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Abstract
Obesity, associated with the intake of a high-fat diet (HFD), and anxiety are common among those living in 
modern urban societies. Recent studies suggest a role of microbiome-gut-brain axis signaling, including a role for 
brain serotonergic systems in the relationship between HFD and anxiety. Evidence suggests the gut microbiome 
and the serotonergic brain system together may play an important role in this response. Here we conducted a 
nine-week HFD protocol in male rats, followed by an analysis of the gut microbiome diversity and community 
composition, brainstem serotonergic gene expression (tph2, htr1a, and slc6a4), and anxiety-related defensive 
behavioral responses. We show that HFD intake decreased alpha diversity and altered the community composition 
of the gut microbiome in association with obesity, increased brainstem tph2, htr1a and slc6a4 mRNA expression, 
including in the caudal part of the dorsomedial dorsal raphe nucleus (cDRD), a subregion previously associated 
with stress- and anxiety-related behavioral responses, and, finally, increased anxiety-related defensive behavioral 
responses. The HFD increased the Firmicutes/Bacteroidetes ratio relative to control diet, as well as higher relative 
abundances of Blautia, and decreases in Prevotella. We found that tph2, htr1a and slc6a4 mRNA expression were 
increased in subregions of the dorsal raphe nucleus in the HFD, relative to control diet. Specific bacterial taxa were 
associated with increased serotonergic gene expression in the cDRD. Thus, we propose that HFD-induced obesity 
is associated with altered microbiome-gut-serotonergic brain axis signaling, leading to increased anxiety-related 
defensive behavioral responses in rats.
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Introduction
Obesity and anxiety disorders are often comorbid [1] and 
are increasing in modern urban societies [2, 3]. Inflamma-
tory signaling is thought to be important in this comor-
bidity [1]. In animal models, high-fat diet (HFD)-induced 
obesity increases neuroinflammation and anxiety-related 
defensive behavioral responses [4–6]. For instance, we 
have recently shown that rats given a HFD respond with 
increased neuroinflammation in brain regions that con-
trol anxiety-related defensive behavioral responses [6]. 
Although the mechanism involved in the effects of HFD 
on neuroinflammation and anxiety-related defensive 
behavioral responses are not fully understood, altered 
microbiome-gut-brain (MGB) axis signaling is thought 
to play an important role [7, 8]. HFD-induced changes 
in the diversity and community composition of the gut 
microbiome are fundamental in determining health and 
disease through changes in innate immunity, inflamma-
tion, and cognitive function [9, 10]. Gut dysbiosis – a 
condition where the microbiome presents an unhealthy 
imbalance in bacterial diversity and community compo-
sition – induces inflammation and neuroinflammation, 
alters brain serotonergic signaling, and increases anxiety-
like defensive behavioral responses [4, 8, 9, 12].

The brain’s serotonergic system plays an important role 
in regulating emotional behavior, including anxiety-like 
defensive behavioral responses [13–15]. The dorsal raphe 
nucleus (DR) is the main source of serotonin in the brain 
[16], and serotonergic projections arising from the DR 
modulate different aspects of emotional behavior and 
cognition [17]. Specifically, the activation of serotoner-
gic neurons in the dorsal part of the dorsal raphe nucleus 
(DRD), and the caudal part of the dorsal raphe nucleus 
(DRC) facilitate anxiety-like responses [18]. The caudal 
aspect of the DRD nucleus (cDRD), also referred to as 
the dorsomedial DR (for a description of nomenclature, 
see Table 4 in [13], which has strong projections to fore-
brain systems controlling emotional behavior, is believed 
to be a key player in controlling anxiety-related defensive 
behavioral responses in rodents [13, 14, 19, 20] and dis-
plays increased expression of TPH2 mRNA, encoding the 
neuronal isoform of tryptophan hydroxylase, TPH2, in 
persons with depression who died by suicide [21].

Previous studies have shown that a HFD can influence 
serotonergic signaling. For instance, male rats fed a HFD 
for 12 weeks had higher levels of serotonin (5-hydroxy-
tryptamine; 5-HT) in the hippocampus [5]. However, 
the mechanisms underlying the effects of HFD on sero-
tonergic signaling are not well understood. Interestingly, 
tph2, which encodes tryptophan hydroxylase 2, the rate-
limiting enzyme for the synthesis of 5-HT in the central 
nervous system of rodents, impacts emotional behavior 
[22, 23]. Likewise, other genes related to 5-HT signal-
ing, such as htr1a and slc6a4, have also been linked to 

anxiety-related defensive behavioral responses in rodents 
[24–26]. The HTR1A gene, which encodes the 5-hydroxy-
tryptamine receptor 1  A, an autoreceptor that controls 
serotonergic neuronal firing rates and thus the synthesis 
and release of serotonin, has been associated with gen-
eralized anxiety disorder and panic disorder [27, 28]. The 
SLC6A4 gene, which encodes the sodium dependent, 
high-affinity, low-capacity serotonin transporter, regu-
lates extracellular and synaptic serotonin concentrations, 
and has been associated with anxiety-related tempera-
mental dimensions [29], and depression [30].

Previous studies suggest that animals fed a HFD have a 
higher risk of developing anxiety-related defensive behav-
iors, but the underlying mechanisms remain unknown. 
Given the aforementioned knowledge gap, we hypothe-
sized that a HFD alters the gut microbiome diversity and 
community composition, increases the serotonergic gene 
expression in the cDRD, and induces anxiety-related 
defensive behavioral responses in male Wistar rats. Thus, 
in the present study, we investigated the effects of a HFD 
treatment for 9 weeks on the gut microbiome, expres-
sion of tph2, htr1a and slc6a4 genes in the brainstem 
raphe nuclei, and anxiety-related defensive behavioral 
responses in adult male Wistar rats.

Materials and methods
Animals and ethics statement
Male Wistar rats weighing 100 ± 10  g (5–6 weeks old) 
were provided by the Center of Animal Science from 
the Federal University of Ouro Preto (CCA/UFOP) and 
housed in groups of four in acrylic cages (34  cm width 
x 41  cm length x 17  cm height) and kept in the main-
tenance animal facility annex to the Cardiovascular 
Physiology Laboratory for 9 weeks. Adolescence in rats 
consists of early adolescence [prepubescent or juve-
nile, postnatal day (pnd) 21–34], middle adolescence 
(periadolescent, pnd 35–46), and late adolescence (pnd 
47–59) time periods [31]. Since rats were subjected to 
the protocol around five weeks of age, they were in the 
middle-adolescence period (pnd 35–42) upon arrival, 
and adulthood (pnd ≥ 91–98) at the time of behavioral 
testing [31]. During the experiment, animals were kept 
in the maintenance facility annex to the Cardiovascular 
Physiology Laboratory. Animals were kept under a light/
dark cycle of 12:12 h (lights on at 6 am), controlled tem-
perature (23 ± 1 ºC), and controlled noise (60–80 dB) with 
free access to food and tap water. All procedures were 
approved by the Institutional Animal Care and Use Com-
mittee (CEUA#2015/16) and performed according to the 
regulations set forth by the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals, and 
the National Council for the Control of Animal Experi-
mentation (CONCEA).
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Experimental design
The effects of HFD feeding on gut microbiome diversity 
and community composition, central serotonergic sys-
tems, and anxiety-like defensive behavioral responses in 
the EPM, LDB and OF tests were assessed. Rats fed with 
a control diet (CD; N = 12) or HFD (N = 12) were group 
housed in groups of four according to their diet treat-
ment for 9 weeks. During this period, fecal pellets were 
collected once a week, for later microbiome analysis. 
The first day of the diet protocol was considered day 0. 
On day 63 (1st day of behavioral testing), animals were 
transferred to the experimental room, 30 min before the 
beginning of the behavioral testing, under controlled 
temperature (23 ± 1 ºC), noise (60–80 dB), and luminos-
ity (∼ 60 lx). All behavioral tests took place between 9:00 
am and 5:00 pm. Animals were placed on the EPM facing 
one of the enclosed arms of the apparatus, and allowed to 
freely explore the center and the four arms of the appa-
ratus for 300  s. Both groups (i.e., CD and HFD) were 
tested in the same period of the day, alternating between 
CD and HFD cages. After behavioral testing on the EPM, 
rats were returned to the animal maintenance facility. 
On day 64 (2nd day of behavioral testing), animals were 
transferred to the same experimental room, under the 
same experimental conditions. Animals were placed in 
the dark part of the LD apparatus for 30 s with the door 
closed, and then, as previously described [32], allowed to 
freely explore the testing environment for 300 s. Imme-
diately following this test, animals were removed from 
the LDB and put in the center area of the OF arena (60–
70 lx) and allowed to freely explore for 300 s. At the end 
of the experimental procedures, rats were regrouped 
in their original home cage and returned to the animal 

maintenance facility. All tests were video recorded for 
later behavioral analyses. On day 65, all animals were 
euthanized using rapid decapitation, and their brains 
were removed for in situ hybridization histochemistry 
for analysis of tph2, htr1a, and slc6a4 mRNA expres-
sion in the dorsal raphe nucleus (DR), median raphe 
nucleus (MnR), pontomesencephalic reticular formation 
(PMRF), and B9 serotonergic cell group. Adipose tissue 
was removed for confirmation of the effects of HFD on 
adiposity (see Fig. 1 for details).

Diet
Male Wistar rats were randomly divided into two groups 
based on diet protocol: (1) fed with a standard control 
diet (CD; NuviLab®; Table S1) with 11% kcal/g fat; or (2) 
fed with a high-fat diet (HFD; PragSoluções Biociências, 
Comércio e Serviços Ltda; Table S1) with 45% kcal/g fat, 
as previously described [4, 6]. Changes in body compo-
sition induced by HFD feeding were evaluated for final 
body weight, body weight gain, and adiposity index (AI; 
calculated by the sum of epididymal, retroperitoneal, and 
inguinal visceral white fat pad weight divided by final rat 
weight x 100), as shown in Table S2.

