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SUMMARY

Gut microbiota with a stable, rich, and diverse composition is associated with adequate brain
development. Colonization of the infant gut begins at birth when partum exposes the newborn to
a set of bacteria, most of them coming from the mother’s gut. Colonization then continues due to
environmental factors (i.e.: diet), which goes on to provide microbial richness and diversity.
Decreased richness and diversity of its composition has been related to several pathologies,
including neuropsychiatric disorders such as drug addiction. Previous work from Dr. Bravo’s Lab
demonstrates that early-life exposure to antibiotics (ELEA), trough oral administration of a non-
absorbable broad-spectrum antibiotic cocktail to a pregnant Sprague-Dawley dam from embryonic
day 18 to postnatal day 7, results in decreased gut microbial diversity and richness, while at the
same time affecting dopamine receptor expression in Nucleus Accumbens, striatum, and ventral
tegmental area (VTA), of the male offspring at 35 days of age, suggesting changes in
pharmacology effects of drugs of abuse. Thus, this project aimed to evaluate ELEA effect within
the dopaminergic circuitry and drug response in male and female adult rats (60 days of age on
average). We observed that ELEA altered protein levels (tyrosine hydroxylase, and dopamine [DA]
receptors 1 and 2) within the mesocorticolimbic system of naive (no drug exposure whatsoever)
adult rats, mainly on female animals, and we also found sexual differences that has never been
reported. Also, after a 5-day conditioning protocol using 5 mg/Kg methylphenidate (MPH) as a
dopamine transporter blocker, ELEA males showed an increased drug-seeking behavior, while
ELEA females had an apparent ceiling effect of the conduct, along with a 3,4-dihydroxyphenylic
acid content of VTA decrease, when compared to control females. On the other hand, acute MPH
administration increased locomotor activity of ELEA females in a significant higher manner that
what we observed on ELEA males. Additionally, ELEA decreased dorsolateral striatal in-vivo DA
release only on females, which also showed a higher DA signal decay (Tau). To our knowledge,
altogether these results show for the first time that ELEA alters the dopaminergic circuitry, conduct,

and drug response of adult rats in a sex-dependent manner.



INTRODUCTION

The latest World Drug Report from the United Nations Office on Drug and Crime shows a worrying
increase in the emergence of new drugs and drug trafficking, being of greater global concern the
consistent consumption of opioids and cocaine. In Chile, the latest drug report indicates that by
the year 2020, the annual cocaine consumption prevalence was 0,5% of the total population, being
greater in men (1%) than in women (0.1%) (SENDA 2020). Furthermore, cocaine use is higher in
an age range between 19 and 25 years of age. In fact, there is a 2.9% prevalence of cocaine use
in student population, 5.8 times greater than general population (SENDA 2020). Also, in the latest
years, Chile has placed itself as the country with higher “pink cocaine” consumption, which is a
mix that may contain cocaine, amphetamine and ketamine, significantly decreasing the
percentage of cocaine-only users to other drugs containing cocaine, placing the country on the
fifth place of prevalence in cocaine products use (UNODC 2022). Furthermore, drug dependence
or substance use disorder as described the 5™ edition of the diagnostic and statistical manual of
mental disorders of the American Psychiatric Association (American Psychiatric Association 2013)
is a chronic medical disorder characterized by compulsive drug use despite negative
consequences and high rates of relapse, where addictive drugs cause pathological changes in
brain function (van Huijstee and Mansvelder 2014) altering the neurocircuitry and its

communication.

The main brain circuitry underlying addiction is the mesocorticolimbic dopamine (DA) system, or
the “reward system”, which consist of the ventral tegmental area (VTA) and the brain regions that
are innervated by projections from the VTA such as the nucleus accumbens (NAcc) and the
prefrontal cortex (PFCx). Dopamine, the main neurotransmitter of the system, is released from
VTA dopaminergic terminals to NAcc and PFCx (Bonansco et al. 2018). This system plays a
crucial role for the animal’s natural reward and reinforcement processing, motivation, and goal-
directed behavior, all of which are needed for survival, like food intake, social interactions, and

sex. Thus, addictive drugs act on the mesocorticolimbic system by increasing DA bioavailability in



the synaptic space and activating “reward sensations”, but not all drugs exert this effect in the

same way.

