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Abstract

Dysregulation of the stress-induced activation of the hypothalamic-pituitary-adrenocortical axis 

can result in disease. Bidirectional communication exists between the brain and the gut, and 

alterations in these interactions appear to be involved in stress regulation and in the pathogenesis 

of neuropsychiatric diseases, such as depression. Serotonin (5HT) plays a crucial role in the 

functions of these two major organs but its direct influence under stress conditions remains 

unclear. To investigate the role of neuronal 5HT on chronic stress responses and its influence on 

the gut microbiome, mice lacking the gene for tryptophan hydroxylase-2 were treated with the 

stress hormone corticosterone (CORT) for 21 days. The intake of fluid and food, as well as body 

weights were recorded daily. CORT levels, expression of glucocorticoid receptors (GR) in the 

brain and the size of the adrenal gland were evaluated. Caecum was used for 16S rRNA gene 

characterization of the gut microbiota. Results show that 5HT depletion produced an increase in 

food intake and a paradoxical reduction in body weight that were enhanced by CORT. Neuronal 

5HT depletion impaired the feedback regulation of CORT levels but had no putative effect on the 
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CORT-induced decrease in hippocampal GR expression and the reduction of the adrenal cortex 

size. Finally, the composition and structure of the gut microbiota were significantly impacted by 

the absence of neuronal 5HT, and these alterations were enhanced by chronic CORT treatment. 

Therefore, we conclude that neuronal 5HT influences the stress-related responses at different 

levels involving CORT levels regulation and the gut microbiome.
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1. Introduction

Stress activates the hypothalamic-pituitary-adrenocortical (HPA) axis and triggers the 

orchestration of neuroendocrine responses that enable the organisms to adapt to internal 

or external environment stimuli (Herman et al., 2016; Young et al., 2020; Zhang et al., 

2017). The HPA axis mobilizes energy reserves through the release of glucocorticoids, to 

meet an organism’s need for resources to cope with and adapt to stressors. Among the 

glucocorticoids (primarily cortisol in humans, corticosterone in rodents; hereafter referred to 

as CORT) released during stress, CORT is the main hormone released by the adrenal cortex 

and it serves as a master in the control of neuronal and signal transduction (Zhang et al., 

2012). Proper regulation of the stress response is essential to avoid an energetically-costly 

HPA axis hyperactivity that could disrupt neuronal circuitries and result in disease (Herman 

et al., 2016; Wei et al., 2019). Monoamine neurotransmitters, particularly serotonin (5HT) 

are affected by stress (Favoretto et al., 2020), and it has been reported that functions 

of both the HPA axis and the 5HT system are commonly dysregulated in stress-related 

psychiatric disorders (Donner et al., 2016). For example, depression is associated with 

elevated basal glucocorticoid levels, dysfunctional negative feedback control of the HPA 

axis (Gillespie and Nemeroff 2005), and altered expression of 5HT effectors (Donner et al., 

2016). While the mechanisms by which 5HT regulates stress responses in the brain are not 

completely understood, it has been found to be a key regulator of glucocorticoid receptor 

(GR) expression (Lai et al., 2003).

A bidirectional communication network exists between the brain and the gut, and the 5HT 

system plays a crucial role in the functions of these two major organs. Besides being 

a crucial transmitter in the brain, 5HT also regulates essential functions in the gut. In 

fact, about 95% of the body’s 5HT is synthesized and stored in the gut (Banskota et al., 

2019). While most of the enteric 5HT is synthesized in the enterochromaffin cells of the 

gastrointestinal mucosa through the tryptophan hydroxylase-1 isoform, the neuronal pool 

of 5HT is synthesized through the tryptophan hydroxylase-2 (TPH2) isoform and performs 

vital functions (Gross et al., 2012). Neuronal 5HT regulates sensory-motor and secretory 

actions in the gut, as well as motility and gastric emptying, and also appears to mediate 

proliferation and turnover of the intestinal mucosa (Gershon, 2013; Gross et al., 2012). 

Recently, it has become clear that the collection of microorganisms and their genomes in 

the intestinal habitat known as the gut microbiome, exerts control at multiple levels within 
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the body beyond the gastrointestinal tract (O’Mahony et al., 2015). While the number of 

microorganisms and host cells are of the same order of magnitude within the human body 

(Sender et al., 2016), the complex role of the gut microbiota within the brain-gut axis is 

just beginning to be elucidated. Nevertheless, it is already apparent that there is substantial 

overlap between the physiological relevance of the gut microbiota and the serotonergic 

system (O’Mahony et al., 2015). This is evidenced by the perturbations in the composition 

of the gut microbiota described in animal models of depression and chronic stress (Dinan 

and Cryan, 2013; Park et al., 2013). This link between the gut microbiota and depression 

is also evident in the alleviative effects of probiotic strains against psychological distress 

(Messaoudi et al., 2011), and in the utilization of antibacterial agents in the modulation 

of depression (Mello et al., 2013; Soczynska et al., 2012). Furthermore, recent preclinical 

studies demonstrated that transplantation of the gut microbiota from chronically stressed 

animals into healthy control mice was capable of inducing depression-like behaviors (Siopi 

et al., 2020). From a clinical perspective, understanding how interactions between neuronal 

5HT and the gut microbiota affect stress responses could ultimately aid in the design of 

targeted treatments.

