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Stress-induced abnormalities in gut monoamine levels (e.g., serotonin,

dopamine, norepinephrine) have been linked to gastrointestinal (GI)

dysfunction, as well as the worsening of symptoms in GI disorders.

However, the influence of stress on changes across the entire intestinal

monoamine biogeography has not been well-characterized, especially in the

days following stress exposure. Therefore, the aim of this study was to

comprehensively assess changes to monoamine neurochemical signatures

across the entire rat intestinal tract days after exposure to an acute stressor.

To the end, adult male F344 rats were subjected to an episode of unpredictable

tail shocks (acute stress) or left undisturbed. Forty-eight hours later rats were

euthanized either following a 12 h period of fasting or 30 min of food access to

evaluate neurochemical profiles during the peri- and early postprandial periods.

Monoamine-related neurochemicals were measured via UHPLC in regions of

the small intestine (duodenum, jejunum, ileum), large intestine (cecum,

proximal colon, distal colon), cecal contents, fecal contents, and liver. The

results suggest a relatively wide-spread increase in measures of serotonin

activity across intestinal regions can be observed 48 h after exposure to

acute stress, however some evidence was found supporting localized

differences in serotonin metabolization. Moreover, acute stress exposure

reduced catecholamine-related neurochemical concentrations most notably

in the ileum, and to a lesser extent in the cecal contents. Next, stress-related

fecal serotonin concentrations were consistent with intestinal profiles.

However, fecal dopamine was elevated in association with stress, which did

not parallel findings in any other intestinal area. Finally, stress exposure and the

food access period together only had minor effects on intestinal monoamine

profiles. Taken together, these data suggest nuanced differences in

monoaminergic profiles exist across intestinal regions the days following

exposure to an acute stressor, highlighting the importance of assessments
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that consider the entire intestinal tract biogeography when investigating stress-

related biological outcomes that may be relevant to GI pathophysiology.

KEYWORDS

acute stress, intestinal monoamines, gut dopamine, gut serotonin, intestinal
biogeography, functional gastrointestinal disease, gastrointestinal distress

1 Introduction

Exposure to adverse experiences (e.g., psychological stress) is

not only a major risk factor for gastrointestinal (GI) dysfunction,

but can also worsen functional gastrointestinal disorders (FGIDs)

symptomology (Garrick et al., 1989; Morrow and Garrick, 1997;

Mayer, 2000; Konturek et al., 2011). Indeed, psychological

stressors can alter GI functions, including motility, secretions,

visceral sensitivity, and mucosal barrier integrity (Konturek et al.,

2011). Moreover, a high comorbidity exists between the

development of FDIGs and posttraumatic stress disorder

(PTSD) (Bradford et al., 2012; Pohl et al., 2015; Park et al.,

2016; Gradus et al., 2017; Noejovich et al., 2020). However,

identifying and treating the underlying pathophysiology of

stress-related GI dysfunction and FGIDs has proven to be a

challenge (Wang and Camilleri, 2019), possibly due, at least in

part, to the non-homogeneity of physiological environments and

functions across the intestinal regions (Bowcutt et al., 2014;

Donaldson et al., 2015; Kennedy and Chang, 2020; Bauer

et al., 2021). Despite this, studies examining physiological

responses to stress across the entire intestinal biogeography

remain limited, outside of the microbiome. Thus,

comprehensive multipoint investigations of the intestines

could provide key insights into the region-specific

physiological changes that develop following stress exposure,

thereby providing important groundwork for targeted

approaches that can better manage stress-related GI dysfunction.

Despite the clear link between stress and GI distress,

significant gaps of knowledge exist concerning the

physiological mechanisms by which stress exposure can

disrupt GI functions. Converging lines of evidence suggest

that monoamine neurochemicals (i.e., serotonin dopamine,

norepinephrine) play central roles in regulating physiological

functions of the GI tract (e.g., motility, secretions, permeability,

blood flow, etc.) (Mittal et al., 2017). In fact, nearly 95% and 50%

of the body’s serotonin (5-HT) and dopamine (DA), respectively,

are produced in the gut, underscoring the importance of these

neurochemicals to gut health (Bertaccini, 1960; Eisenhofer et al.,

1997; Erspamer and Testini, 2011; Terry and Margolis, 2017).

Therefore, it is not surprising that abnormalities in intestinal

monoamine concentrations, such as sufficiently elevated 5-HT or

lowered DA levels, can induce inflammatory GI conditions,

thereby increasing intestinal motility and visceral sensitivity,

which are key features of GI distress (Tonini et al., 2004;

Bokic et al., 2015; Mittal et al., 2017). Given the link between

stress and GI dysfunction (Söderholm and Perdue, 2001;

Konturek et al., 2011; Ng et al., 2019), it is possible that

stress-related abnormalities in intestinal monoamines may

contribute to the development of GI distress and worsening of

FGID symptoms. Indeed, some evidence exists suggesting

pharmacological or probiotic approaches that can reduce the

activity of intestinal 5-HT following stress exposure may be

effective at attenuating rodent GI distress (Hirata et al., 2008;

Li et al., 2019b). However, it is still unclear how stress influences

the entire intestinal monoaminergic biogeography, as research

has been typically limited to the examination of a single

monoamine that is characterized within one or two gut

regions, or just in fecal matter (Mönnikes et al., 2001; Dong

et al., 2016, 2017; Li et al., 2019b; Hirabayashi et al., 2020; Li et al.,

2022). This is an important consideration, as monoamine

neurotransmitters interact in complex and coordinated

manners to influence biological processes and sub-regions of

the gut are not autonomous in function (Bowcutt et al., 2014;

Donaldson et al., 2015; Kennedy and Chang, 2020; Bauer et al.,

2021).

The purpose of this study was to investigate changes to

monoamine-related neurochemical profiles across rat

intestinal subregions that exist days after a single episode of

acute stress. The unpredictable tail shock paradigm (i.e., acute

stress) was chosen due to its comprehensively characterized

stress physiology, likened to a relatively short-lived episode of

PTSD (Miller and McEwen, 2006; Verbitsky et al., 2020), which

has spanned over 5 decades of research (Weiss, 1968; Frank et al.,

2013; Maier and Seligman, 2016; Fleshner and Crane, 2017;

Baratta and Maier, 2019). Moreover, the unpredictable tail

shock paradigm has been argued to be a promising model for

understanding the biological underpinnings of GI dysfunction

that are common with PTSD (Stam et al., 1997). Indeed, rats

display several symptoms consistent with GI dysfunction

following exposure to this stressor, including abnormal gastral

contractility and mucosal injury (Weiss, 1968; Abbott et al., 1984;

Garrick et al., 1989; Tsuda et al., 2013), alterations to the

microbiome (Thompson et al., 2020), evidence of increased

intestinal permeability (Maslanik et al., 2012), persistent

hypophagia (Reed et al., 2021), as well as suppressed colonic

contractility and increased fecal output that is watery in

consistency (Morrow and Garrick, 1997). However, despite

these observations, little work has been completed

investigating the possible intestinal physiological

underpinnings of GI distress using this model. Moreover, rats

display exaggerated physiological and behavioral stress responses

(Laudenslager et al., 1988; Fleshner et al., 1995; Maier and
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Watkins, 2005; Maier and Seligman, 2016) for days following

exposure to this stressor in manners that may be relevant for

understanding the development of more persistent GI distress

symptoms (Greenwood-Van Meerveld and Johnson, 2017).

However, to the best of our knowledge, no research has been

completed characterizing stress-related monoaminergic

responses beyond periods in close proximity to stress

exposure (e.g., with a 1–2 h) (Mayer, 2000; Dong et al., 2017;

Li et al., 2019b, 2022; Lyte et al., 2020).

To that end, rats were exposed an episode of unpredictable

tail shocks and monoamine neurochemical profiles were assessed

48 h later in the small intestine (duodenum, jejunum, ileum) and

large intestine (cecum, proximal colon, distal colon), as well as

the cecal and fecal contents, and the liver. The concentrations of

serotonin (5-HT), dopamine (DA), norepinephrine (NE), as well

as the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA)

and primary DA metabolites 3,4-dihydroxyphenylacetic acid

(DOPAC) and homovanillic acid (HVA) were measured using

Ultra-High-Performance Liquid Chromatography (uHPLC).

Salsolinol (SAL), a bioactive metabolite of dopamine, was also

measured because it has been implicated in gut dysfunction, but

remains poorly characterized in response to environmental

challenges (e.g., stress) (Kurnik-Łucka et al., 2018). This

comprehensive multipoint assessment of the intestinal

monoamine biogeography could have implications for

intestine region-specific pathophysiology that develops after

exposure to adverse experiences.

2 Materials and methods

2.1 Animals

Upon arrival, 225–250 g male Fischer 344 rats (n = 36) were

housed 2-3 per cage. Male rats were used for this study as the vast

majority of over five decades of research on stress physiology

research has been completed in this exact paradigm using male

Sprague Dawley or Fisher 344 rats (reviewed in Weiss, 1968;

Frank et al., 2013; Christianson and Greenwood, 2013; Maier and

Seligman, 2016; Fleshner and Crane, 2017; Baratta and Maier,

2019), which could provide behavioral or physiological context to

any relevant intestinal outcomes. Rats were group housed to

minimize the possible influence of chronic social isolation stress

(Weiss et al., 2004) that could interact with the single episode of

acute stress (described below), employed in this study, to

confound the dependent measures. Group housed rats display

heightened behavioral and physiological stress responses that

have been likened to PTSD using the stress paradigm employed

herein (for example, see Frank et al., 2007; Christianson et al.,

2009; Christianson et al., 2010; Maslanik et al., 2012; Amat et al.,

2014). No experimental manipulations took place during the first

week while rats acclimated to the new vivarium. Rats in each cage

were distinguished by marking with a different colored

permanent marker on the base of the tails. Room temperature

(21°C ± 1°C) and photoperiod (12:12 light/dark) were controlled

for the entire study. There was an unexpected loss of one rat that

was not included in analyses. All procedures were approved by

the Iowa State University Institutional Animal Care and Use

Committee (IACUC; Protocol #IACUC-18-298) and special care

was taken to minimize animal discomfort.

