin, the main active saffron (Crocus sativus L.) constituent,
as a potential candidate to prevent anxiety and depressive-like
behaviors induced by unpredictable chronic mild stress. Neu-
rosci Lett 791:136912. https://doi.org/10.1016/j.neulet.2022.
136912

Acero-Castillo MC, Ardila-Figueroa MC, Botelho de Oliveira S (2021)
Anhedonic Type Behavior and Anxiety Profile of Wistar-UIS Rats
Subjected to Chronic Social Isolation. Front Behav Neurosci
15:663761. https://doi.org/10.3389/fnbeh.2021.663761

Ahmed El-Sheikh A, Mahmoud HA, Ali El-Kordy E, Abdelsattar AM,
Rizk FH, Mahmoud El-Sharaby R, Mashal SS, El Saadany AA,
Shalaby RH, Elshamy AM, Safwat El-Deeb O, Raafat Ibrahim R,
Ibrahim HA (2023) Crocin lessens desipramine-induced phospho-
lipidosis biomarker levels via targeting oxidative stress- related
PI3K/Akt/mTOR signaling pathways in the rat liver. Acta Biomed
94(2):¢2023141. https://doi.org/10.23750/abm.v94i2.14442

Al-Dmour RH, Al-Tawarah NM, Mwafi N, Alkhataybeh BM, Khlei-
fat KM, Tarawneh A, Satari AO, Alkharabsheh SM, Albustanji
L (2023) Enhancement of hippocampal-dependent spatial
memory by Ashwagandha (Withania somnifera) characterized
by activation of NMDA receptors against monosodium gluta-
mate-induced neurotoxicity in rats. Int J Neurosci :1-9. https://
doi.org/10.1080/00207454.2023.2255372

Arakawa H (2005) Interaction between isolation rearing and social
development on exploratory behavior in male rats. Behav Pro-
cesses 70(3):223-234. https://doi.org/10.1016/j.beproc.2005.
07.002

Arakawa H (2007) Ontogenetic interaction between social relation-
ships and defensive burying behavior in the rat. Physiol Behav
90(5):751-759. https://doi.org/10.1016/j.physbeh.2006.12.015

Aswar U, Shende H, Aswar M (2022) Buspirone, a 5-HT1A agonist
attenuates social isolation-induced behavior deficits in rats: a
comparative study with fluoxetine. Behav Pharmacol 33(5):309—
321. https://doi.org/10.1097/FBP.0000000000000679

Azmand MJ, Rajaei Z (2021) Effects of crocin on spatial or aversive
learning and memory impairments induced by lipopolysaccha-
ride in rats. Avicenna J Phytomed 11(1):79-90

Begni V, Sanson A, Pfeiffer N, Brandwein C, Inta D, Talbot SR, Riva
MA, Gass P, Mallien AS (2020) Social isolation in rats: Effects
on animal welfare and molecular markers for neuroplasticity.
PLoS ONE 15(10):e0240439. https://doi.org/10.1371/journal.
pone.0240439

Borges JV, Pires VN, de Freitas BS, Rubensam G, Vieira VC, de Souza
Dos Santos C, Schroder N, Bromberg E (2023) Behavior, BDNF
and epigenetic mechanisms in response to social isolation and
social support in middle aged rats exposed to chronic stress. Behav
Brain Res 441:114303. https://doi.org/10.1016/j.bbr.2023.114303

Brenes JC, Fornaguera J (2009) The effect of chronic fluoxetine
on social isolation-induced changes on sucrose consumption,
immobility behavior, and on serotonin and dopamine func-
tion in hippocampus and ventral striatum. Behav Brain Res
198(1):199-205. https://doi.org/10.1016/j.bbr.2008.10.036

Brenes JC, Fornaguera J, Sequeira-Cordero A (2020) Environmental
Enrichment and Physical Exercise Attenuate the Depressive-
Like Effects Induced by Social Isolation Stress in Rats. Front
Pharmacol 11:804. https://doi.org/10.3389/fphar.2020.00804

Cattaneo A, Riva MA (2016) Stress-induced mechanisms in mental ill-
ness: A role for glucocorticoid signalling. J Steroid Biochem Mol
Biol 160:169-174. https://doi.org/10.1016/j.jsbmb.2015.07.021

@ Springer


https://doi.org/10.1016/j.neulet.2022.136912
https://doi.org/10.1016/j.neulet.2022.136912
https://doi.org/10.3389/fnbeh.2021.663761
https://doi.org/10.23750/abm.v94i2.14442
https://doi.org/10.1080/00207454.2023.2255372
https://doi.org/10.1080/00207454.2023.2255372
https://doi.org/10.1016/j.beproc.2005.07.002
https://doi.org/10.1016/j.beproc.2005.07.002
https://doi.org/10.1016/j.physbeh.2006.12.015
https://doi.org/10.1097/FBP.0000000000000679
https://doi.org/10.1371/journal.pone.0240439
https://doi.org/10.1371/journal.pone.0240439
https://doi.org/10.1016/j.bbr.2023.114303
https://doi.org/10.1016/j.bbr.2008.10.036
https://doi.org/10.3389/fphar.2020.00804
https://doi.org/10.1016/j.jsbmb.2015.07.021