Behavioral apparatus
To investigate anxiety-related defensive behavioral 
responses in rodents we applied a sequence of three 
behavioral tests commonly used in this context: the 
elevated plus-maze (EPM), the light/dark box (LDB), 
and the open-field (OF). The EPM (Insight®, Ribeirão 
Preto, Brasil) was made of wood with four arms of equal 
dimensions (50 cm length x 12 cm width), wherein, two 
arms were enclosed by 40-cm high walls, and two arms 

Fig. 1 Experimental timeline. Beginning at about 5 or 6 weeks of age (postnatal day (pnd) 35–42; post-weaning period; 100 g ± 10 g), adolescent male 
rats were housed in groups of 4 per cage. Animals were fed either a standard control diet (CD) or a 45% high-fat diet (HFD), for 9 weeks, until the young 
adult age (pnd 98–105). Fecal stool samples were collected from both CD and HFD animals, once a week during the nine weeks of the diet protocol, for 
analysis of the fecal microbiome. Rats were subjected to the elevated plus-maze (EPM) test on day 63 and the light/dark box (LDB) test on day 64 followed 
by the open-field (OF) test to assess anxiety-like behavior. Twenty-four hours following the behavioral tests, rats were euthanized, and their fat pad tissues 
(epididymal, inguinal, and retroperitoneal) were removed for determination of the adiposity index (AI). Further, brains were removed, and flash frozen in 
liquid isopentane, wrapped in aluminum foil and stored at − 80 ºC in preparation for in situ hybridization histochemistry for analysis of tph2, htr1a, and 
slc6a4 mRNA expression in the brainstem raphe nuclei. Abbreviations: AI, adiposity index; CD, control diet; EPM, elevated plus-maze; HFD, high-fat diet; 
LDB, light/dark box; OF, open-field

 



Page 4 of 21de Noronha et al. Biological Research           (2024) 57:23 

were open and only surrounded by a 1 cm tall Plexiglas® 
(polymethyl methacrylate) rim to avoid falls. The maze 
was elevated 50 cm above the floor. Rats were placed in 
the central area of the EPM, facing one of the enclosed 
arms, and the time spent exploring the open arm or the 
enclosed arm, as well as the number of entries on each 
arm, was recorded for behavioral assessment.

The LDB was made of acrylic and had two compart-
ments of equal dimensions (24 cm width x 24 cm length 
x 30  cm height) connected by a small opening at the 
floor level (11 cm x 11 cm) to allow animals to cross into 
either side. One of the compartments was made with a 
transparent acrylic, and the other made with a black mat 
acrylic. Animals were tested in the LDB as previously 
described [32]. The time spent by each animal in the 
light or dark compartment (light part with ∼ 60  lx) and 
the number of entries into the light compartment were 
recorded and analyzed.

The OF square arena (tested under ∼ 60 lx illumination) 
was made from black mat acrylic (60 cm width x 60 cm 
length x 40 cm height) and had its floor divided into six-
teen squares in a 4 × 4 grid, modified from [33]. Three 
behavioral parameters, besides the locomotor activity [6], 
were observed in this test [34]: (1) time spent in the cen-
ter area (i.e., the four squares in the center of the arena); 
(2) time spent in the outer area (i.e., the twelve squares 
adjacent to the walls of the arena); and (3) the number of 
rearing events (i.e., vertical exploration). Animals were 
placed in the center area of the OF and tested for 300 s. 
All apparatus were cleaned before each exposure with a 
20% ethanol solution.

Fecal collection and microbiome analysis by 16S rRNA 
gene sequencing
During the 9 weeks of diet protocol (i.e., CD or HFD), 
once a week (i.e., 9 samples total), each rat was individu-
ally transferred to a new cage (cleaned with 70% ethanol) 
layered with sterilized bedding to have their fecal stools 
collected. Two fecal pellets were collected from each 
animal in a 1 h interval, just before the beginning of the 
active (dark) phase of the daily light: dark cycle. All sam-
ples were collected in RNase-free 2 mL Eppendorf tubes 
and immediately frozen in the − 80 ºC freezer until fur-
ther processing.

DNA was extracted using the PowerSoil DNA extrac-
tion kit (Cat No. 12888-100 & 12955-4, MoBio/Qia-
gen Laboratories, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. 16S rRNA gene sequences 
in isolated DNA were PCR-amplified using HotStarTaq 
Master Mix (Cat. No. 203433, Qiagen, Valencia, CA, 
USA) and 515 F (5’-GTGCCAGCMGCCGCGGTAA-3’), 
806 R (5’-GGACTACHVGGGTWTCTAAT-3’) primer 
pair (Integrated DNA Technologies, Coralville, IA, USA) 
targeting the V4 hypervariable region of the 16S rRNA 

gene modified with a unique 12-base sequence identi-
fier for each sample and the Illumina adapter as previ-
ously described in [35]. The thermocycling program 
consisted of an initial step at 94 °C for 3 min followed by 
35 cycles (94 °C for 45 s, 55 °C for 1 min, and 72 °C for 
1.5 min), and a final extension at 72 °C for 10 min. PCR 
reactions were run in duplicate and the products from 
the duplicate reactions were pooled and visualized on an 
agarose gel to ensure successful amplification. PCR prod-
ucts were cleaned and normalized using a SequalPrep 
Normalization Kit (Cat. No. A1051001, Thermo Fisher, 
Waltham, MA, USA) following manufacturer’s instruc-
tions. The normalized amplicon pool was sequenced on 
an Illumina MiSeq run by using V3 chemistry and 600 
cycle, 2 × 300-bp paired-end sequencing. All sequencing 
and library preparation were conducted at the University 
of Colorado Boulder BioFrontiers Next-Gen Sequencing 
core facility.

In situ hybridization histochemistry
Previously published methods were used for in situ 
hybridization histochemistry [13, 36]. Briefly, brains were 
sectioned into 12 μm-thick sections on a cryostat (Leica 
CM 1950, Leica Biosystems, Buffalo Grove, IL, USA), in a 
series of 7 sets of sections, thaw mounted on Histobond® 
slides (Cat. No. 16,004-406; VWR, West Chester, PA, 
USA) and stored at − 80 °C. [35S]-UTP-labeled riboprobes 
directed against tph2 mRNA were generated using stan-
dard transcription methods, as described previously 
[36]. The tph2 mRNA was detected using a 462 base 
(1552–2013) antisense riboprobe (kindly provided by Dr. 
Stanley J. Watson, re-subcloned by Dr. Heidi Day) com-
plementary to the rat cDNA encoding Tph2 (i.e., tph2, 
NCBI Reference Sequence: NC_005106.4). To obtain an 
appropriate template for riboprobe transcription, a Hin-
dIII fragment was removed, leaving a 461 bp fragment of 
rat tph2, containing 23 bp of coding sequence plus 438 bp 
of 3 = UTR (corresponding to sequence numbers 1552–
2013) in the parent vector, pT7T3D-PacI. The resulting 
construct was linearized with HindIII and transcribed 
with T3 RNA polymerase (Promega, Madison, WI, USA) 
to generate a specific tph2 antisense riboprobe. The con-
trol sense probe was created by linearizing the same 
construct with EcoRI, and transcribing with T7 RNA 
polymerase [15].

Previously published methods were used for in situ 
hybridization histochemistry using oligonucleotide 
probes [37, 13. To detect htr1a mRNA, two synthetic 
anti-sense oligonucleotides, one 49-base oligonucleotide 
(5′-ACG AAG TTC CTA AGC TGG TGC CTG CTC 
CCT TCT TTT CCA CCT TCC TGA C-3′, Integrated 
DNA Technologies, Coralville, IA, USA) complementary 
to bases 810–858 of rat htr1a mRNA and one 47-base 
oligonucleotide (5′-GCC TCA CTG CCC CAT TAG 



Page 5 of 21de Noronha et al. Biological Research           (2024) 57:23 

TGC ACG GAG TCC CCA CCG CCC TGT TCT CA-3′, 
Integrated DNA Technologies) complementary to bases 
923–969 of rat htr1a mRNA, were used [37.

To detect slc6a4 mRNA, a synthetic 50-base anti-
sense oligonucleotide (5′-ACT GCA GAG TAC CCA 
TTG GAT ATT TGG CTA GGC TCT GCC CTG TCC 
GCT GT-3′, Integrated DNA Technologies)  based on 
the published sequence of the rat serotonin transporter 
cDNA clone [38] of slc6a4 mRNA (Rattus norvegicus 
solute carrier family 6 (neurotransmitter transporter, 
serotonin), member 4, mRNA; GenBank® Accession 
no., NM_013034.3) was used as previously described 
[13, 15]. The oligonucleotides were labeled at the 3’end 
with [35S]-deoxyadenosine-5′-triphosphate (Cat. No. 
5,620,001, MP Biomedicals, Santa Ana, CA, USA) using 
terminal deoxynucleotidyl transferase (20 U/µL, Cat. 
No. EP0161, Fermentas, Glen Burnie, MD, USA) for 1 h 
at 37  °C, cleaned using a QIAquick® nucleotide removal 
kit (Cat. No. 28,304, Qiagen, Valencia, CA, USA), and 
used in an in situ hybridization histochemistry assay as 
described previously [15, 37].

For riboprobe-based detection of tph2 mRNA expres-
sion,  sections were fixed in 4% paraformaldehyde for 
1  h, acetylated in 0.1  M triethanolamine hydrochloride 
with 0.25% acetic anhydride for 10 min, and dehydrated 
through graded alcohols. Sections were hybridized over-
night at 55 °C with a [35S]-UTP-labeled riboprobe diluted 
in hybridization buffer containing 50% formamide, 10% 
dextran sulfate, 2× saline sodium citrate (SSC), 50 mM 
PBS, pH 7.4, 1× Denhardt’s solution, and 0.1 mg/ml yeast 
tRNA. The following day, sections were treated with 
RNase A, 200 µg/ml at 37 °C for 1 h and washed to a final 
stringency of 0.1× SSC at 65 °C (1 h). Dehydrated sections 
were exposed to x-ray film (BioMax MR; Eastman Kodak, 
Rochester, NY, USA) for region- and probe-appropriate 
times (1–3 weeks) prior to film development.  For oli-
gonucleotide-based detection of htr1a and slc6a4 mNA 
expression, we used an in situ hybridization histochemis-
try assay as described previously [37].