Psychostimulant drugs, such as cocaine and amphetamine, increase extracellular DA levels by
blocking the DA transporter (DAT), which is located in the presynaptic cell membrane and is in
charge of DA reuptake to stop dopaminergic signaling by DA clearance, therefore, increasing DA
bioavailability in the synaptic cleft augmenting activation of the NAcc’s postsynaptic neurons. This
DA increase in the synaptic space mediates the acute reinforcing effects of addictive drugs. Thus,
the development and expression of addictive behaviors are caused by lasting drug-induced
neuroadaptations in the mesocorticolimbic circuit (van Huijstee and Mansvelder 2014), like
unbalance of the DA receptors 1 and 2 (D1 and D2, respectively) ratio in striatum and/or alterations
in DA synthesis in the midbrain (White and Kalivas 1998). However, few evidence are known
about changes or neurostructural differences that may happen during neurodevelopment, which
may have an impact in drug addiction predisposition in adulthood. There is evidence that shows
that perinatal stage of most mammals is a critical period for central nervous system (CNS)
development. For example, there is a great number of human and animal studies that strongly
associates in utero exposure to stress, infection, hypoxia or starvation with the development of
neuropsychiatric disorders (Bale 2015). A clear example of this is the case of people conceived
and born during the Chinese famine of 1959-1961, whom had a higher risk of schizophrenia in
mid-adulthood (Wang and Zhang 2017), or numerous studies that demonstrated that exposure to
stress during gestational and early-life periods, are linked to an increased risk of depression,

schizophrenia and autism spectrum disorders (Bale 2015).

This evidence not only shows the incidence of exogenous factors on neurodevelopment, but also
suggests that predisposition to neuropsychiatric disorders may arise because of an injury on the
mother’s health during pregnancy, thus suggesting that perinatal brain development is highly

susceptible to environmental changes. Furthermore, the evidence shown by Wang et al (2017)



and Bale et al (2015) suggest that perinatal exposure to an adverse environment may have an
impact on the often-overlooked microbes inhabiting the gastrointestinal lumen. In fact, there are
many reports suggesting that gut symbionts affect the host’s physiology, including the CNS (Bravo
et al. 2012, Codagnone et al. 2018, Cryan and Dinan 2012, Forsythe et al. 2010, Grenham et al.
2011), and therefore, intestinal dysbiosis, which is defined as a condition in which the microbiome
population structure is disturbed, often through disease states or medications (Cho and Blaser
2012), may contribute to neuropsychiatric illnesses. The intestinal microbiota is composed of tens
of trillions of microorganisms, including at least 1000 different species of known bacteria with more
than 3 million genes (150 times more than human genes). The gut microbiota weighs up to 2 kg,
and at least one third of our gut microbes are common to most people, while two thirds are specific

to each one of us (Health 2018).

The human gut microbiota is mainly composed by bacteria of the phyla Bacteroidetes and
Firmicutes, and to a lesser extent of phyla Proteobacteria, Actinobacteria, Fusobacteria and
Verrucomicrobia, among others (Grenham et al. 2011). Similarly, the rat gut microbiota contains
the same dominant bacteria phyla, with Bacteroidetes and Firmicutes being the largest proportion
of bacteria (Zhu et al. 2016). This is an important feature, as relative abundance of these two
mayor phyla and the ratio between them (Firmicutes/Bacteroidetes ratio) has been related to
pathological conditions like obesity, which is accompanied by a decreased ratio of Bacteroidetes
to Firmicutis (Ley et al. 2005), irritable bowel syndrome, associated to increased ratio of Firmicutes
to Bacteroidetes (Rajilic-Stojanovic et al. 2011) and autism, where Bacteroidetes population

increases (Finegold et al. 2010).

Thus, gut microbiota influences a large range of metabolic, developmental, and physiological
processes, thus affecting host’s health. For instance, it helps metabolize diet components that are
otherwise unavailable to their host, stimulate immune system development and protect against

pathogens (Sprockett et al. 2018). Also, gut microbes are important for brain development in early-