The CORT mouse model is widely used in preclinical research to further understanding of 

mechanisms of major depression (Demuyser et al., 2016). In this study, we used male mice 

devoid of neuronal 5HT to examine the stress responses induced by chronic administration 

of CORT on elements of the HPA axis and the gut microbiome. We have previously reported 

that these mice do not display a depression-like phenotype at baseline conditions, but they 

do develop this phenotype under chronic stress (Angoa-Perez et al., 2014).

2. Results

2.1. TPH2−/− mice displayed an increased intake of CORT and food, and a reduction in 
body weight that was aggravated by chronic CORT administration

The main effects of genotype (F(3,34) = 10.47; p < 0.0001), time (F(20,680) = 3.84; p < 

0.0001), and the genotype X time interaction (F(60,680) = 3.02; p < 0.0001) were significant 

for fluids intake (Fig. 1A). Post hoc comparisons indicate that in wild-type (WT) mice 

the intake of fluids with vehicle only did not differ from the intake of fluids with CORT. 

However, in TPH2−/− mice the intake of fluids with CORT was significantly higher than the 

intake of fluids with vehicle only (p < 0.05). While no significant genotype differences were 

observed in vehicle-drinking mice, the intake of fluids with CORT was higher in TPH2−/− 

mice than their WT counterparts (p < 0.001).

Similarly, there were significant effects of genotype (F(3,26) = 9.27; p < 0.002), time 

(F(20,520) = 3.74; p < 0.0001), and the genotype X time interaction (F(60,520) = 1.39; p < 

0.03) on food intake (Fig. 1B). Within each genotype, no differences in food intake were 

found when comparing mice drinking fluids with vehicle only to those receiving CORT. 

However, in vehicle-drinking mice, food intake was higher in TPH2−/− than in WT animals 

(p < 0.05). This genotype difference was also evident when comparing food intake in 

CORT-treated mice. TPH2−/− animals consumed significantly more food than their WT 

counterparts on CORT (p < 0.01).
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The effects of genotype (F(3,31) = 15.21; p < 0.0001), time (F(20,620) = 33.51; p < 0.0001), 

and the genotype X time interaction (F(60,620) = 6.78; p < 0.0001) were significant for body 

weight (Fig. 1C). While no differences were detected between vehicle-drinking WT mice 

compared to CORT animals of the same genotype, TPH2−/− mice receiving CORT weighed 

significantly less than TPH2−/− on vehicle (p < 0.05). Between genotypes, TPH2−/− mice 

drinking vehicle had a significantly lower body weight than WT mice on the same fluid (p 

< 0.05). CORT treatment resulted in lower body weight in TPH2−/− mice compared to WT 

animals (p < 0.001).

2.2. Levels of CORT in serum are decreased in TPH2−/− mice

Treatment with CORT had significant effects on the serum levels of this steroid (F(1,21) = 

5.76; p < 0.05; Fig. 2). While the effects of genotype were not significant, the treatment 

X genotype interaction was (F(1,21) = 11.91; p < 0.01). CORT levels in mice receiving 

fluids with vehicle only indicated that basal levels of the steroid were higher in WT than in 

TPH2−/− mice (p < 0.01). CORT treatment induced a significant decrease in CORT serum 

levels in WT mice (p < 0.01) but not in TPH2−/− mice.

2.3. The decreased GR expression induced by chronic CORT administration was brain 
region-dependent

In the hippocampus dentate gyrus (DG), treatment with CORT had a significant effect 

(F(1,24) = 38.15; p < 0.0001) on GR expression, whereas genotype and the interaction 

between genotype X treatment did not (Fig. 3A and 3D). While no differences between 

the two genotypes were present in the expression of GR in the DG, within each genotype 

the expression of these receptors was lower in CORT- than in vehicle-treated subjects (p 

< 0.01 for WT and p < 0.001 for TPH2−/− mice). GR expression in the CA1 area of the 

hippocampus did not show any significant effects of genotype or treatment (Fig. 3B and 3E). 

Although a tendency toward decreased expression of GR was evident in the hypothalamus 

of both WT and TPH2−/− mice treated with CORT versus vehicle-drinking TPH2−/− mice 

(Fig. 3C and 3F), this comparison did not reach statistical significance. There were no 

significant effects of treatment, genotype or their interaction in this brain area.

2.4. Chronic administration of CORT resulted in depression-like behaviors

The effects of genotype (F(1,34) = 8.85; p < 0.01) and CORT treatment (F(1,34) = 38.91; p < 

0.0001) were significant for the splash test, whereas the interaction of genotype X treatment 

was not (Fig. 4). Within each genotype, the grooming time in this test was reduced after 

CORT treatment compared to the groups receiving vehicle (p < 0.0001 for WT mice; p < 

0.0001 for TPH2−/− mice). There were no differences in grooming time between genotypes 

regardless of the treatment.

2.5. Chronic administration of CORT induced adrenal gland morphology and size 
alternations independent of neuronal 5HT

For measures of whole adrenal (Fig. 5A) and adrenal cortex size (Fig. 5B), only the effect 

of CORT treatment was significant (F(1,24) = 31.18; p < 0.0001 for whole adrenal, F(1,22) = 

38.56; p < 0.01 for adrenal cortex); the effects of genotype and the interaction of genotype X 
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treatment were not. The size of the whole adrenal gland was reduced with CORT treatment 

in both genotypes compared to mice drinking vehicle only (p < 0.5 for WT and p < 0.001 for 

TPH2−/− mice).