2.2 Experimental design

Water was provided ad libitum throughout the experiment.

After the first week, food access (ENVIGO Tekland 2014) was

removed from cages during the light photoperiod, but provided

ad libitum during the dark photoperiod (i.e., when rats are most

active). This feeding schedule was completed so that intestinal

measures could be obtained without food present (details below),

to reduce the possible variation of dependent measures due to

differences in chyme across regions of the intestines. Rats were

acclimated to the 12 h of restricted food access for 14–17 days

after which rats were exposed to a single episode of unpredictable

tail shocks (Stressed group; described in detail below) or left

undisturbed in their home cages (Unstressed group). Rats were

exposed to stress in four cohorts (i.e., on either days 14, 15, 16, or

17, one cohort per day) so that post-euthanasia tissue collection

could occur rapidly and at the same times across the groups

(Figure 1).

All rats were euthanized by rapid decapitation without

anesthesia 48 h after stress within two 15-min windows either

before food access (Pre-Food group) or after 30 min of food

access (Post-Food group). Forty-eight hours was chosen because

FIGURE 1
Experimental design. Adult male F344 rats were habituated to
receive access to daily food only during the dark photoperiod over
14–17 days. Rats were then either left undisturbed in home cages
(Unstressed) or exposed to an episode of unpredictable tail
shocks (Stressed). Forty-eight hours after stress, rats were sampled
either 15 min prior to food access (Pre-Food) or 30 min after food
access (Post Food) to measure monoamine related
neurochemicals across the intestines, intestinal contents, and liver
using uHPLC.
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it is sufficiently beyond stress exposure yet still within the

approximately 72-h period that rat’s display heightened

physiological responses to stress that have been compared to

human PTSD (Stam et al., 1997; Hammack et al., 2003;

Greenwood et al., 2012; Christianson and Greenwood, 2013;

Frank et al., 2016). Rats in the Pre-Food group (n = 9 Unstressed,

n = 9 Stressed) were sampled after a 12 h period fasting. The Pre-

Food group was designed to observe intestinal neurochemical

responses to stress without the presence of food in the GI tract, to

minimize possible confounds in neurochemical data that could

occur due to stress-induced reductions in eating (Reed et al.,

2021). Rats in the Post-Food group (n = 9 Unstressed, n =

8 Stressed) were sampled 30 min after food access. The Post-

Food condition was selected to model possible neurochemical

changes that might contribute to the understanding of stress-

related postprandial abdominal discomfort. In humans,

postprandial abdominal discomfort commonly occurs in close

approximation to eating (Steinsvik et al., 2020) (e.g., often within

a couple of hours). The 30-min food access time point selected

may be relevant to detect possible related monoamine

involvement, due to the considerably faster GI transit process

in rats compared to humans (Gao et al., 2017).

2.3 Acute stress paradigm

Cages (consisting of 2-3 rats) were randomly assigned to

receive uncontrollable tail shocks (Stress) or remained in their

home cages (Unstressed). The tail shock paradigm followed our

previous publications (Clark et al., 2014, 2015; Reed et al., 2021).

Briefly, the procedure took place in a room adjacent to the room

they were housed. Rats were restrained using flat-bottom

Plexiglas tubes with the tail exposed in the back

approximately 2–5 h into the light cycle. Electrodes placed on

the tail delivered 100 5-s tail shocks at variable 1-min intershock

intervals operated by Med-PC software (Med Associates Inc.).

The first 50 shocks were at 1.0 mA and the last 50 shocks were at

1.5 mA. Rats were returned to their home cages immediately

following the tail shocks. The unpredictable tail shock paradigm

is one of the most comprehensively studied models in stress

physiology (Maier and Watkins, 2005; Maier and Seligman,

2016). As such, stress responses including, but not limited to,

circulating corticosterone responses, glycemic levels, and sterile-

systemic inflammation have been exhaustively characterized in

past work (for example, see Frank et al., 2007; Maslanik et al.,

2012; Beninson et al., 2014; Clark et al., 2014; Cox et al., 2014;

Speaker et al., 2014; Conoscenti et al., 2019).

2.4 Neurochemical analysis

Small intestine regions (i.e., duodenum, jejunum, ileum), large

intestine regions (i.e., cecum, proximal colon, distal colon), and the

liver, as well as cecal and fecal contents were rapidly dissected in each

rat on a glass plate placed over ice (Bauer et al., 2021). Intestinal

tissues, intestinal contents, and liver samples were immediately

placed into 0.2 M perchloric acid and flash frozen in liquid

nitrogen and stored at −80°C until neurochemical analysis.

Neurochemical detection was achieved using ultra-high-

performance liquid chromatography. Detailed Ultra High

Performance Liquid Chromatography methodology can be found

in our previous publications (Bauer et al., 2021; Buhr et al., 2021;

Reed et al., 2021). Neurochemical measurements for 5-HT, DA, and

NE, as well as select metabolites (5-HIAA, DOPAC, HVA, SAL)

were corrected for the weight of each sample (i.e., µg of

neurochemical/gram of tissue) ± standard error of mean. The

ratio of metabolite to neurotransmitter (5-HIAA/5-HT; DOPAC

+ HVA/DA) was calculated as a measure of neurotransmitter

turnover (NJ et al., 1986; Peneder et al., 2011; Deurwaerdere

et al., 2020; Bauer et al., 2021).

2.5 Statistical analysis

Group differences in neurochemical concentrations and

turnover ratios were assessed using a Two-Way ANOVA for

the factors acute stress (Unstressed or Stressed) and food access

(Pre-Food or Post-Food). Statistically significant main effects

between both stress exposure and food access, or an interaction

between these factors were followed up with a Tukey corrected

post hoc analysis. Due to the large volume of data acquired by

analyzing several monoamine-related neurochemicals across

multiple tissues sources, only statistically significant

differences are reported in the results section. However, all

neurochemical comparisons are located in the figures.

Neurochemical concentration measurements that were greater

than two standard deviations from the mean were excluded from

the analysis, which is noted in the degrees of freedom. Also note,

cage was considered a covariate, but did not influence the

dependent measures. Therefore, the experimental unit for all

analyses are at the level of individual rat (not cage). Statistical

significance was set to 0.05 using SAS statistical software.

3 Results

3.1 Small intestine monoamines

3.1.1 Duodenum
Stress exposure [F(1,31) = 7.66, p = 0.0095] and food access

[F(1,31) = 7.40, p = 0.0106] influenced 5-HT concentrations. Post

hoc analysis revealed that 5-HT was further elevated in Pre-Food

Stress group compared to the Pre-Food (p = 0.0379) and Post

Food Unstressed group (p = 0.0023) (Figure 2A). Additionally,

the Post Food group had significantly lowered concentrations of

the 5-HTmetabolite 5-HIAA [F(1,31) = 4.33, p = 0.0459] and NE
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[F(1,31) = 7.81, p = 0.0089] compared to the Pre-Food

group. SAL was below detectable limits.

3.1.2 Jejunum
Stressed rats had significantly elevated 5-HT [F(1,31) = 7.36,

p = 0.0108] compared to unstressed rats (Figure 2B).

Additionally, rats in the Post Food group had significantly

elevated concentrations of the DA precursor L-DOPA

[F(1,31) = 5.40, p = 0.0269] compared to rats in the Pre-Food

group. SAL was below detectable limits.

3.1.3 Ileum
There were five stress-related neurochemical changes in the

ileum. Stressed rats had decreased levels of 5-HIAA/5-HT

[F(1,31) = 10.40, p = 0.0030], which was liked caused by

lower 5-HIAA concentration [F(1,31) = 5.35, p = 0.0276]

compared to unstressed rats (Figure 2C). Additionally, stress

lowered concentrations of L-DOPA [F(1,31) = 6.30, p = 0.0175],

DA [F(1,31) = 5.28, p = 0.0286], and NE [F(1,31) = 5.26, p =

0.0287] compared to unstressed rats. However, there were no

significant neurochemical changes related to food access.

FIGURE 2
Monoamine-related neurochemical changes in the small intestines 48 h after stress exposure. (A) NE and stress-potentiated 5-HT
concentrations were increased prior to food access in the duodenum. (B) Stress exposure increased 5-HT concentrations, whereas food access
increased L-Dopa concentrations in the jejunum (left panel). (C) Stress lowered 5-HIAA, L-Dopa, DA, and NE concentrations (left panel), while also
lowering 5-HT turnover measures (right panel) in the ileum.± S.E.M. Significant main effect of stress (A) or food access (B) from Two-Way
ANOVA. (A) From Pre-Food Unstressed and (B) from Post Food Unstressed. Significance p < 0.05. Sample size n = 9 per group, except Post Food
Stress group n = 8.
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3.2 Large intestine, intestinal contents, and
liver monoamines

3.2.1 Cecum
There were no significant stress-related neurochemical

changes. However, rats in the Post Food group had elevated

levels of DOPAC + HVA/DA [F(1,31) = 9.48, p = 0.0043]

compared to rats in the Pre-Food group (Figure 3A). SAL was

below detectable limits.