3942

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3929-3944

Colucci-D’Amato L, Speranza L, Volpicelli F (2020) Neurotrophic
factor BDNF, physiological functions and therapeutic potential
in depression, neurodegeneration and brain cancer. Int J Mol Sci
21(20):7777. https://doi.org/10.3390/ijms21207777

de Brouwer G, Fick A, Harvey BH, Wolmarans W (2019) A critical
inquiry into marble-burying as a preclinical screening para-
digm of relevance for anxiety and obsessive-compulsive dis-
order: Mapping the way forward. Cogn Affect Behav Neurosci
19(1):1-39. https://doi.org/10.3758/s13415-018-00653-4

Djordjevic J, Djordjevic A, Adzic M, Radojcic MB (2012) Effects of
chronic social isolation on Wistar rat behavior and brain plastic-
ity markers. Neuropsychobiology 66(2):112-119. https://doi.
org/10.1159/000338605

Ebrahimzadeh A, Moghadam SY, Rahimi H, Motaghinejad M,
Motevalian M, Safari S, Mesrabadi MA (2019) Crocin acts as a
neuroprotective mediator against methylphenidate-induced neu-
robehavioral and neurochemical sequelae: Possible role of the
CREB-BDNF signaling pathway. Acta Neurobiol Exp (Wars)
79(4):352-366

Einon DF, Morgan MJ, Kibbler CC (1978) Brief periods of socializa-
tion and later behavior in the rat. Dev Psychobiol 11(3):213—
225. https://doi.org/10.1002/dev.420110305

Evans J, Sun Y, McGregor A, Connor B (2012) Allopregnanolone
regulates neurogenesis and depressive/anxiety-like behaviour
in a social isolation rodent model of chronic stress. Neurop-
harmacology 63(8):1315-1326. https://doi.org/10.1016/j.neuro
pharm.2012.08.012

Fone KC, Porkess MV (2008) Behavioural and neurochemical effects
of post-weaning social isolation in rodents-relevance to devel-
opmental neuropsychiatric disorders. Neurosci Biobehav Rev
32(6):1087-1102. https://doi.org/10.1016/j.neubiorev.2008.03.
003

Galal A, El-Bakly WM, El-Kilany SS, Ali AA, El-Demerdash E
(2021) Fenofibrate ameliorates olanzapine’s side effects with-
out altering its central effect: emphasis on FGF-21-adiponectin
axis. Behav Pharmacol 32(8):615-629

Georgiadou G, Grivas V, Tarantilis PA, Pitsikas N (2014) Crocins,
the active constituents of Crocus Sativus L., counteracted keta-
mine—induced behavioural deficits in rats. Psychopharmacology
231:717-726

Ghalandari-Shamami M, Nourizade S, Yousefi B, Vafaei AA, Pakdel
R, Rashidy-Pour A (2019) Beneficial Effects of Physical Activ-
ity and Crocin Against Adolescent Stress Induced Anxiety or
Depressive-Like Symptoms and Dendritic Morphology Remod-
eling in Prefrontal Cortex in Adult Male Rats. Neurochem Res
44(4):917-929. https://doi.org/10.1007/s11064-019-02727-2

Ghalandari-Shamami M, Nourizade S, Barati M, Yousefi B, Pashayi
M, Ali Vafaei A, Kokhaei P, Rashidy-Pour A (2021) Exercise
and crocin prevent adolescent-stress induced impairment of spa-
tial navigation and dendritic retraction in the hippocampal CA3
area in adult male rats. Brain Res 1754:147274. https://doi.org/
10.1016/j.brainres.2020.147274

Guven EB, Pranic NM, Unal G (2022) The differential effects of
brief environmental enrichment following social isolation in
rats. Cogn Affect Behav Neurosci 22(4):818-832

Hall FS, Huang S, Fong GW, Sundstrom JM, Pert A (2000) Differ-
ential basis of strain and rearing effects on open-field behavior
in Fawn Hooded and Wistar rats. Physiol Behav 71(5):525-532.
https://doi.org/10.1016/s0031-9384(00)00372-3

Hao LS, Du Y, Chen L, Jiao YG, Cheng Y (2022) Brain-derived
neurotrophic factor as a biomarker for obsessive-compulsive
disorder: A meta-analysis. J Psychiatr Res 151:676-682. https://
doi.org/10.1016/j.jpsychires.2022.05.026

