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Alterations in serotonergic transmission have been related to a major predisposition to
develop psychiatric pathologies, such as depression. We took advantage of tryptophan
hydroxylase (TPH) 2 deficient rats, characterized by a complete absence of serotonin
in the brain, to evaluate whether a vulnerable genotype may influence the reaction to
an acute stressor. In this context, we investigated if the glucocorticoid receptor (GR)
genomic pathway activation was altered by the lack of serotonin in the central nervous
system. Moreover, we analyzed the transcription pattern of the clock genes that can
be affected by acute stressors. Adult wild type (TPH2+/+) and TPH2-deficient (TPH2−/−)
male rats were sacrificed after exposure to one single session of acute restraint stress.
Protein and gene expression analyses were conducted in the prefrontal cortex (PFC).
The acute stress enhanced the translocation of GRs in the nucleus of TPH2+/+ animals.
This effect was blunted in TPH2−/− rats, suggesting an impairment of the GR genomic
mechanism. This alteration was mirrored in the expression of GR-responsive genes:
acute stress led to the up-regulation of GR-target gene expression in TPH2+/+, but not in
TPH2−/− animals. Finally, clock genes were differently modulated in the two genotypes
after the acute restraint stress. Overall our findings suggest that the absence of serotonin
within the brain interferes with the ability of the HPA axis to correctly modulate the
response to acute stress, by altering the nuclear mechanisms of the GR and modulation
of clock genes expression.

Keywords: serotonin, tryptophan hydroxylase, HPA axis, glucocorticoid, clock genes, rats, prefrontal cortex

INTRODUCTION

Psychiatric pathologies in humans have a multifactorial etiology with genetic and environmental
factors that may interact thus inducing the manifestation of a wide range of symptoms (Akiskal
and McKinney, 1973, 1975). Among the genetic factors that can predispose to the development
of psychiatric illnesses, such as depression, alterations in the serotonergic system are the most
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studied not only at clinical level but also in preclinical
studies (Caspi et al., 2003; Calabrese et al., 2013; Brivio
et al., 2018; Ottenhof et al., 2018). Interestingly, serotonergic
projections innervate the paraventricular nucleus of the
hypothalamus as well as the brain regions involved in the
stress-induced activity of the HPA axis, including the prefrontal
cortex (PFC) (Pan and Gilbert, 1992; Van de Kar et al., 2001;
Herman et al., 2003).

Serotonin synthesis starts from the amino acid tryptophan
through the action of the rate-limiting enzyme tryptophan
hydroxylase (TPH) (Fitzpatrick, 1999). This enzyme exists in
two isoforms: TPH1 expressed at the periphery, and TPH2,
expressed in the raphe nuclei in the brain and responsible
for the production of serotonin at the central level (Walther
et al., 2003). Accordingly, animal models with genetic deletion
of TPH2 show reduced levels of serotonin in the brain
(Mosienko et al., 2015).

As mentioned above, also environmental factors play a key
role in the manifestation of mood disorders. Chronic stress
is one of the main precipitating factors, that negatively affect
behaviors (Breslau and Davis, 1986; Lupien et al., 2018). On
the contrary, acute stressors can have a positive impact on
the brain leading to the activation of neuroplastic mechanisms
and the transcription of activity-dependent genes (Brivio et al.,
2020). In this context, we recently demonstrated that despite
a normal corticosterone–release pattern upon acute stress,
TPH2-deficiency in rats results in an up-regulation of the
neurotrophin BDNF in basal conditions, but a blunted response
to acute stress (Brivio et al., 2018).

