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Abstract

Prenatal stress (PNS) has a prolonged and adverse effect on offspring, leading to a significantly
increased vulnerability to developing depression in their later life. Traditional therapies have
delayed onset and limited efficacy, thus it remains an urgent need to find novel medications with
fast-onset and high efficacy potentials. Crocin, with its structure clearly examined, has shown
antidepressant-like effects. However, less studies extensively investigated its effect especially in
mice exposed to PNS. Using an established PNS model, we tested whether crocin could have a
rapid and persistent antidepressant-like effect in PNS mice. Growth hormone secretagogue
receptor (GHSR) and Phosphoinositide 3-kinase (PI3K) inhibitors were used to test their effects
in antidepressant-like effect of crocin. Hippocampal GHSR-PI3K signaling was examined both in
PNS mice treated with a single dose of crocin and in combination of GHSR inhibitor. PNS mice
showed depression-like behaviors at juvenile and adulthood, and crocin induced an instant and
persistent antidepressant-like response in PNS mice in a dose-dependent manner. Moreover,
crocin increased the expression hippocampal synaptic plasticity-associated proteins through the
restoration of GHSR-PI3K signaling. Inhibitions of both GHSR and PI3K abolished the effect of
crocin in alleviating depressive-like behaviors. More importantly, GHSR inhibitor JMV2959
blocked the enhanced expression of hippocampal plasticity-related proteins induced by crocin.
The present study demonstrated that crocin induced a fast-onset and prolonged antidepressant
effect in PNS mice, and suggested that GHSR-PI3K signaling may play a key role in crocin’s

effect at least partially by a restoration of hippocampal synaptic plasticity-associated proteins.

Key words: Prenatal stress, crocin, fast, antidepressant, GHSR, synaptic plasticity-associated
proteins
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1 Introduction

Prenatal stress (PNS) refers to the exposure of an expectant mothers to multiple stress which
includes stressful life challenges from the transition to motherhood!. The resulting physical and
psychological changes to mother also have a damaging and prolonged effect on the nervous
system development in offspring % 3, leading to a significantly increased vulnerability to develop
psychiatric disorders in their later life 4 5. Among different kinds of prenatal psychopathological
stress, maternal depression ranks the top in incidence rates because of its high prevalence and
pervasive effects & 7. It is well established that children of mothers with depression have much
higher risk of developing depression than children of mothers without depression & °.
Meanwhile, they have more emotional and behavioral problems when they grow older and this
adverse effect can even last to next generation % "', Unfortunately, the early onset of
depression in subjects exposed to PNS also predicts treatment resistance and relapse in this

disorder'2,

Traditional treatments of depression have been widely known for limited efficacy, undesirable
side effects and delayed onset '3 4. What's more, women experienced depression during
pregnancy remain largely under-recognized and undertreated owing to the balance between the
risk reproductive toxicity and severity of iliness '5-'7. Consequently, our need for safer and more
effective medications remains profoundly unmet. Crocin, with its chemical structure clearly
identified'®, is largely enriched in Gardenia yellow pigment (GYP) from Gardenia jasminoides
Ellis (GJ)'°. Importantly, it has been shown to have antidepressant potentials 2°-22. Consistently,
our previous studies showed that both GYP and GJ demonstrated rapid onset of
antidepressant-like effects in mice'"- 1% 23, which strongly suggests crocin as a promising rapid
antidepressant agent. However, less studies extensively examined the rapid and long-lasting

antidepressant-like potential of crocin, especially in mice exposed to PNS.
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Ghrelin is a 28-amino-acid peptide feeding peptide??, which was recognized as an endogenous
ligand for the growth hormone secretagogue receptor 1a (GHSR-1a)?* 25, It is identified as an
important mediator in the pathology of mood disorders 2628, A pioneering study showed that
increasing ghrelin levels in mice produced antidepressant-like response in forced swim test 2°,
with further support from the results that GHSR-1a-KO mice showed remarkably more social
avoidance than wide-type littermates in chronic social defeat stress (CSDS) model3°. The
possible mechanism underlying GHSR’s effects has been linked to its pro-neurogenic properties
31, and a role in mediating vasopressin (VAP) 32, serotonergic 33 34 and noradrenergic
transmission 3% 36, However, the picture is not clear that by which mechanism this

antidepressant-like effect mainly is modulated.

In the present study, we aimed to examine the adverse effect of prenatal stress on offspring by
our established model in which dams experienced chronic stress before pregnant *-37. We
assessed the rapid and long-lasting antidepressant-like effect of crocin in PNS mice and
explored whether and how GHSR mediated crocin’s effect. We found that crocin induced an
instant and enduring antidepressant-like response in PNS mice in a dose-dependent manner.
Crocin enhanced the hippocampal plasticity-associated proteins through GHSR-PI3K signaling,
and inhibitions of both GHSR and PI3K abolished the rapid antidepressant effect and enhanced

expression of hippocampal plasticity-associated proteins induced by crocin.

2 Results and Discussion

PNS mice showed depression-like behaviors at juvenile and adulthood.