Similarly, a reduction in adrenal cortex size was detected in CORT-treated WT (p < 0.01) 

and TPH2−/− (p < 0.001) mice compared to vehicle-treated controls.

2.6. TPH2−/− mice displayed gut microbiome alterations that were accentuated by 
chronic CORT administration

The mean ± SEM values of sequences were the following: 156,245 ± 14,309 in WT 

vehicle, 83,016 ± 7,544 in WT CORT, 123,301 ± 21,402 in TPH2−/− vehicle, and 69,410 ± 

10,945 in TPH2−/− CORT. CORT administration resulted in a significantly lower sequences 

number in WT mice compared to their vehicle group (p < 0.05). To ensure that any observed 

differences in microbial diversity among treatment groups were not due to differential 

sequence depth and/or sample coverage, we subsampled each sample to 30,353 sequences, 

which was the lowest number of sequences obtained from any of the samples included in 

α-and β-diversity analyses. Average Good’s coverage values for all treatment groups were at 

least 99.5%, and these values did not differ between CORT-treated and vehicle mice of each 

genotype.

A bimodal analysis of microbial biodiversity was employed by measuring both α- and 

β-diversity. Analyses of the α-diversity indices Chao-1 (Fig. 6A), reverse Simpson (Fig. 

6B), and Shannon (Fig. 6C), did not reveal any significant differences between CORT- or 

vehicle-treated mice in either genotype.

Microbial β-diversity analyses revealed a significant effect of treatment (F(1,17) = 3.04; 

p < 0.0001). The effects of genotype and the interaction between genotype X treatment 

were not significant. Post hoc comparisons for the Jaccard index indicate that WT mice 

receiving vehicle clustered separately from mice in the TPH2−/− vehicle group (p < 0.05). 

CORT treatment had a significant effect on the composition of gut microbial communities 

only in WT mice (p < 0.01), and there were no differences between CORT-treated mice 

when comparing the two genotypes (Fig. 7A). Analyses of the structure of the gut bacteria 

community with the Bray-Curtis index showed differences between the WT and TPH2−/− 

genotypes in vehicle-treated mice (p < 0.05). CORT treatment resulted in changes to the 

structure of gut microbial communities in both WT (p < 0.05) and TPH2−/− (p < 0.05) mice 

as compared to their corresponding vehicle-treated controls (Fig. 7B).

There was a significant effect of genotype on the relative abundance of the most prevalent 

bacteria phyla (F(17,151 = 200; p < 0.0001), as well as an effect of genotype X treatment 

interaction (F(17,151) = 4.12; p < 0.0001). There was no significant effect of treatment 

(Fig. 8). For the Proteobacteria phylum, post hoc comparisons showed statistical differences 

only in the TPH2−/− genotype, with the vehicle-treated group displaying a lower relative 

abundance than the CORT-treated group (p < 0.05). For the Firmicutes phylum, the effects 

were significant only in WT mice, with an increase in the abundance of this phylum in 

the CORT-treated versus the vehicle-treated animals (p < 0.01). The last phylum displaying 

significant effects was Bacteroidetes, with decreases in its relative abundance with CORT 
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treatment in both WT (p < 0.0001) and THP2−/− (p < 0.001) genotypes compared to their 

corresponding genotype group receiving vehicle only (Fig. 8).

When the identities of the operational taxonomic units (OTUs, defined by clustering at 3% 

divergence and 97% similarity) with > 4% relative abundance were arrayed in a heat map for 

each subject from each group, the overall patterns are different within each genotype based 

on treatment and also between genotypes among mice treated equally (Fig. 9).

Linear discriminant analysis effect size (LEfSe) analyses show characteristic (i.e. 

discriminatory) OTUs for each of the four genotype-treatment groups (Fig. 10). Thus, 

these specific OTUs can be considered biomarkers of each condition. For WT mice 

receiving vehicle only, there were 4 characteristic OTUs that belonged to Prevotellacea, 

Bacteroides, Helicobacter, and Porphyromonadaceae, whereas Desulfovi-brionales was the 

only representative OTU of the WT CORT-treated mice. For the TPH2−/− mice receiving 

vehicle, there were 3 characteristic OTUs that included taxa within the Bacteroidetes phylum 

(Por-phyromonadaceae, Bacteroidetes and Bacteroidales), while Erysipelotrichaceae was the 

only OTU representative of the TPH2−/− CORT-treated mice (Fig. 10).

Finally, when the 16S rRNA gene sequences of OTUs with the highest relative abundances 

were taxonomically identified using the NCBI basic local alignment search tool (BLAST), 

four were matched to previously characterized bacterial species with > 99% sequence 

similarity (see Table 1). Bacteroides acidifaciens and Helicobacter hepaticus were identified 

in the WT vehicle-treated mice, Lactobacillus reuteri was identified in the TPH2−/− vehicle-

treated group, and Fecalibaculum rodentium was identified in the TPH2−/− CORT-treated 

mice.

3. Discussion

The lack of neuronal 5HT had a clear effect on food intake and body weight in CORT-

treated mice. While we did not observe differences in food intake or body weight in WT 

vehicle-treated compared to WT mice receiving CORT, the lack of 5HT was associated 

with a higher food intake and a paradoxical lower body weight in TPH2−/− mice (Fig. 