Here, we took advantage of the TPH2-deficient (TPH2−/−)
rats (Kaplan et al., 2016), characterized by a complete absence
of serotonin in the brain, to evaluate the impact of central
serotonin deficiency on the acute stress response. Hence,
we evaluated if the molecular changes that physiologically
occur after stress exposure could be altered by the absence
of serotonin in the brain focusing on the hypothalamic-
pituitary-adrenal (HPA) axis, one of the main mechanisms
that allow a proper response to stressful events (McEwen,
2007). In particular, we analyzed the genomic pathway
activation that occurs after the translocation into the
nucleus of the glucocorticoid receptors (GRs) (Trapp et al.,
1994) and the subsequent transcription of genes carrying
the glucocorticoid responsive element (GRE) in their
regulatory DNA regions. Interestingly, genes involved in
the control of circadian rhythms, period circadian regulator
(Per1) and Per2, are among the glucocorticoid responsive
genes, and their expression is known to be affected by
acute stress exposure (Yamamoto et al., 2005) as well as
by corticosterone levels in the blood (Nader et al., 2010).
Therefore, we also analyzed the gene expression profile
of the main players involved in the control of the clock
gene machinery in TPH2−/− and wild type (TPH2+/+)
rats after the acute challenge. All molecular analyses were
performed in the PFC, a brain region connected not only
to serotonin functions but also deeply affected by stress
exposure (Duman and Monteggia, 2006; Stuss and Knight, 2009;
Brivio et al., 2020).

MATERIALS AND METHODS

Animals
Animals were kept at the animal facility of Max-Delbrück Center
for Molecular Medicine under standardized conditions with an
artificial 12/12-h light/dark cycle (lights on at 6 a.m.), room
temperature of 22◦C, and approximately 80% humidity with
access to food (Ssniff, Soest, Germany) and water ad libitum. All
procedures were approved by the ethical committee of the local
government (LAGeSo, Berlin, Germany).

Twelve to 14 weeks old male TPH2-deficient (TPH2−/−)
(Kaplan et al., 2016) and wild type (TPH2+/+) rats on the
Dark Agouti background were used in the experiments. Animals
heterozygous for the TPH2 mutation (10 bp deletion in exon 7)
were bred to generate experimental groups of both genotypes.
To genotype offspring, genomic DNA from ear biopsies was
amplified with primers TPH2ZFN_FW 5′-CCC TTC TCC ACA
GAA GTG CT and TPH2ZFN_REV 5′-GGC CTT TAG GTC
CTG AGG TT and the resulting PCR fragment was digested with
the restriction nuclease Mnl1, which cuts exclusively the PCR
products of the WT allele.

Stress Procedure
Adult male TPH2+/+ and TPH2−/− rats were exposed to
acute restraint stress as previously described (Brivio et al.,
2018; Calabrese et al., 2020). Briefly, rats were placed in an
air-accessible apparatus for 1 h. The size of the container
was similar to the size of the animal, making the rats almost
immobile. Stressed animals (n = 5 per genotype) were sacrificed
immediately at the end of the stress session. Unstressed animals
(n = 13) served as a control group.

Brain Tissue Collection
Animals were sacrificed by decapitation and the PFC was
rapidly dissected, frozen on dry ice and stored at −80◦C for
the molecular analyses. Dissections were performed according
to the atlas of Paxinos and Watson (Paxinos and Watson,
2007). PFC was dissected from 2-mm-thick slices [PFC defined
as Cg1, Cg3 and IL sub-regions corresponding to plates 6–9
(approximate weight 8 mg)]. The left hemisphere was taken for
protein whereas the right was taken for RNA.

RNA Preparation and Gene Expression
Analysis by Quantitative Real-Time PCR
Total RNA was isolated by a single step of guanidinium
isothiocyanate/phenol extraction using PureZol RNA
isolation reagent (Bio-Rad Laboratories, Italy) according
to the manufacturer’s instructions and quantified by
spectrophotometric analysis.

The samples were then processed for real-time polymerase
chain reaction (RT-PCR) to assess the expression of
Growth Arrest And DNA Damage Inducible β (Gadd45β),
Serum/Glucocorticoid Regulated Kinase (Sgk1), Nuclear
Receptor Subfamily four Group A Member 1 (Nr4a1), Dual
Specificity Phosphatase 1 (Dusp1), S100A10 (P11), Forkhead box
O1 (FoxO1), FKBP Prolyl Isomerase 5 (Fkbp5), TSC22 Domain
Family Member 3 (Gilz), Per1, Per2, cryptochrome circadian
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TABLE 1A | Sequences of forward and reverse primers and probes used in Real-time PCR analyses and purchased from Eurofins MWG-Operon.