3.2.2 Proximal colon
Stressed rats had elevated concentrations of 5-HT compared

to unstressed rats [F(1,30) = 7.03 p = 0.0127] (Figure 3B).

However, there were no significant neurochemical changes

related to food access. SAL was below detectable limits.

3.2.3 Distal colon
Stressed rats had lower levels of 5-HIAA/5-HT [F(1,31) =

4.21, p = 0.0487], which was likely due to an increase in 5-HT

concentration [F(1,31) = 5.78, p = 0.0224], compared to

unstressed rats (Figure 3C). Additionally, stress exposure and

food access interacted to influence L-DOPA concentrations

[F(1,31) = 4.22, p = 0.0485], however, post hoc analyses failed

to reach significance.

3.2.4 Cecal contents
Stressed rats had elevated levels of 5-HIAA/5-HT [F(1,31) =

7.83, p = 0.0088], which was likely a result of increased 5-HIAA

concentration [F(1,31) = 4.70, p = 0.0380] compared to

unstressed rats (Figure 4A). Stress also lowered the

concentration of SAL [F(1,31) = 4.67, p = 0.0385] compared

FIGURE 3
Monoamine-related neurochemical changes in the large intestines 48 h after stress exposure. (A) DA turnover measures were mildly elevated
following food access (right panel), however no neurochemical responses to stress were observed in the cecum. (B) Stress exposure increased 5-HT
concentrations (left panel) in the proximal colon. (C) Stress exposure increased 5-HT concentrations (left panel) with lower 5-HT turnover measures
(right panel) in the distal colon. ±S.E.M. significant main effect of stress (A) or food access (B) from Two-Way ANOVA. Significance p < 0.05.
Sample size n = 9 per group, except Post Food Stress group n = 8.
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to unstressed rats. However, there were no significant

neurochemical changes related to food access. HVA was

below detectable limits.

3.2.5 Fecal contents
Stressed rats displayed higher concentrations of 5-HT

[F(1,28) = 14.24, p = 0.0008], DA [F(28) = 5.07, p = 0.0324]

and DOPAC [F(1,28) = 5.54, p = 0.0259] compared to unstressed

rats (Figure 4B). There were no significant neurochemical

changes related to food access. NE, HVA and SAL were below

detectable limits.

3.2.6 Liver
Stressed rats had elevated levels of NE compared to

unstressed rats in the liver [F(1,31) = 5.99, p = 0.0203]

(Figure 5). There were no significant neurochemical changes

related to food access. 5-HIAA, DOPAC, and SAL were below

detectable limits, therefore 5-HIAA/5-HT and DOPAC + HVA/

DA turnover ratios were not available. L-DOPA was not reliably

detected across animals and was excluded from analysis.

4 Discussion

The results of this study provide a relatively comprehensive

assessment of changes to monoaminergic profiles across rat

intestinal biogeography the days following exposure to an

acutely adverse event. Several key findings were made that

could have important implications for intestinal physiology

and function during the days following acute stress. First,

region-specific discrepancies in monoaminergic responses and

metabolization were observed 48 h after acute stress exposure

(Figure 6). These include evidence supporting intestinal region

differences in the ability to metabolize stress-augmented 5-HT, as

well as stress-induced reductions to catecholamine-related

neurochemicals observed most notably in the ileum. These

FIGURE 4
Monoamine-related neurochemical changes in the intestinal contents 48 h after stress exposure. (A) Stress increased 5-HIAA and decreased
SAL concentrations (left panel), as well as elevated 5-HT turnover measures (right panel) in the cecal contents. (B) Stress increased 5-HT, DA, and
DOPAC concentrations in the fecal contents (left panel). ±S.E.M. significant main effect of stress (A) or food access (B) from Two-Way ANOVA.
Significance p < 0.05. Sample size n = 9 per group, except Post Food Stress group n = 8.
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data could have implications for prevalence of stress-induced

pathophysiological conditions within specific intestinal sub-

regions. Second, stress-related neurochemical profiles in the

fecal contents reflected a relatively widespread elevation in

intestinal 5-HT concentrations. However, this was not the

case for DA-related neurochemicals, where DA and metabolite

concentrations were elevated in the feces but not across any

intestinal areas. While surprising, the inconsistency of DA

concentrations between the intestines and fecal matter could

possibly be due to stress-induced increases of gastric-derived DA

activity (not measured in this study). Nonetheless, these data

highlight the importance of approaches that consider

physiological changes across the entire GI tract, compared to

a single intestinal area or just in fecal matter. Finally, access to

food did not cause notable synergistic interactions with stress

exposure to influence monoamine concentrations. Together,

these findings shed light on localized changes to intestinal

monoamine profiles that exist during the days after acute

stress exposure, which may have important implications for

more persistent risks of symptoms associated with GI distress

(Greenwood-Van Meerveld and Johnson, 2017).

Despite the growing bodies of evidence supporting a role of

abnormal monoamine activities in GI dysfunction, a comprehensive

characterization of stress-induced changes to monoamines in the

rodent intestinal tract is currently lacking, as studies predominately

report only a single monoamine in one or two intestinal regions

(typically the colon), or in fecal contents, within the first hour

following stress exposure (Mayer, 2000; Dong et al., 2017; Li et al.,

2019b; Li et al., 2022; Lyte et al., 2020). The extent of monoaminergic

changes across each intestinal sub-region remains uncharacterized,

especially in the days following exposure to an acute stressor. This is

an important consideration, as monoamine neurotransmitters

interact in complex and coordinated manners to influence

intestinal processes, and sub-regions of the gut are not

autonomous in function (Bowcutt et al., 2014; Donaldson et al.,

2015; Kennedy and Chang, 2020; Bauer et al., 2021). In the current

study, several region-specific changes to monoamine-related

neurochemical concentrations were reported 48 h after stress

exposure, which are consistent with inflammatory gut conditions

that underlie the increased risk of GI distress (Tonini et al., 2004;

Bokic et al., 2015; Mittal et al., 2017). For example, the cecal contents

displayed stress-related increases in 5-HT turnovermarkers, without

group differences in 5-HT levels, suggesting that this area may be

more capable of metabolizing 5-HT in manners that could clear it

more efficiently from local space.Whereas, duodenum and jejunum,

as well as the proximal and distal colon displayed increases in 5-HT

concentration, but not turnover, providing some evidence that these

regions may not be as effective at metabolizing stress-augmented

levels of 5-HT in intestinal space. Moreover, the ileum was the only

intestinal region that displayed notable changes to catecholamine-

FIGURE 5
Monoamine-related neurochemical changes in the liver 48 h
after stress exposure. Only a stress-induced increase NE
concentrations was detected in the liver. ±S.E.M. significant main
effect of stress (A) or food access (B) from Two-Way ANOVA.
Significance p < 0.05. Sample size n = 9 per group, except Post
Food Stress group n = 8.

FIGURE 6
Summary of stress-induced changes to neurochemicals
across the intestines and liver. An increase (up arrow) in 5-HT or its
metabolite concentration were overserved across most intestinal
regions 48 h following stress exposure. Whereas,
catecholamine related neurochemicals were only notably altered
in the Ileum, which displayed a reduction (down arrow) in L-DOPA,
dopamine, and norepinephrine content. Finally, exposure to stress
reduced (down arrow) salsolinol (SAL) concentrations in the cecal
contents and increased norepinephrine concentrations in the liver.
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related neurochemicals, whereby L-Dopa, DA, and NE

concentrations were all reduced in this area following stress.

Finally, the cecum appeared to be stress-robust to

monoaminergic changes. These regional nuanced discrepancies in

monoamine levels or metabolism during the days following stress

exposure could be related, at least in part, to differences in bacterial

composition that exists across regions of the intestine (Kennedy and

Chang, 2020). For instance, gut microbiota have been shown to

regulate 5-HT and DA levels in various manners, including, but not

limited to, influencing host tryptophan metabolism, as well as 5-HT

and DA metabolism (Yano et al., 2015; Moya-Pérez et al., 2017; Li

et al., 2019b; Kaur et al., 2019; Kwon et al., 2019; Kennedy and

Chang, 2020).

Yet still, stress-related differences of localized

monoaminergic activities across intestinal regions may have

implications for the etiology of GI distress symptoms,

including those that have been reported in rats following

immediately to days following exposure to unpredictable tail

shocks (Weiss, 1970; Abbott et al., 1984; Garrick et al., 1989;

Morrow and Garrick, 1997; Mika et al., 2017; Reed et al., 2021).

Evidence indicates that sufficiently elevated 5-HT and lowered

DA activity in the gut can promote inflammatory responses,

thereby increasing intestinal motility and heightening visceral

sensitivity (Galvin, 1992; Mawe et al., 2013; Galligan et al., 2013;

Dong et al., 2017; Kwon et al., 2019; Alvarado and Ciroba., 2020;

Steinsvik et al., 2020; Kurnik-Łucka et al., 2021). Therefore,

region-specific differences in the capacity of the intestines to

metabolize 5-HT or produce DA following stress may have

localized consequences on intestinal health, which could

contribute in distinct ways to features of GI dysfunctions

following adverse experiences. For example, a stress-related

augmentation of 5-HT concentrations along with the reduced

turnover unique to the distal colon are consistent with a

particularly prolonged exposure to heightened 5HT that could

underlie the severity of pathology reported in this region. Indeed,

chronic inflammation and ulcers are reported specifically within

this region of people suffering from stress-related FDIGs

(Alvarado and Ciorba, 2020; Pergolizzi et al., 2022). Taken

together, these results suggest that nuances across intestinal

sub-areas may exist in monoaminergic responses even days

following exposure to a stressor of sufficient intensity. A

further understanding of the biological factors contributing to

region-specific monoaminergic stress responses could be topics

for future investigations, as it may hold importance for

understanding the localized intestinal conditions that

contribute to specific symptoms of GI distress.