Harlow HF, Dodsworth RO, Harlow MK (1965) Total social isolation
in monkeys. Proc Natl Acad Sci U S A 54(1):90-97. https://doi.
org/10.1073/pnas.54.1.90

@ Springer

Hashemzaei M, Mamoulakis C, Tsarouhas K, Georgiadis G, Laz-
opoulos G, Tsatsakis A, Shojaei Asrami E, Rezaee R (2020)
Crocin: A fighter against inflammation and pain. Food Chem
Toxicol 143:111521. https://doi.org/10.1016/j.fct.2020.111521

Heidbreder CA, Weiss IC, Domeney AM, Pryce C, Homberg J, Hedou
G, Feldon J, Moran MC, Nelson P (2000) Behavioral, neurochem-
ical and endocrinological characterization of the early social isola-
tion syndrome. Neuroscience 100(4):749-768. https://doi.org/10.
1016/50306-4522(00)00336-5

Jones CA, Watson DJ, Fone KC (2011) Animal models of schizophre-
nia. Br J Pharmacol 164(4):1162—1194. https://doi.org/10.1111/j.
1476-5381.2011.01386.x

Kim TW, Park SS, Shin MS, Park HS, Baek SS (2020) Treadmill
exercise ameliorates social isolation-induced memory impair-
ment by enhancing silent information regulator-1 expression in
rats. J Exerc Rehabil 16(3):227-233. https://doi.org/10.12965/jer.
2040400.200

Kordestani-Moghadam P, Nasehi M, Vaseghi S, Khodagholi F, Zarrin-
dast MR (2020) The role of sleep disturbances in depressive-like
behavior with emphasis on alpha-ketoglutarate dehydrogenase
activity in rats. Physiol Behav 224:113023. https://doi.org/10.
1016/j.physbeh.2020.113023

Kozlov AP, Nizhnikov ME, Kramskaya TA, Varlinskaya EI, Spear NE
(2013) mu-Opioid blockade reduces ethanol effects on intake and
behavior of the infant rat during short-term but not long-term
social isolation. Pharmacol Biochem Behav 103(4):773-782.
https://doi.org/10.1016/j.pbb.2012.11.008

Laaziz A, El Mostafi H, Elhessni A, Touil T, Doumar H, Mesfioui A
(2022) Chronic clomipramine treatment reverses depressogenic-
like effects of a chronic treatment with dexamethasone in rats.
IBRO Neurosci Rep 13:147-155. https://doi.org/10.1016/j.ibneur.
2022.07.007

Li Y, Luikart BW, Birnbaum S, Chen J, Kwon CH, Kernie SG, Bassel-
Duby R, Parada LF (2008) TrkB regulates hippocampal neurogen-
esis and governs sensitivity to antidepressive treatment. Neuron
59(3):399-412. https://doi.org/10.1016/j.neuron.2008.06.023

Li HY, Zhao YH, Zeng MJ, Fang F, Li M, Qin TT, Ye LY, Li HW, Qu
R, Ma SP (2017) Saikosaponin D relieves unpredictable chronic
mild stress induced depressive-like behavior in rats: involvement
of HPA axis and hippocampal neurogenesis. Psychopharmacology
234(22):3385-3394. https://doi.org/10.1007/s00213-017-4720-8

Li H, Li J, Wang J, Afzal O, Altamimi ASA, Nasar Mir NajibUllah S,
Shilbayeh SAR, Ibrahim AA, Khan S (2022) Analysis of Anti-
Arrhythmic Impacts of Crocin through Estimation of Expression
of Cx43 in Myocardial Infarction Using a Rat Animal Model.
ACS Omega 7(42):37164-37169. https://doi.org/10.1021/acsom
ega.2c03158

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 25(4):402-408. https://doi.org/10.1006/
meth.2001.1262

Looti Bashiyan M, Nasehi M, Vaseghi S, Khalifeh S (2021) Investi-
gating the effect of crocin on memory deficits induced by total
sleep deprivation (TSD) with respect to the BDNF, TrkB and ERK
levels in the hippocampus of male Wistar rats. J Psychopharmacol
35(6):744-754. https://doi.org/10.1177/02698811211000762

Lu B, Nagappan G, Guan X, Nathan PJ, Wren P (2013) BDNF-based
synaptic repair as a disease-modifying strategy for neurodegenera-
tive diseases. Nat Rev Neurosci 14(6):401-416. https://doi.org/
10.1038/nrn3505