Gene Forward primer Reverse primer Probe

36b4 TTCCCACTGGCTGAGGT CGCAGCCGCTGC AAGGCCTTCCTGGCCGATCCATC
Sgk1 GACTACATTAATGGCGGAGAGC AGGGAGTGCAGATAACCCAAG TGCTCGCTTCTACGCAGC
Dusp1 TGTGCCTGACAGTGCAGAAT ATCTTTCCGGGAAGCATGGT ATCCTGTCCTTCCTGTACCT
P11 AGAGTGCTCATGGAAAGGGA AGCTCTGGAAGCCCACTTTT ATAATGAAAGACCTGGACCAGTGC
FoxO1 GAGTGGATGGTGAAGAGTGTG GGACAGATTGTGGCGAATTG TCAAGGATAAGGGCGACAGCAACAG
Fkbp5 GAACCCAATGCTGAGCTTATG ATGTACTTGCCTCCCTTGAAG TGTCCATCTCCCAGGATTCTTTGGC
Gilz CGGTCTATCAACTGCACAATTTC CTTCACTAGATCCATGGCCTG AACGGAAACCACATCCCCTCCAA
Per1 AGAGCTGAGTCCTTGCCATT TGGCTGATGACACTGATGCA AGCGGAGTTCTCACAGTTCA
Per2 TTGTGCCTCCCGATGATGAA AGTGGGCAGCCTTTCGATTA GTACATCACACTGGACACTAGC
Cry1 TCAATCCACGGAAAGCCTGT CCACAAACAACCCACGCTTT GGAACCCCATCTGTGTTCAA
Cry2 TAGTCCACGCCAATGATGCA TGCCCAAACTGAAAGGCTTC TCTATGAGCCCTGGAATGCT
Rev-erbα ACGTCCCCACACACTTTACA ACAAGTGGCCATGGAAGACA GGCACCAGCAACATTACCAA
Rev-erbβ ACGGATGAGTGTTTCCTGCA AGCGACGAGGAAATGAGCTT TTCTGGTGTCTGCAGATCGA

TABLE 1B | Probes purchased from Life Technologies, which did not disclose
the sequences.

Gene Accession Number Assay ID

Gadd45β BC085337.1 Rn01452530_gI
Nr4a1 BC097313.1 Rn01533237_m1

regulator (Cry1), Cry2, nuclear receptor subfamily 1, group D
member 1 (Rev-erbα), nuclear receptor subfamily, group D,
member 2 (Rev-erbβ) (primer and probes sequences are listed in
Tables 1A,B). RNAs were treated with DNase (Thermoscientific,
Italy) to avoid DNA contamination. Gene expression was
analyzed by TaqMan qRT-PCR one-step RT-PCR kit for probes
(Bio-Rad laboratories, Italy). Samples were run in 384 well
formats in triplicate as a multiplexed reaction with a normalizing
internal control (36b4).

Thermal cycling was initiated with an incubation at 50◦C for
10 min (RNA retrotranscription) and then at 95◦C for 5 min
(TaqMan polymerase activation). After this initial step, 39 cycles
of PCR were performed. Each PCR cycle consisted of heating the
samples at 95◦C for 10 s to enable the melting process and then
for 30 s at 60◦C for the annealing and extension reactions. A
comparative cycle threshold (Ct) method was used to calculate
the relative target gene expression.

Protein Extraction and Western Blot
Analysis
Western blot analysis was used to investigate GR,Myc-associated
zinc finger protein 1 (MAZ1) and Specificity Protein 1
(SP1) protein levels in the nuclear fraction, in the cytosolic
compartment and the whole homogenate. Tissues were manually
homogenized using a glass-glass potter in a pH 7.4 cold
buffer containing 0.32 M sucrose, 0.1 mM EGTA, 1 mM
HEPES solution in the presence of a complete set of proteases
(Roche) and phosphatase (Sigma-Aldrich) inhibitors. The total
homogenate was centrifuged at 1,000 g for 10 min at 4◦C to
obtain a pellet enriched in nuclear components, which was
suspended in a buffer [20 mM HEPES, 0.1 mM dithiothreitol
(DTT), 0.1 mM EGTA] with protease and phosphatase
inhibitors. The supernatant was further centrifuged at 10000 g
for 10 min at 4◦C to eliminate the membrane fraction and the