1). It is well known that brain 5HT is a substantial regulator of food intake and appetite 

(D’Agostino et al., 2018). However, data on food intake and body weight in adult TPH2−/− 

mice shows discrepancies. While an early study found a decreased food intake in TPH2−/− 

mice (Yadav et al., 2009), a more recent report of these mice showed a tendency toward 

higher food intake and a significantly greater consumption of calories (van Lingen et al., 

2019). This inconsistency could be explained by the gender of the mice and the methods 

used for measurement. The former report used pooled genders and single-day measurements 

from metabolic cage recordings, whereas the latter measured intake for several days and 

used only females. Our results agree with a higher food intake in TPH2−/− mice and are 

more comparable to the study of van Lingen et al., as we measured intake for 21 days. 

Although neither study reported body weight outcomes, a reduced body weight was reported 

in TPH2−/− females during the first 24 weeks of life and in TPH2−/− males throughout their 

lifespan (Lesch et al., 2012). Our results were consistent with this body weight reduction 

in TPH2−/− males and showed that CORT did not change these outcomes in food intake or 

Angoa-Pérez et al. Page 6

Brain Res. Author manuscript; available in PMC 2021 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



body weight. Interestingly, CORT intake was significantly increased only in TPH2−/− mice 

compared to the vehicle-treated group (Fig. 1).

Produced in the adrenal cortex, CORT is the major stress hormone in rodents that regulates 

stress-induced HPA axis activity (Mishima et al., 2015; Spiga and Lightman, 2015). There 

appears to be a consensus that chronic stress in rodent models results in increased levels 

of CORT (Karatsoreos et al., 2010; Ulrich-Lai et al., 2006). However, we observed higher 

baseline CORT levels in WT vehicle-treated compared to TPH2−/− vehicle-treated mice, 

and a decrease in this steroid in WT mice after repeated CORT administration (Fig. 2). We 

explain this outcome by a CORT-mediated negative feedback in WT mice. There is evidence 

that CORT can negatively regulate HPA axis activators such as the corticotropin-releasing 

hormone (CRH). Although we did not measure CRH levels, it is known that GR mediate 

this hormone actions and are highly expressed in hypothalamic CRH neurons (Gjerstad 

et al., 2018). Albeit not significant, expression of GR in the hypothalamus showed a 

tendency to a decrease and it was significantly reduced in the hippocampus (see Fig. 3). 

Early neuroanatomic evidence in rodents exists that hypothalamic 5HT-containing nerve 

terminals make direct input to CRH neurons to activate pituitary-adrenocortical secretion 

(Fuller 1996), and it has been shown that 5HT stimulates corticosteroid secretion in various 

species including humans (Contesse et al., 2000). These neuroanatomic findings support the 

pharmacologic evidence that activation of brain serotonergic function increases the release 

of CRH, adrenocorticotropic hormone and CORT. This is consistent with our findings of 

lower baseline CORT in serum of TPH2−/− mice, in which the lack the 5HT input for CORT 

release could explain the decrease in this steroid. Furthermore, it is important to emphasize 

that in addition to the baseline differences in CORT levels observed in the two genotypes, 

the regulation of CORT by neuronal 5HT was also evidenced by the blunted levels of this 

steroid after chronic stress in TPH2−/− mice.

Several findings suggest that CORT and GR are involved in the pathology of depression 

(Wang et al., 2019). The hippocampus is considered one of the most sensitive brain 

structures to stress, and in this area as well as in other brain regions, GR participate in 

adjusting responses to cope with stress through a negative feedback mechanism (McEwen 

2007). Early postmortem analyses revealed that the levels of GR mRNA are decreased in 

the hippocampus of depressed suicidal patients (Modell et al., 1997). Our results show that 

GR expression in the DG was significantly decreased in both genotypes by chronic CORT 

administration (Fig. 3A). Early studies identified this subregion of the hippocampus as the 

neural substrate of the effects of GR activation on the adapted responses to stress (De Kloet 

et al., 1988). These results agree with studies showing that repeated stress reduced GR 

expression in the hippocampus (Gadek-Michalska et al., 2013), specifically in the DG and 

CA1 subregions of male rats (Kitraki et al., 2004). Although GR expression in the DG was 

robust, our conclusions for these receptors expression in other brain regions are limited by 

the small sample size analyzed. While GR expression in the CA1 subregion was also lower 

in CORT-treated mice of both genotypes, these changes were not statistically significant 

(Fig. 3B). These trends toward a decreased GR expression with CORT also apply to the 

hypothalamus (Fig. 3C), and although the reduction seems more accentuated in TPH2−/− 

mice, it still did not reach significance. The similarities in GR expression in WT and 
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TPH2−/− mice independent of the brain structure suggests that the depletion of brain 5HT 

does not have a major impact in the modulation of these receptors in those selected regions.

We have previously reported that TPH2−/− mice do not show a depression-like phenotype 

at baseline conditions, but they do develop this phenotype under chronic stress conditions 

(Angoa-Perez et al., 2014). The results from the chronic CORT administration in the current 

study confirm this notion and indicate there were no added effects evoked by the lack of 

neuronal 5HT as no genotype differences were found in the splash test (see Fig. 4).

The association between hyperactivity of the HPA axis and depression has been one of the 

most consistently reported findings in psychiatry (Juruena et al., 2018). Studies have looked 

at the morphology of effector organs, such as the adrenal glands to relate a possible HPA-

dysregulation to organ function but the findings are heterogeneous (Kessing et al., 2011). 