Additionally, it is worth noting the DA metabolite salsolinol

(SAL) was also lowered by stress in the cecal contents. This is

interesting because SAL has bioactive properties in the gut and

brain (Banach et al., 2005; Zurowski et al., 2006; Gil et al., 2011;

Kurnik-Łucka et al., 2018, 2020), yet remains poorly

characterized following environmental challenges (e.g., stress).

Some evidence suggests that a small range of SAL concentrations

may be neuroprotective, however deviation from this range may

become neurotoxic (Kurnik-Łucka et al., 2020). Therefore,

sufficiently lower or higher levels of SAL could be detrimental

to the enteric nervous system (Kurnik-Łucka et al., 2017). Indeed,

abnormally elevated SAL levels in the gut have been implicated in

increased immune and neural cell apoptosis, thereby

contributing to diminished intrinsic and extrinsic mediated

motility (Banach et al., 2005; Zurowski et al., 2006; Gil et al.,

2011; Kurnik-Łucka et al., 2017). However, the effects of reduced

SAL levels in the gut remains less characterized. Therefore, stress-

related changes to intestinal SAL levels may have implications for

GI health, which warrants further investigations. Indeed, very

little is known about this bioactive DA metabolite, despite a

growing literature linking it with both GI and neurodegenerative

disorders (Antkiewicz-Michaluk et al., 1997; Qualls et al., 2014;

Gonzalez et al., 2021).

Fecal biomarkers are commonly used as gross measures of GI

mucosal physiology (Burri and Beglinger, 2014; Chong et al.,

2019). For instance, fecal neurochemical concentrations

commonly serve as a correlate of neurochemical patterns in

intestinal mucosa environment (Assche, 2011; Hirabayashi

et al., 2020a). Therefore, it is of interest to note the

discrepancies between the patterns of 5-HT and DA levels

observed in fecal content compared to the intestinal tissue,

suggesting fecal neurochemical changes may not always reflect

those across the entire intestinal tract. In the current study, fecal

levels of 5-HT were consistent with the evidence supporting a

relatively widespread increase of stress-related intestinal 5-HT

activity. Whereas, the stress-elevated fecal DA concentrations did

not parallel neurochemical observations across any intestinal

area, whereby the few notable changes were primarily indicative

of decreases, not increases, of DA content. One possibility is that

elevated fecal DA levels may be reflective of stress-induced

changes to gastric-derived DA (not assessed in this study).

Previous work using pharmacological approaches suggests that

stress alters gastric dopamine production, thus gastric-derived

DA released into the luminal contents may reach distal segments

of the intestinal tract possibly through the transit of chyme and

fecal matter (Glavin, 1992; Mezey et al., 1996; Rasheed and

Alghasham, 2012). However, the short and long-term effects

of adverse experiences on gastric DA concentrations remain not

well characterized. Taken together, these data suggest

inconsistencies in patterns of detection for stress-induced

neurochemicals may exist between the fecal contents and

intestinal tissues. Future work should follow up on possible

sources of elevated DA content in the fecal content that did

not reflect intestinal DA concentration patterns, as a better

understanding of sources contributing fecal neurochemical

concentration changes could possibly facilitate the diagnosis

and treatment of FGIDs.

Postprandial abdominal discomfort is a symptom ofmany GI

disorders that often occurs in close proximity to eating (Steinsvik

et al., 2020) and may be related, in part, to abnormal monoamine

Frontiers in Physiology frontiersin.org09

Bauer et al. 10.3389/fphys.2022.1021985

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021985


activity-mediated visceroperception. For example, abnormally

elevated postprandial 5-HT is implicated in visceral

hypersensitivity (Crowell, 2004; Spiller, 2007; Camilleri, 2009).

Although the reason for abnormal postprandial 5-HT in GI

disorders is not entirely clear, it is possible that following

exposure to stressors of sufficient intensity, postprandial and

stress-related 5-HT may synergistically interact to produce

greater visceral discomfort in close approximation to eating

(Steinsvik et al., 2020). However, only one additive 5-HT-

related effect was observed in our study, which was for

stressed rats prior to food access, not after food access, in the

duodenum. One possible explanation for the lack of synergistic

stress and food effects on monoamines could be that the stressed

animals in this paradigm persistently eat less (Reed et al., 2021),

which may be related to food avoidance from already present

discomfort (Li et al., 2019a). Alternatively, it seems plausible that

more monoaminergic changes would have been present if a time

point was examined further from food access, as a food bolus can

take about 12 h to traverse the extent of the intestines (Dalziel

et al., 2016). The latter is consistent with the observation that the

few food-related neurochemical effects present in this study were

observed in the proximal intestinal regions. Thus, while perhaps

less relevant for understanding the conditions that may

contribute to stress-induced early postprandial abdominal

discomfort, a longer duration of access to food prior to

sampling may be necessary to observe synergistic effects

between intestinal neurochemicals and food in the GI tract.

Some careful considerations should be given to

interpretations in the current study. First, this study was

completed in male rats. Some evidence suggests differences

may exist between male and female intestinal monoaminergic

systems (Viramontes et al., 2001; López-Contreras et al., 2008;

Lyte et al., 2020; Bauer et al., 2021), which might contribute to

reported variation in the risk of developing GI disorders between

sexes. Second, the chosen methodology does not allow for the

distinction between possible intestinal sublayer differences in

monoamine changes (e.g., mucosa, submucosa, muscular, etc.) or

specific cell types/sources (e.g., enterocytes, nerves, microbes,

etc.) contributing to stress-related changes in monoamine levels.

These types of analyses could be topics for future studies using

highly targeted approaches that can obtain neurochemical

measures at cellular levels. Finally, the current study did not

establish a direct link between neurochemical outcomes and

intestinal health. Several studies have characterized symptoms

of GI dysfunction following exposure to this stress model,

including abnormal gastral contractility and mucosal injury

(Weiss, 1968; Abbott et al., 1984; Garrick et al., 1989; Tsuda

et al., 2013), alterations to the microbiome (Thompson et al.,

2020), evidence of increased intestinal permeability (Maslanik

et al., 2012), persistent hypophagia (Reed et al., 2021), as well as

suppressed colonic contractility and increased fecal output that is

watery in consistency (Morrow and Garrick, 1997). Some of the

stress-induced changes, like reductions in food consumption,

persist for weeks in F344 rats (Reed et al., 2021). However, the

physiological underpinnings and persistence of many of these

intestinal outcomes remains uncharacterized in this model,

which could have relevance for understanding GI health with

PTSD (Stam et al., 1997; Conoscenti and Fanselow, 2019; Glynn

et al., 2021). Future studies are needed to understand the exact

contributions of region specific stress-induced changes to

monoamine neurochemicals on possible long lasting

disturbances to GI health.

In conclusion, the current study provides evidence

supporting differences in the patterns of monoamine

neurochemical profiles across the intestines during the days

following exposure to an acute stressor. The region-specific

profiles of stress-induced monoaminergic changes are

consistent with pathophysiological states that may

contribute to an increased risk for GI dysfunction, which

have also been reported in rats following this stress

paradigm, including some of that may last for days (Abbott

et al., 1984; Garrick et al., 1989; Morrow and Garrick, 1997;

Hirata et al., 2008; Maslanik et al., 2012; Tsuda et al., 2013; Li

et al., 2019b; Thompson et al., 2020). Furthermore, the

unpredictable tail shock paradigm may hold promise as a

behavioral assay used alone or with existing rodent models of

FDIGs to better understand more persistent forms of stress-

induced changes to intestinal physiology, which may be

particularly relevant for understanding the biological

conditions underlying high comorbidity of GI disorders in

those with PTSD (Stam et al., 1997; Conoscenti and Fanselow,

2019; Glynn et al., 2021). Future studies incorporating

comprehensive, multipoint measures of physiological

responses across the intestinal biogeography, such as in the

present study, are an important step towards the development

of highly targeted interventions that more effectively alleviate

localized intestinal conditions that underlie the increased risk

for developing GI distress.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by the Iowa

State University Institutional Animal Care and Use Committee.

Author contributions

EB contributed performing experiments, analyses, data

collection, and writing the manuscript. CR contributed to

Frontiers in Physiology frontiersin.org10

Bauer et al. 10.3389/fphys.2022.1021985

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021985


performing experiments. ML contributed to writing the

manuscript and analyses expertise. PC contributed to

conceptualizing the study, training coauthors, writing the

manuscript, and funding the entire study. All authors

contributed to the article and approved the submitted

version.