Lukkes J, Vuong S, Scholl J, Oliver H, Forster G (2009a) Corticotro-
pin-releasing factor receptor antagonism within the dorsal raphe
nucleus reduces social anxiety-like behavior after early-life social
isolation. J Neurosci 29(32):9955-9960. https://doi.org/10.1523/
JNEUROSCI.0854-09.2009


https://doi.org/10.3390/ijms21207777
https://doi.org/10.3758/s13415-018-00653-4
https://doi.org/10.1159/000338605
https://doi.org/10.1159/000338605
https://doi.org/10.1002/dev.420110305
https://doi.org/10.1016/j.neuropharm.2012.08.012
https://doi.org/10.1016/j.neuropharm.2012.08.012
https://doi.org/10.1016/j.neubiorev.2008.03.003
https://doi.org/10.1016/j.neubiorev.2008.03.003
https://doi.org/10.1007/s11064-019-02727-2
https://doi.org/10.1016/j.brainres.2020.147274
https://doi.org/10.1016/j.brainres.2020.147274
https://doi.org/10.1016/s0031-9384(00)00372-3
https://doi.org/10.1016/j.jpsychires.2022.05.026
https://doi.org/10.1016/j.jpsychires.2022.05.026
https://doi.org/10.1073/pnas.54.1.90
https://doi.org/10.1073/pnas.54.1.90
https://doi.org/10.1016/j.fct.2020.111521
https://doi.org/10.1016/s0306-4522(00)00336-5
https://doi.org/10.1016/s0306-4522(00)00336-5
https://doi.org/10.1111/j.1476-5381.2011.01386.x
https://doi.org/10.1111/j.1476-5381.2011.01386.x
https://doi.org/10.12965/jer.2040400.200
https://doi.org/10.12965/jer.2040400.200
https://doi.org/10.1016/j.physbeh.2020.113023
https://doi.org/10.1016/j.physbeh.2020.113023
https://doi.org/10.1016/j.pbb.2012.11.008
https://doi.org/10.1016/j.ibneur.2022.07.007
https://doi.org/10.1016/j.ibneur.2022.07.007
https://doi.org/10.1016/j.neuron.2008.06.023
https://doi.org/10.1007/s00213-017-4720-8
https://doi.org/10.1021/acsomega.2c03158
https://doi.org/10.1021/acsomega.2c03158
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1177/02698811211000762
https://doi.org/10.1038/nrn3505
https://doi.org/10.1038/nrn3505
https://doi.org/10.1523/JNEUROSCI.0854-09.2009
https://doi.org/10.1523/JNEUROSCI.0854-09.2009

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3929-3944

3943

Lukkes JL, Mokin MV, Scholl JL, Forster GL (2009b) Adult rats
exposed to early-life social isolation exhibit increased anxi-
ety and conditioned fear behavior, and altered hormonal stress
responses. Horm Behav 55(1):248-256. https://doi.org/10.
1016/j.yhbeh.2008.10.014

Lukkes JL, Watt MJ, Lowry CA, Forster GL (2009c) Consequences
of post-weaning social isolation on anxiety behavior and related
neural circuits in rodents. Front Behav Neurosci 3:18. https://
doi.org/10.3389/neuro.08.018.2009

Ma J, Wu CF, Wang F, Yang JY, Dong YX, Su GY, Zhang K, Wang
ZQ, Xu LW, Pan X, Zhou TS, Ma P, Song SJ (2016) Neurologi-
cal mechanism of Xiaochaihutang’s antidepressant-like effects
to socially isolated adult rats. J Pharm Pharmacol 68(10):1340-
1349. https://doi.org/10.1111/jphp.12616

Mahdavi MS, Nasehi M, Vaseghi S, Mousavi Z, Zarrindast MR
(2021) The effect of alpha lipoic acid on passive avoidance
and social interaction memory, pain perception, and locomotor
activity in REM sleep-deprived rats. Pharmacol Rep 73(1):102—
110. https://doi.org/10.1007/s43440-020-00161-8

Malboosi N, Nasehi M, Hashemi M, Vaseghi S, Zarrindast MR
(2020) The neuroprotective effect of NeuroAid on morphine-
induced amnesia with respect to the expression of TFAM, PGC-
lalpha, DeltafosB and CART genes in the hippocampus of male
Wistar rats. Gene 742:144601. https://doi.org/10.1016/j.gene.
2020.144601

McDonald RJ, Hong NS, Trow JS, Kaupp C, Balog RJ, Gokarn L,
Falkenberg EA, McCreary KIJ, Soltanpour N, Witbeck C, McK-
enna A, Metz GAS (2023) Effects of maternal social isolation
on adult rodent offspring cognition. Sci Rep 13(1):7748. https://
doi.org/10.1038/s41598-023-34834-0

Mncube K, Harvey BH (2022) Bio-behavioural changes in treatment-
resistant socially isolated FSL rats show variable or improved
response to combined fluoxetine-olanzapine versus olanzapine
treatment. IBRO Neurosci Rep 13:284-298. https://doi.org/10.
1016/j.ibneur.2022.08.009