At postnatal day 28, PNS mice had significantly lower body weight than control group (Figure
1a, t=11.47, p<0.05), demonstrating an adverse effect from PNS at early lifetime. However,

there was no difference in the body weight between these two groups at postnatal day 60. PNS
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431 49  mice also demonstrated increased immobility in tail suspension test (TST) test compared with

Z 50 control group (Figure 1b, t=2.268, p<0.05), and this abnormal behavior lasted to postnatal day

; 51 60 (Figure 1b, t=2.155, p<0.05). Consistent with results from TST test, PNS group also showed
?0 52  asignificant increase in immobility time in forced swimming test (FST) test both at postnatal day

12 53 28 (Figure 1c, t=2.110, p<0.05) and day 60 (Figure 1c, t=2.454, p<0.05). For the novelty

14 54  suppressed feeding (NSF) test, there was no difference in the latency to feed between PNS and
16 55  control group either at postnatal day 28 (Figure 1d, t=0.793, p>0.05) or day 60 between two

18 56  groups (Figure 1d, t=1.491, p>0.05). However, PNS mice had a higher food consumption than
20 57  control group at postnatal day 28 (Figure 1e, t=4.276, p<0.05), with this difference disappeared

22 58 atday 60 (Figure 1e, t=0.329, p>0.05).

25 59  Crocin alleviated the depression-like behaviors in PNS mice at a dose-dependent

27 60 manner.

30 61  To test the antidepressant-like effects of crocin, we utilized a list of behavioral tests including

32 62  OFT, TST, FST and sucrose preference test (SPT) after crocin treatment. Mice at postnatal day

gg 63 60 are used for evaluating the effects of crocin. There was no difference in total distance

g? 64 traveled and time spent in central zone among all groups in the OFT test (Figure 2a&b). PNS

gg 65  mice treated with vehicle showed increased immobility time compare with control group in TST
j? 66  test (Figure 2c, t=2.201, p<0.05). Moreover, there was a significant main effect for the treatment
s 67 (Figure 2c, F45=2.704, p<0.05) in the TST test. Pos hoc analysis showed that high dose of

jg 68  crocin (40mg/kg) significantly decreased the immobility time (p<0.05) in PNS mice, and this

46

47 69  effect is similar with ketamine (p<0.05). In FST test, PNS mice treated with vehicle still

49 70  maintained increased immobility time (Figure 2d, t=2.277, p<0.05). A significant effect for

51 71  treatment was observed in FST test (Figure 2d, F 4 36=3.932, p<0.05), with high dose of crocin
53 72 (40mg/kg) as well as ketamine significantly decreased the elevated immobility time in PNS mice

55 73  (p<0.05). As a behavior model trying to test the core symptom of depression, sucrose
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preference test was also used to determine the antidepressant-like effect of crocin. The vehicle
group showed a decreased preference (Figure 2e, t=4.514, p<0.05) while 40mg/kg crocin and
ketamine significantly reversed the decreased sucrose preference in PNS mice (Figure 2e,

F4.36=5.119, p<0.05; pos hoc: p<0.05).

Acute treatment of crocin induced a rapid and long-lasting antidepressant-like effect in

PNS mice.

We also examined the time-course of antidepressant-like effects of crocin (40mg/kg). Firstly, we
tested the TST 30 minutes after crocin treatment. There was a significant effect for treatment as
shown in Figure 3a (F(2.17=5.039, p<0.05). PNS mice treated with vehicle still showed an
increased immobility time in TST compared with control group (p<0.05), while crocin remarkably
reduced the immobility time in PNS mice (p<0.05). Two hours after treatment, crocin also
blocked the elevated immobility time in PNS mice (Figure 3b, F(,.19=6.082, p<0.05; pos hoc:
p<0.05). We also tested the FST and SPT test 24 hours after crocin treatment. Vehicle group
still maintained a depressive-like behaviors as shown by the increased immobility time in FST
test (Figure 3c, F(2.16=7.008, p<0.05; pos hoc: p<0.05), and decreased preference for sucrose
(Figure 3d, F(,27=4.349, p<0.05; pos hoc: p<0.05). However, crocin significantly attenuated the
immobility time (p<0.05) and increased sucrose preference in PNS mice (p<0.05),

demonstrating a rapid antidepressant effect in mice.

To test whether crocin has a long-lasting antidepressant-like effect in PNS mice, we also
measured the FST and SPT test 3 days after the acute treatment. Similarly, PNS mice treated
with vehicle showed increased immobility time in FST test (Figure 3e, F(,.15=5.832, p<0.05; pos
hoc: p<0.05)and decreased sucrose preference (Figure 3f, F;,,=4.762, p<0.05; pos hoc:
p<0.05). Importantly, crocin reversed the increased immobility time (p<0.05) and increased the
preference for sucrose (p<0.05) in PNS mice 3 days after the treatment, demonstrating a long-

lasting antidepressant-like efficacy.
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431 99  Crocin increased the hippocampal expression of synaptic plasticity-associated proteins

Z 100 through the restoration of GHSR-PI3K signaling in PNS mice.