resulting supernatant corresponding to the cytosolic fraction was
conserved for the protein analyses. The purity of these fractions
was previously reported (Brivio et al., 2019). Total protein
content was measured according to the Bradford Protein Assay
procedure (Bio-Rad Laboratories), using bovine serum albumin
(BSA) as a calibration standard. Equal amounts of protein were
run under reducing conditions on 10% SDS-polyacrylamide
gels and then electrophoretically transferred onto Polyvinylidene
Difluoride (PVDF) or nitrocellulose membranes (GE Healthcare
Life Sciences). The blots for GR were blocked with BSA in
TBS+0.2% sodium azide, while the others (MAZ1, SP1 and
β-actin) with 5% nonfat dry milk and then were incubated
with the proper primary antibodies [GR: 1:500 (ThermoFisher),
4◦ overnight (O/N); MAZ1: 1:500 BSA 5% 4◦C O/N; SP1:
1:250 BSA 5% 4◦C O/N β-actin: 1:10,000 (Sigma), room
temperature (RT) 45 min]. Membranes were then incubated
with the appropriate secondary antibody (GR: anti-rabbit,
1:2,000, RT, 1 h; MAZ1: anti-rabbit 1:1,000, RT 1 h; SP1:
anti-rabbit 1:1,000 RT 1 h; β-actin: anti-mouse, 1:10,000, 45min).
Immunocomplexes were visualized by chemiluminescence using
the Western Lightning Clarity ECL (Bio-Rad Laboratories) and
the Chemidoc MP imaging system (Bio-Rad Laboratories). GR
levels were quantified by the evaluation of band densities,
normalized to the β-actin (ImageLab, Bio-Rad Laboratories).

Statistical Analysis
All the analyses were conducted by using ‘‘IBM SPSS Statistics,
version 24.’’ Results were analyzed with the two-way ANOVA
followed by Fisher’s PLSD. Significance for all tests was assumed
for p < 0.05. Data are presented as means ± standard
error (SEM).

RESULTS

Glucocorticoid Receptor Translocation
Into the Nucleus Induced by Acute Stress
Exposure Is Blunted in TPH2−/− Rats
The activation of the HPA axis after acute restraint stress results
in the release of corticosterone from the adrenal glands and
subsequent response in the extrinsic HPA axis structures, such
as PFC via activation of the genomic pathway of the GRs
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(Adzic et al., 2009). In particular, the binding of the hormone
to its receptor induces its translocation into the nucleus (Revollo
and Cidlowski, 2009).

We first analyzed the GR protein levels in the nuclear and
cytosolic fractions immediately after the end of the acute stress.
As shown in Figure 1A, we found a significant genotype ×
stress interaction (F(1,16) = 4.971 p < 0.05; two-way ANOVA)
in GR protein levels in the nuclear compartment, but no
effects of the genotype (F(1,16) = 3.055 p > 0.05; two-way
ANOVA) and of the stress (F(1,16) = 3.747 p > 0.05; two-way
ANOVA). Indeed, the receptor was significantly up-regulated by
the stress in the nuclear compartment of TPH2+/+ rats (+89%

p < 0.05 vs. TPH2+/+/naïve; Fisher’s PLSD), but not in the
TPH2−/− counterpart.

On the contrary, we did not find any significant modulation
of GR protein levels in the whole homogenate and the cytosolic
compartment even if a slight decrease of its levels was observed
in the cytosol of TPH2+/+ stressed rats (−27% p > 0.05 vs.
TPH2+/+/naïve; Fisher’s PLSD) (Figures 1B,C).

Finally, we looked at the ratio of the nuclear vs. cytosolic
GR levels as an indicator of the translocation into the nucleus
of the receptor after stress exposure and we found a borderline
significance for the genotype × stress interaction (F(1,13) = 4.761
p = 0.054; two-way ANOVA). Indeed, following the results

FIGURE 1 | Analysis of GR protein levels in the nuclear fraction (A), in the cytosolic compartment (B) in the whole homogenate (C) and the ratio between nuclear
vs. cytosolic compartment (D) of TPH2+/+ and TPH2−/− stressed rats. (E) Representative western blot bands of GR. β-actin was used as an internal control. The
data are expressed as a percentage of TPH2+/+/naïve (set at 100%) and are represented as mean ± SEM of independent determinations. ∗p < 0.05 vs.
TPH2+/+/naïve (two-way ANOVA with Fisher’s PLSD).
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described in panels A and B, we observed an increased
translocation in TPH2+/+ stressed animals (+191% p < 0.05 vs.
TPH2+/+/naïve) while this effect was blunted in TPH2−/−

rats (Figure 1D). Figure 1E is a representative of western
blot bands.