Autoradiographic images of the probe bound to tph2 
mRNA, encoding the rate-limiting enzyme in the syn-
thesis of brain serotonin; htr1a mRNA, encoding the 
5-HT1A inhibitory auto-receptor and slc6a4 mRNA, 
encoding the sodium dependent, high-affinity, low-
capacity serotonin transporter, together with 14C-labeled 
standards, were measured using a computer‐assisted 
image analysis system. For each gene, all slides from the 
study were apposed to the same film, allowing us to use 
a single set of 14C‐labeled standards for reference per 
gene. Analysis was performed on a PC using the pub-
licly available NIH‐developed image analysis software 
ImageJ (https://imagej.nih.gov/ij/). Virtual matrices in 
the shape of the respective DR subregions were created, 
overlaid with the image, and the “mean gray value x area”, 

taking into account only the area of above-threshold 
signal, within each matrix, was measured. All measure-
ments were taken while blinded to the treatment groups. 
During the entire analysis, a constant threshold function 
was applied, which determined the area that was mea-
sured within each matrix. Thus, all pixels with a gray 
density below threshold were automatically excluded. 
In addition, the individual background of each image, 
taken from the adjacent periaqueductal gray region, was 
measured, and subtracted from each value. An atlas for 
analysis of tph2, htr1a, and slc6a4 mRNA expression 
across the rostrocaudal extent of the DR was created by 
comparing the image of the tissue sections with a stereo-
taxic rat brain atlas [39] and with tph2 mRNA expression 
topography as reported by Gardner et al. [15]. Accord-
ing to Gardner et al. [15] for Tph immunostaining [40], 
each rostrocaudal level was further divided into respec-
tive subregions of the DR. Throughout all rostrocaudal 
levels, the values for each subdivision were then aver-
aged to obtain mean mRNA expression values in each 
subregion, and all values in all rostrocaudal levels and 
subregions were calculated in each animal to evaluate 
the effects of treatment on the overall levels of mRNA 
expression in the DR, MnR, PMRF, and B9 serotonergic 
cell group. A total of 16 rostrocaudal levels were studied 
throughout the brainstem (see Fig. S1). The subdivisions 
of the DR studied were defined as follows: dorsal raphe 
nucleus, caudal part (DRC), − 8.336  mm to − 8.672  mm 
from bregma; dorsal raphe nucleus, dorsal part (DRD), 
− 7.412  mm to − 8.252  mm from bregma; dorsal raphe 
nucleus, interfascicular part (DRI), − 8.336  mm to 
− 8.672  mm from bregma; dorsal raphe nucleus, ventral 
part (DRV), − 7.412 mm to − 8.420 mm from bregma; left 
and right dorsal raphe nucleus, ventrolateral part/ventro-
lateral periaqueductal gray region (left and right DRVL/
VLPAG), − 7.748  mm to − 8.420  mm from bregma; left 
and right supralemniscal nucleus (B9), − 7.412  mm to 
− 8.168 mm from bregma; median raphe nucleus (MnR), 
− 7.412  mm to − 8.672  mm from bregma; pontomesen-
cephalic reticular formation (PMRF) – 7.412  mm to – 
8.084 mm from bregma.

Statistical analysis
For analysis of EPM, LDB, and OF test behavioral data, 
comparisons of two independent samples were made 
using Student’s t-tests. To test normality of the data, we 
considered the Kolmogorov-Smirnov test for p > 0.05. For 
statistical comparisons, GraphPad Prism software (ver-
sion 8.01, GraphPad Inc., La Jolla, CA, USA) was used.

For analysis of in situ hybridization histochemistry 
data we used the software package IBM SPSS Statistics 
(versions 22.0 and 24.0, SPSS Inc., Chicago, IL, USA). 
Extreme statistical outliers were identified using Grubbs’ 
test for single extreme outliers using two-sided α = 0.05 

https://imagej.nih.gov/ij/
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[41] and were removed from the analysis. In situ hybrid-
ization histochemistry analyses were made through a 
survey of linear mixed models (LMM) with different 
covariance structures performed and the model with the 
best − 2 log-likelihood value, an information criterion 
function used for goodness of fit, was selected. For analy-
sis of in situ hybridization histochemistry data, mean gray 
values x area for each DR subdivision at each rostrocau-
dal level of the DR in each treatment group were gener-
ated. The model with the best − 2 log-likelihood value was 
selected for each gene, tph2, htr1a, and slc6a4 with diet, 
rostrocaudal level, and DR subregion as fixed effects, and 
rostrocaudal level as the repeated effect. Additional linear 
mixed models were run, and the best covariance struc-
ture was selected using the best − 2 log-likelihood value 
for each individual subregion of the DR, with diet and 
rostrocaudal level as fixed effects and rostrocaudal level 
as a repeated effect. Post hoc pairwise comparisons were 
made with Fisher’s least significant difference (LSD) test. 
Furthermore, in the in situ hybridization histochemistry 
analysis no post hoc analyses were conducted at specific 
points in the rostrocaudal extent of the DR, MnR, PMRF, 
or B9 if one of the group sample sizes was below 50% of 
the full sample size for that treatment group. Addition-
ally, post hoc analyses were conducted only when overall 
and secondary linear mixed models yielded significant 
effects of diet or interactions between diet and rostro-
caudal level within raphe subregion or rostrocaudal level. 
Data are presented as means ± standard errors of means 
(SEMs). Two-tailed significance was set at p < 0.05.

For analysis of the effects of HFD or CD on microbi-
ome diversity and community structure, raw sequences 
were trimmed, demultiplexed, merged, quality filtered 
(maxee value of 1 and singletons removed), and clus-
tered into greater than or equal to 97% similar phylotypes 
using QIIME 2 UPARSE 8 [42]. Quality reports from the 
fastq_eestats2 command were used to determine the 
fixed length (197 nucleotides for the forward read and 
151 nucleotides for the reverse read) at which the raw 
sequences were trimmed as suggested by the developers. 
Merging criteria were adjusted according to developer 
guidelines found on the UPARSE website for merging 
reads with long overlap. Taxonomy was assigned using 
the Ribosomal Database Project classifier [43] trained on 
the Greengenes 13_8 16S rRNA gene database [44]. For 
downstream diet life stage analysis, samples were rarefied 
to a depth of 2500.

Quantitative Insights into Microbial Ecology (QIIME 
2 2020.2) was used to generate core-metrics results for 
alpha and beta diversity, and biplot distance, to exam-
ine the microbial community structure [35, 45]. Rela-
tive abundance was analyzed using the mctools package 
(https://github.com/leffj/mctoolsr/) in the open-source 
tools for R (RStudio, Inc, version 1.2.1578, Boston, 

MA, USA). Analysis of Composition of Microbiomes 
(ANCOM v2.1; https://github.com/FrederickHuangLin/
ANCOM) package was used to analyze relative abun-
dance composition.

Pearson’s or Spearman’s correlation regression, heat-
map correlations, Firmicutes/Bacteroidetes ratio, gene 
expression x relative abundance of specific taxa (trans-
formed from arcsin sqrt root), and time in the open arm 
x relative abundance of specific taxa were analyzed and 
constructed using Jupyter notebook (code available at 
https://github.com/bioinfonupeb/hfd-insitu-microbi-
ome), and plotted using the GraphPad Prism 8.0.

Results
Control diet (CD) and high-fat diet (HFD) differentially 
shaped gut microbiota composition along nine weeks of 
diet protocol
HFD for 9 weeks induced obesity in rats (Table S2) and 
impacted the gut microbiota alpha diversity and commu-
nity composition. Alpha diversity was analyzed at three 
life-stages during each diet condition, i.e., middle ado-
lescence (compiled for samples collected at 5–6 weeks 
of age for CD-M and HFD-M), late adolescence (com-
piled for samples collected at 7–8 weeks of age CD-L 
and HFD-L) and adult (compiled for samples collected 
at 9–13 weeks for CD-A and HFD-A). The HFD-A and 
the CD-A had higher alpha diversity during this phase 
than during late adolescence (HFD-L and CD-L; Fig. 2a), 
based on the Shannon’s diversity index (Kruskal–Wal-
lis H test= 13.59; p < 0.018). The observed OTUs (Fig. 2b) 
were consistent with the analysis, demonstrating that the 
gut microbiome is more diverse in adulthood than in ear-
lier stages, regardless of the diet. Analysis of Observed 
OTUs also showed that the CD-A microbiome was more 
diverse compared to the HFD-A microbiome (Fig. 2b). In 
order to confirm these data we analyzed the alpha diver-
sity metrics using Faith’s phylogenetic diversity, which 
measures the total length of branches in a reference phy-
logenetic tree for all species in a given sample [46]. These 
analyses confirmed that animals had a higher alpha diver-
sity during adulthood and that the HFD reduced diver-
sity when compared to the control diet (Kruskal–Wallis 
H test = 34.12; p < 0.001; Fig. 2c). Overall, these data indi-
cate increasing diversity of the gut microbiome across 
developmental stages and indicates that the HFD reduces 
the microbiome diversity at the adult stage.

Analysis of beta diversity revealed clear differences 
between HFD- and CD-fed groups, as showed by Bray-
Curtis distances at the phylum level, PCoA at the phylum 
level, and age-arranged Bray-Curtis dissimilarity matrix, 
also at the phylum level (Fig. 2d–f). Bray-Curtis distances 
analysis (PERMANOVA; pseudoF = 20.241; p < 0.001) 
pointed to a strong difference between all life stages of 
rats fed a HFD compared to a CD (Fig. 2d). Differences 

https://github.com/leffj/mctoolsr/
https://github.com/FrederickHuangLin/ANCOM
https://github.com/FrederickHuangLin/ANCOM
https://github.com/bioinfonupeb/hfd-insitu-microbiome
https://github.com/bioinfonupeb/hfd-insitu-microbiome
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Fig. 2 (See legend on next page.)
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in bacterial community dissimilarity were observed 
between HFD- and CD-fed groups across time (Fig. 2f ). 
Moreover, we also observed changes in the bacterial com-
munity dissimilarity throughout development regardless 
of the diet regimen (Fig. 2d). Weighted and unweighted 
UniFrac analysis and PCoA matrices pointed in the same 
direction, reinforcing that dissimilarity of microbial com-
munities was dependent on life stage (i.e., middle adoles-
cence, late adolescence, or adult stage) and dependent on 
the composition of the diet consumed (i.e., CD or HFD), 
see supplementary text and (Fig. S2a-f ). Further, we visu-
alized the results from combined principal component 
scores (i.e., diet and life stages) and loading vectors as 
taxa (illustrated as a biplot using Bray-Curtis distance), 
providing insight into how specific taxa contributed to 
the dissimilarity between groups, for phylum (Fig.  2g) 
and genus levels (Fig. 2h).