Mncube K, Moller M, Harvey BH (2021) Post-weaning Social Iso-
lated Flinders Sensitive Line Rats Display Bio-Behavioural
Manifestations Resistant to Fluoxetine: A Model of Treatment-
Resistant Depression. Front Psychiatry 12:688150. https://doi.
org/10.3389/fpsyt.2021.688150

Mozaffari S, RamezanyYasuj S, Motaghinejad M, Motevalian M,
Kheiri R (2019) Crocin acting as a neuroprotective agent against
methamphetamine-induced neurodegeneration via CREB-
BDNF signaling pathway. Iran J Pharm Res 18(2):745-758.
https://doi.org/10.22037/ijpr.2019.2393

Murinova J, Hlavacova N, Chmelova M, Riecansky I (2017) The
Evidence for Altered BDNF Expression in the Brain of Rats
Reared or Housed in Social Isolation: A Systematic Review.
Front Behav Neurosci 11:101. https://doi.org/10.3389/fnbeh.
2017.00101

Numakawa T, Odaka H, Adachi N (2018) Actions of brain-derived
neurotrophin factor in the neurogenesis and neuronal function, and
its involvement in the pathophysiology of brain diseases. Int J Mol
Sci 19(11):3650. https://doi.org/10.3390/ijms19113650

O’Sullivan G, Humphrey RM, Thornton AM, Kerr DM, McGuire BE,
Caes L, Roche M (2020) Maternal presence or absence alters
nociceptive responding and cortical anandamide levels in juve-
nile female rats. Behav Brain Res 392:112712. https://doi.org/10.
1016/j.bbr.2020.112712

Pattwell SS, Liston C, Jing D, Ninan I, Yang RR, Witztum J, Murdock
MH, Dincheva I, Bath KG, Casey BJ, Deisseroth K, Lee FS (2016)
Dynamic changes in neural circuitry during adolescence are asso-
ciated with persistent attenuation of fear memories. Nat Commun
7:11475. https://doi.org/10.1038/ncomms 11475

Peri¢ I, Costina V, Stanisavljevi¢ A, Findeisen P, Filipovi¢ D (2018)
Proteomic characterization of hippocampus of chronically socially

isolated rats treated with fluoxetine: Depression-like behav-
iour and fluoxetine mechanism of action. Neuropharmacology
135:268-283

Peri¢ I, Stanisavljevi¢ A, Gass P, Filipovi¢ D (2021) Fluoxetine exerts
subregion/layer specific effects on parvalbumin/GAD67 pro-
tein expression in the dorsal hippocampus of male rats showing
social isolation-induced depressive-like behaviour. Brain Res Bull
173:174-183

Pisu MG, Mostallino MC, Dore R, Maciocco E, Secci PP, Serra M
(2011) Effects of voluntary ethanol consumption on emotional
state and stress responsiveness in socially isolated rats. Eur Neu-
ropsychopharmacol 21(5):414-425. https://doi.org/10.1016/j.
euroneuro.2010.07.006

Rajkumar M, Kannan S, Thangaraj R (2023) Voglibose attenuates
cognitive impairment, Abeta aggregation, oxidative stress, and
neuroinflammation in streptozotocin-induced Alzheimer’s dis-
ease rat model. Inflammopharmacol. https://doi.org/10.1007/
s10787-023-01313-x

Ravenelle R, Santolucito HB, Byrnes EM, Byrnes JJ, Donaldson ST
(2014) Housing environment modulates physiological and behav-
ioral responses to anxiogenic stimuli in trait anxiety male rats.
Neuroscience 270:76-87. https://doi.org/10.1016/j.neuroscience.
2014.03.060

Reinwald JR, Becker R, Mallien AS, Falfan-Melgoza C, Sack M,
Clemm von Hohenberg C, Braun U, Cosa Linan A, Gass N,
Vasilescu AN, Tollens F, Lebhardt P, Pfeiffer N, Inta D, Meyer-
Lindenberg A, Gass P, Sartorius A, Weber-Fahr W (2018) Neu-
ral Mechanisms of Early-Life Social Stress as a Developmental
Risk Factor for Severe Psychiatric Disorders. Biol Psychiatry
84(2):116-128. https://doi.org/10.1016/j.biopsych.2017.12.010

Rezaie M, Nasehi M, Vaseghi S, Mohammadi-Mahdiabadi-Hasani MH,
Zarrindast MR, Nasiri Khalili MA (2020) The protective effect
of alpha lipoic acid (ALA) on social interaction memory, but not
passive avoidance in sleep-deprived rats. Naunyn Schmiedebergs
Arch Pharmacol 393(11):2081-2091. https://doi.org/10.1007/
$00210-020-01916-z