7

8 101  Studies have shown that depression is associated with decreased volume of prefrontal cortex

9

10 102  and hippocampus 3840, Moreover, exposure to stress resulted in hippocampal neuronal atrophy
103  and loss*'. Thus, we chose hippocampus as a central brain region to study the antidepressant-
104 like effect of crocin in PNS mice. To determine whether GHSR-PI3K signaling was involved in
17 105 crocin’s effect, we examined the expression levels of this signaling after 40mg/kg crocin

19 106  treatment. PNS mice treated with vehicle showed significantly reduced GHSR levels (Figure 4a,
21 107  F4.17=3.663, p<0.05, pos hoc: p<0.05), while crocin significantly increased the GHSR levels in
23 108  hippocampus of PNS mice (p<0.05). Crocin also restored the phosphorylation level of PI3K

25 109 (Figure 4b, p<0.05), this effect was similar with ketamine (p<0.05). As downstream effectors of
27 110  PI3K, the phosphorylation levels of AKT and mTOR were also decreased in the vehicle group
29 111 (Figure 4c, AKT: F(4.13=3.875, p<0.05; Figure 4d, mTOR: F4.15=7.659, p<0.05 ). Moreover,

31 112  crocin and ketamine significantly increased the phosphorylation levels of these two effectors
113 (p<0.05). We also found crocin and ketamine significantly reversed the decreased BDNF

114  expression level in PNS mice (Figure 4e, F( 13=4.021, p<0.05, pos hoc: p<0.05). Crocin also
38 115  restored the reduced expression levels of GluR1 and PSD95 (Figure f&g, GIuR1: F(4.17=4.141,
40 116 p<0.05; pos hoc: p<0.05; PSD95: F4 12=3.804, p<0.05, pos hoc: p<0.05), while the expression

42 117  level of synapsin1 remained unchanged (Figure 4h).
45 118

119 Blockade of GHSR and PI3K abolished the antidepressant-like effect of crocin in PNS

120 mice.

22 121 To determine the mechanism underlying crocin’s antidepressant-like effect, we tested the effect

122  of GHSR antagonist JMV2959 in crocin’s effect. Thirty minutes before crocin treatment, a group

60 ACS Paragon Plus Environment
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of mice were pretreated with JMV2959. Two-way ANOVA showed that there was a significant
effect for the interaction of crocin and JMV2959 (Figure 5a, F(4.40=5.685, p<0.05) and crocin
treatment (F(140=7.097, p<0.05). Furthermore, there was no significant effect for JMV2959
treatment. Crocin treatment significantly reversed the higher immobility time in PNS mice
(p<0.05). More importantly, JMV2959 alone did not change the increased immobility in PNS
mice. However, pretreatment of JMV2959 almost significantly abolished the antidepressant-like
effect of crocin (p=0.05). Consistently, for FST test, there was a significant effect for crocin
treatment (Figure 5b, F (4 32=4.827, p<0.05). Crocin significantly reduced the increased
immobility time in PNS mice in FST test (p<0.05), and pretreatment of JMV2959 almost
significantly blocked the antidepressant-like effect of crocin (p=0.05) while JMV2959 alone did

not change this abnormal behavior.

We also tested whether PI3K was involved in the antidepressant-like effect of crocin. In TST
test, two-way ANOVA showed that there was a significant effect for the interaction of crocin and
LY294002 (Figure 5c, F(132=5.939, p<0.05) and crocin treatment (F 3»=7.471, p<0.05). Pos
hoc tests showed that mice treated with crocin showed a decrease immobility time in FST
(p<0.05). PI3K antagonist LY294002 alone did not change the increased immobility time in PNS
mice. However, pretreatment of LY294002 significantly attenuated the reduced immobility time
induced by crocin (p<0.05). In FST test, there was also a significant effect for crocin treatment
(Figure 5d, F 35=5.354, p<0.05) and this effect was almost significant for interaction between
crocin and LY294002 treatment (F 4 35=3.402, p=0.07). Pos hoc tests showed that crocin
significantly decresed the immobility time in PNS mice (p<0.05), and pretreatment of LY294002

abolished the antidepressant-like effect of crocin in FST test (p<0.05).

Blockade of GHSR abolished the enhanced hippocampal expression of synaptic

plasticity-associated proteins induced by crocin in PNS mice.
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2 147  To confirm whether GHSR-PI3K signaling modulated crocin’s effect in strengthening the

Z 148  expression of synaptic plasticity-associated proteins, we further assessed the change of this

; 149  signaling after the treatment of GHSR inhibitor. Crocin restored the lower phosphorylation level
?0 150  of PI3K in PNS mice (Figure 6a, two-way ANOVA: F (4 15=4.606, p<0.05, pos hoc: p<0.05). More

12 151 importantly, GHSR antagonist JMV2959 reversed the enhanced effect of crocin on

14 152 phosphorylation level of PI3K (p<0.05). Consistently, crocin also increased the phosphorylation
16 153 levels of AKT and mTOR while the inhibition of GHSR significantly abolished this effect (Figure
18 154  6b&c, AKT: F(19=9.126, p<0.05, pos hoc: p<0.05; mTOR: F(4.10)=6.450, p<0.05, pos hoc:

20 155  p<0.05). Inhibition of GHSR also decreased the enhanced expression level of BDNF in PNS

22 156  mice treated with crocin (Figure 6d, F 10=7.951, p<0.05, pos hoc: p<0.05), suggesting a

24 157 decrease in the expression of synaptic plasticity-associated proteins in the hippocampus.