Acknowledgments

We would like to thank Karrie Daniels at Iowa State

University for her assistance with neurochemical analysis and

the Laboratory of Animal Resources at Iowa State University for

their assistance with animal care.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Abbott, B. B., Schoen, L. S., and Badia, P. (1984). Predictable and unpredictable
shock: Behavioral measures of aversion and physiological measures of stress.
Psychol. Bull. 96, 45–71. doi:10.1037/0033-2909.96.1.45

Alvarado, D. M., and Ciorba, M. A. (2020). Serotonin receptors regulate
inflammatory response in experimental colitis. J. Nutr. 150, 1678–1679. doi:10.
1093/JN/NXAA160

Amat, J., Christianson, J. P., Aleksejev, R. M., Kim, J., Richeson, K. R., Watkins, L.
R., et al. (2014). Control over a stressor involves the posterior dorsal striatum and
the act/outcome circuit. Eur. J. Neurosci. 40, 2352–2358. doi:10.1111/ejn.12609

Antkiewicz-Michaluk, L., Krygowska-Wajs, A., Szczudlik, A., Romafiska, I., and
Vetulani, J. (1997). Increase in salsolinol level in the cerebrospinal fluid of
parkinsonian patients is related to dementia: Advantage of a new high-
performance liquid Chromatography methodology. Biol. Psychiatry 42, 514–518.
doi:10.1016/S0006-3223(96)00408-8

Assche, G. V. (2011). Fecal biomarkers for the diagnosis and management of
inflammatory bowel disease. Gastroenterol. Hepatol. (N. Y). 7, 396.

Banach, T., Zurowski, D., Kania, D., and Thor, P. J. (2005). Myoelectrical activity
of small intestine in rats with experimental Parkinson’s disease. Folia Med. cracov.
46, 119–124.

Baratta, M. V., and Maier, S. F. (2019). New tools for understanding coping and
resilience. Neurosci. Lett. 693, 54–57. doi:10.1016/J.NEULET.2017.09.049

Bauer, E. E., Shoeman, A., Buhr, T. J., Daniels, K. M., Lyte, M., and Clark, P. J.
(2021). Voluntary binge-patterned alcohol drinking and sex-specific influences on
monoamine-related neurochemical signatures in the mouse gut and brain. Alcohol.
Clin. Exp. Res. 45, 996–1012. doi:10.1111/ACER.14592

Beninson, L. A., Brown, P. N., Loughridge, A. B., Saludes, J. P., Maslanik, T., Hills,
A. K., et al. (2014). Acute stressor exposure modifies plasma exosome-associated
heat shock protein 72 (Hsp72) and microRNA (miR-142-5p and miR-203). PLoS
One 9, e108748. doi:10.1371/JOURNAL.PONE.0108748

Bertaccini, G. (1960). Tissue 5-hydroxytryptamine and urinary 5-
hydroxyindoleacetic acid after partial or total removal of the gastro-intestinal
tract in the rat. J. Physiol. 153, 239–249. doi:10.1113/JPHYSIOL.1960.SP006532

Bokic, T., Storr, M., and Schicho, R. (2015). Potential causes and present
pharmacotherapy of irritable bowel syndrome: An overview. Pharmacology 96,
76–85. doi:10.1159/000435816

Bowcutt, R., Forman, R., Glymenaki, M., Carding, S. R., Else, K. J., and
Cruickshank, S. M. (2014). Heterogeneity across the murine small and large
intestine. World J. Gastroenterol. 20, 15216–15232. doi:10.3748/WJG.V20.I41.
15216

Bradford, K., Shih, W., Videlock, E. J., Presson, A. P., Naliboff, B. D., Mayer,
E. A., et al. (2012). Association between early adverse life events and irritable
bowel syndrome. Clin. Gastroenterol. Hepatol. 10, 385–390. doi:10.1016/j.cgh.
2011.12.018

Buhr, T. J., Reed, C. H., Shoeman, A., Bauer, E. E., Valentine, R. J., and Clark, P. J.
(2021). Corrigendum: The influence of moderate physical activity on brain
monoaminergic responses to binge-patterned alcohol ingestion in female mice.
Front. Behav. Neurosci. 15, 12. doi:10.3389/fnbeh.2021.780189

Burri, E., and Beglinger, C. (2014). The use of fecal calprotectin as a biomarker in
gastrointestinal disease. Expert Rev. Gastroenterol. Hepatol. 8, 197–210. doi:10.
1586/17474124.2014.869476

Camilleri, M. (2009). Serotonin in the gastrointestinal tract. Curr. Opin.
Endocrinol. Diabetes Obes. 16, 53–59. doi:10.1097/MED.0b013e32831e9c8e

Chong, P. P., Chin, V. K., Looi, C. Y., Wong,W. F., Madhavan, P., and Yong, V. C.
(2019). Corrigendum: The microbiome and irritable bowel syndrome - a review on
the pathophysiology, current research and future therapy. Front. Microbiol. 10,
1870. doi:10.3389/fmicb.2019.01870

Christianson, J. P., and Greenwood, B. N. (2013). Stress-protective neural circuits:
Not all roads lead through the prefrontal cortex. Stress 17, 1. doi:10.3109/10253890.
2013.794450

Christianson, J. P., Ragole, T., Amat, J., Greenwood, B. N., Strong, P. V., Paul, E.
D., et al. (2010). 5-hydroxytryptamine 2C receptors in the basolateral amygdala are
involved in the expression of anxiety after uncontrollable traumatic stress. Bio
Psychiatry 64, 339. doi:10.1016/j.biopsych.200.09.011

Christianson, J. P., Thompson, B. M., Watkins, L. R., and Maier, S. F. (2009).
Medial prefrontal cortical activation modulates the impact of controllable and
uncontrollable stressor exposure on a social exploration test of anxiety in the rat.
Stress 12, 445–450. doi:10.1080/10253890802510302

Clark, P. J., Amat, J., McConnell, S. O., Ghasem, P. R., Greenwood, B. N., Maier, S.
F., et al. (2015). Running reduces uncontrollable stress-evoked serotonin and
potentiates stress-evoked dopamine concentrations in the rat dorsal striatum.
PLoS One 10, e0141898. doi:10.1371/journal.pone.0141898

Clark, P. J., Ghasem, P. R., Mika, A., Day, H. E., Herrera, J. J., Greenwood, B. N.,
et al. (2014). Wheel running alters patterns of uncontrollable stress-induced cfos
mRNA expression in rat dorsal striatum direct and indirect pathways: A possible
role for plasticity in adenosine receptors. Behav. Brain Res. 272, 252–263. doi:10.
1016/j.bbr.2014.07.006

Conoscenti, M. A., and Fanselow, M. S. (2019). Dissociation in effective treatment
and behavioral phenotype between stress-enhanced fear learning and learned
helplessness. Front. Behav. Neurosci. 13, 104. doi:10.3389/fnbeh.2019.00104

Conoscenti, M. A., Williams, N. M., Turcotte, L. P., Minor, T. R., and Fanselow,
M. S. (2019). Post-stress fructose and glucose ingestion exhibit dissociable
behavioral and physiological effects. Nutrients 11, E361. doi:10.3390/NU11020361

Cox, S. S., Speaker, K. J., Beninson, L. A., Craig, W. C., Paton, M.M., and Fleshner,
M. (2014). Adrenergic and glucocorticoid modulation of the sterile inflammatory
response. Brain Behav. Immun. 36, 183–192. doi:10.1016/J.BBI.2013.11.018

Crowell, M. D. (2004). Role of serotonin in the pathophysiology of the irritable
bowel syndrome. Br. J. Pharmacol. 141, 1285–1293. doi:10.1038/SJ.BJP.0705762

Dalziel, J. E., Young, W., Bercik, P., Spencer, N. J., Ryan, L. J., Dunstan, K. E., et al.
(2016). Tracking gastrointestinal transit of solids in aged rats as pharmacological
models of chronic dysmotility. Neurogastroenterol. Motil. 28, 1241–1251. doi:10.
1111/NMO.12824

Deurwaerdere, P. D., Gaetani, S., and Vaughan, R. A. (2020). Old neurochemical
markers, new functional directions? J. Neurochem. 152, 623–626. doi:10.1111/JNC.
14929

Frontiers in Physiology frontiersin.org11

Bauer et al. 10.3389/fphys.2022.1021985

https://doi.org/10.1037/0033-2909.96.1.45
https://doi.org/10.1093/JN/NXAA160
https://doi.org/10.1093/JN/NXAA160
https://doi.org/10.1111/ejn.12609
https://doi.org/10.1016/S0006-3223(96)00408-8
https://doi.org/10.1016/J.NEULET.2017.09.049
https://doi.org/10.1111/ACER.14592
https://doi.org/10.1371/JOURNAL.PONE.0108748
https://doi.org/10.1113/JPHYSIOL.1960.SP006532
https://doi.org/10.1159/000435816
https://doi.org/10.3748/WJG.V20.I41.15216
https://doi.org/10.3748/WJG.V20.I41.15216
https://doi.org/10.1016/j.cgh.2011.12.018
https://doi.org/10.1016/j.cgh.2011.12.018
https://doi.org/10.3389/fnbeh.2021.780189
https://doi.org/10.1586/17474124.2014.869476
https://doi.org/10.1586/17474124.2014.869476
https://doi.org/10.1097/MED.0b013e32831e9c8e
https://doi.org/10.3389/fmicb.2019.01870
https://doi.org/10.3109/10253890.2013.794450
https://doi.org/10.3109/10253890.2013.794450
https://doi.org/10.1016/j.biopsych.200.09.011
https://doi.org/10.1080/10253890802510302
https://doi.org/10.1371/journal.pone.0141898
https://doi.org/10.1016/j.bbr.2014.07.006
https://doi.org/10.1016/j.bbr.2014.07.006
https://doi.org/10.3389/fnbeh.2019.00104
https://doi.org/10.3390/NU11020361
https://doi.org/10.1016/J.BBI.2013.11.018
https://doi.org/10.1038/SJ.BJP.0705762
https://doi.org/10.1111/NMO.12824
https://doi.org/10.1111/NMO.12824
https://doi.org/10.1111/JNC.14929
https://doi.org/10.1111/JNC.14929
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021985