While early evaluations of patients suffering from depression reported an enlargement of 

the adrenal gland (Rubin et al., 1996; Nemeroff et al., 1992), a more recent postmortem 

study identified no size differences in the adrenal region producing stress hormones in 

individuals with depressive disorder (Busch et al., 2020). Although preclinical studies have 

documented that chronic stress is associated with increases in adrenal weight (Kulkarni and 

Juvekar 2008) and hypertrophy (Ulrich-Lai et al., 2006), these changes seem to be specific 

to the sub-region of the adrenal cortex analyzed. While the zona glomerulosa experiences 

an increased cell density after stress, the inner zona fasciculata of the adrenal cortex and the 

medulla exhibited a decreased cell density (Ulrich-Lai et al., 2006). Moreover, other studies 

in rodents using a low and a high dose of CORT for 4 weeks reported decreases in weight of 

whole adrenals in both instances (Karatsoreos et al., 2010). Our results agree with those of 

Karatsoreos et al., as we clearly show a reduction in whole adrenal size and its cortex region, 

indicating that the effect of chronic CORT was associated with shrinkage rather than with 

hypertrophy (Fig. 5). This reduction in the adrenal cortex could explain the decreased levels 

of CORT measured in serum given that other studies have shown an association between the 

size of the adrenal with its production of CORT (Ulrich-Lai et al., 2006).

Clinical data have revealed that the gut microbiome is altered in patients with depression 

(Jiang et al., 2015), and preclinical studies also indicate that these intestinal bacteria are 

sensitive to the effects of depression (Dinan and Cryan, 2013; Partrick et al., 2018). To 

our knowledge, there are no published reports on gut microbiome status in the TPH2−/− 

mouse model. Data on the effects of chronic stress alone on α-diversity are variable. Reports 

using models with stressors over a time period similar to the one used in this study showed 

no differences in α-diversity measured by the Shannon index at the phylum level (Guo 

et al., 2019). Conversely, studies inflicting stress for a longer period (8 weeks), showed a 

lower Shannon index in the stress group versus controls (Siopi et al., 2020). Furthermore, 

measures of microbial richness (Chao-1 index) and α-diversity assessed by other indices 

such as Simpson and Shannon yielded no changes in mice subjected to chronic social defeat 

stress versus controls (Xie et al., 2020). Our results showed no differences in α-diversity 

in vehicle- or CORT-treated animals regardless of the genotype (Fig. 6). This suggests 

that the changes in α-diversity could emerge at lower taxonomic levels and after a more 

prolonged stress period. In terms of β-diversity, the lack of neuronal 5HT was associated 

with alterations in both the composition (Jaccard) and structure (Bray-Curtis) of the gut 
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bacteria communities (Fig. 7). There seems to be an agreement that chronic stress causes 

intestinal bacterial to cluster differently from controls regardless of the paradigm used 

(Gao et al., 2018; Siopi et al., 2020; Xie et al., 2020). Our results are consistent with this 

differential clustering in the principal coordinate analysis of WT vehicle-treated versus WT 

CORT-treated mice for both the composition and structure of the gut bacteria communities 

(Fig. 7). However, in TPH2−/− mice only the microbial community structure was changed 

by CORT, whereas the composition remained unaffected. These original findings are novel 

and add the modulation of the gut microbiome to the already ample repertoire of functions 

regulated by neuronal 5HT. At the level of bacterial phylum, chronic stress promoted a shift 

toward a reduction in Bacteroidetes and an increase in Firmicutes (Xie et al., 2019), two 

of the most prominent phyla in the intestines of mice and humans. We showed this shift 

to be true in WT mice but the relative abundance of Firmicutes in TPH2−/− mice treated 

with CORT, while higher than in TPH2−/− vehicle-treated subjects, did not reach statistical 

significance (Fig. 8). As observed in WT mice, the relative abundance of Bacteroidetes in 

TPH2−/− mice was lower with CORT treatment, suggesting that brain 5HT also influences 

the effects of stress on the gut bacteria composition. Interestingly, CORT administration 

increased the relative abundance of Proteobacteria only in TPH2−/− mice. Proteobacteria 

has been proposed as a microbial signature of gut dysbiosis, as its proliferation has been 

associated with increased risk of metabolic diseases (Shin et al., 2015). The exclusive 

increases in Proteobacteria in TPH2−/− subjects treated with CORT could be indicative 

of the role of neuronal 5HT as a protection factor against microbiota imbalances in stress 

conditions. All these 5HT- and stress-driven effects are evident in the heat map (Fig. 9), 

where the top 25 OTUs with relative abundances greater than 4% cluster separately based 

upon genotype and treatment.

LEfSe analyses revealed the presence of specific taxa that were more relatively abundant in 

one genotype-treatment group than in others. Thus, these microbial taxa could be considered 

bacterial biomarkers of each condition. These differences in taxa indicate basal genotype 

differences and also CORT-treatment effects specific to each genotype (Fig. 10). The WT 

vehicle-treated mice were characterized by taxa identified to the level of order, family 

and genus, with a majority of members from the phylum Bacteroidetes and one from 

Proteobacteria. The TPH2−/− vehicle-treated mice had representative taxa identified to the 

level of order, family and phylum with all 3 taxa from the phylum Bacteroidetes. The 

gut microbial communities of WT CORT-treated mice were characterized by bacteria in 

the order Desulfovibrionales, which belongs to the phylum Proteobacteria, while those 

of the TPH2−/− CORT-treated mice were characterized by bacteria in the family Erysi-

pelotrichaceae, which belongs to the phylum Firmicutes.