Higher relative abundances of the Firmicutes phylum 
(also referred to as Bacillota) were associated with the 
HFD group in all life stages (Fig. 2i), while higher relative 
abundances of the Bacteroidetes phylum were associ-
ated with the CD group in all life stages. Furthermore, at 
the genus level, we observed higher relative abundances 
of the genera Lactobacillus and Prevotella (within the 
Bacteriodetes phylum, also referred to as Bacteroidota) 
within CD, and higher Allobaculum, Blautia and Dorea 
within the HFD group. Further analysis of all taxonomic 
levels using taxa bar plots is found in the supplementary 
text (Fig. S2g-j).

As a conservative approach to understanding which 
taxa were modulated by diet at the genus level [47–49], 
we performed an ANCOM-II analysis. At this level, rela-
tive abundances of multiple Prevotella taxa, including 
Prevotella (g_Prevotella; within the Bacteroidetes phy-
lum) and Prevotella (f_Paraprevotellaceaea; g_Prevotella) 
were overall lower in HFD-A relative to CD-A (Fig. 3a-b). 
Further, relative abundances of an unidentified genus in 
the family Veillonellaceae and genus Anaerovibrio (also 
within the Veillonellaceae family) were lower in HFD 
compared to the matched CD-life stages (see supplemen-
tary text and Fig. 3g-h). Finally, an unidentified genus in 
the family Clostridiaceae was higher in the HFD-M and 
HFD-L life stages, compared to matched CD-life stages 
(see Fig. 3c and supplementary text).

In summary, the main findings were that bacterial 
communities changed throughout adolescent develop-
ment and adulthood phases and that consumption of 
a HFD altered the gut microbiome diversity and com-
munity composition. These changes were characterized 
by lower relative abundances of Prevotella and multiple 
taxa belonging to the Lactobacillus genus in animals fed 
a HFD.

High-fat diet induced-obesity increased tph2, htr1a, and 
slc6a4 mRNA expression in brainstem raphe nuclei
tph2 gene expression
In situ hybridization histochemistry was used to inves-
tigate the effects of HFD intake on serotonergic gene 
expression, i.e., tph2, slc6a4 and htr1a mRNA, in the 
DR, MnR, PMRF, and B9 serotonergic cell group. Linear 
mixed model (LMM) analysis of tph2 mRNA expression 
showed a main effect of diet [F(1, 165.3) = 19.1; p < 0.0001] 
for compiled DR, MnR, B9 and PMRF structures (Fig-
ure S3a). Further, interaction between diet x subre-
gion approached statistical significance [F(9, 98.7) = 1.9; 
p = 0.067]. Mean expression of tph2 mRNA com-
piled across all rostrocaudal levels of all subregions 
was increased in HFD group compared to CD group 
(p < 0.0001; Fig. S3i). Based on this finding, secondary 
LMM analyses were used to determine effects of diet 
within each subregion. This analysis revealed increased 
tph2 mRNA expression in the cDRD [F(9, 2727.1) = 4.2; 
p < 0.0001; Fig.  4a, b], a subregion of the DR in which 
increased tph2 mRNA expression is associated with 
increased anxiety-like states [13, 50]. Post hoc analy-
sis using Fisher’s LSD pairwise comparisons showed 
increased expression of tph2 in rats in the HFD group at 
bregma level − 8.000 (p = 0.003), − 8.084 (p = 0.015), and 
− 8.168 (p = 0.018; Fig.  4a, g). Further, the mean expres-
sion of tph2 compiled for the cDRD showed increases in 
the HFD group (p = 0.0002; Fig. 4b). In the rostral aspect 
of the dorsal raphe nucleus, dorsal part (rDRD), values 
approached significance [F(11, 1713.8) = 1.9; p = 0.05; Fig. 4a], 
and no difference was shown in the rDRD in the com-
piled analysis (Fig. 4b).

The LMM analysis considering subregions of the DR 
also showed increased tph2 mRNA expression in the 
caudal aspect of the ventral part of the dorsal raphe 

(See figure on previous page.)
Fig. 2 Effects of high-fat diet (HFD) on alpha diversity, beta diversity, and community composition of the gut microbiome across mid-adolescence, late 
adolescence, and adulthood. Alpha diversity as measured by (a) Shannon’s diversity index, (b) Observed OTUs, (c) Faith’s phylogenetic diversity. (d) Beta 
diversity distance comparison plot with box plots illustrating distances within and between a single treatment group using Bray-Curtis distance, (e) Bray-
Curtis principal coordinates (PCoA) plot of dissimilarity matrix (phylum level), and (f) age-arranged Bray-Curtis PCoA plot of dissimilarity matrix (phylum 
level). Biplot using Bray-Curtis distance for (g) phylum and (h) genus, illustrating microbial community analysis and composition (vectors) using princi-
pal component analysis of center log ratio transformed and standardized data from CD and HFD groups. Vectors point in the direction of the greatest 
increase of values for corresponding phylum and genus. Top ten taxa with highest relative abundances, illustrated by stacked vertical bar charts for (i) 
phylum and (j) genus. Data are expressed as means ± SEMs, p < 0.05; Kruskal–Wallis H test and PERMANOVA pairwise test. Abbreviations: CD-A, control 
diet group/adulthood; CD-L, control diet group/late adolescence; CD-M, control diet group/middle adolescence; HFD-A, high-fat diet group/adulthood; 
HFD-L, high-fat diet group/late adolescence; HF D-M, high-fat diet group/middle adolescence; pnd, postnatal day
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nucleus [cDRV; F(13, 3029.8) = 8.9; p < 0.0001; Fig. S3b], and 
post hoc pairwise comparisons showed increased tph2 
mRNA expression in the HFD group at bregma − 8.252 
(p = 0.030), − 8.000 (p = 0.004), and − 7.916 (p = 0.007). Fur-
ther, the mean compiled tph2 mRNA expression in the 
cDRV was higher in the HFD group, relative to the CD 
group (p = 0.0023; Fig. S3j). No differences were found 
at specific rostrocaudal levels of the rostral aspect of the 
ventral part of the DR (rDRV; Fig. S3b), but there was an 
increase in the mean compiled tph2 mRNA expression in 
the HFD group compared to the CD group (p = 0.0340; 
Fig. S3j). Additionally, differences in tph2 mRNA expres-
sion were found between the HFD and CD groups in 
the MnR [F(31, 2535.8) = 4.30; p < 0.0001; Fig. S3f ] and post 
hoc analysis indicated increased tph2 mRNA at bregma 
levels − 7.916 (p = 0.036), − 7.832 (p < 0.001), and − 7.748 
(p = 0.030). Further, the mean compiled tph2 mRNA 
expression across the rostrocaudal extent of the MnR 
showed increased tph2 mRNA expression in the HFD 
group compared to the CD (p = 0.0002; Fig. S3n). There 
were no differences in tph2 mRNA expression between 
CD and HFD in the ventrolateral part of the DR (DRVL/
VLPAG; Fig. S3c, k) or caudal part of the DR (DRC; 
Fig. S3d, l). Analysis of the mean compiled tph2 mRNA 
expression in the interfascicular part of the DR (DRI; Fig. 
S3e, m) revealed increased expression in the HFD group 
(p = 0.0121). There were no differences in tph2 mRNA 
expression between HFD and CD groups in the ponto-
mesencephalic reticular formation (PMRF; Fig. S3g, o) or 
B9 serotonergic cell group (B9; Fig. S3h, p).

htr1a mRNA expression
Linear mixed model analysis of htr1a mRNA expression 
of compiled subregions of the DR, MnR, PMRF, and B9 
cells showed effects of diet [F(1, 106.5) = 47.5; p < 0.0001] 
and a diet x rostrocaudal level interaction [F(15, 76.9) = 3.5; 
p < 0.0001] (Figure S4). Fisher’s LSD post hoc tests 
revealed differences in overall htr1a mRNA expression 
at bregma level − 7.748 (p < 0.0001), − 8.000 (p < 0.0001), 
and − 8.084 (p < 0.0001). Mean expression of htr1a mRNA 
compiled across all rostrocaudal levels of all subregions 
showed no difference (Fig. S4a, i).

Further analysis using a second LMM considering diet 
treatment on DR subdivisions revealed an increased 
htr1a mRNA expression in the cDRD [F(1, 17.4) = 24.5; 
p < 0.0001; Fig.  4d] in line with the effects of diet treat-
ment on tph2 mRNA expression in this subregion of 
the DR that has been associated with increased anxiety-
like states [13, 50]. Fisher’s LSD post hoc tests revealed 
differences between HFD and CD groups at bregma 
level − 8.000 (p < 0.003), − 8.084 (p < 0.0001) and − 8.168 
(p = 0.015) of the cDRD. Analysis of the mean compiled 
htr1a mRNA expression across the rostrocaudal extent of 
the rDRD and cDRD subregions showed increased htr1a 

mRNA expression in the HFD group, relative to the CD 
group, in the DRD (p < 0.0001), rDRD (p = 0.0148) and 
cDRD (p < 0.0001; Fig. 4e).

LMM analysis also indicated increased htr1a mRNA 
expression in the cDRV [F(6, 19.6) = 6.1; p = 0.001; Fig. S4b]. 
Fisher’s LSD showed increased htr1a mRNA expression 
in the HFD group compared to the CD group at bregma 
level − 7.916 (p = 0.010), − 8.000 (p < 0.0001), and − 8.084 
(p < 0.0001; Fig. S4b). The mean compiled htr1a mRNA 
expression across the rostrocaudal extent of the rDRV 
and cDRV subregions showed increased htr1a mRNA 
expression in the HFD group, relative to the CD group, 
in the DRV (p < 0.0001), rDRV (p = 0.0145) and cDRV 
(p < 0.0001; Fig. S4b, j).

LMM analysis revealed an effect of diet on htr1a 
mRNA expression in the MnR [F(15, 13.7) = 5.7; p = 0.001]. 
Fisher’s LSD post hoc comparisons showed increased 
htr1a mRNA expression in the HFD group compared to 
the CD group at bregma levels − 7.748 (p = 0.013), − 8.000 
(p < 0.0001), and − 8.336 (p = 0.044; Fig. S4f ). Analysis of 
the mean compiled htr1a mRNA expression across the 
rostrocaudal extent of the MnR indicated that the HFD 
group had increased htr1a mRNA expression compared 
to the CD group (p < 0.0001; Fig. S4n).

LMM analysis revealed an effect of diet on htr1a 
mRNA expression in the PMRF [F(1, 13.5) = 5.3; p = 0.037]. 
Fisher’s LSD post hoc comparisons showed increased 
htr1a mRNA expression in the HFD group compared 
to the CD group at bregma levels − 7.748 (p = 0.005) 
and − 8.000 (p = 0.040; Fig. S4g). Mean compiled htr1a 
mRNA expression across PMRF extent showed increased 
expression of htr1a in the HFD compared to CD group 
(p = 0.0003; Fig. S4o).