158 Furthermore, the expression level of PSD95 were also increased after the crocin treatement,
159  while GHSR inhibitor reversed the enhanced the expression of synaptic plasticity-associated

31 160  proteins of crocin treatment (Figure 6e, F (4 13=6.513, p<0.05, pos hoc: p<0.05).

161 In the present study, we observed that mice exposed to PNS demonstrated more depressive-
162 like behaviors as shown by increased immobility time at TST and FST test, and reduced

38 163 sucrose preference in SPT test both at juvenile and adulthood, which is consistent with our

40 164  previous study ''. We also determined that crocin induced a rapid-onset and long-lasting

42 165 antidepressant-like effect in PNS mice, which probably through the modulation of hippocampal
44 166  neuroplasticity via GHSR-PI3K signaling. More importantly, inhibiton of GHSR or PI3K reversed
46 167 the antidepressant-like effect of crocin. This study represents the first to carefully examine the
48 168 rapid and enduring antidepressant-like effect of crocin in PNS mice, and further delineates a

50 169  causal role of GHSR in this particular behavioral effect.

53 170 Interestingly, we found that PNS mice showed increased food consumption at postnatal day 28

55 171  but not day 60 in NSF test. However, PNS mice showed no difference in latency to feed, which

60 ACS Paragon Plus Environment
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is a key marker of the anxiety-like behaviors*?. Based on these conflicting results, it is relatively
hard to confirm that PNS mice showed more anxiolytic-like behaviors. Moreover, we found that
PNS mice had lower level of GHSR expression in the hippocampus, suggesting that they may
have altered ghrelin level. In light of ghrelin signaling in hypothalamus plays important role in
feeding behavior#3-45, it is possible that PNS mice had abnormal feeding behavior and glucose
metabolism as shown by the increased food consumption and lower body weight at postnatal
day 28. Studies have shown that mice lacking ghrelin or GHSR showed decreased body weight
when they were exposed to a high-fat diet at early life time 46:47. This is possibly due to the
increased glucose disposal and insulin sensitivity 8. Interestingly, studies have also shown that
ghrelin deficiency did not alter feeding behavior or body weight at adulthood 4% 49, which is in
congruent with our findings that PNS mice had no difference in food consumption and body

weight at postnatal day 60 compared with control group.

Recent studies have shed light on the antidepressant-like potential of crocin both preclinically
and clinically. For example, repeated treatment of crocin for 14 days attenuated the depressive-
like behaviors induced by malathion in rats®°. Moreover, Amin and colleagues reported that
acute treatment of crocin decreased the immobility time in FST at the dose of 40mg/kg in
mice?2, which is in line with our findings. We found that only 40mg/kg crocin could alleviate the
depressive-like behaviors in PNS mice without affecting the locomotor activity while the lower
doses (10 and 20mg/kg) did not change these abnormal behaviors. However, less study
examined the rapid-onset and long-lasting effect of crocin. Here, we tested the effect from 30
minutes to 3 days after a single administration of crocin. We found that crocin produced the
antidepressant-like effect since 30 minutes after the treatment and this effect lasted at least 3
days, which has the similar effect as ketamine. After oral administration of crocin, it is rapidly
detected as crocetin with a half-life of 6-7 hours after the administration®'-52. Thus the persistent

antidepressant-like effects of crocin in PNS mice are probably due to the activation of GHSR
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431 197  signaling which subsequently enhanced the expressions of synaptic plasticity-related proteins

Z 198  but not plasma pharmacokinetics of crocin. These results provided an important knowledge that
; 199  crocin has rapid-onset effect and fill the gap in the time-course study of crocin. Previous study

9

10 200 also found that chronic oral administration of crocin for 21 days produced similar effect only at a
12 201  higher dose of 100mg/kg in mice 2. This discrepancy may be due to the difference in duration
14 202 which crocin was administered since our study used the acute injection. However, it merits

16 203  study to explore the optimal doses and duration for the oral administration of crocin.

19 204  Fukumoto et al reported that both (S)-ketamine and (R)-ketamine reduced the immobility time in
21 205  forced-swimming test (FST) and tail-suspension test (TST) at 30 minutes and 24 hours after the
23 206  acute i.p. injection in naive animals %3. In the present study, we found that crocin induced a rapid
25 207 and persistent antidepressant-like effects in PNS-related depression-like behaviors. However,
27 208  we did not examine the effects of crocin on naive mice, thus it remains unclear whether crocin
29 209 could have antidepressant response in naive animals exposed to acute inescapable stress like

31 210  TST test. Nevertheless, our previous study has shown that Gardenia yellow pigment (GYP)

gi 211  induced antidepressant-like effect in naive mice at 30 minutes after a single administration by
;2 212 decreasing the immobility time in TST, and this effect lasted at least 72 hours. Moreover, GYP
37

33 213 showed antidepressant response in an inescapable learned helplessness (LH) paradigm °.

40 214  These results suggested that GYP have antidepressant-like effects on depression-like

42 215  behaviors induced by TST test as well as in an animal behavioral assay (LH) trying to model

44 216  depression. Consequently, it is possible that crocin, which is highly enriched in GYP, also have
46 217  effects on naive mice exhibiting depression-like behavior as well as PNS-related depression-like

48 218  behaviors.