Of the characteristic OTUs identified at the species level, B. acidifaciens was representative 

of the WT vehicle-treated group (Table 1). B. acidifaciens is a human commensal bacterium 

and it has been shown to be capable of preventing obesity and improving insulin sensitivity 

in mice (Yang et al., 2017). H. hepaticus, also present in the WT vehicle-treated group, has 

been found to colonize the lower intestine of mice without activating immune responses 

(Danne and Powrie 2018). While not strictly a commensal bacterium, H. hepaticus has 

the ability to induce anti-inflammatory responses in intestinal macrophages under host 

maladaptive events (Danne and Powrie 2018). Thus, it appears logical that these two 
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seemingly beneficial bacterial species were characteristic of the WT vehicle-treated group, 

which was not treated with CORT or lacked neuronal 5HT. Interestingly, L. reuteri, 
characteristic of the TPH2−/− vehicle-treated group, was effective in attenuating the 

depressive-like behaviors induced by chronic stress in mice through mechanisms involving 

5HT regulation (Xie et al., 2020). Among the influence that L. reuteri exerted on the 5HT 

system were the increased the expression of its biosynthetic enzymes and the suppression 

of the tryptophan metabolism along the kynurenine pathway (Xie et al., 2020). While the 

expression of TPH2 could not be modulated by L. reuteri in constitutive TPH2−/− mice, 

the kynurenine pathway remains a possible target. Further studies are needed to corroborate 

this proposed effector but the characterization of L. reuteri as the representative bacterium 

in TPH2−/− mice supports its close association with the 5HT system. The TPH2−/− 

CORT treated mice were characterized by an increased abundance of F. rodentium, whose 

major metabolic end product is lactic acid (Zagato et al., 2020). It has been reported that 

accumulation of lactate in the colon has adverse effects on host health as high fecal lactate is 

associated with ulcerative colitis and bowel inflammation (Langille et al., 2014). Therefore, 

the increases in F. rodentium suggest the production of lactate as a factor mediating the 

effects of brain 5HT in the alterations produced by chronic stress.

While no gender differences in stress responses were found in previous studies with TPH2−/

− mice, it is possible that the lack of neuronal 5HT could affect the composition of the 

gut microbiota differently in males and females. Studies have shown sex-related changes in 

the gut microbiome (Kim et al., 2020), and a modulation of metabolic functions by female 

hormones that is mediated by the gut microbiome (Kaliannan et al., 2018). Therefore, 

further studies in TPH2−/− females are needed to address these possibilities.

4. Conclusion

The results from the present study lead us to conclude that brain 5HT influences the effects 

chronic CORT at levels involving the HPA axis and the gut microbiome. Under basal 

conditions, TPH2−/− mice display a higher food intake and a paradoxical lower body weight 

that are aggravated by CORT. Although TPH2−/− mice do not exhibit depression-like 

behaviors under baseline circumstances, repeated administration of CORT resulted in a 

depressive-like phenotype. The feedback regulation of CORT levels under stress conditions 

was impaired in the absence of brain 5HT. However, the adrenal gland hypotrophy and the 

reduced adrenal cortex size induced by chronic CORT were not affected by the absence of 

central 5HT. Similarly, chronic CORT was associated with a reduced GR expression in the 

hippocampus DG and a tendency to lower levels in the hippocampus CA1 subregion and 

in the hypothalamus, all of which were not altered by the lack of neuronal 5HT. Finally, 

the composition and structure of the gut microbial community was significantly impacted 

in the absence of neuronal 5HT, and these alterations were enhanced by chronic CORT. 

More specifically, increases in Proteobacteria and members from Erysipelotrichaceae were 

exclusive of the combination of both CORT-induced stress and depletion of neuronal 5HT.
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5. Experimental procedure

5.1. Subjects

Mice genetically modified to lack TPH2, the rate-limiting enzyme in the synthesis of brain 

5HT, were generated on a C57BL/6 genetic background, as formerly described (Anneken 

et al., 2019; Thomas et al., 2010). Male TPH2−/− and WT littermates (8–14 weeks of 

age) were derived from heterozygous progenitors. Animals were individually housed in a 

room with monitored temperature and humidity and with alternating 12 h periods of light 

and darkness. No differences in stress responses of TPH2−/− mice were found by gender 

(Angoa-Perez et al., 2014), thus for this study only males were used. This study was carried 

out in strict accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. The protocol was approved by the 

Institutional Care and Use Committee of Wayne State University.