Donaldson, G. P., Lee, S. M., and Mazmanian, S. K. (2015). Gut biogeography of
the bacterial microbiota. Nat. Rev. Microbiol. 141 (14), 20–32. doi:10.1038/
nrmicro3552

Dong, Y., Han, Y., Wang, Z., Qin, Z., Yang, C., Cao, J., et al. (2017). Role of
serotonin on the intestinal mucosal immune response to stress-induced diarrhea in
weaning mice. BMC Gastroenterol. 17, 82–10. doi:10.1186/s12876-017-0634-5

Dong, Y., Yang, C., Wang, Z., Qin, Z., Cao, J., and Chen, Y. (2016). The injury of
serotonin on intestinal epithelium cell renewal of weaned diarrhoea mice. Eur.
J. Histochem. 60, 2689–3261. doi:10.4081/EJH.2016.2689

Eisenhofer, G., Aneman, Å., Friberg, P., Hooper, D., Fåndriks, L., Lonroth, H.,
et al. (1997). Substantial production of Dopamine in the human gastrointestinal
tract. J. Clin. Endocrinol. Metab. 82, 3864–3871. doi:10.1210/jcem.82.11.4339

Erspamer, V., and Testini, A. (2011). Observations on the release and turnover
rate of 5-hydroxytryptamine in the gastrointestinal tract. J. Pharm. Pharmacol. 11,
618–623. doi:10.1111/J.2042-7158.1959.TB12603.X

Fleshner, M., and Crane, C. R. (2017). Exosomes, DAMPs and miRNA: Features
of stress physiology and immune homeostasis. Trends Immunol. 38, 768–776.
doi:10.1016/J.IT.2017.08.002

Fleshner, M., Deak, T., Spencer, R. L., Laudenslager, M. L., Watkins, L. R., and
Maier, S. F. (1995). A long-term increase in basal levels of corticosterone and a
decrease in corticosteroid-binding globulin after acute stressor exposure.
Endocrinology 136, 5336–5342. doi:10.1210/ENDO.136.12.7588279

Frank, M. G., Baratta, M. V., Sprunger, D. B., Watkins, L. R., and Maier, S. F.
(2007). Microglia serve as a neuroimmune substrate for stress-induced potentiation
of CNS pro-inflammatory cytokine responses. Brain Behav. Immun. 21, 47–59.
doi:10.1016/j.bbi.2006.03.005

Frank, M. G., Watkins, L. R., and Maier, S. F. (2013). Stress-induced
glucocorticoids as a neuroendocrine alarm signal of danger. Brain Behav.
Immun. 33, 1–6. doi:10.1016/J.BBI.2013.02.004

Frank, M. G., Weber, M. D., Watkins, L. R., and Maier, S. F. (2016). Stress-
induced neuroinflammatory priming: A liability factor in the etiology of psychiatric
disorders. Neurobiol. Stress 4, 62–70. doi:10.1016/J.YNSTR.2015.12.004

Galligan, J. J., Patel, B. A., Schneider, S. P., Wang, H., Zhao, H., Novotny, M., et al.
(2013). Visceral hypersensitivity in female but not in male serotonin transporter
knockout rats. Neurogastroenterol. Motil. 25, 373–381. doi:10.1111/nmo.12133

Gao, Y., Gesenberg, C., and Zheng, W. (2017). Oral formulations for preclinical
studies: Principle, design, and development considerations. Dev. Solid Oral Dos.
Forms Pharm. Theory Pract. 2017, 455–495. doi:10.1016/B978-0-12-802447-8.
00017-0

Garrick, T., Minor, T. R., Bauck, S., Weiner, H., and Guth, P. (1989). Predictable
and unpredictable shock stimulates gastric contractility and causes mucosal injury
in rats. Behav. Neurosci. 103, 124–130. doi:10.1037//0735-7044.103.1.124

Gil, K., Kurnik, M., Szmigiel, J., Bugajski, A., and Thor, P. (2011). The effects of
salsolinol on the mucosal mast cells in the rat gut. Folia Med. cracov. 51, 59–70.

Glavin, G. B. (1992). Dopamine: A stress modulator in the brain and gut. Gen.
Pharmacol. 23, 1023–1026. doi:10.1016/0306-3623(92)90281-N

Glynn, H., Möller, S. P., Wilding, H., Apputhurai, P., Moore, G., and Knowles, S.
R. (2021). Prevalence and impact of post-traumatic stress disorder in
gastrointestinal conditions: A systematic review. Dig. Dis. Sci. 2021, 4109–4119.
doi:10.1007/S10620-020-06798-Y

Gonzalez, G., Hodoň, J., Kazakova, A., D’Acunto, C.W., Kaňovský, P., Urban, M.,
et al. (2021). Novel pentacyclic triterpenes exhibiting strong neuroprotective
activity in SH-SY5Y cells in salsolinol- and glutamate-induced
neurodegeneration models. Eur. J. Med. Chem. 213, 113168. doi:10.1016/J.
EJMECH.2021.113168

Gradus, J. L., Farkas, D. K., Svensson, E., Ehrenstein, V., Lash, T. L., and Sørensen,
H. T. (2017). Posttraumatic stress disorder and gastrointestinal disorders in the
Danish population. Epidemiology 28, 354–360. doi:10.1097/EDE.
0000000000000622

Greenwood, B. N., Strong, P. V., Loughridge, A. B., Day, H. E. W., Clark, P. J.,
Mika, A., et al. (2012). 5-HT2C receptors in the basolateral amygdala and dorsal
striatum are a novel target for the anxiolytic and antidepressant effects of exercise.
PLoS One 7, e46118. doi:10.1371/journal.pone.0046118

Greenwood-Van Meerveld, B., and Johnson, A. C. (2017). Stress-induced chronic
visceral pain of gastrointestinal origin. Front. Syst. Neurosci. 11, 86. doi:10.3389/
fnsys.2017.00086

Hammack, S. E., Schmid, M. J., LoPresti, M. L., Der-Avakian, A., Pellymounter,
M. A., Foster, A. C., et al. (2003). Corticotropin releasing hormone type 2 receptors
in the dorsal raphe nucleus mediate the behavioral consequences of uncontrollable
stress. J. Neurosci. 23, 1019–1025. doi:10.1523/JNEUROSCI.23-03-01019.2003

Hirabayashi, Y., Nakamura, K., Sonehara, T., Suzuki, D., Hanzawa, S., Shimizu,
Y., et al. (2020a). Analysis of serotonin in human feces using solid phase extraction

and column-switching LC-MS/MS. Mass Spectrom. 9, A0081. doi:10.5702/
MASSSPECTROMETRY.A0081

Hirata, T., Keto, Y., Nakata, M., Takeuchi, A., Funatsu, T., Akuzawa, S., et al.
(2008). Effects of serotonin 5-HT3 receptor antagonists on stress-induced colonic
hyperalgesia and diarrhoea in rats: A comparative study with opioid receptor
agonists, a muscarinic receptor antagonist and a synthetic polymer.
Neurogastroenterol. Motil. 20, 557–565. doi:10.1111/J.1365-2982.2007.01069.X

Kaur, H., Bose, C., and Mande, S. S. (2019). Tryptophan metabolism by gut
microbiome and gut-brain-Axis: An in silico analysis. Front. Neurosci. 13, 1365.
doi:10.3389/fnins.2019.01365

Kennedy, M. S., and Chang, E. B. (2020). The microbiome: Composition and
locations. Prog. Mol. Biol. Transl. Sci. 176, 1–42. doi:10.1016/BS.PMBTS.2020.
08.013

Konturek, P. C., Brzozowski, T., and Konturek, S. J. (2011). Stress and the gut:
Pathophysiology, clinical consequences, diagnostic approach and treatment
options. J. Physiol. Pharmacol. 62, 591–599.

Kurnik-Łucka, M., Latacz, G., Martyniak, A., Bugajski, A., Kieć-Kononowicz, K.,
and Gil, K. (2020). Salsolinol—Neurotoxic or neuroprotective? Neurotox. Res. 37,
286–297. doi:10.1007/s12640-019-00118-7

Kurnik-Łucka, M., Panula, P., Bugajski, A., and Gil, K. (2018). Salsolinol: An
unintelligible and double-faced molecule-lessons learned from in vivo and in vitro
experiments. Neurotox. Res. 33, 485–514. doi:10.1007/s12640-017-9818-6

Kurnik-Łucka, M., Panula, P., Bugajski, A., and Gil, K. (2017). Salsolinol: An
unintelligible and double-faced molecule—lessons learned from in vivo and
in vitro experiments. Neurotox. Res. 33, 485–514. doi:10.1007/S12640-017-
9818-6

Kurnik-Łucka, M., Pasieka, P., Łączak, P., Wojnarski, M., Jurczyk, M., and Gil, K.
(2021). Gastrointestinal dopamine in inflammatory bowel diseases: A systematic
review. Int. J. Mol. Sci. 22, 12932. Page 12932 22. doi:10.3390/IJMS222312932

Kwon, Y. H., Wang, H., Denou, E., Ghia, J. E., Rossi, L., Fontes, M. E., et al. (2019).
Modulation of gut microbiota composition by serotonin signaling influences
intestinal immune response and susceptibility to colitis. Cell. Mol. Gastroenterol.
Hepatol. 7, 709–728. doi:10.1016/J.JCMGH.2019.01.004