life, an effect that impact later life stages (Diaz Heijtz 2016, Diaz Heijtz et al. 2011). Evidence of
this statement has been shown in studies with germ-free mice (animals that are born and bred in
sterile conditions), which display increased motor activity and reduced anxiety, compared with
mice bearing gut microbes. This behavioral phenotype has been associated with altered
expression of genes involved in brain regions related to motor control and anxiety-like behavior
(Diaz Heijtz et al. 2011). Furthermore, changes in gut microbiota composition are associated with
a vast number of different pathologies, from chronic gastrointestinal inflammatory disorders,
including Crohn’s disease, irritable bowel syndrome and ulcerative colitis (Dinan and Cryan 2017),
among others, to metabolic disorders such as obesity and cardiovascular disease (Sprockett et
al. 2018), neurodevelopment disorders, such as autism and schizophrenia, and
neurodegenerative disorders, as Parkinson’s disease and Alzheimer’s disease (Dinan and Cryan
2017, Hu et al. 2016, Skosnik and Cortes-Briones 2016). However, little is known about intestinal
microbial composition and addiction. To date, there is evidence suggesting a link between
intestinal microbes and alcohol dependency. (de Timary et al. 2015, Jadhav et al. 2018, Leclercq
et al. 2014, Mutlu et al. 2012). Nevertheless, it has to be considered that ethanol directly affects
gut’s bacteria ecological niche and intestinal permeability, and therefore the findings suggesting
the link between ethanol consumption and intestinal microbes may be biased by this effect. On
the other hand, in relation to psychostimulants drugs, it has been stablished that cocaine users
have higher relative abundance of Bacteroidetes (Volpe et al. 2014), thus, reducing the previously
mentioned Firmicutes/Bacteroidetes ratio, which is associated to a pathological state.
Furthermore, cocaine significantly decreases microbial richness and diversity in the gut of rats
chronically exposed to the drug (Scorza et al. 2018), while methamphetamine also alters gut
microbiota and decreases bacterial metabolites that interact directly with the CNS (i.e.: short chain
fatty acids) in rats with methamphetamine-induced conditioned place preference (Ning et al.
2017). However, there are very few studies that evaluate if dysbiosis on its own can affect

sensitivity to drugs other than ethanol, or if it leads to higher drug addiction susceptibility.



Recent work from Dr. Bravo’s Lab at Pontificia Universidad Catélica de Valparaiso, shows that
oral administration of a non-absorbable broad-spectrum antibiotic cocktail (heomycin, bacitracin,
and vancomycin, all three at a 100mg/Kg dose; and pimaricin, at 5 pg/kg) to pregnant Sprague-
Dawley dams during the peripartum period (embryonic day 18 to post-natal day 7) reduces
microbial diversity and richness in 35 days old male offspring (Fig 1A and 1B, respectively). These
results suggest that early-life exposure to antibiotics programs the composition of the gut
microbiota. Additionally, these results support the relevance of the mother’s gut microbiota state
during pregnancy or peripartum periods, as these symbionts are the first to colonize the newborn’s
gut and will determine the offspring microbiota composition for later stages in life. Therefore, this
initial colonization with lower diversity and richness of intestinal microbes, compared to the pups
born from non-treated dams (control animals), might have consequences in the central nervous
system, considering that this event occurs while the last stages of brain development are still
ongoing.
A B
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Figure 1. Antibiotic use in pregnant Sprague-Dawley rats cause decreased diversity and richness in intestinal
microbiota of 35-day old male offspring. Representation of (A) Microbiota from the caecum of male offspring of dams
exposed to antibiotics (ANTIBIOTIC) in the peripartum period, show a lower diversity than the caecal microbiota of control
animals (CONTROL) at the same age. Alpha diversity refers to the mean species diversity within a microbial ecosystem.
In this panel there is an observed alpha diversity measure, as well as Chao 1 estimator, which reflects the minimal number
of operational taxonomic units (OTU’s, unit used to classify groups of closely related individuals) in a sample. (B) There is
less richness in the microbiota from the caecum of male offspring of dams exposed to antibiotics (ANTIBIOTIC) than the
one from control animals (CONTROL). The Shannon index measures the average degree of uncertainty in predicting as
to what species an individual chosen at random from a collection of S species and N individuals will belong. The value
increases as the number of species increases and as the distribution of individuals among the species becomes even.
These results have not been published but are part of a manuscript that is currently in preparation.