Rezaie M, Nasehi M, Vaseghi S, Alimohammadzadeh K, Islami Vaghar
M, Mohammadi-Mahdiabadi-Hasani MH, Zarrindast MR (2021)
The interaction effect of sleep deprivation and cannabinoid type
1 receptor in the CA1 hippocampal region on passive avoidance
memory, depressive-like behavior and locomotor activity in rats.
Behav Brain Res 396:112901. https://doi.org/10.1016/j.bbr.2020.
112901

Roberts L, Greene JR (2003) Post-weaning social isolation of rats leads
to a diminution of LTP in the CA1 to subiculum pathway. Brain
Res 991(1-2):271-273. https://doi.org/10.1016/j.brainres.2003.
08.022

Sanikhani NS, Modarressi MH, Jafari P, Vousooghi N, Shafei S,
Akbarigomi M, Heidari R, Lavasani PS, Yazarlou F, Motevaseli E
(2020) The Effect of Lactobacillus casei Consumption in Improve-
ment of Obsessive-Compulsive Disorder: an Animal Study. Pro-
biotics Antimicrob Proteins 12:1409-1419

Scaccianoce S, Del Bianco P, Paolone G, Caprioli D, Modafferi AM,
Nencini P, Badiani A (2006) Social isolation selectively reduces
hippocampal brain-derived neurotrophic factor without altering
plasma corticosterone. Behav Brain Res 168(2):323-325. https://
doi.org/10.1016/j.bbr.2005.04.024

Scharfman H, Goodman J, Macleod A, Phani S, Antonelli C, Croll
S (2005) Increased neurogenesis and the ectopic granule cells
after intrahippocampal BDNF infusion in adult rats. Exp Neurol
192(2):348-356. https://doi.org/10.1016/j.expneurol.2004.11.016

Si L, Xiao L, Xie Y, Xu H, Yuan G, Xu W, Wang G (2023) Social
isolation after chronic unpredictable mild stress perpetuates
depressive-like behaviors, memory deficits and social withdrawal
via inhibiting ERK/KEAP1/NRF2 signaling. J Affect Disord
324:576-588. https://doi.org/10.1016/j.jad.2022.12.092

@ Springer


https://doi.org/10.1016/j.yhbeh.2008.10.014
https://doi.org/10.1016/j.yhbeh.2008.10.014
https://doi.org/10.3389/neuro.08.018.2009
https://doi.org/10.3389/neuro.08.018.2009
https://doi.org/10.1111/jphp.12616
https://doi.org/10.1007/s43440-020-00161-8
https://doi.org/10.1016/j.gene.2020.144601
https://doi.org/10.1016/j.gene.2020.144601
https://doi.org/10.1038/s41598-023-34834-0
https://doi.org/10.1038/s41598-023-34834-0
https://doi.org/10.1016/j.ibneur.2022.08.009
https://doi.org/10.1016/j.ibneur.2022.08.009
https://doi.org/10.3389/fpsyt.2021.688150
https://doi.org/10.3389/fpsyt.2021.688150
https://doi.org/10.22037/ijpr.2019.2393
https://doi.org/10.3389/fnbeh.2017.00101
https://doi.org/10.3389/fnbeh.2017.00101
https://doi.org/10.3390/ijms19113650
https://doi.org/10.1016/j.bbr.2020.112712
https://doi.org/10.1016/j.bbr.2020.112712
https://doi.org/10.1038/ncomms11475
https://doi.org/10.1016/j.euroneuro.2010.07.006
https://doi.org/10.1016/j.euroneuro.2010.07.006
https://doi.org/10.1007/s10787-023-01313-x
https://doi.org/10.1007/s10787-023-01313-x
https://doi.org/10.1016/j.neuroscience.2014.03.060
https://doi.org/10.1016/j.neuroscience.2014.03.060
https://doi.org/10.1016/j.biopsych.2017.12.010
https://doi.org/10.1007/s00210-020-01916-z
https://doi.org/10.1007/s00210-020-01916-z
https://doi.org/10.1016/j.bbr.2020.112901
https://doi.org/10.1016/j.bbr.2020.112901
https://doi.org/10.1016/j.brainres.2003.08.022
https://doi.org/10.1016/j.brainres.2003.08.022
https://doi.org/10.1016/j.bbr.2005.04.024
https://doi.org/10.1016/j.bbr.2005.04.024
https://doi.org/10.1016/j.expneurol.2004.11.016
https://doi.org/10.1016/j.jad.2022.12.092

3944

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3929-3944

Silva-Gomez AB, Rojas D, Juarez I, Flores G (2003) Decreased
dendritic spine density on prefrontal cortical and hippocampal
pyramidal neurons in postweaning social isolation rats. Brain
Res 983(1-2):128-136. https://doi.org/10.1016/s0006-8993(03)
03042-7