51 219  Most theories of depression focus on the key role of stressful life event, thus stress animal
53 220 models like chronic unpredictable mild stress (CUMS) and learned helplessness are widely

55 221 used when modeling depression preclinically 5+ %. These repeated and persistent stress models

60 ACS Paragon Plus Environment
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including PNS model in the present study possibly induce a long-lasting change that could be
interpreted as a “depressive state”, much closer to models of depression %657, Meanwhile, the
FST and TST tests have shorter duration and frequency and the dependent variable (immobility
time) is a direct manifestation to the test itself and dependent on the test situation®°.
Consequently, these tests are better considered as tests for antidepressants other than models
of depression®. Although they are both widely used in the depression study %8 5°, there may be
discrepancies in activity of antidepressants tested between the prolonged stress models and
acute stress models. For example, a study has shown that ketamine (10 and 30 mg/kg)
increased the immobility time in unstressed mice while decreased the prolonged the immobility
time in CUS mice . The differences in antidepressant responses in these two procedures are

remained to be elucidated.

Clinical studies also support the antidepressant-like effect of crocin. In a randomized, double-
blind pilot clinical study, crocin combined with SSRIs significantly improved the scores on
multiple depression scales than the SSRIs alone 2'. In this study, the dose of crocin was
30mg/kg/d and the treatment duration is 4 weeks. Another study found that 8 weeks of crocin
alone treatment improved depression in patients with coronary artery disease (CAD) ¢'. This is
probably the longest treatment period so far. However, since crocin has shown its unique
properties in the treatment of depression, as supported by our study that crocin reversed the
abnormal depressive-like behaviors in PNS mice, further studies should determine the optimal
duration of treatment, the safety and efficacy for the long-term use of this promising

antidepressant agent 8.

GHSR1a is broadly expressed throughout the brain including hippocampus 264, It is widely
suggested that activation of GHSR by ghrelin induced a significant antidepressant effect 2° 65,
For instance, GHSR1a-KO and hippocampal-specific GHSR knockdown mice showed

worsened depressive-like behavior after the exposure to CSDS than wide-type littermates 29 66,
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2 247  and increased ghrelin level by caloric restriction failed to induce antidepressant-like effect in

Z 248  GHSR1a-KO mice 0. In consistent with this study, GHSR1a-KO mice showed less depressive-
; 249  like behaviors when ghrelin activated a specific catecholaminergic neurons which expressed

9 . .

10 250 GHSR1a%". Here, we reported that GHSR1a played a resistant role in the adverse effect of PNS

12 251  in mice, as shown that GHSR level decreased in PNS mice and GHSR inhibitor abolished

14 252  crocin’s antidepressant-like effects. All these findings are in agreement with the aforementioned
16 253  studies that the activation of GHSR could have an antidepressant-like potential. Moreover,

18 254  these results expand the key role of GHSR in the influence of multiple stress models as PNS

20 255 have more profound harmful effect through the offspring and even to next generation.

23 256 However, there are still debates on GHSR’s role in depression®. A most recent study

25 257 demonstrated that GHSR1a-KO mice showed less depressive-like behaviors with increased

27 258 hippocampal BDNF level %, thus suggesting that GHSR1a deficiency played a protective role in
29 259  depression. Another studies also implied the depressogenic propertity of GHSR activation in

31 260  which central administration of ghrelin decreased serotonergic transmission 34. In addition,

gi 261  ghrelin anti-sense DNA in lateral ventricle produced antidepressant effects which is in contrast
;2 262  with our results 7°. Arguments about these findings would be the lack of knowledge whether

37

38 263 ghrelinis produced in the brain’'. The authors did not measure the corresponding concentration

40 264  of ghrelin® while it is reasonable that there might be a dose-effect curve of ghrelin with the high

42 265 dose producing a differing effect.

45 266  While it is reasonable that PNS could alter ghrelin level and crocin may normalize it to achieve
47 267 its antidepressant-like effects, unfortunately, there are no studies investigated this question 72.
49 268 However, a study reported that rats exposed to early life stress showed increased ghrelin

51 269  receptor expression in the paraventricular nucleus (PVN) 73, which is in contrast with our

53 270 findings. Ghrelin levels in healthy-weight depressive patients have been reported to be

55 271  increased, decreased and unchanged 74 75, Considering the controversial role of ghrelin in
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depression, future studies specifically into ghrelin levels in PNS-related depression and crocin’s
effect in modulating ghrelin levels are needed. Also, it would be helpful to test the GHSR levels

in hypothalamus as ghrelin signaling in this particular brain region mediates feeding behavior.