MAZ1 Transcription Factor Is Increased
After Stress Exposure in TPH2+/+ but Not
in TPH2−/− Stressed Rats
Once in the nucleus, GRs bind the GREs, and this binding is
facilitated by the presence of cofactors such as MAZ1 and SP1
(Datson et al., 2011).

In the whole homogenate, MAZ1 protein levels showed a
significant genotype× stress interaction (F(1,15) = 6.424 p< 0.05;
two-way ANOVA) but no effect of the genotype (F(1,15) = 3.216
p > 0.05; two-way ANOVA) and of the stress (F(1,15) = 0.029
p > 0.05; two-way ANOVA). Accordingly, we observed
a significant increase of MAZ1 protein levels in TPH2+/+

rats exposed to stress when compared to TPH2−/− stressed
animals (+121%, p < 0.01 vs. TPH2−/−/stress; Fisher’s PLSD)
(Figure 2A). We did not find any changes in SP1 protein levels
(Figure 2B). Figure 2C is a representative of western blot bands.

Up-Regulation of Glucocorticoid
Responsive Gene Expression Is Blunted in
TPH2−/− Stressed Rats
The translocation into the nucleus of the GRs leads to the
expression of the glucocorticoid responsive genes, carrying
the GREs.

As shown in Figure 3A, Dusp1 mRNA levels were
significantly affected by the stress (F(1,33) = 10.770 p < 0.01,
two-way ANOVA), that induced an increase in the expression
of this gene specifically in TPH2+/+ rats (+53%, p < 0.01 vs.
TPH2+/+/naïve).

Moreover, Gadd45β expression (Figure 3B) was significantly
affected both by the genotype and by the stress (genotype:
F(1,34) = 8.765 p < 0.05 and stress: F(1,34) = 85.447 p < 0.001).
Indeed, stress exposure induced an increased transcription not
only in TPH2+/+ rats (+113% p < 0.001 vs. TPH2+/+/naïve) but
also in TPH2−/− animals (+40%, p < 0.01 vs. TPH2−/−/naïve).

However, as demonstrated by the significant genotype × stress
interaction (F(1,34) = 16.447 p < 0.001), the up-regulation due
to the challenge found in TPH2+/+ was more robust (+39%,
p < 0.001 vs. TPH2+/+/stress) compared to those found in
TPH2−/− stressed rats.

Similarly, Nr4a1 was affected by the genotype (F(1,34) = 4.602
p < 0.05, two-way ANOVA) and by the stress (F(1,34) = 101.764
p < 0.001, two-way ANOVA) with a significant interaction
between the two variables (F(1,34) = 16.650 p < 0.001, two-way
ANOVA). Accordingly,Nr4a1 expression was up-regulated both
in TPH2+/+ (+153% vs. TPH2+/+/naïve) and in TPH2−/− (+54%
vs. TPH2−/−/naïve) in comparison to their controls. Again, we
observed a higher expression ofNr4a1 in TPH2+/+ in comparison
to TPH2−/− stressed rats (+36% p < 0.001 vs. TPH2+/+/
stress) (Figure 3C).

On the contrary, Sgk1, Gilz and Fkbp5 mRNA levels were
affected only by the stress (Sgk1: F(1,35) = 135.512 p < 0.001,
two-way ANOVA; Gilz: F(1,35) = 96.360 p < 0.001, two-way
ANOVA; Fkbp5: F(1,33) = 16.167 p < 0.001, two-way ANOVA).
In particular, we observed a comparable increase of these
genes expression after the acute challenge both in TPH2+/+

(Sgk1: +102% p < 0.001; Gilz: +130% p < 0.001; Fkbp5: +39%
p < 0.01 vs. TPH2+/+/naïve) and TPH2−/− rats (Sgk1: +117%
p < 0.001; Gilz: +107% p < 0.001; Fkbp5: +25% p < 0.05 vs.
TPH2−/−/naïve) (Figures 3D–F).