LMM analysis revealed an effect of diet on htr1a 
mRNA expression in the B9 serotonergic cell group 
[F(9, 8.64) = 5.2; p = 0.012]. Fisher’s LSD post hoc compari-
sons showed increased htr1a mRNA expression in the 
HFD group compared to the CD group at bregma levels 
− 7.748 (p < 0.001), and − 8.000 (p = 0.008; Fig. S4h). Anal-
ysis of the mean compiled htr1a mRNA expression across 
the rostrocaudal extent of the B9 serotonergic cell group 
revealed increased htr1a mRNA expression in the HFD 
group relative to the CD group (p < 0.0001; Fig. S4p).

No differences in htr1a mRNA expression were found 
between HFD and CD groups in the DRVL/VLPAG (Fig. 
S4c, k), in the DRC (Fig. S4d, l), or in the DRI (Fig. S4e, 
m).

slc6a4 mRNA expression
Linear mixed model analysis of slc6a4 mRNA expres-
sion of compiled DR, MnR, PMRF, and B9 cells showed 
global effects of diet [F(1, 157.1) = 26.4; p < 0.0001], diet x 
rostrocaudal level [F(15, 89.4) = 2.6; p = 0.0023], and diet 
x rostrocaudal level within sub-region [F(53, 82.3) = 1.5; 
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Fig. 3 (See legend on next page.)
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p = 0.0498] (Fig. S5). Fisher’s LSD post hoc tests pointed 
to differences in overall analysis at bregma levels − 8.420 
(p = 0.026) and − 8.672 (p = 0.017; Fig. S5a). Mean expres-
sion of slc6a4 mRNA compiled across all rostrocaudal 
levels of all subregions was increased in the HFD group 
compared to the CD group (p < 0.0001; Fig. S5i). Further 
analysis using a secondary LMM considering DR sub-
divisions pointed to an increased slc6a4 mRNA expres-
sion in the rostral aspect of the DRD [rDRD; F(5, 13.6) = 6.1; 
p = 0.004]. Fisher’s LSD post hoc comparisons showed 
differences between HFD and CD groups at bregma level 
− 7.664 (p = 0.047; Fig.  4g, i). The mean compiled slc6a4 
mRNA expression in the rDRD subregion was not dif-
ferent between HFD and CD groups (Fig.  4h). How-
ever, the compiled slc6a4 mRNA expression in the DRD 
(p = 0.0093), and the cDRD was increased in the HFD 
group compared to the CD group (p = 0.0372; Fig. 4h).

LMM analysis also indicated increased slc6a4 mRNA 
expression in the rostral aspect of the ventral part of 
the DR [(rDRV; F(5, 11.9) = 3.8; p = 0.027]. Fisher’s LSD 
post hoc tests showed increased expression in the HFD 
group compared to the CD group at bregma level − 7.832 
(p = 0.004; Fig. S5b). Further, the mean compiled slc6a4 
mRNA expression in the rDRV was increased in the 
HFD group compared to the CD group (p = 0.0317; Fig. 
S5j). Further, the mean compiled slc6a4 mRNA expres-
sion in the DRV (p = 0.0026), and cDRV (p = 0.0162) 
was increased in the HFD group compared to the CD 
group (Fig. S5j). The LMM analysis in the MnR revealed 
effects of diet on slc6a4 mRNA expression [F(1, 17.1) = 5.8; 
p = 0.027] (Fig. S5f ). Post hoc comparisons using Fish-
er’s LSD showed increased mRNA expression in the 
HFD group compared to the CD group at bregma levels 
− 7.748 (p = 0.035) and − 7.916 (p = 0.003; Fig. S5f ). Com-
piled slc6a4 mRNA expression across the rostrocaudal 
extent of the MnR indicated that the HFD group had 
increased slc6a4 mRNA expression compared to the CD 
group (p = 0.0004; Fig. S5n).

Analysis of slc6a4 mRNA expression in the DRI 
revealed effects of diet [F(1, 14.1) = 9.4; p = 0.008] and a diet 
x rostrocaudal level interaction approached statistical 
significance [F(4, 12.8) = 3.0; p = 0.055]. Post hoc analysis 
using Fisher’s LSD showed differences in slc6a4 mRNA 
expression in HFD and CD groups at bregma levels 

− 8.504 (p = 0.004) and − 8.672 (p = 0.002) within the DRI 
(Fig. S5e). Mean compiled slc6a4 mRNA expression in 
the DRI revealed increased expression in the HFD group 
compared to the CD group (p = 0.0005; Fig. S5m).

No differences were found between HFD and CD 
groups in the DRVL/VLPAG (Fig. S5c, k), in the B9 sero-
tonergic cell group (B9; Fig. S5h, r), or in the PMRF (Fig. 
S5g, o). Although LMM analysis did not indicate an effect 
of diet on slc6a4 mRNA in the DRC, analysis of the com-
piled mean slc6a4 mRNA expression across rostrocaudal 
levels of the DRC revealed increased expression in the 
HFD group compared to the CD group (p = 0.0021; Fig. 
S5d, l).

Overall, our results show that a HFD increases tph2, 
htr1a and slc6a4 mRNA gene expression in areas of the 
DR, including subregions (e.g. cDRD) involved in the 
regulation of anxiety-related behaviors. Further detailed 
atlases of tph2, htr1a, and slc4a6 mRNA expression in rat 
brain can be seen elsewhere [15, 50, 51].

High-fat diet feeding induced anxiety-related behavior in 
rats tested in the EPM but not the LD and OF tests
Elevated plus-maze
Animals fed either with HFD or CD for 9 weeks were 
subjected to the EPM test (Fig.  5a, b). Our results cor-
roborate the expected outcome that HFD increases 
anxiety-like defensive behavioral responses [4, 6], as 
measured by time spent on the open arms [U(24) = 33.00; 
p = 0.0232] and the number of entries in the open arms 
[U(24) = 38.50; p = 0.0440] of the EPM. Data with percent 
of time for both parameters are in Table S3. The time 
spent in the enclosed arm [U(24) = 67.00; p > 0.05] and 
the number of entries in the enclosed arm [U(24) = 61.50; 
p > 0.05] were not different between the HFD and CD 
animals (Fig. 5a, b).

Light/dark box test
To assess HFD effects on conflict anxiety-related behav-
ior, animals were tested in the LDB as described previ-
ously [32]. The time spent in the light side of the LDB 
[U(24) = 70.00; p > 0.05], in the dark side of the LDB 
[U(24) = 60.50; p > 0.05] and the number of times animals 
crossed to light side [U(24) = 51.50; p > 0.05] were not dif-
ferent between HFD and CD groups, indicating that HDF 

(See figure on previous page.)
Fig. 3 Effects of CD or HFD, and stratified life-stages on gut microbiome community composition. Main effect of diet was analyzed using ANCOM-II (sig-
nificant at FDR 0.05). Main effects of diet were observed for the following taxa. (a) Prevotella, (b) [f_Paraprevotellaceae];g_Prevotella, (c) Clostridiaceae;g_, 
(d) Lachnospiraceae;g_, (e) f_Lachnospiraceae;g_Dorea, (f) f_Ruminococcaceae;g_Oscillospira, (g) f_Veillonellaceae;g_, (h) f_Veillonellaceae;g_Anaerovibr
io, (i) f_Helicobacteraceae;g_, (j) f_Mycoplasmataceae;g_Mycoplasma, and (k) Volcano plot. (l and m) Effect of control diet (CD) and high-fat diet (HFD) on 
the ratio between the relative abundances of Firmicutes and Bacteroidetes phyla (F/B ratio). (l) and (m) represent Pearson’s correlation coefficient of F/B 
ratio versus adiposity measures, and r and p values are shown on the panels according to the analysis of both CD and HFD groups x F/B ratio, or separately 
for CD x FB/ratio, and HFD x F/B ratio. Graphs illustrate correlations between the F/B ratio and (l) Adipose index and (m) total body weight gain. Blue circles 
represent CD (n = 12) group and red circles represent HFD (n = 12) group. Abbreviations: CD-A, control diet group/adulthood; CD-L, control diet group/
late adolescence; CD-M, control diet group/middle adolescence; HFD-A, high-fat diet group/adulthood; HFD-L, high-fat diet group/late adolescence; 
HFD-M, high-fat diet group/middle adolescence
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did not affect the conflict anxiety-related behavior of rats 
exposed to the LDB (Fig. 5c-d). Rats fed a CD spent very 
little time in the light part of the LDB, suggesting a floor 
effect in this test.

Open-field test
Rats were also tested in the OF for 5  min. No differ-
ences were found between HFD and CD groups as mea-
sured by the time spent in the central area [U(24) = 62.00; 
p > 0.05; Fig. 5e] or the outer area [U(24) = 65.50; p > 0.05; 
Fig. 5e] during the 5 min test. Number of squares crossed 
by rats in the center [t(24) = 1.84; p > 0.05] or outer area 
[t(24) = 0.23; p > 0.05] of the OF showed no difference 
(Fig. 5f ). Rats fed a CD spent very little time in the center 
of the OF, suggesting a floor effect in this test.