Synaptic plasticity is a fundamental brain function that has been widely implicated in the
pathophysiology and treatment of depression 76 77. Selective serotonin reuptake inhibitors
produced increase in hippocampus volume in patients 7® and ketamine increased glutamatergic
neurotransmission and activation of BDNF and subsequently elevated synaptic plasticity 7% 8°. In
consistent with these findings, we found that crocin activated GHSR-PI3K signaling and
increased the expression of synaptic plasticity-associated proteins like BDNF and PSD95, which
may be the underlying mechanism of its antidepressant response in PNS mice. Crocin reversed
the lower phosphorylation levels of AKT and mTOR, and strengthened the expression of BDNF
and post-synaptic proteins like GluR1 and PSD95 in PNS mice. Moreover, GHSR inhibitor
abolished the hippocampal synaptic changes induced by crocin, further suggesting the central
role of GHSR in this signaling. This study remains the first to link GHSR-PI3K pathway to
crocin’s rapid and long-lasting antidepressant-like effect in PNS mice. It is in consistency with
our previous study that offspring of dams demonstrating depression-like behaviors had a
deficiency in the hippocampal AKT-mTOR signaling !, while the present study further
underlined the importance of GHSR in this particular effect. As an endogenous ligand of GHSR,
ghrelin also has been reported to activate the PI3K signaling to produced its neuroprotective
effects 8.8, Here, we showed that crocin activated the GHSR and the following PI3K signaling
and induced a rapid and enduring antidepressant effect, which is similar with the effect of
ghrelin.In conclusion, the present study demonstrated the adverse effect of prenatal stress as
evidenced by significant depressive-like behaviors in mice. Crocin, a natural chemical, produced
a fast and long-lasting antidepressant-like effect in PNS mice and restored the impaired the

expression hippocampal of synaptic plasticity-associated proteins via modulation of GHSR-PI3K
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431 297  signaling. This signaling may at least partially contributed to the antidepressant properties of

Z 298  crocin as the inhibition of GHSR abolished its unique effect. The present study remains the first
; 299 to examine the rapid and long-lasting antidepressant potential of crocin and further suggest the
9 , , , , . -

10 300  GHSR-PI3K signaling as a part of underlying mechanism of crocin’s effect. These findings

11

12 301 illuminated the promising antidepressant-effect of crocin as a novel antidepressant agent,

13

14 302  further studies concerning long-term efficacy and safety of crocin are warranted.

17 303 3 Methods
18

o 304  Animal

20 nimais

21

22 305  Balb/cJ female and male mice aged 6-8 weeks old (18-24 g) were housed in the animal facilities
306 for 1 week to habituate before the experiment. Mice were kept on a 12h/12h light dark cycle and
307  were given free access to food and water. All animal procedures were followed by the Guide for
29 308  the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care

31 309 and Use Committee at Nanjing University of Chinese Medicine.
310 Experimental design

36 311 The experimental design was similar with our previous studies 1" %7. Female mice were

gg 312 randomly divided into stressed and non-stressed groups. The stressed mice received a chronic
j? 313  mild stress procedure which consisted of daily 6 h restraint stress in a 50-ml centrifuge tube,
42

43 314  combined with overnight illumination twice a week for 3 weeks. Four days later, all females were
45 315 mated with naive males. Once the females became pregnant, the males were removed from the
47 316 cages. About 4 weeks later, females gave birth to offspring. Stressed females develop

49 317 depression-like behavior postpartum 37. The offspring of pre-pregnancy stressed females were
51 318 defined as PNS mice. In contrast, the offspring of pre-pregnancy non-stressed (naive) females

53 319 were defined as control group. The two groups of offspring were housed with dams until 3weeks
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postnatal. PNS and control group were tested with a battery for depression-like behaviors at

postnatal day (PND) 28 (juvenile) 8 and 60 (adulthood) .

Behavior testing

Open field test (OFT): OFT was used to assess the locomotor as well as the exploratory
behavior in an open area. Spontaneous locomotor activity was measured in a square arena (40
X 40 X 15cm) as the total distance traveled. Mice were tested in a well-illuminated (~300 Ix)
transparent acrylic cage for 5 min. Activity of mice in the two compartments, near the bulkhead
and central regions, was tracked. Distance (cm) and time spent in the central zone were
analyzed. A camera was placed in the top of the box for recording the activity. Both the distance
traveled (cm) and time spent in central area(s) were analyzed by a computer-based tracking

system. The device was thoroughly cleaned before each animal using 75% ethanol.

Tail Suspension Test (TST): In acoustic and visual isolated chambers, a single mouse was
suspended in 50 cm above the floor, with a tape placed at about 1 cm of the tail. Activities of the
animals were videotaped. The computer calculated the total duration of immobility during the
last 4 min in a 6 min testing time. Immobility was defined when the animals hung passively

without any struggling movements.

Forced swim test (FST): The FST was carried out following the method of Porsolt et al. &. In
brief, each mouse was placed into a transparent Plexiglass cylinder (25 cm high, 10 cm in
diameter) containing 10 cm of water maintained at 23—-25 °C. Animals were left in the cylinder
for 6 min. The total immobility time was measured during the last 4 min. The animals were
considered to be immobile when they floated passively in the water. For TST and FST, total

immobility time during the last 4 min was analyzed by ANY-maze software.

Sucrose preference test (SPT): SPT was performed following the procedure of Opal et al. 8. All

mice were trained to consume two bottles of sucrose solution (2%) for 3 days to establish
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431 344  Dbaseline preference levels. After 18 h of food and water-deprivation, mice were single-housed

Z 345 and presented with two pipettes containing 2% sucrose solution or tap water for 1 h. Sucrose

; 346  preference was calculated by the formula: (sucrose preference) = ((sucrose intake) / (sucrose

9

10 347 intake +water intake)) X 100, as previously described.