Also, P11 mRNA levels were affected by the stress
(F(1,35) = 6.158 p < 0.05, two-way ANOVA). However, stress
exposure induced a reduction in P11 expression in both
genotypes after stress exposure (TPH2+/+: −21% p > 0.05 vs.
TPH2+/+/naïve; TPH2−/−: −28% p < 0.05 vs. TPH2−/−/naïve).
Moreover, TPH2−/− rats showed increased levels of P11 mRNA
when compared to TPH2+/+(+43% p < 0.05 vs. TPH2+/+/naïve;
Fisher’s PLSD) (Figure 3G).

Finally, as shown in Figure 3H, we did not find any changes
in FoxO1 expression.

Serotonin Deficiency Alters Clock Gene
Expression Profile
It has been demonstrated that acute stress exposure can influence
the expression of Per1 thanks to the presence of a canonical GRE

FIGURE 2 | Analysis of MAZ1 (A) and SP1 (B) protein levels in the whole homogenate of TPH2+/+ and TPH2−/− stressed rats. (C) Representative western blot
bands of MAZ1 and SP1. β-actin was used as an internal control. The data are expressed as a percentage of TPH2+/+/naïve (set at 100%) and are represented as
mean ± SEM of independent determinations. ∧∧p < 0.01 vs. TPH2+/+/stress (two-way ANOVA with Fisher’s PLSD).
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FIGURE 3 | Analysis of glucocorticoid responsive gene expression in TPH2+/+and TPH2−/− stressed rats. The data are expressed as percentage of TPH2+/+/naïve
(set at 100%) and are represented as mean ± SEM of independent determinations. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 vs. TPH2+/+/naïve; #p < 0.05; ##p < 0.01;
###p < 0.001 vs. TPH2−/−/naïve; ∧∧p < 0.01; ∧∧∧p < 0.001 vs. TPH2+/+/stress (two-way ANOVA with Fisher’s PLSD).

(Yamamoto et al., 2005). Hence, seen the role of Per1 in the
control of circadian rhythms, we measured the expression of the
main components of the clock machinery.

In our animals, we found a significant genotype × stress
interaction (F(1,35) = 7.098 p < 0.05, two-way ANOVA) and
a significant effect of the genotype (F(1,35) = 15.130 p < 0.01,
two-way ANOVA) and of the stress (F(1,35) = 115.534 p < 0.001,
two-way ANOVA) on Per1 expression. Indeed, as shown in
Figure 4A, Per1 mRNA levels were significantly up-regulated
in TPH2+/+ stressed rats in comparison to their naïve controls
(+80% p < 0.001 vs. TPH2+/+/naïve; Fisher’s PLSD). This
increase was present also in TPH2−/− rats exposed to the
restraint stress (+52% p < 0.001 vs. TPH2−/−/naïve; Fisher’s
PLSD) even if the effect was more pronounced in TPH2+/+

animals (+28% p< 0.01 vs. TPH2+/+/stress; Fisher’s PLSD).
Also, the expression of Per2 showed a significant genotype ×

stress interaction (F(1,34) = 5.725 p < 0.05, two-way ANOVA)
and a significant effect of the stress (F(1,34) = 55.671 p < 0.001,
two-way ANOVA). However, Per2 expression was increased
more in TPH2−/− stressed animals than in TPH2+/+ (TPH2+/+:
+37% p < 0.01 vs. TPH2+/+/stress; TPH2−/−: +75% p < 0.001;
Fisher’s PLSD). Indeed, the increased transcription of Per2 due

to stress exposure was higher in TPH2−/− compared to TPH2+/+

animals (+24% p < 0.05 vs. TPH2+/+/stress; Fisher’s PLSD)
(Figure 4B).

We did not find any changes in Cry1 and Cry2 expression
(Figures 4C,D).

Similarly to what was observed in Per1 expression, Rev-
erbα mRNA levels were affected by the genotype and by the
stress with a significant genotype × stress interaction (genotype:
F(1,35) = 10.544 p< 0.05; stress: F(1,35) = 6.112; genotype× stress
interaction: F(1,35) = 4.984 p< 0.05; p< 0.05 two-way ANOVA).
Specifically, Rev-erbα expression was increased in TPH2+/+

stressed animals (+31% p < 0.01 vs. TPH2+/+/naïve; Fisher’s
PLSD) while we did not observe any changes in TPH2−/− rats
(Figure 4E).