Features of the gut microbial community shaped by 
HFD intake were associated with increased cDRD gene 
expression, an anxiety-related subregion of the DR
Here we tested whether specific microbial taxa were cor-
related with gene expression in the anxiety-related cDRD 
subregion of the DR. Our results for Spearman’s corre-
lation coefficient revealed that some genera were corre-
lated with cDRD gene expression. We found that a range 
of taxa were correlated with the tph2, htr1a, and slc6a4 
gene expression in the cDRD (Fig. 6a-b). Importantly the 
changes in serotonergic gene expression were correlated 
with specific bacterial taxa (e.g., Prevotella genus; Fig. 6a-
b), which were also correlated to the changes in behav-
ior (Fig. S6). We also found a total of 31 genus level taxa 
to be positively correlated with mRNA expression in the 
cDRD while we found a total of 13 genus level taxa to be 

Fig. 4 Effects of nine weeks of control diet (CD) or high-fat diet (HFD) protocol on tph2 mRNA expression in subdivisions of the dorsal raphe nucleus 
(DRD, rDRD and cDRD). (a-i) Graphs illustrate (a) tph2, (c) htr1a, and (e) slc6a4 mRNA expression in the dorsal raphe nucleus, dorsal part (DRD), including 
the rostral (rDRD) and caudal (cDRD) aspects. Expressed as means ± SEMs of gene expression levels at specific rostrocaudal levels or within subregions. 
(b, e, h) Compiled rostrocaudal levels for DRD, rDRD, and cDRD of (b) tph2, (e) htr1a, and (h) slc6a4. (c, f, i) Photomicrographs for in situ hybridization 
histochemistry of (c) tph2, (f) htr1a, and (i) slc6a4. White circles represent CD, and black circles represent HFD group. *p < 0.05 versus CD at the same ros-
trocaudal level: versus CD. Rostrocaudal levels 9 = − 7.412 mm, 8 = − 7.496 mm, 7 = − 7.580 mm, 6 = − 7.664 mm, 5 = − 7.748 mm, 4 = − 7.832 mm, 3 = 
− 7.916 mm, 2 = − 8.00 mm, 1 = − 8.084 mm, 0 = − 8.168 mm, − 1 = − 8.252 mm, − 2 = − 8.336 mm, − 3 = − 8.420 mm, − 4 = − 8.504 mm, − 5 = − 8.588 mm, 
and − 6 = − 8.672 mm. Abbreviations: cDRD, caudal aspect of the dorsal raphe nucleus, dorsal part; DRD, dorsal raphe nucleus, dorsal part;; rDRD, rostral 
aspect of the dorsal raphe nucleus, dorsal part; CD-A, control diet group/adulthood; CD-L, control diet group/late adolescence; CD-M, control diet group/
middle adolescence; HFD-A, high-fat diet group/adulthood; HFD-L, high-fat diet group/late adolescence; HF D-M, high-fat diet group/middle adoles-
cence. Scale bar (c, f, i) 1 mm
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negatively correlated to mRNA expression in the cDRD. 
These results indicate significant associations between 
different taxonomic groups of gut bacteria and gene 
expression in the anxiety-related cDRD subregion.

We also evaluated potential associations between the 
Firmicutes/Bacteroidetes ratio among life stages and 
between adipose index and weight gain. Here we found 
a consistent F/B ratio throughout development in the 
CD group: CD-M (mean ± SD F/B ratio = 1.57 ± 0.16); 
CD-L (mean ± SD F/B ratio = 1.27 ± 0.10); and CD-A 
(mean ± SD F/B ratio = 1.67 ± 0.14). The F/B ratio 
was consistently higher in the HFD group: HFD-M 
(mean ± SD F/B ratio = 6.87 ± 0.20), HFD-L (mean ± SD 
F/B ratio = 10.84 ± 0.88), and HFD-A (mean ± SD F/B 
ratio = 6.71 ± 0.09). Mann-Whitney U-test comparison 
revealed that CD-L was lower in F/B ratio compared 
to HFD-L (p = 0.0063), and CD-A compared to HFD-A 
(p < 0.0001). Pearson’s correlation coefficient testing the 
association between F/B ratio in both groups was sig-
nificant for adipose index (p < 0.0001) and weight gain 
(p = 0.0067; Fig.  3l-m). Together, these results suggest 
that HFD intake alters the gut microbiome community 

composition among life stages, which, in turn, is poten-
tially associated with increased adiposity.

Discussion
Here, we show that consumption of a HFD over a nine-
week period, relative to a control diet condition, altered 
the gut microbial diversity and community composition. 
At the same time, we found that HFD intake affected 
serotonergic gene expression in the midbrain and pontine 
raphe nuclei, as evidenced by increased tph2, htr1a, and 
slc6a4 mRNA expression in subregions of the DR asso-
ciated with anxiety-like defensive behavioral responses, 
particularly the cDRD or dorsomedial DR, a subregion 
that gives rise to serotonergic projections to forebrain 
anxiety circuits. Finally, HFD induced anxiety-like behav-
ioral responses in rats.

High-fat diet impacted the gut microbiome
Here, we found HFD-induced obesity was associated 
with lower alpha diversity and altered community com-
position of the gut microbiome at later life stages, rela-
tive to CD controls. In addition, the gut microbiome’s 

Fig. 5 (a-b) Behavioral responses as measured by (a) time in the open and enclosed arms of the EPM, (b) number of entries in the open and enclosed 
arms of the EPM, (c) time in the light and dark part of the LD box, (d) number of entries in the light part of the LD box, (e) time in the center or outer area 
of the OF arena, (f) OF number of crossed squares. Data are expressed as means ± SEMs or interquartile ranges. g *p < 0.05. EPM, elevated plus-maze, LD, 
light-dark box; OF, open-field
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Fig. 6 (a, b) Compiled significant Pearson’s correlation coefficient (blue and blue arrows, negative correlation; red and red arrows, positive correlation) 
among cDRD nuclei and relative abundance of different taxa for (a) grouped taxa r value, and (b) grouped taxa p value
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composition varied from mid-adolescence to late ado-
lescence to adulthood regardless of the diet regimen, 
with greater dissimilarity at the adult stage. The gut 
microbiome is a dynamic system that can be influenced 
by various factors such as host genetics, birth deliv-
ery method, medication, social interaction, environ-
ment, and diet [52]. Even though a greater dissimilarity 
in the microbiome was noted in HFD-rats relative to 
CD-rats, increased dissimilarity was also observed in 
CD-rats across life stages, highlighting the significance 
of the stage of life in microbiome community structure. 
After birth, in humans, the microbiome undergoes three 
stages – development, transition, and finally, stability 
[53]. Youth, adult, or senior populations have different 
gut microbiome compositions, which can be influenced 
by a range of age-associated factors [54]. Our data sug-
gest that the HFD impacted the gut microbiome diversity 
and community composition across the 9 weeks of diet 
treatment. Several studies, in humans, have described 
environmental factors, such as diet, to have a major influ-
ence on the gut microbiome composition [55–57], and 
even more relevant, that the gut microbiome is one of 
the main players in health and disease outcomes, includ-
ing anxiety in both experimental pre-clinical models and 
humans [58–60].

Here we found that the relative abundance of Pre-
votella, a genus previously associated with consumption 
of a diet high in fiber [61], is lower in HFD rats. West-
ern-style diets (i.e., high in fat and/or sugar, low in fiber), 
can decrease beneficial bacteria, particularly species, 
such as Prevotella spp., that metabolize plant-derived 
polysaccharides to short-chain fatty acids (SCFAs) [62]. 
Dysregulation of the gut microbiome also impacts the 
host metabolism, by increasing energy production from 
macronutrients, and by being an active player in the low-
grade inflammation response [63], a process that appears 
to be involved in the development of anxiety-related 
behaviors in animals fed a HFD [6].

In the present study we observed significantly lower 
relative abundance of members of the VANISH taxa, 
including the genus Prevotella (a member of the Bacte-
roidetes phylum) in HFD rats. Notably, the microbiome 
of human traditional hunter-gatherer populations con-
tain taxa that have been lost or reduced in individuals liv-
ing in industrialized societies [64]. These “lost taxa” have 
been termed “VANISH” (volatile and/or associated nega-
tively with industrialized societies of humans) [64, 65]. 
Prevotella have been described as a potential biomarker 
of diet intake, positively associated with complex carbo-
hydrates and fiber intake and capable of breaking down 
polysaccharides [61]. The presence of natural polysac-
charides in the gut microenvironment has been shown 
to improve features of the gut microbiome by influenc-
ing the species predominance, strengthening intestinal 

barrier function, developing antioxidant activity, pro-
moting SCFA production and reducing proinflammatory 
mediators [66].

The relative abundance of Prevotella was negatively 
correlated with slc6a4 mRNA expression in the cDRD. 
Previous studies have shown that a double hit of adverse 
early life experience in rats, i.e., maternal separation, fol-
lowed by an acute stress exposure (in this case, social 
defeat) induces an increase in slc6a4 mRNA expression 
in the DR, including the cDRD region [15]. Thus, lower 
relative abundance of Prevotella, associated with higher 
expression of slc6a4 mRNA expression, is consistent 
with a stress-like state with increased slc6a4 mRNA 
expression.

We also found that Lactobacillus abundance, another 
VANISH taxa, was lower in HFD rats. Lactobacillus spp. 
can break down fructose and glucose, and its lower abun-
dance has been linked to weight changes in obese indi-
viduals [67]. Interestingly, Lactobacillus spp. abundance 
varies among obese people of different origin, and an 
example is that higher levels are noted in those from Bra-
zil compared to France [67]. Further, increased protein in 
the diet has been shown to be associated to higher Lac-
tobacillus abundance, suggesting its relation to dietary 
factors [68]. Many species of the Lactobacillus genus pro-
vide probiotic benefits, including reducing inflammation 
and regulating immune system function, and also it was 
described that some strains within this genus may pro-
tect animals from novel stressors, promoting their health 
[68]. In our study, the genus Blautia had higher relative 
abundance in the HFD groups, suggesting its enrich-
ment due to high-fat diet intake. In industrialized popu-
lations some taxa are enriched, which collectively have 
been termed BLoSSUM (Bloom or Selected in Societies 
of Urbanization/Modernization) taxa [65]. Higher rela-
tive abundances of Blautia may be related to increases in 
inflammation [69], and high symptom levels in depres-
sion [70].

Another BLoSSUM taxa [65], the Clostridiaceae family, 
was enriched in rats fed a HFD, specifically at the HFD-M 
and HFD-L stages. This result is in line with a recent 
study showing an increase in the relative abundance of 
the Clostridiaceae family in a high-anxiety mouse model 
[71]. Taken together, our findings closely resemble the 
adaptations in the microbiome caused by the transition 
from non-industrialized societies to a more industrial-
ized society.

Our results showed an increase in the Firmicutes/Bac-
teroidetes (F/B) ratio in rats fed a HFD. The gut micro-
biome is dominated by two phyla – Firmicutes and 
Bacteroidetes [72]. The F/B ratio was previously reported 
to be associated with obesity, as Firmicutes are increased 
in HFD-fed individuals and enriched in genes coding for 
nutrient transporters, while Bacteroidetes are associated 



Page 16 of 21de Noronha et al. Biological Research           (2024) 57:23 

with a diet rich in fiber and consequently enriched in 
genes coding for carbohydrate metabolism [73, 74]. In 
this sense, the F/B ratio was described to be a useful tool 
for classifying obesity, although this has been contested 
[75]. Herein, we found positive correlations between F/B 
ratio and all fat pad tissues through the adipose index 
(i.e., sum of epididymal, inguinal and retroperitoneal fat 
pads) and final weight in HFD versus CD groups. More-
over, consistent with an increase in the F/B ratio in HFD 
animals, within the Firmicutes phylum, we found an 
increased relative abundance of Blautia in HFD animals, 
a genus that is reliably associated with abdominal fat 
accumulation [76]. While a high F/B ratio is not always 
found to be increased in obese individuals [77], humans 
studies have a series of confounding factors that can 
influence the microbiome composition, such as the use of 
antibiotics and other medications, and clinical conditions 
such as diabetes. Moreover, higher relative abundance of 
the Firmicutes phylum can also be observed in the United 
States of America population [78], which coincides with 
the increased incidence of obesity in this population [79].