Simpson J, Bree D, Kelly JP (2012) Effect of early life housing manip-
ulation on baseline and drug-induced behavioural responses on
neurochemistry in the male rat. Prog Neuropsychopharmacol Biol
Psychiatry 37(2):252-263. https://doi.org/10.1016/j.pnpbp.2012.
02.008

Song R, Han S, Gao H, Jiang H, Li X (2022) Crocin alleviates cognitive
impairment associated with atherosclerosis via improving neuro-
inflammation in LDLR(-/-) mice fed a high-fat/cholesterol diet.
Phytother Res 36(3):1284—-1296. https://doi.org/10.1002/ptr.7384

Stevens KE, Johnson RG, Rose GM (1997) Rats reared in social isola-
tion show schizophrenia-like changes in auditory gating. Phar-
macol Biochem Behav 58(4):1031-1036. https://doi.org/10.1016/
s0091-3057(97)00306-7

Suliman S, Hemmings SM, Seedat S (2013) Brain-Derived Neuro-
trophic Factor (BDNF) protein levels in anxiety disorders: system-
atic review and meta-regression analysis. Front Integr Neurosci
7:55

Sun Y, Evans J, Russell B, Kydd R, Connor B (2013) A benzodiazepine
impairs the neurogenic and behavioural effects of fluoxetine in a
rodent model of chronic stress. Neuropharmacology 72:20-28.
https://doi.org/10.1016/j.neuropharm.2013.04.021

Sun L, Min L, Zhou H, Li M, Shao F, Wang W (2017) Adolescent
social isolation affects schizophrenia-like behavior and astrocyte
biomarkers in the PFC of adult rats. Behav Brain Res 333:258—
266. https://doi.org/10.1016/j.bbr.2017.07.011

Sun XJ, Zhao X, Xie JN, Wan H (2020) Crocin alleviates schizophre-
nia-like symptoms in rats by upregulating silent information regu-
lator-1 and brain derived neurotrophic factor. Compr Psychiatry
103:1522009. https://doi.org/10.1016/j.comppsych.2020.152209

Tamaddonfard E, Hamzeh-Gooshchi N (2010) Effect of crocin on the
morphine-induced antinociception in the formalin test in rats.
Phytother Res: an International Journal Devoted to Pharmacologi-
cal and Toxicological Evaluation of Natural Product Derivatives
24(3):410-413

Tamaddonfard E, Farshid AA, Eghdami K, Samadi F, Erfanpar-
ast A (2013) Comparison of the effects of crocin, safranal and
diclofenac on local inflammation and inflammatory pain responses
induced by carrageenan in rats. Pharmacol Rep 65(5):1272-1280.
https://doi.org/10.1016/s1734-1140(13)71485-3

Thorsell A, Slawecki CJ, El Khoury A, Mathe AA, Ehlers CL (2006)
The effects of social isolation on neuropeptide Y levels, explora-
tory and anxiety-related behaviors in rats. Pharmacol Biochem
Behav 83(1):28-34. https://doi.org/10.1016/j.pbb.2005.12.005

Timpano KR, Cek D, Rubenstein LM, Murphy D, Schmidt NB (2014)
Exploring the Association Between Obsessive-Compulsive Symp-
toms and Loneliness: Consideration of Specificity and Gender. J
Cogn Psychother 28(4):264-273. https://doi.org/10.1891/0889-
8391.28.4.264

Vafaei AA, Safakhah HA, Jafari S, Tavasoli A, Rashidy-Pour A, Ghan-
bari A, Seyedinia SA, Tarahomi P (2020) Role of Cannabinoid
Receptors in Crocin-Induced Hypoalgesia in Neuropathic Pain in

@ Springer

Rats. J Exp Pharmacol 12:97-106. https://doi.org/10.2147/JEP.
S$250738

Vahdati Hassani F, Naseri V, Razavi BM, Mehri S, Abnous K, Hos-
seinzadeh H (2014) Antidepressant effects of crocin and its
effects on transcript and protein levels of CREB, BDNF, and
VGEF in rat hippocampus. Daru 22(1):16. https://doi.org/10.1186/
2008-2231-22-16

van den Buuse M (2010) Modeling the positive symptoms of schizo-
phrenia in genetically modified mice: pharmacology and meth-
odology aspects. Schizophr Bull 36(2):246-270. https://doi.org/
10.1093/schbul/sbp132

Wang JF, Xu HJ, He ZL, Yin Q, Cheng W (2020) Crocin Alleviates
Pain Hyperalgesia in AIA Rats by Inhibiting the Spinal Wnt5a/
beta-Catenin Signaling Pathway and Glial Activation. Neural Plast
2020:4297483. https://doi.org/10.1155/2020/4297483