Finally, as shown in Figure 4F, Rev-erbβ expression showed a
significant genotype× stress interaction (F(1,34) = 4.789 p< 0.05
two-way ANOVA). Indeed, we observed an up-regulation in
Rev-erbβ expression in TPH2−/− in comparison to TPH2+/+

counterpart (+20% p < 0.01 vs. TPH2+/+/naïve; Fisher’s
PLSD). Moreover, Rev-erbβ levels were normalized in TPH2−/−

rats after the stress (−22% p < 0.01 vs. TPH2−/−/naïve;
Fisher’s PLSD).
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FIGURE 4 | Analysis of clock genes expression in TPH2+/+and TPH2−/− stressed rats. The data are expressed as percentage of TPH2+/+/naïve (set at 100%) and
are represented as mean ± SEM of independent determinations. ∗∗p < 0.01; ∗∗∗p < 0.001 vs. TPH2+/+/naïve; ##p < 0.01; ###p < 0.001 vs. TPH2−/−/naïve;
∧p < 0.05; ∧∧p < 0.01; vs. TPH2+/+/stress (two-way ANOVA with Fisher’s PLSD).

DISCUSSION

Our results show that serotonin deficiency interferes with the
activation of the genomic pathway of GRs in response to an
acute challenge.Moreover, it modulates the transcription of clock
genes suggesting a possible alteration in circadian rhythms under
stress challenge.

Interestingly, serotonin plays a crucial role in controlling
brain functions not only at the basal level, but also in more
dynamic situations. Indeed, we already demonstrated that

the absence of serotonin in TPH2-deficient rats modulates
neuroplastic mechanisms not only in basal conditions but also
after acute stress exposure (Brivio et al., 2018).

The activation of the HPA axis is one of the first responses
to a stressful experience. However, the downstream pathway that
is activated after the release of corticosterone is very complex.
In particular, once released from the adrenal glands, it targets
the brain where it acts on its receptors widely localized in the
cells. While membrane-bound GRs induce a rapid effect by
modulating the release of neurotransmitters and mitochondrial
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activity through the so-called non-genomic pathway, cytosolic
receptors are internalized into the nucleus where after the
binding to GREs, they control the transcription of target
genes (Schoneveld et al., 2004; Panettieri et al., 2019).

While in our previous study we found that the release of
corticosterone following an acute challenge was independent of
the serotonin levels in the brain (Brivio et al., 2018), here, we
demonstrated that the internalization into the nucleus of the
GRs induced by the exposure to an acute stressor happened
specifically in TPH2+/+, but not in TPH2−/− rats. This suggests
that the absence of serotonin in the brain does not influence
the release of the hormone from the adrenal glands, but
it interferes with the activation of the genomic pathway at
the central level. In line, it has been demonstrated that the
modulation of the serotonergic system by chronic treatment with
antidepressant drugs enhances the translocation of GRs to the
nuclear compartment (Molteni et al., 2009).

By investigating the levels of GR in the different subcellular
compartments, we found that the lack of serotonin inhibits
stress-induced translocation of GR to the nucleus. Since the
direct influence of central serotonin on corticosterone release
after acute stress is excluded by our previous experiments,
another mechanism linking serotonin and GR functionality
should exist. Most likely the cross-talk between these two systems
appears at the level of interaction between downstream pathways
of serotonin receptors with GR phosphorylation. Indeed, it has
been demonstrated that the entry of GR to the nucleus is
facilitated by the phosphorylation of specific serines (Wang et al.,
2002) via activation of MAPKs and CDKs pathways (Galliher-
Beckley and Cidlowski, 2009). Since the activity of the MAPKs
is modulated by 5-HT2A and 5HT1A receptors (Banes et al.,
1999; Errico et al., 2001), blunted activation of 5-HT receptor
signaling in the absence of ligand may be responsible for the
lack of GR phosphorylation and its subsequent translocation to
the nucleus upon acute stress. Furthermore, it has been shown
that GR phosphorylation is also controlled by BDNF signaling
(Arango-Lievano et al., 2015). We previously demonstrated
that TPH2−/− rats showed a reduced Bdnf expression after
the exposure to 1 h of acute restraint stress compared to the
wild type counterpart (Brivio et al., 2018). This may lead to
a decreased ability of the neurotrophin-related pathways to
phosphorylate GRs.