Furthermore, Dr. Bravo also evaluated protein expression of the D1 receptor and observed lower
amounts of the protein in relevant regions of the mesocorticolimbic system: cingulate cortex,
striatum, and NAcc (Fig. 2), of the same male offspring from treated dams, when compared to
control rats. This suggests that alterations in gut microbiota composition caused by early-life
exposure to antibiotics might affect components of the reward circuitry, possibly having an

important effect on addiction later in life.
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Figure 2. Densitometric analysis of D1 protein expression in the brain of rats exposed perinatally to antibiotics.
The bars represent a semiquantitative determination of D, receptor protein in (A) Cingulate cortex 1 (Cgl); (B) prelimbic
(PrL) cortex; (C) Infralimbic cortex (IL); (D) Caudate putamen (CPu); (E) Nucleus Accumbens (NAcc) shell; and (F) NAcc
core. (G) Is a semiquantitative determination of tyrosine hydroxylase in the ventral tegmental area (VTA). Control rats are
represented in white bars, while black bars are rats that were exposed perinatally to a wide-spectrum antibiotics cocktail.
(Immunohistochemical analysis. Control, n=5; Antibiotics, n=5; *=p<0.05; **=p<0.01 by Student’'s T test). These results
have not been published but are part of a manuscript that is currently in preparation.

These results suggest that early-life exposure to antibiotics might affect sensitization and,
therefore, addictive-like behaviors in the later life stages of rats. Thus it would be interesting to
evaluate other components of the reward system, as well as to assess the animal behavior when
presented with a cocaine-like drug challenge, as methylphenidate (MPH), a CNS stimulant drug
that also blocks the DAT, preventing DA reuptake, and increasing extracellular bioavailability of

the neurotransmitter (Dib et al. 2018).



HYPOTHESIS

- In most mammals, gut microbial colonization begins at birth, where the first gut symbionts
come from the mother's gut microbiota. Moreover, microbial colonization of the gut
impacts neurodevelopment of the newborn, and subsequently affects adult behavior and
health in the host.

- Low diversity and richness of gut microbes is associated to several pathologies, including
neuropsychiatric disorders, like autism-like behaviors, anxiety, depression, and alcohol

abuse.

Previous work from "Grupo de NeuroGastroBioquimica” at Pontificia Universidad Catélica de
Valparaiso, have demonstrated that oral administration of a wide-spectrum non-absorbable
antibiotics cocktail to Sprague-Dawley dams during the peripartum period (embryonic day 18 to
post-natal day 7) decreases diversity and richness of gut microbiota composition in the male
offspring, which remains stable until postnatal day 35, accompanied by changes in the
dopaminergic reward system, suggesting that early-life exposure to antibiotics affects reward and

addiction throughout life. Therefore, the following hypothesis is proposed:

Early-life exposure to antibiotics increases susceptibility to cocaine-like drugs
consumption in the adult rat, as a result of changes in the mesocorticolimbic system

circuitry.

MAIN OBJECTIVE

To evaluate early-life non-absorbable broad-spectrum antibiotic exposure effect within the

dopaminergic circuitry and drug response in male and female adult rats



Specific objectives

1. To evaluate early-life antibiotic exposure on drug conditioning susceptibility with a DAT

blocker, methylphenidate.

1.1. Evaluate methylphenidate conditioning susceptibility in the adult offspring of wide-
spectrum non-absorbable antibiotics treated pregnant dams, through a conditioned place
preference (CPP) protocol.

1.2. Evaluate DA content through High-performance liquid chromatography coupled to
electrochemical detection (HPLC-EC) and D1, D2, DAT, and tyrosine hydroxylase (TH)

protein levels in NAcc, VTA and PFCx through western blot, respectively.

2. To evaluate early-life antibiotics exposure on the locomotor activity and striatal in-vivo DA

release of the adult rat.

2.1. Evaluate locomotor activity in an open field arena of adult rats exposed to antibiotics in
early life.
2.2. Asses in-vivo striatal DA release by fast-scan cyclic voltammetry (FSCV) in adult rats

exposed to antibiotics in early life.