Laudenslager, M. L., Fleshner, M., Hofstadter, P., Held, P. E., Simons, L., and
Maier, S. F. (1988). Suppression of specific antibody production by inescapable
shock: Stability under varying conditions. Brain Behav. Immun. 2, 92–101. doi:10.
1016/0889-1591(88)90010-4

Li, H., Buisman-Pijlman, F. T. A., Nunez-Salces, M., Christie, S., Frisby, C. L.,
Inserra, A., et al. (2019a). Chronic stress induces hypersensitivity of murine gastric
vagal afferents. Neurogastroenterol. Motil. 31, e13669. doi:10.1111/NMO.13669

Li, H., Wang, P., Huang, L., Li, P., and Zhang, D. (2019b). Effects of regulating gut
microbiota on the serotonin metabolism in the chronic unpredictable mild stress rat
model. Neurogastroenterol. Motil. 31, e13677. doi:10.1111/NMO.13677

Li, H., Wang, P., Zhou, Y., Zhao, F., Gao, X., Wu, C., et al. (2022). Correlation
between intestinal microbiotal imbalance and 5-HT metabolism, immune
inflammation in chronic unpredictable mild stress male rats. Genes, Brain
Behav. 21, e12806. doi:10.1111/GBB.12806

López-Contreras, A. J., Galindo, J. D., López-García, C., Castells, M. T.,
Cremades, A., and Peñafiel, R. (2008). Opposite sexual dimorphism of 3, 4-
dihydroxyphenylalanine decarboxylase in the kidney and small intestine of
mice. J. Endocrinol. 196, 615–624. doi:10.1677/JOE-07-0564

Lyte, J. M., Gheorghe, C. E., Goodson, M. S., Kelley-Loughnane, N., Dinan, T. G.,
Cryan, J. F., et al. (2020). Gut-brain axis serotonergic responses to acute stress
exposure are microbiome-dependent. Neurogastroenterol. Motil. 32, e13881. doi:10.
1111/NMO.13881

Maier, S. F., and Seligman, M. E. P. (2016). Learned helplessness at fifty: Insights
from neuroscience. Psychol. Rev. 123, 349–367. doi:10.1037/REV0000033

Maier, S. F., and Watkins, L. R. (2005). Stressor controllability and learned
helplessness: The roles of the dorsal raphe nucleus, serotonin, and corticotropin-
releasing factor. Neurosci. Biobehav. Rev. 29, 829–841. doi:10.1016/J.NEUBIOREV.
2005.03.021

Maslanik, T., Tannura, K., Mahaffey, L., Loughridge, A. B., Benninson, L., Ursell,
L., et al. (2012). Commensal bacteria and MAMPs are necessary for stress-induced
increases in IL-1β and IL-18 but not IL-6, IL-10 or MCP-1. PLoS One 7, e50636.
doi:10.1371/JOURNAL.PONE.0050636

Mawe, G. M., and Hoffman, J. M. (2013). Serotonin Signaling in the
Gastrointestinal Tract: Functions, dysfunctions, and therapeutic targets. Nat.
Rev. Gastroenterol Hepatol. 10, 473–486. doi:10.1038/nrgastro.2013.105

Mayer, E. A. (2000). The neurobiology of stress and gastrointestinal disease. Gut
47, 861–869. doi:10.1136/GUT.47.6.861

Mezey, É., Eisenhofer, G., Harta, G., Hansson, S., Gould, L., Hunyady, B., et al.
(1996). A novel nonneuronal catecholaminergic system: Exocrine pancreas

Frontiers in Physiology frontiersin.org12

Bauer et al. 10.3389/fphys.2022.1021985

https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1186/s12876-017-0634-5
https://doi.org/10.4081/EJH.2016.2689
https://doi.org/10.1210/jcem.82.11.4339
https://doi.org/10.1111/J.2042-7158.1959.TB12603.X
https://doi.org/10.1016/J.IT.2017.08.002
https://doi.org/10.1210/ENDO.136.12.7588279
https://doi.org/10.1016/j.bbi.2006.03.005
https://doi.org/10.1016/J.BBI.2013.02.004
https://doi.org/10.1016/J.YNSTR.2015.12.004
https://doi.org/10.1111/nmo.12133
https://doi.org/10.1016/B978-0-12-802447-8.00017-0
https://doi.org/10.1016/B978-0-12-802447-8.00017-0
https://doi.org/10.1037//0735-7044.103.1.124
https://doi.org/10.1016/0306-3623(92)90281-N
https://doi.org/10.1007/S10620-020-06798-Y
https://doi.org/10.1016/J.EJMECH.2021.113168
https://doi.org/10.1016/J.EJMECH.2021.113168
https://doi.org/10.1097/EDE.0000000000000622
https://doi.org/10.1097/EDE.0000000000000622
https://doi.org/10.1371/journal.pone.0046118
https://doi.org/10.3389/fnsys.2017.00086
https://doi.org/10.3389/fnsys.2017.00086
https://doi.org/10.1523/JNEUROSCI.23-03-01019.2003
https://doi.org/10.5702/MASSSPECTROMETRY.A0081
https://doi.org/10.5702/MASSSPECTROMETRY.A0081
https://doi.org/10.1111/J.1365-2982.2007.01069.X
https://doi.org/10.3389/fnins.2019.01365
https://doi.org/10.1016/BS.PMBTS.2020.08.013
https://doi.org/10.1016/BS.PMBTS.2020.08.013
https://doi.org/10.1007/s12640-019-00118-7
https://doi.org/10.1007/s12640-017-9818-6
https://doi.org/10.1007/S12640-017-9818-6
https://doi.org/10.1007/S12640-017-9818-6
https://doi.org/10.3390/IJMS222312932
https://doi.org/10.1016/J.JCMGH.2019.01.004
https://doi.org/10.1016/0889-1591(88)90010-4
https://doi.org/10.1016/0889-1591(88)90010-4
https://doi.org/10.1111/NMO.13669
https://doi.org/10.1111/NMO.13677
https://doi.org/10.1111/GBB.12806
https://doi.org/10.1677/JOE-07-0564
https://doi.org/10.1111/NMO.13881
https://doi.org/10.1111/NMO.13881
https://doi.org/10.1037/REV0000033
https://doi.org/10.1016/J.NEUBIOREV.2005.03.021
https://doi.org/10.1016/J.NEUBIOREV.2005.03.021
https://doi.org/10.1371/JOURNAL.PONE.0050636
https://doi.org/10.1038/nrgastro.2013.105
https://doi.org/10.1136/GUT.47.6.861
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021985


synthesizes and releases dopamine. Proc. Natl. Acad. Sci. U. S. A. 93, 10377–10382.
doi:10.1073/pnas.93.19.10377

Mika, A., Day, H. E. W., Martinez, A., Rumian, N. L., Greenwood, B. N.,
Chichlowski, M., et al. (2017). Early life diets with prebiotics and bioactive milk
fractions attenuate the impact of stress on learned helplessness behaviours and alter
gene expression within neural circuits important for stress resistance. Eur.
J. Neurosci. 45, 342–357. doi:10.1111/EJN.13444

Miller, M. M., and McEwen, B. S. (2006). Establishing an agenda for translational
research on PTSD. Ann. N. Y. Acad. Sci. 1071, 294–312. doi:10.1196/ANNALS.1364.023

Mittal, R., Debs, L. H., Patel, A. P., Nguyen, D., Patel, K., O’Connor, G., et al.
(2017). Neurotransmitters: The critical modulators regulating gut-brain Axis.
J. Cell. Physiol. 232, 2359–2372. doi:10.1002/jcp.25518

Mönnikes, H., Tebbe, J. J., Hildebrandt, M., Arck, P., Osmanoglou, E., Rose, M.,
et al. (2001). Role of stress in functional gastrointestinal disorders. Evidence for
stress-induced alterations in gastrointestinal motility and sensitivity. Dig. Dis. 19,
201–211. doi:10.1159/000050681

Morrow, N. S., and Garrick, T. (1997). Effects of intermittent tail shock or water
avoidance on proximal colonic motor contractility in rats. Physiol. Behav. 62,
233–239. doi:10.1016/S0031-9384(97)00108-X

Moya-Pérez, A., Perez-Villalba, A., Benítez-Páez, A., Campillo, I., Sanz, Y.,
MoyA-Perez, A., et al. (2017). Bifidobacterium CECT 7765 modulates early
stress-induced immune, neuroendocrine and behavioral alterations in mice.
Brain Behav. Immun. 65, 43–56. doi:10.1016/J.BBI.2017.05.011

Ng, Q. X., Soh, A. Y. S., Loke, W., Venkatanarayanan, N., Lim, D. Y., and Yeo, W.
S. (2019). Systematic review with meta-analysis: The association between post-
traumatic stress disorder and irritable bowel syndrome. J. Gastroenterol. Hepatol.
34, 68–73. doi:10.1111/JGH.14446

Nj, S., Jw, G., and Ke, M. (1986). A comparison of biochemical indices of 5-
hydroxytryptaminergic neuronal activity following electrical stimulation of the dorsal
raphe nucleus. J. Neurochem. 47, 958–965. doi:10.1111/J.1471-4159.1986.TB00704.X

Noejovich, C. V., Miranda, P. M., Collins, S. M., Verdu, E., Pinto-Sanchez, M. I.,
and Bercik, P. (2020). A22 adverse early life events are common in patients with
functional and organic gastrointestinal disorders. J. Can. Assoc. Gastroenterol. 3,
26–27. doi:10.1093/JCAG/GWZ047.021

Park, S. H., Videlock, E. J., Shih, W., Presson, A. P., Mayer, E. A., and Chang, L.
(2016). Adverse childhood experiences are associated with irritable bowel syndrome
and gastrointestinal symptom severity. Neurogastroenterol. Motil. 28, 1252–1260.
doi:10.1111/NMO.12826