HFD increases brainstem serotonergic gene expression
Anxiety states and anxiety-like behavioral responses are 
associated with increases in serotonergic mRNA expres-
sion in the dorsomedial DR (also referred to as the cDRD 
[for discussion of nomenclature, see Table 4 [13]; see also 
[80]]. Increased activity of the cDRD induces anxiety-like 
defensive behavioral responses [13, 50]. Our results show 
animals fed a HFD had higher expression of tph2, htr1a 
and slc6a4 in the anxiety-related cDRD subregion. This 
is consistent with the hypothesis that the anxiety-related 
responses observed in HFD-fed rats are, in part, caused 
by changes in serotonergic signaling within cDRD limbic 
circuits [80]. We have previously shown a chronic HFD 
intake from middle adolescence to adulthood induces 
neuroinflammation [6], which could increase serotoner-
gic gene expression in the cDRD.

Higher expression of tph2 in the cDRD is a particularly 
consistent finding in several chronic anxiety-like states 
in rodents, and in persons with affective disorders [21, 
81]. For example, two different models of inescapable 
stress increase tph2 mRNA expression in the cDRD in 
association with increased anxiety-like defensive behav-
ioral responses [13]. In addition, corticotropin-releasing 
hormone (Crh) receptor priming in the bed nucleus of 
the stria terminalis (BNST) induces increases in tph2 
mRNA expression in the cDRD in association with a 
chronic anxiety-like state, and tph2 mRNA expression 
in the cDRD is highly correlated with anxiety-like defen-
sive behavioral responses [14]. Furthermore, maternal 
separation during early life, which induces a chronic 
anxiety-like state throughout adulthood, increases tph2 
mRNA expression in the cDRD in rats [15]. Moreover, 

chronic administration of corticosterone, which induces 
a chronic anxiety-like state, induces an increase in tph2 
mRNA expression in the DR, although these effects are 
not restricted to the cDRD region [82]. Finally, micro-
injection of the anxiety- and fear-related peptide, Crh, 
directly into the cDRD region increases serotonin release 
in the central nucleus of the amygdala, which is tempo-
rally associated with fear-related behavioral responses 
[19]. Studies in humans have found increased expres-
sion of CRH in the caudal DR of persons with depression 
who died by suicide, suggesting that the caudal DR also 
may play a role in stress-related psychiatric disorders and 
suicide risk in humans [83]. Other studies have found 
increased tph2 mRNA [84] and protein expression [81] in 
the caudal part of the DR in persons with depression who 
died by suicide, while in alcohol-dependent persons with 
depression who died by suicide, increases in TPH2 pro-
tein are restricted to the cDRD region [21].

HFD animals also had higher expression of the htr1a 
gene in the cDRD nucleus. Although the connection 
between htr1a expression and chronic anxiety is not well 
understood, studies have shown that single nucleotide 
polymorphisms in the HTR1A gene, along with recent 
stressful life events, were associated with higher depres-
sion and anxiety scores [85, 86]. This suggests that the 
5-HT1A receptor confers vulnerability to anxiety and 
mood disorders by modulating threat-related informa-
tion processing [86].

Rats fed a HFD also presented with higher slc6a4 
expression in the cDRD. Previous studies in rats have 
shown that exposure to adverse early life experiences, 
caused by maternal separation, followed by acute social 
defeat stress in adulthood, results in increased slc6a4 
mRNA expression in the cDRD relative to animal facil-
ity reared controls and to rats exposed to neonatal han-
dling [15]. Increased expression of tph2, htr1a, and slc6a4 
in the cDRD of HFD-fed rats is consistent with previ-
ous studies implicating the cDRD in chronic (even life-
long) anxiety-like states, and vulnerability to future stress 
exposures in adulthood. Early life adverse experiences 
increase the risk of developing stress-related psychiatric 
disorders, including anxiety disorders [87]. In this sense, 
consumption of a HFD during adolescence could be an 
important factor increasing susceptibility to developing 
stress-related psychiatric disorders later in life.

Changes in the gut microbiome taxa were corre-
lated with changes in expression of serotonergic genes, 
including tph2, htr1a, and slc6a4 in the cDRD subre-
gion. Specific taxa were differently associated with up- 
or down-regulated gene expression. Of note, the family, 
Verrucomicrobiaceae, and Akkermansia, a genus within 
the Verrucomicrobiaceae family, was positively corre-
lated with tph2 gene expression. On the other hand, rela-
tive abundances of the genus Prevotella was negatively 
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correlated with slc6a4 gene expression in the cDRD. Our 
results provide new insights into a role of the microbi-
ome-gut-brain axis in regulating anxiety-related behav-
iors by pointing to a possible participation of the brain 
serotonergic systems in this process.

HFD induces anxiety-related behavioral responses
Rats exposed to consumption of a HFD responded with 
increased anxiety-related behaviors in the EPM; how-
ever, this effect was not observed in the LDB and OF. 
As previously proposed, each paradigm investigates 
different aspects of aversive responses, and the stress 
associated with the repeated handling and testing in the 
behavioral test battery could have impaired our ability 
to detect HFD-induced changes in approach and avoid-
ance behaviors, due to repeated exposure to threatening 
stimuli [88]. Indeed, rats exposed to the CD condition 
had very high baseline measures of anxiety-like defensive 
behavioral responses in both the LDB and OF, which may 
have resulted in a floor effect. Our results using the EPM, 
however, corroborate others that investigated weight gain 
(i.e., increased adiposity) followed by increases in anxi-
ety-like defensive behavioral responses [89, 90]. Impor-
tantly, the developmental period during which dietary 
intervention is introduced might impact both gut micro-
biome and brain development. In the present study we 
initiated HFD around five weeks of age, equivalent to the 
mid-adolescent period, corroborating studies that have 
consistently shown that introducing a HFD early during 
development impacts a range of responses, such as spa-
tial learning, memory and anxiety-like defensive behav-
ioral responses [4, 6, 91, 92].

Limitations
Our work has a number of important limitations. First, 
the fecal pellet collection started on the second day 
of the diet protocol, meaning that rats from the HFD 
group were eating a HFD for at least 48  h before the 
first fecal pellet collection, which is sufficient time for 
diet to impact the community composition of the gut 
microbiome [93]. However, in our understanding, this 
limitation does not decrease the relevance of our find-
ings, as the diet treatment lasted for 9 weeks, and the 
serotonergic gene expression and behavior assessments 
were performed only at the end of this period. A sec-
ond limitation was that we did not directly investigate 
mechanisms, such as afferent neuronal signaling, micro-
biome-derived metabolites, or altered immune signaling 
derived from the microbiome that could be involved in 
the changes in serotonergic gene expression and anxiety-
like behavioral responses. Finally, the study was con-
ducted using male rats across mid-adolescence to the 
adult period; it is therefore not clear to what extent these 
data would generalize to female rats or other life stages. 

Our initial question aimed to limit the variety of uncon-
trolled parameters, including estrous cycling in female 
rats [see, for example [94]], and in this sense we moved 
to investigate male rats in our initial studies. Given that 
the incidence of anxiety disorders, mood disorders, and 
trauma-and stressor-related disorders are higher in 
females than in males [95], this is an important limitation 
and sex as a biological variable represents an important 
direction for future research.

Conclusion and clinical implications
The present study showed that a 9-week exposure to a 
HFD altered gut microbiome diversity and community 
composition, with changes in community composition 
that closely align with those seen in industrialized human 
microbiomes, including decreases in VANISH taxa, 
increases in BLoSSUM taxa, and increases in the F/B 
ratio. Consumption of a HFD was also associated with 
changes in serotonergic gene expression in the brain-
stem raphe nuclei, including the anxiety-related cDRD or 
dorsomedial DR, and anxiety-like behavioral responses. 
Considering the early introduction of high-fat foods 
in children’s diets, and the ever-increasing obesity epi-
demic, our data introduce a possible scenario by which 
the dietary choices during adolescence can influence the 
gut microbiome, brainstem serotonergic systems, and the 
susceptibility to the development of psychiatric disorders 
in adulthood. This knowledge could lead to new microbi-
ome-based approaches to prevent stress-related psychi-
atric disorders such as anxiety disorders.
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5-HT  5-hydroxytryptamine, 5-HT, serotonin
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Supplementary Material 1: Supplementary Fig. 1. Atlases of seroto-
nergic gene expression. (a) Atlas of rat tryptophan hydroxylase 2 (tph2) 
mRNA expression, (b) atlas of rat 5-HT1A receptor (htr1a) mRNA expression, 
and (c) atlas of rat serotonin transporter (slc6a4) mRNA expression in the 
midbrain and pontine raphe complex (84 μm intervals) used for analysis of 
subregions of the dorsal raphe nucleus (DR), median raphe nucleus (MnR), 
pontomesencephalic reticular formation (PMRF) and B9 serotonergic cell 
group (B9) with a high level of neuroanatomical resolution. Photographs 
are autoradiographic images of tph2, htr1a, and slc6a4 mRNA expres-
sion. The levels chosen for analysis ranged from (A) − 7.412 mm bregma 
through (P) − 8.672 mm bregma. Dotted lines delineate different subdivi-
sions of the DR analyzed in this study, based on a stereotaxic atlas of the 
rat brain [39]. Abbreviations: B9, supralemniscal serotonergic cell group; 
MnR, median raphe nucleus; DRC, dorsal raphe nucleus, caudal part; DRD, 
dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular 
part; DRV, dorsal raphe nucleus, ventral part; DRVL, dorsal raphe nucleus, 
ventrolateral part; PMRF, pontomesencephalic reticular formation; VLPAG, 
ventrolateral periaqueductal gray. Numbers in the upper right of each 
panel indicate the rostrocaudal coordinates relative to bregma (in mm). 
Numbers in the lower right of each panel indicate the rostrocaudal level 
of each DR. Scale bar, 1 mm. The rostrocaudal levels and matrices defining 
subregions of the DR that were defined using tph2 autoradiograms were 
also used in the analysis of htr1a and slc6a4 to ensure sampling of the 
same anatomical regions for each gene