Interestingly, the GREs are characterized by the presence of
GC enriched binding sites that are targeted by transcription
factors such as MAZ1 and SP1. These transcription factors
in the proximity to GREs can potentiate the GR binding and
therefore, enhance the transcriptional activation of target genes
(Datson et al., 2011). Here, in line with the increase of GR in
the nucleus, we observed increased levels of MAZ1 in TPH2+/+

stressed animals contrasting with a slight decrease in TPH2−/−

stressed animals. This data suggests that the reduced activation
of the genomic pathway in TPH2−/− rats in response to the
acute challenge may be caused not only by the lack of GRs
translocation per se but also by the reduced levels of this cofactor.
On the contrary, SP1 was not altered after stress exposure.
Hence, these two cofactors may influence the interaction
betweenGRs and their responsive elements with different timing.

Furthermore, even if both MAZ1 and SP1 can interact with
GRs, SP1 seems to be mainly related to mineralocorticoid
receptors (Meinel et al., 2013) suggesting its potential implication
in physiological conditions and not in response to an
acute challenge.

The GR, as a nuclear receptor, acts as a transcriptional
regulator interfering with the transcription of genes carrying
the GRE in their regulatory sequence (Gray et al., 2017). In
line, we recently demonstrated that the translocation into the
nucleus is paralleled by an up-regulation of the expression
of genes containing the GRE such as Gadd45β, Sgk1, Nr4a1,
and Dusp1 (Calabrese et al., 2020). Here, we observed that
GR responsive genes were activated more in TPH2+/+ than
in TPH2−/− rats. In particular, Dusp1 mRNA was increased
specifically in TPH2+/+ while no changes were observed in
TPH2−/− rats. Similarly, Gadd45β and Sgk1 mRNAs were
increased in both genotypes, but more in TPH2+/+ than in
TPH2−/− rats. This suggests the ability of serotonin to interfere
with their transcription. Indeed, several studies showed that
pharmacological or genetic alterations of the serotonergic system
can modulate their expression (Gonzalez-Nicolini and McGinty,
2002; Duric et al., 2010; Calabrese et al., 2013). However, other
glucocorticoid responsive genes were equally upregulated after
the acute challenge in the two genotypes. This could be due
to other factors that can influence their expression and that
may contribute to the stress response (Lang et al., 2014; Zannas
et al., 2016). Furthermore, it could not be excluded that the
absence of serotoninmaymodify the epigenetic make-up of some
GR related genes via the histone-serotonylation mechanism
(Farrelly et al., 2019), and therefore their transcription after an
acute challenge.

As mentioned, serotonin is involved in the control of
various physiological functions and, among them, the circadian
system is braided with the neurotransmitter both anatomically
and genetically (Deurveilher and Semba, 2005). Furthermore,
it has been demonstrated that genes involved in the clock
gene machinery can be affected by acute stress exposure
(Yamamoto et al., 2005). Interestingly, Per1 expression showed
a similar pattern as Gadd45β and Nr4a1, with increased
transcription in TPH2+/+ compared to TPH2−/− rats exposed to
stress. On the contrary, Per2 mRNA levels were increased more
in TPH2−/− than in TPH2+/+ rats. This different pattern could
be due to a different responsiveness of Per1 and Per2 to GRs.
Indeed, while Per1 carries a canonical GRE, Per2 has an intronic
binding sequence that confers GR responsiveness to the gene (So
et al., 2009). Moreover, Rev-erbα expression was up-regulated
by stress in TPH2+/+ but not in TPH2−/− rats while Rev-erbβ
expression showed a basal increase in TPH2−/− rats while a
normalization occurred after the acute stress. Since Rev-erbs are
responsible for the proper interlocking feedback loop in the
clock machinery (Lowrey and Takahashi, 2011), the modulations
observed could indicate alterations in the circadian rhythm at
basal level and in the feedback to clock gene activation after
the stress.

All in all, our data confirm the involvement of serotonin
in the proper stress response and that the absence of the
neurotransmitter in the brain interferes with the functionality
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of the HPA axis in the PFC modulating the genomic pathway
activation. Similarly, serotonin depletion affected clock gene
activity at basal level and in response to the acute challenge,
suggesting a potential link between serotonin, stress and
circadian rhythms.
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