Peneder, T. M., Scholze, P., Berger, M. L., Reither, H., Heinze, G., Bertl, J., et al.
(2011). Chronic exposure to manganese decreases striatal dopamine turnover in
human alpha-synuclein transgenic mice. Neuroscience 180, 280–292. doi:10.1016/J.
NEUROSCIENCE.2011.02.017

Pergolizzi, S., Alesci, A., Centofanti, A., Aragona, M., Pallio, S., Magaudda, L.,
et al. (2022). Role of serotonin in the maintenance of inflammatory state in crohn’s
disease. Biomedicines 10, 765. doi:10.3390/BIOMEDICINES10040765

Pohl, C. S., Medland, J. E., and Moeser, A. J. (2015). Early-life stress origins of
gastrointestinal disease: Animal models, intestinal pathophysiology, and
translational implications. Am. J. Physiol. Gastrointest. Liver Physiol. 309,
G927–G941. doi:10.1152/AJPGI.00206.2015

Qualls, Z., Brown, D., Ramlochansingh, C., Hurley, L. L., and Tizabi, Y. (2014). Protective
effects of curcuminagainst rotenoneandsalsolinol induced toxicity: Implications forParkinson’s
disease. Neurotox. Res. 25, 81–89. doi:10.1007/S12640-013-9433-0

Rasheed, N., and Alghasham, A. (2012). Central dopaminergic system and its
implications in stress-mediated neurological disorders and gastric ulcers: Short
review. Adv. Pharmacol. Sci. 2012, 182671. doi:10.1155/2012/182671

Reed, C. H., Bauer, E. E., Shoeman, A., Buhr, T. J., and Clark, P. J. (2021). Acute
stress exposure alters food-related brain monoaminergic profiles in a rat model of
anorexia. J. Nutr. 151, 3617–3627. doi:10.1093/JN/NXAB298

Söderholm, J. D., and Perdue, M. H. (2001). Stress and gastrointestinal tract. II.
Stress and intestinal barrier function. Am. J. Physiol. Gastrointest. Liver Physiol. 280,
G7. doi:10.1152/AJPGI.2001.280.1.G7

Speaker, K. J., Cox, S. S., Paton, M. M., Serebrakian, A., Maslanik, T., Greenwood,
B. N., et al. (2014). Six weeks of voluntary wheel running modulates inflammatory
protein (MCP-1, IL-6, and IL-10) and DAMP (Hsp72) responses to acute stress in
white adipose tissue of lean rats. Brain Behav. Immun. 39, 87–98. doi:10.1016/J.BBI.
2013.10.028

Spiller, R. (2007). Recent advances in understanding the role of serotonin in
gastrointestinal motility in functional bowel disorders: Alterations in 5-HT
signalling and metabolism in human disease. Neurogastroenterol. Motil. 19,
25–31. doi:10.1111/J.1365-2982.2007.00965.X

Stam, R., Akkermans, L. M. A., and Wiegant, V. M. (1997). Trauma and the gut:
Interactions between stressful experience and intestinal function. Gut 40, 704–709.
doi:10.1136/GUT.40.6.704

Steinsvik, E. K., Valeur, J., Hausken, T., and Gilja, O. H. (2020). Postprandial
symptoms in patients with functional dyspepsia and irritable bowel syndrome:
Relations to ultrasound measurements and psychological factors.
J. Neurogastroenterol. Motil. 26, 96–105. doi:10.5056/JNM19072

Terry, N., and Margolis, K. G. (2017). Serotonergic mechanisms regulating the GI
tract: Experimental evidence and therapeutic relevance. Handb. Exp. Pharmacol.
239, 319–342. doi:10.1007/164_2016_103

Thompson, R. S., Vargas, F., Dorrestein, P. C., Chichlowski, M., Berg, B. M., and
Fleshner, M. (2020). Dietary prebiotics alter novel microbial dependent fecal
metabolites that improve sleep. Sci. Rep. 10, 3848. doi:10.1038/S41598-020-
60679-Y

Tonini, M., Cipollina, L., Poluzzi, E., Crema, F., Corazza, G. R., and De Ponti,
F. (2004). Review article: Clinical implications of enteric and central
D2 receptor blockade by antidopaminergic gastrointestinal prokinetics.
Aliment. Pharmacol. Ther. 19, 379–390. doi:10.1111/J.1365-2036.2004.
01867.X

Tsuda, A., Tanaka, M., Nishikawa, T., Hirai, H., and Paré, W. P. (2013). Effects of
unpredictability versus loss of predictability of shock on gastric lesions in rats.
Psychobiology. 114 (11), 287–290. doi:10.3758/BF03326809

Verbitsky, A., Dopfel, D., and Zhang, N. (2020). Rodent models of post-traumatic
stress disorder: Behavioral assessment. Transl. Psychiatry 101, 132–228. doi:10.
1038/s41398-020-0806-x

Viramontes, B. E., Camilleri, M., McKinzie, S., Pardi, D. S., Burton, D., and
Thomforde, G. M. (2001). Gender-related differences in slowing colonic transit by a
5-HT3 antagonist in subjects with diarrhea-predominant irritable bowel syndrome.
Am. J. Gastroenterol. 96, 2671–2676. doi:10.1111/j.1572-0241.2001.04138.x

Wang, X. J., and Camilleri, M. (2019). Personalized medicine in functional
gastrointestinal disorders: Understanding pathogenesis to increase diagnostic
and treatment efficacy. World J. Gastroenterol. 25, 1185–1196. doi:10.3748/
WJG.V25.I10.1185

Weiss, I. C., Pryce, C. R., Jongen-Relo, A. L., Nanz-Bahr, N., and Feldon, J. (2004).
Effect of social isolation on stress-related behavioural and neuroendocrine state in
the rat. Behav. Brain Res. 152, 279–295. doi:10.1016/j.bbr.2003.10.015

Weiss, J. M. (1968). Effects of coping responses on stress. J. Comp. Physiol.
Psychol. 65, 251–260. doi:10.1037/H0025562

Weiss, J. M. (1970). Somatic effects of predictable and unpredictable shock.
Psychosom. Med. 32, 397–408. doi:10.1097/00006842-197007000-00008

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis.
Cell 161, 264–276. doi:10.1016/j.cell.2015.02.047

Zurowski, D., Gil, K., Krygowska-Wajs, A., Banach, T., Gil, K., Krygowska-wajs, A.,
et al. (2006). Peripheral mechanisms of intestinal dysmotility in rats with salsolinol
induced experimental Parkinson’s disease. J. Physiol. Pharmacol. 57, 291–300.

Frontiers in Physiology frontiersin.org13

Bauer et al. 10.3389/fphys.2022.1021985

https://doi.org/10.1073/pnas.93.19.10377
https://doi.org/10.1111/EJN.13444
https://doi.org/10.1196/ANNALS.1364.023
https://doi.org/10.1002/jcp.25518
https://doi.org/10.1159/000050681
https://doi.org/10.1016/S0031-9384(97)00108-X
https://doi.org/10.1016/J.BBI.2017.05.011
https://doi.org/10.1111/JGH.14446
https://doi.org/10.1111/J.1471-4159.1986.TB00704.X
https://doi.org/10.1093/JCAG/GWZ047.021
https://doi.org/10.1111/NMO.12826
https://doi.org/10.1016/J.NEUROSCIENCE.2011.02.017
https://doi.org/10.1016/J.NEUROSCIENCE.2011.02.017
https://doi.org/10.3390/BIOMEDICINES10040765
https://doi.org/10.1152/AJPGI.00206.2015
https://doi.org/10.1007/S12640-013-9433-0
https://doi.org/10.1155/2012/182671
https://doi.org/10.1093/JN/NXAB298
https://doi.org/10.1152/AJPGI.2001.280.1.G7
https://doi.org/10.1016/J.BBI.2013.10.028
https://doi.org/10.1016/J.BBI.2013.10.028
https://doi.org/10.1111/J.1365-2982.2007.00965.X
https://doi.org/10.1136/GUT.40.6.704
https://doi.org/10.5056/JNM19072
https://doi.org/10.1007/164_2016_103
https://doi.org/10.1038/S41598-020-60679-Y
https://doi.org/10.1038/S41598-020-60679-Y
https://doi.org/10.1111/J.1365-2036.2004.01867.X
https://doi.org/10.1111/J.1365-2036.2004.01867.X
https://doi.org/10.3758/BF03326809
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1111/j.1572-0241.2001.04138.x
https://doi.org/10.3748/WJG.V25.I10.1185
https://doi.org/10.3748/WJG.V25.I10.1185
https://doi.org/10.1016/j.bbr.2003.10.015
https://doi.org/10.1037/H0025562
https://doi.org/10.1097/00006842-197007000-00008
https://doi.org/10.1016/j.cell.2015.02.047
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1021985

	An evaluation of the rat intestinal monoamine biogeography days following exposure to acute stress
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Experimental design
	2.3 Acute stress paradigm
	2.4 Neurochemical analysis
	2.5 Statistical analysis

	3 Results
	3.1 Small intestine monoamines
	3.1.1 Duodenum
	3.1.2 Jejunum
	3.1.3 Ileum

	3.2 Large intestine, intestinal contents, and liver monoamines
	3.2.1 Cecum
	3.2.2 Proximal colon
	3.2.3 Distal colon
	3.2.4 Cecal contents
	3.2.5 Fecal contents
	3.2.6 Liver


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