Supplementary Material 2: Supplementary Fig. 2. Effects of high-fat 
diet (HFD) on alpha diversity, beta diversity, and community composition 
of the gut microbiome across mid-adolescence, late adolescence, and 
adulthood. (a) Beta diversity distance comparison plot with box plots 
illustrating distances within samples and between groups using Weighted 
UniFrac distance, (b) Weighted UniFrac PCoA plot of dissimilarity matrix, 
and (c) age-arranged weighted UniFrac PCoA plot of dissimilarity matrix. 
(d) Beta diversity distance comparison plot with box plots illustrating 
distances within samples and between groups using Unweighted UniFrac 
distance, (e) Unweighted UniFrac PCoA plot of dissimilarity matrix, and (f ) 
age-arranged Unweighted UniFrac PCoA plot of dissimilarity matrix. Top 
ten taxa with highest relative abundances illustrated by stacked vertical 
bar charts for (g) class, (h) order, (i) family, and (j) genus. Data are expressed 
as boxplots, where bottom and tops of boxes indicate the first and third 
quartiles, respectively; whiskers indicate the interquartile range (IQR) 
beyond the upper and lower quartiles. PERMANOVA pairwise test. Ab-
breviations: CD-A, control diet group/adulthood; CD-L, control diet group/
late adolescence; CD-M, control diet group/middle adolescence; HFD-A, 
high-fat diet group/adulthood; HFD-L, high-fat diet group/late adoles-
cence; HFD-M, high-fat diet group/middle adolescence

Supplementary Material 3: Supplementary Fig. 3. Effects of nine 
weeks of a control diet (CD) or high-fat diet (HFD) protocol on tph2 mRNA 
expression in subdivisions of the dorsal raphe nucleus (DR), median raphe 
nucleus (MnR), pontomesencephalic reticular formation (PMRF), and B9 
serotonergic cell group. Each graph represents the means ± SEMs of tph2 
mRNA expression levels at specific rostrocaudal levels or within subre-
gions. Graphs illustrate tph2 mRNA expression in the (a) total DR, MnR, 
PMRF, and B9 supralemniscal serotonergic cell group, (b) dorsal raphe 
nucleus, ventral part (DRV), including the rostral (rDRV) and caudal (cDRV) 

aspects, (c) dorsal raphe nucleus, ventrolateral part (DRVL)/ventrolateral 
periaqueductal gray (VLPAG), (d) dorsal raphe nucleus, caudal part (DRC), 
(e) dorsal raphe nucleus, interfascicular part (DRI), (f ) MnR, (g) PMRF, and 
(h) B9 supralemniscal serotonergic cell group. Further compiled levels are 
shown for (i) total rostrocaudal levels of DR, MnR, PMRF, and B9 serotoner-
gic cell group bar plot, (j) DRV, rDRV and cDRV bar plots, (k) DRVL/VLPAG 
bar plots, (l) DRC bar plot, (m) DRI bar plot, (n) MnR bar plot, (o) PMRF bar 
plot, and (p) B9 supralemniscal serotonergic cell group bar plot. *p < 0.05 
versus CD at the same rostrocaudal level (a-h); versus CD based on com-
piled tph2 mRNA expression across rostrocaudal levels (i-p), white circles/
bars represent CD group, and black circles/bars represent HFD group. 
Rostrocaudal levels 9 = − 7.412 mm, 8 = − 7.496 mm, 7 = − 7.580 mm, 
6 = − 7.664 mm, 5 = − 7.748 mm, 4 = − 7.832 mm, 3 = − 7.916 mm, 2 = 
− 8.00 mm, 1 = − 8.084 mm, 0 = − 8.168 mm, − 1 = − 8.252 mm, − 2 = 
− 8.336 mm, − 3 = − 8.420 mm, − 4 = − 8.504 mm, − 5 = − 8.588 mm, and 
− 6 = − 8.672 mm. Sample sizes for each treatment group at each rostro-
caudal level of analysis are shown on the upper section of the panel (a-h). 
Abbreviations: CD, control diet; HFD, high-fat diet

Supplementary Material 4: Supplementary Fig. 4. Effects of nine weeks 
of a control diet (CD) or high-fat diet (HFD) protocol on htr1a mRNA 
expression in subdivisions of the dorsal raphe nucleus (DR), median raphe 
nucleus (MnR), pontomesencephalic reticular formation (PMRF), and B9 
serotonergic cell group. Each graph represents the means ± SEMs of htr1a 
mRNA expression levels at specific rostrocaudal levels or within subre-
gions. Graphs illustrate htr1a mRNA expression in the (a) total combined 
expression in dorsal raphe nucleus (DR), median raphe nucleus (MnR), 
pontomesencephalic reticular formation (PMRF), and B9 supralemnis-
cal serotonergic cell group, (b) dorsal raphe nucleus, ventral part (DRV), 
including the rostral (rDRV) and caudal (cDRV) aspects, (c) dorsal raphe 
nucleus, ventrolateral part (DRVL)/ventrolateral periaqueductal gray 
(VLPAG), (d) dorsal raphe nucleus, caudal part (DRC), (e) dorsal raphe 
nucleus, interfascicular part (DRI), (f ) MnR, (g) PMRF, and (h) B9 supra-
lemniscal serotonergic cell group. Further compiled levels are shown 
for (i) total rostrocaudal levels of DR bar plot, (j) DRV, rDRV and cDRV bar 
plots, (k) DRVL/VLPAG bar plots, (l) DRC bar plot, (m) DRI bar plot, (n) MnR 
bar plot, (o) PMRF bar plot, and (p) B9 supralemniscal serotonergic cell 
group bar plot. *p < 0.05, versus CD at the same rostrocaudal level (a-h); 
versus CD based on compiled htr1a mRNA expression across rostrocaudal 
levels (i-p), white circles/bars represent CD group, and black circles/bars 
represent HFD group. Rostrocaudal levels 9 = − 7.412 mm, 8 = − 7.496 mm, 
7 = − 7.580 mm, 6 = − 7.664 mm, 5 = − 7.748 mm, 4 = − 7.832 mm, 3 
= − 7.916 mm, 2 = − 8.00 mm, 1 = − 8.084 mm, 0 = − 8.168 mm, − 1 = 
− 8.252 mm, − 2 = − 8.336 mm, − 3 = − 8.420 mm, − 4 = − 8.504 mm, − 5 = 
− 8.588 mm, and − 6 = − 8.672 mm. Sample sizes for each treatment group 
at each rostrocaudal level of analysis are shown on the upper section of 
the panel (a-h). Abbreviations: CD, control diet; HFD, high-fat diet

Supplementary Material 5: Supplementary Fig. 5. Effects of nine 
weeks of a control diet (CD) or high-fat diet (HFD) protocol on slc6a4 
mRNA expression in subdivisions of the dorsal raphe nucleus (DR), median 
raphe nucleus (MnR), pontomesencephalic reticular formation (PMRF), 
and B9 supralemniscal serotonergic cell group. Each graph represents the 
means ± SEMs of slc6a4 mRNA expression levels at specific rostrocaudal 
levels or within subregions. Graphs illustrate slc6a4 mRNA expression in 
the (a) total combined expression in the DR, MnR, PMRF, and B9 supra-
leminiscal serotonergic cell group, (b) dorsal raphe nucleus, ventral part 
(DRV), including the rostral (rDRV) and caudal (cDRV) aspects, (c) dorsal 
raphe nucleus, ventrolateral part (DRVL)/ventrolateral periaqueductal 
gray (VLPAG), (d) dorsal raphe nucleus, caudal part (DRC), (e) dorsal raphe 
nucleus, interfascicular part (DRI), (f ) MnR, (g) PMRF, and (h) B9 supralem-
niscal serotonergic cell group. Further compiled levels are shown for (i) 
total rostrocaudal levels of DR bar plot, (j) DRV, rDRV and cDRV bar plots, 
(k) DRVL/VLPAG bar plots, (l) DRC bar plot, (m) DRI bar plot, (n) MnR bar 
plot, (o) PMRF bar plot, and (p) B9 supralemniscal serotonergic cell group 
bar plot. *p < 0.05 versus CD at the same rostrocaudal level (a-h); versus 
CD based on compiled slc6a4 mRNA expression across rostrocaudal 
levels (i-p), white circles/bars represent CD group, and black circles/bars 
represent HFD group. Rostrocaudal levels 9 = − 7.412 mm, 8 = − 7.496 mm, 
7 = − 7.580 mm, 6 = − 7.664 mm, 5 = − 7.748 mm, 4 = − 7.832 mm, 3 
= − 7.916 mm, 2 = − 8.00 mm, 1 = − 8.084 mm, 0 = − 8.168 mm, − 1 = 
− 8.252 mm, − 2 = − 8.336 mm, − 3 = − 8.420 mm, − 4 = − 8.504 mm, − 5 = 
− 8.588 mm, and − 6 = − 8.672 mm. Sample sizes for each treatment group 
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at each rostrocaudal level of analysis are shown on the upper section of 
the panel (a-h). Abbreviations: CD, control diet; HFD, high-fat diet

Supplementary Material 6: Supplementary Fig. 6. Analysis for rats 
treated with control diet (CD) and high-fat diet (HFD) to reveal correla-
tions of the time spent in the open-arm of the elevated plus-maze versus 
relative abundance of specific taxa. Each graph represents Spearman’s 
correlation coefficient of time in the open arm versus relative abundance 
of specific taxa, and r and p values are shown on the panels according to 
the analysis of time spent in the open-arm of the elevated plus-maze x 
taxa, separately for CD and HFD. (a-b) CD taxa x open arm correlation, (c-d) 
HFD taxa x open arm correlation. (e-f ) CD and HFD taxa combined x open 
arm correlation. (g) Analysis of correlation between time in the open arm 
versus Prevotella relative abundance. (h) slc6a4 gene expression versus 
Prevotella. For r values, blue represents negative correlations and red 
positive correlations; for p values heatmap, blue scale represents variations 
within 0.05 and 0.01. Abbreviations: CD, control diet; HFD, high-fat diet

Supplementary Material 7:

Supplementary Material 8
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