348 Novelty suppressed feeding (NSF) test: 24 h before the NSF test, the mice were deprived of food
349  but not water. On the day of the test, mice were moved to a quiet room with dim lighting. They
17 350  were placed at the edge of the Plexiglass test chamber (30 cm X 60 cm) with a single food

19 351  pelletin the center. Latency to feeding was measured for 5 min; non-feeding behaviors (e.g.,

21 352  touching, smelling) were ignored. If food was not eaten within 5 min, feeding latency was

23 353  recorded as 5 min. Food pallets were weighed before and after test.
26 354 Drug administrations

355  Ketamine HCI (Gutian Pharmaceuticals, China) and crocin (Selleck Chemicals) was dissolved in
356  saline &. Ketamine (30 mg/kg, i.p.) or crocin (10, 20, 40mg/kg, intragastrically) or saline control
33 357  was administered i.p. 24 h before the behavior tests. In the time-course test, crocin (40mg/kg)
35 358 was administered 30 minutes, 2, 24 and 72 hours prior to the behavioral tests respectively.

37 359  JMV2959 (12mg/kg, i.p.) and LY294002 (50mg/kg, i.p.) were administered 30 minutes before

39 360 crocin (40mg/kg) treatment.
42 361  Western blot

362  After the behavioral tests, mice were sacrificed by cervical dislocation to take the brain. The

47 363 entire hippocampus (ventral and dorsal) was removed and lysed in RIPA buffer containing

49 364  protease inhibitors and phosphatase inhibitors. Protein concentration was determined

51 365  colorimetrically using a NANODROP 2000 (Thermo Scientific). Protein lysates were separated
53 366 by 10% SDS-PAGE electrophoresis and were transferred onto polyvinylidenedifluoride (PVDF)

55 367 membranes. After blocking with 5% BSA for 1 h, the following antibodies were used: GHSR
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(Abcam, ab85104, 1:500), BDNF (Abcam, ab108319, 1:500), Akt/p-Akt (Cell Signaling
Technology, 9272S, 9271s, 1:500), mTOR/p-mTOR (Cell Signaling Technology, 2983S, 2971S,
1:500), PI3K/ p-PI3K (Cell Signaling Technology, 4249S, 4228S, 1:500), GluR1 (Cell Signaling
Technology, 13185S 1:500), PSD95 (Cell Signaling Technology, 3450S 1:500), B-tubulin
(Epitomics, 1879-1, 1:2000) and GAPDH (Abcam, ab181602, 1:2000). After the blots were
incubated with antibodies overnight at 4 °C, they were incubated with horseradish
peroxidaseconjugated secondary antibodies for 1 h. The blots were visualized using the
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific Inc.). All
experiments were performed in triplicate. The final data are expressed as a ratio of the relative

optical density (ROD) of the protein of interest to the ROD of B-tubulin or GAPDH.

Data analysis

All results were analyzed by GraphPad Prism 8 software. Two-sample comparisons were
carried out using a two-tailed Student's t-test; the Mann-Whitney test was employed when the
data was not normally distributed. Multiple comparisons were made using ANOVAs (specifically
stated in figures) followed by the Bonferroni post hoc test. Two-way ANOVA were used to
analyze the data from inhibitor study. A p-value < 0.05 was considered significant. All results are

indicated as the mean + SEM.

Abbreviations

PNS: prenatal stress, GYP: Gardenia yellow pigment; GJ: Gardenia jasminoides Ellis; GHSR:
growth hormone secretagogue receptor; CSDS: chronic social defeat stess; PND: postnatal
day; OFT: open field test; TST: tail suspension test; FST: forced swimming test; SPT: sucrose

preference test; NSF: novelty suppressed feeding; PI3K: Phosphoinositide 3-kinase
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Figure 1: PNS mice showed depression-like behaviors at juvenile and adulthood.

a. At postnatal day 28, PNS mice had significant lower body weight than control group, there
was no difference in the body weight between these two groups at postnatal day 60. b.PNS
mice also demonstrated increased immobility in TST test compared with control group, and this
abnormal behavior lasted to postnatal day 60. ¢. PNS group also showed a significant increase
in immobility time in FST test both at postnatal day 28 and day 60. d. There was no difference in
the latency to feed between PNS and control group either at postnatal day 28 or day 60
between two groups in NSF test. e. PNS mice had a higher food consumption than control
group at postnatal day 28, with this difference disappeared at day 60. Data were presented as

mean = SEM. *p < 0.05, n= 13-16.

Figure 2: Crocin alleviated the depression-like behaviors in PNS mice at a dose-

dependent manner.

a&b. No difference was found in total distance traveled and time spent in central zone among all
groups in the OFT test. c¢. PNS mice treated with vehicle showed increased immobility time
compare with control group in TST test, high dose of crocin (40mg/kg) significantly decreased
the immobility time in PNS mice, and this effect is similar with ketamine. d, In FST test, PNS
mice treated with vehicle still maintained increased immobility time, high dose of crocin
(40mg/kg) as well as ketamine significantly decreased the elevated immobility time in PNS
mice. e. Vehicle group showed a decreased preference while 40mg/kg crocin and ketamine
significantly reversed the decreased sucrose preference in PNS mice. Data were presented as
mean + SEM. *compared with control, p < 0.05; #compared with vehicle group, p < 0.05, n= 7-

10.
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431 684  Figure 3: Acute treatment of crocin induced a rapid and long-lasting antidepressant-like

Z 685 effect in PNS mice.