5.2. CORT administration

CORT was administered to individually housed TPH2−/− and WT mice in the drinking 

water for 21 days as previously described (Gasparini et al., 2016). Briefly, CORT powder 

(Sigma C2505) was first dissolved in 100% molecular grade ethanol and then added to 

the drinking water to the final concentration of 50 μg CORT/mL and 1% ethanol. Controls 

for each genotype received CORT vehicle in place of CORT. Each group contained the 

following sample sizes: WT vehicle n = 10, WT CORT n = 10, TPH2−/− vehicle n 

= 8, and TH2−/− CORT n = 10. Fresh solutions were prepared every other day and 

administered in graduated glass tubes (Braintree Scientific, Braintree, MA). Sipper tubes 

contained ball bearings to minimize loss of fluid to drippage. Mice had access to food 

and fluids ad libitum. Diet consisted of standard laboratory rodent chow (LabDiet 5001) 

containing 28.5% protein, 13.5% fat, and 58% carbohydrates. Intake of fluids and food 

as well as body weights were quantified daily throughout the treatment. Fluid intake was 

determined by weighing each bottle at the start of the test period and subtracting their 

weights after 24 h. Consumption for each mouse was normalized to body weight and 

presented as g of consumed food or fluid/g of body weight/24 h period. At the end of 

CORT administration, mice were sacrificed by decapitation and their brains were dissected 

for immunohistochemistry. In addition, serum samples were isolated from trunk blood to 

measure CORT levels using a high sensitivity ELISA (R & D Systems), and caecum samples 

collected for microbiome analyses. Samples were collected during the light phase between 

09:00 and 11:00 am to avoid circadian variations of CORT.

5.3. Immunohistochemical analyses

Immunohistochemistry was performed as previously described (Briggs et al., 2016) with 

slight modifications. Coronal sections (30 μm) containing hippocampus and hypothalamus 

within the coordinates of bregma -1.355-mm and -1.955-mm were selected for analysis. 

Fixed sections were incubated with a rabbit monoclonal antibody against GR (D6H2L; Cell 

Signaling; 1:500) at 4 °C overnight. Primary antibody amplification was achieved using the 

Vectastain Elite ABC kit (Vector Labs, Burlingame, CA) according to the manufacturer’s 

instructions. Sections were washed with PBS in between incubations. Diaminobenzidine 

staining solution (Vector Labs, Burlingame, CA) was added to each section for 5–10 min at 
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room temperature until sufficient color developed and the reaction was stopped with PBS. 

Sections were mounted on Fisher SuperFrost Plus Slides, dehydrated through graded ethanol 

washes, incubated in Citrisolv for 5 min, and coverslipped with Permount. Slides were 

allowed to dry overnight before viewing. Images were acquired at × 10 magnification using 

an Olympus BX51 microscope with a DP71 camera. Immunoreactivity was quantified with 

ImageJ software version 1.48v (NIH, Bethesda, MD; http://imagej.nih.gov/ij).

5.4. Splash test

To gauge motivational and self-care behavior, the splash test was performed as previously 

described (Angoa-Perez et al., 2014). In short, this test involves spraying a 10% sucrose 

solution onto the dorsal coat of a mouse in its home cage. This mildly sticky solution 

induces self-grooming the duration of which was recorded for 5 min by an observer blinded 

to mouse genotype. A reduced grooming time is considered a depression-like outcome.

5.5. Adrenal gland size and morphology

At the end of CORT administration, adrenal glands were removed bilaterally and fixed 

in 4% saline-buffered paraformaldehyde for at least 24 h. Fixed adrenal glands were 

cryoprotected in 30% sucrose for 48 h and frozen for sectioning. The entire adrenal 

gland was sectioned (30 μm) through its longest surface plane and the size of the whole 

adrenal was calculated by multiplying the total number of sections by the thickness. 

For measurement of the adrenal cortex, the largest section per adrenal was stained with 

hematoxylin and eosin (1 min each), dehydrated through graded ethanol washes, cleared 

with Citrisolv and coverslipped with Permount. Images at × 10 magnification were acquired 

using an Olympus BX51 fluorescence microscope with a DP71 camera. Cortices were 

measured longitudinally using the Olympus MicroSuite™ FIVE software for imaging 

applications.

5.6. Microbiome analysis

At the end of CORT administration, caecum contents were collected, immediately frozen 

in dry ice and stored at -80° C until further analysis. 16S rRNA genes in the caecum were 

sequenced as reported previously (Angoa-Perez et al., 2020). Briefly, bacterial DNA was 

extracted and purified using the QIAamp PowerFecal DNA Kit. The V4 hypervariable 

region of the bacterial 16S rRNA gene was amplified using dual indexed, Illumina 

compatible primers and the library was loaded onto an Illumina MiSeq standard V2 flow cell 

for sequencing in a 2x250bp paired end format. The 16S rRNA gene sequences from the 

paired fastq files were trimmed, screened and aligned using mothur (Schloss et al., 2009), 

in accordance with the MiSeq SOP protocol (https://www.mothur.org/wiki/MiSeq_SOP). 

Sequences were binned into OTUs defined by clustering at 3% divergence (97% similarity). 

Microbiome α-diversity was characterized using the Chao1 (i.e. community richness), 

Shannon and Simpson (1-D) (i.e. community heterogeneity) indices and the bacterial 

community data were thereafter visualized and statistically analyzed using PAST software 

(v3.20; (Hammer et al., 2001)). Microbial β-diversity was assessed using the Jaccard 

(i.e. shared composition) and Bray-Curtis (i.e. shared structure) indices based on OTU 

relative abundance data. High-dimensional class comparisons were carried out with linear 

discriminant analysis effect size (LEfSe) in an on-line interface (Afgan et al., 2018), using 
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default parameters with the exception that the LDA score was set to 3.6. Heat maps 

were generated using MetaboAnalyst 4.0 (Chong et al., 2018). All sequencing data were 

registered with the NCBI BioProject database and are publicly available under the ID: 

PRJNA666206.