EXPERIMENTAL DESIGN

Administration of a non-absorbable broad-spectrum antibiotics cocktail composed by neomycin,
bacitracin, and vancomycin, 100 mg/Kg each, along with pimaricin, 5 mg/Kg, was given perinatally
through oral gavage to a total of 6 pregnant Sprague-Dawley dams. This procedure, as Dr. Bravo’s
lab previously demonstrated, will affect the dam’s intestinal microbiota, as previously reported
(Kiraly et al. 2016, Koutzoumis et al. 2020) and therefore, the initial bacterial colonization of the

offspring will be different than the control animals (no antibiotic treatment to the dam leads to



normal gut microbiota in the offspring,). This results in altered gut colonization of the offspring,
characterized by a lower microbiota enrichment and diversity, which is stable at least until PD35
(control dams were given only vehicle: saline solution, 0,9% NaCl; Fig. 1). Thus, there were two
major experimental groups: |) early-life exposure to antibiotic (ELEA), and 1) controls. Behavioral
and dopamine circuit studies were performed in male and female offspring of each condition during

early adulthood, between PD57 and PD63 (Fig. 3).
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Figure 3. Experimental design. Pregnant Sprague-Dawley rats were orally administrated with a non-absorbable brad-
spectrum antibiotic cocktail perinatally form 10 days (from ED18 to PD7). Control pregnant rats were given only vehicle
(saline solution, 0,9% NaCl). Pups were weaned at PD21, separated by sex (4 animals per cage) and maintained in normal
rearing conditions until adulthood. A total of 139 Sprague-Dawley rats (12 dams and 127 male and female offspring) were
used during this project.

We evaluated protein expression levels within the mesocorticolimbic system, and open field
behavior in naive rats to assess ELEA effect on neurodevelopment. Also, rats were test for
behavioral studies (CPP and locomotor activity), and dorsolateral striatal in-vivo DA release by
FSCV procedure to assess MPH sub-chronical and acute response, respectively, at a dose of 5
mg/kg (i.p.) in both cases. Brains from all offspring animals were collected to perform DA and
DOPAC tissue content quantification (CPP rats) to determine neuroadaptations within the
dopaminergic system. Detailed methods and materials are described in our manuscript (attached),

published on Frontiers in Pharmacology.
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Early-Life Exposure to
Non-Absorbable Broad-Spectrum
Antibiotics Affects the Dopamine
Mesocorticolimbic Pathway of Adult
Rats in a Sex-Dependent Manner

Camila Gonzélez-Arancibia'>°, Victoria Collio™®, Francisco Silva-Olivares ™,
Paula Montafia-Collao ™, Jonathan Martinez-Pinto’, Marcela Julio-Pieper?,
Ramoén Sotomayor-Zarate'* and Javier A. Bravo2*

"Laboratorio de Neuroquimica y Neurofamacologia, Centro de Neurobiologia y Fisiopatologia Integrativa (CENF), Instituto de
Fisialogia, Facultad de Giencias, Universidad de Valparaiso, Valparaiso, Chils, “Grupo de NeuroGastroBioquimica, Instituto de
Quimica, Facultad de Ciencias, Pontificia Universidad Catdlica ds Vajparaiso, Valparaiso, Chils, *Programa de Doctarado en
Ciencias Mencion Neurociencias, Facultad de Clencias, Universidad de Valparaiso, Valparaiso, Chile, *Programa de Magister en
Ciencias Médicas, Mencidn Biologia Celular y Molecular, Universidad de Valperaiso, Valparaiso, Chile

Gut microbiota with a stable, rich, and diverse compaosition is associated with adequate
posinatal brain development. Colonization of the infant’s gut begins at birth when parturition
exposes the newborn to a set of maternal bacteria, increasing richness and diversity unti one to
two first years of age when a microbiota composition is stable unti old age. Conversely,
alterations in gut microbiota by diet, siress, infection, and antibiotic exposure have been
associated with several pathologies, including metabolic and neuropsychiatric diseases such
asobesity, anxiety, depression, and drug addiction, among others. However, the consequences
of early-life exposure to antbictics (ELEA) on the dopamine (DA) mesocorticoimbic circuit are
poorly studied. In this context, we administered oral non-absorbable broad-spectrum antibiotics
to pregnant Sprague-Dawley dams during the perinatal period (rom embryonic day 18 unti
postnatal day 7) and investigated their adult offspring (postnatal day 60) to assess
methyiphenidate-induced conditioned place preference (CPP) and locomotor activity, DA
release, DA and 3,4-dhydroxyphenylacetic acid (DOPAC) content in ventral tegmental area
(WVTA), and expression of key proteins within the mesocorticolimbic system. Our results show
that ELEA affect the rats conduct by increasing drug-seeking behavior and locomotor activity
induced by methylphenidate of males and females, respectively, while reducing dopamine
striatal release and VTA content of DOPAC in females. In addition, antibiotics increased protein
levels of DA type 1 receptor in prefrontal cortex and VTA of female rats, and tyrosine hydroxylase
in VTA of adutt male and female rats. Altogether, these results suggest that ELEA alters the