7

8 686  a. PNS mice treated with vehicle still showed an increased immobility time in TST compared

9

10 687  with control group, while crocin remarkably reduced the immobility time in PNS mice. b. Two
688  hours after treatment, crocin also blocked the elevated immobility time in PNS mice. ¢. 24 hours
689  after crocin treatment, vehicle group still maintained a depressive-like behaviors as shown by

17 690  theincreased immobility time in FST, crocin significantly attenuated the immobility time. d.

19 691  vehicle group had decreased preference for sucrose, crocin increased sucrose preference in

21 692 PNS mice. Data were presented as mean = SEM. e. 3 days after the acute treatment, PNS mice
23 693 treated with vehicle showed increased immobility time in FST test, crocin reversed the

25 694 increased immobility time in PNS mice 3 days after the treatment. f. Crocin reversed the

27 695 decreased sucrose preference in PNS mice 3 days after the treatment. Data were presented as
29 696 mean + SEM. *compared with control, p < 0.05; #compared with vehicle group, p < 0.05, n=7-

31 697  10.
34 698

37 699 Figure 4: Crocin increased the hippocampal expression of synaptic plasticity-associated

39 700 proteins through the restoration of GHSR-PI3K signaling in PNS mice.

42 701  a. PNS mice treated with vehicle showed significantly reduced GHSR levels while crocin

44 702  significantly increased the GHSR levels in hippocampus of PNS mice. b. Crocin also restored
46 703  the phosphorylation level of PI3K, this effect was similar with ketamine. c&d. The

48 704  phosphorylation levels of AKT and mTOR were also decreased in the vehicle group, crocin and
50 705  ketamine significantly increased the phosphorylation levels of these two effectors. e. Crocin and
52 706  ketamine significantly reversed the decreased BDNF expression level in PNS mice. f&g. Crocin

707  also restored the reduced expression levels of GIuR1 and PSD95. h. The expression level of
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synapsin1 remained unchanged. Data were presented as mean + SEM. *compared with control,

p < 0.05; #compared with vehicle group, p < 0.05, n= 3-5.

Figure 5: Blockade of GHSR and PI3K abolished the antidepressant-like effect of crocin

in PNS mice.

a. PNS mice showed increased immobility time in TST test, with crocin significantly reversed the
higher immobility time in PNS mice. JMV2959 alone did not change the increased immobility in
PNS mice. However, pretreatment of JMV2959 abolished the antidepressant-like effect of
crocin. b. Crocin significantly reduced the increased immobility time in PNS mice in FST test
and pretreatment of JMV2959 blocked the antidepressant-like effect of crocin while JMV2959
alone did not change this abnormal behavior. ¢. Mice treated with crocin showed a decrease
immobility time in FST. PI3K antagonist LY294002 alone did not change the increased
immobility time in PNS mice. However, pretreatment of LY294002 attenuated the reduced
immobility time induced by crocin. d. In FST test, crocin significantly decresed the immobility
time in PNS mice (p<0.05), and pretreatment of LY294002 abolished the antidepressant-like
effect of crocin in FST test (p<0.05). Data were presented as mean + SEM. *compared with
vehicle group, p < 0.05; #compared with crocin alone, p < 0.05. Dotted lines showed the mean

value of control group, n= 8-10.

Figure 6: Blockade of GHSR abolished the enhanced the hippocampal expression of

synaptic plasticity-associated proteins induced by crocin in PNS mice.

a. Crocin restored the lower phosphorylation level of PI3K in PNS mice. GHSR antagonist
JMV2959 reversed the enhanced effect of crocin on phosphorylation level of PI3K. b&c. Crocin

increased the phosphorylation levels of AKT and mTOR while the inhibition of GHSR
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431 732 significantly abolished this effect. d. Inhibition of GHSR decreased the enhanced expression

Z 733 level of BDNF in PNS mice treated with crocin, suggesting a decrease expression of synaptic

; 734  plasticity-associated proteins in the hippocampus. e. The expression level of PSD95 was

9

10 735 increased after the crocin treatement, while GHSR inhibitor reversed the enhanced the
12 736  expression of synaptic plasticity-associated proteins of crocin treatment. Data were presented
14 737 as mean = SEM. *compared with vehicle group, p < 0.05; #compared with crocin alone, p <

16 738  0.05. Dotted lines showed the mean value of control group, n= 3-5.
19 739

740 Rapid and prolonged antidepressant-like effect of crocin is associated with GHSR

741 mediated hippocampal plasticity-related proteins in mice exposed to prenatal stress
26 742 Ruyan Wu, Ph.D."2*, Dong Xiao, B.A3, Xin Shan, B.A3, Yu Dong, B.A3, Weiwei Tao, Ph.D.3*
29 743 ' School of Medicine, Yangzhou University, Yangzhou, 225000, China
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