Wang Y, Zhou S, Song X, Ding S, Wang B, Wen J, Chen C (2022)
Study on Antidepressant Effect and Mechanism of Crocin
Mediated by the mTOR Signaling Pathway. Neurochem Res
47(10):3126-3136. https://doi.org/10.1007/s11064-022-03668-z

Wang T, Guo M, Wang N, Zhai H, Wang Z, Xu G (2023) Effects of
theta burst stimulation on the coherence of local field potential
during working memory task in rats. Brain Res 1813:148408.
https://doi.org/10.1016/j.brainres.2023.148408

National Research Council (US) Committee for the Update of the
Guide for the Care and Use of Laboratory Animals. Guide for the
Care and Use of Laboratory Animals, 8th edn. Washington (DC):
National Academies Press (US); 2011

Weintraub A, Singaravelu J, Bhatnagar S (2010) Enduring and sex-
specific effects of adolescent social isolation in rats on adult stress
reactivity. Brain Res 1343:83-92. https://doi.org/10.1016/j.brain
res.2010.04.068

Woodworth CH, Johnson AK (1988) Isolation, tactile startle and rest-
ing blood pressure in Long-Evans rats. Physiol Behav 43(5):609—
616. https://doi.org/10.1016/0031-9384(88)90215-6

Xu'Y, Deng C, Zheng Y, Liu N, Fu B (2019) Applying vinpocetine to
reverse synaptic ultrastructure by regulating BDNF-related PSD-
95 in alleviating schizophrenia-like deficits in rat. Compr Psychia-
try 94:152122. https://doi.org/10.1016/j.comppsych.2019.152122

Zarebavani M, Baghaei Naeini F, Farahvash A, Moradi F, Dashti N
(2023) Resveratrol attenuates chronic social isolation stress-
induced affective disorders: Involvement of NF-kappaB/NLRP3
axis. J Biochem Mol Toxicol 37(5):e23311. https://doi.org/10.
1002/jbt.23311

Zhang F, Zhu X, Yu P, Sheng T, Wang Y, Ye Y (2022) Crocin amelio-
rates depressive-like behaviors induced by chronic restraint stress
via the NAMPT-NAD(+)-SIRT1 pathway in mice. Neurochem Int
157:105343. https://doi.org/10.1016/j.neuint.2022.105343

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/s0006-8993(03)03042-7
https://doi.org/10.1016/s0006-8993(03)03042-7
https://doi.org/10.1016/j.pnpbp.2012.02.008
https://doi.org/10.1016/j.pnpbp.2012.02.008
https://doi.org/10.1002/ptr.7384
https://doi.org/10.1016/s0091-3057(97)00306-7
https://doi.org/10.1016/s0091-3057(97)00306-7
https://doi.org/10.1016/j.neuropharm.2013.04.021
https://doi.org/10.1016/j.bbr.2017.07.011
https://doi.org/10.1016/j.comppsych.2020.152209
https://doi.org/10.1016/s1734-1140(13)71485-3
https://doi.org/10.1016/j.pbb.2005.12.005
https://doi.org/10.1891/0889-8391.28.4.264
https://doi.org/10.1891/0889-8391.28.4.264
https://doi.org/10.2147/JEP.S250738
https://doi.org/10.2147/JEP.S250738
https://doi.org/10.1186/2008-2231-22-16
https://doi.org/10.1186/2008-2231-22-16
https://doi.org/10.1093/schbul/sbp132
https://doi.org/10.1093/schbul/sbp132
https://doi.org/10.1155/2020/4297483
https://doi.org/10.1007/s11064-022-03668-z
https://doi.org/10.1016/j.brainres.2023.148408
https://doi.org/10.1016/j.brainres.2010.04.068
https://doi.org/10.1016/j.brainres.2010.04.068
https://doi.org/10.1016/0031-9384(88)90215-6
https://doi.org/10.1016/j.comppsych.2019.152122
https://doi.org/10.1002/jbt.23311
https://doi.org/10.1002/jbt.23311
https://doi.org/10.1016/j.neuint.2022.105343

	The effect of acute crocin on behavioral changes and BDNF expression level in socially isolated rats
	Abstract
	Introduction
	Material and method
	Animals
	Experimental groups
	Social isolation
	Crocin
	Novelty-suppressed feeding test
	Open field test
	Marble burying test
	Hot plate
	Forced swim test
	Passive avoidance memory
	Real-time PCR
	Total RNA extraction and preparation of cDNA
	Oligonucleotide set design

	Statistical analyses

	Results
	Anxiety
	Locomotor activity
	Marble burying test
	Pain threshold
	FST
	Passive avoidance memory
	BDNF
	Correlations

	Discussion
	Conclusion
	References