5.7. Data analysis

CORT and food intake as well as body weight were analyzed with repeated-measures two-

way ANOVA followed by Tukey’s pairwise comparisons, using GraphPad Prism (v6.07) for 

Windows (GraphPad Software, La Jolla, CA, USA). The CORT ELISA, splash test, adrenal 

size and GR expression data were analyzed with two-way ANOVA followed by Tukey’s 

multiple comparisons in Prism. Variation in the number of 16S rRNA gene sequences and 

Good’s coverage values among murine genotype and treatment groups were analyzed with 

one-way ANOVA followed by Tukey’s post hoc comparisons using Prism. The indices for 

α-diversity were obtained using PAST software (v 3.20), and statistically analyzed with two-

way ANOVAs with Prism. The indices for β-diversity were both calculated and analyzed 

statistically with PAST using a two-way NPMANOVA (genotype X treatment). This 

analysis was followed by post hoc comparisons with one-way NPMANOVAs. Taxonomic 

distributions at the level of phylum were analyzed with a two-way ANOVA followed by 

Bonferroni’s multiple comparisons tests, using Prism. LEfSe analyses were carried out using 

the Galaxy platform (Afgan et al., 2018) with default parameters (excluding using and LDA 

score of 3.6) and “all-against-all” comparisons.
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Fig. 1. 
Fluids intake (A), food intake (B) and body weight (C) in WT (n = 8–10) and TPH2−/− (n = 

6–9) mice treated with corticosterone (CORT) or vehicle over 21 days. Intakes are shown in 

g of consumed fluids or food/g of body weight/24 h. Mean ± SEM.
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Fig. 2. 
Corticosterone (CORT) levels in serum of WT (n = 5–8) and TPH2−/− (n = 5–7) mice. 

Values are mean ± SEM. *p < 0.05, **p < 0.01.
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Fig. 3. 
Photomicrographs of glucocorticoid receptors (GR) immunoreactivity in the hippocampus 

dentate gyrus (A), hippocampal CA1 area (B) and hypothalamus (C) of WT (n = 6–7) 

and TPH2−/− (n = 7–8) mice treated with corticosterone (CORT) or vehicle over 21 days. 

Expression of GR in the dentate gyrus (D), CA1 area (E) and hypothalamus (F) the subjects 

mentioned above. Scale bars represent 500 μm. Values are mean ± SEM. **p < 0.01, ***p < 

0.001.

Angoa-Pérez et al. Page 20

Brain Res. Author manuscript; available in PMC 2021 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 4. 
Time that WT (n = 9–10) and TPH2−/− (n = 9–10) mice treated with corticosterone (CORT) 

or vehicle spent grooming in the splash test. Mean ± SEM values. ***p < 0.001.
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Fig. 5. 
Whole adrenal gland size (A), adrenal cortex size (B) and hematoxylin-eosin staining of 

adrenal glands (C) in WT (n = 7–8) and TPH2−/− (n = 6–7) mice treated with corticosterone 

(CORT) or vehicle over 21 days. Scale bars represent 250 μm. Values are mean ± SEM. *p < 

0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. 
Scatter plots of the indices of microbial α-diversity Chao-1 (A), reverse Simpson (B), and 

Shannon (C) in WT (n = 5–7) and TPH2−/− (n = 6–7) mice treated with corticosterone 

(CORT) or vehicle over 21 days. Values are mean ± SEM.
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Fig. 7. 
Principal coordinate analyses of the microbial β-diversity indices Jaccard (A) and Bray-

Curtis (B) in WT (n = 5) and TPH2−/− (n = 5–6) mice treated with corticosterone (CORT) 

or vehicle (Veh) over 21 days.
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Fig. 8. 
Relative abundance (%) of the most prominent bacterial phyla in WT (n = 5) and TPH2−/− 

(n = 5–6) mice treated with corticosterone (CORT) or vehicle (Veh) over 21 days.
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Fig. 9. 
Heat map illustrating patterns in the top 25 operational taxonomic units with relative 

abundance greater than 4% in WT (n = 5) and TPH2−/− (n = 5–6) mice treated with 

corticosterone (CORT) or vehicle over 21 days. All subjects in each group are arrayed in 

columns and bacterial taxonomies are indicated in rows. Clustering along the y-axis was 

done using the Ward algorithm.
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Fig. 10. 
Bacterial taxa that were differentially abundant across the WT and TPH2−/− genotypes 

treated with corticosterone (CORT) or vehicle (Veh). LEfSe was carried out using the 

Galaxy Project and the results are displayed as bars, the lengths of which are indicative 

of the linear discriminant analysis score for each operational taxonomic unit (OTU). The 

taxonomic identity of each OTU is indicated to the left of each bar. All groups are 

statistically significant compared to each other (LDA > 3.6).
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Table 1

OTUs identified by BLAST with a 16S rRNA gene sequence identity ≥ 99% to the specified bacterial species 

across the WT and TPH2− /− genotypes treated with corticosterone or vehicle.

OTU # Bacteria sp. Identity (%) Group

OTU0004 Bacteroides acidifaciens 100 WT Vehicle

OTU0037 Helicobacter hepaticus 100 WT Vehicle

OTU0072 Lactobacillus reuteri 99.6 TPH2−/− Vehicle

OTU0090 Fecalibaculum rodentium 99.2 TPH2−/− CORT
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