Abbreviations: CPP, Conditioned place preference; Ctrl, Control; CNS, Central nervous system; CPu, Caudate putamen; DA,
Dopamine; DAT, Dopamine transporter; DOPAC, 34-dihydroxyphenylacetic acid; D1, Dopamine type 1 receptor; D2,
Dopamine type 2 receptor; ELEA, Bary-life exposure to antibiotics; ER, Estrogen receptor; ED, Embryonic day; FSCV,
Fast-scan cyclic voltammetry; Fig, Figure; GN, Peptidoglycan; GF, Germ-free; ip., Intraperitoneal; MPH, Methylphenidate;
NAce, Nudeus Accumbens; pDAT, Phosphorylated dopamine transporter; PFCx, Prefrontal cortex; PD, Parkinson's disease;
PD, Postnatal day; Supp, Supplementary; TH, Tyrosine hydroxylase; TH-IR, Tyrosine hydroxylase immunoreactive; VTA,
Ventral tegmental area; 6-OHDA, 6-hydroxydopamine
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development of the microbiota-gut-brain axis affecting the reward system and the response to

abuse drugs in adulthood.

Keywords: antibiotics, gut microbiota, dopamine, dopamine receptors, VTA, NAcc, CPP

1 INTRODUCTION

In mammals, gut colonization begins at birth, and several factors
such as type of birth (cesarean or vaginal), diet (breastfeeding or
infant formula), and antibiotics exposure (maternal or neonatal),
among others, affects the infant gut microbiota composition, in a
window of time related to postnatal nervous system development
(Cryan and Dinan, 2012;0’Mahony et al,, 2014; Diaz Heijtz, 2016;
Delara et al., 2021). For example, studies in germ-free (GF)
animals (animals completely devoid of microbes) have shown
an increase in locomotor activity (Davis et al, 2016; Schretter
et al,, 2018), a reduction in social interactions associated with
spending more time in self-grooming that suggests an increase in
repetitive behaviors (Desbonnet et al,, 2014). Atcellular levels, GF
mice have hypermyelinated axons in the prefrontal cortex (PFCx)
compared to control animals (Hoban et al,, 2016b). However, GF
animals have no clinical correlate to what happens in nature, nor
clinical settings. An approach to this, however, is the use of
antibiotics. These compounds are commonly used in the clinical
Ppractice to treat infections in newborns, or their mothers, even in
the immediate postnatal stage (Bourgeois et al, 2016; Cotten,
2016; Lavebratt et al., 2019; Ran et al, 2021). Thus, antibiotics
provide an effective pharmacological tool to disrupt gut
colonization during early-life. Arentsen et al. (2017) showed
that administration of ampicillin (0.6 mg/ml in the drinking
water) to pregnant mice from 5 days before parturition until
3 days post-partum prevented the translocation of bacterial
peptidoglycan (PGN) from the intestinal lumen into the brain
of the offspring (Arentsen et al,, 2017). The bacterial PGN in the
central nervous system (CNS) has been associated with a
reduction of c-Met expression, which is related to a higher
risk of autism (Arentsen et al., 2017). In this context, maternal
antibiotic exposure increased cerebral c-Met expression in the
offspring (Arentsen et al., 2017), affecting normal infant brain
development. Undoubtedly, early-life exposure to antibiotics
(ELEA) affects normal gut colonization (altering diversity and
richness), having the potential of impacting brain development,
increasing the vulnerability to neuropsychiatric-related disorders
such as addiction or drug dependence.

Drug dependence is a neuropsychiatric disorder characterized
by a compulsion to seek and take the drug, loss of control in
limiting intake, and negative emotional state during withdrawal
(American Psychiatric Association, 2013). At the neurobiological
level, the main neural system involved in the effect of addictive
drugs is the reward system (mesocorticolimbic circuit) (Koob and
Volkow, 2010). This system is a group of neural structures that
mainly comprise dopaminergic projections from the ventral
tegmental area (VTA) to nucleus accumbens (NAcc) and
PFCx (Volkow and Fowler, 2000; Koob and Volkow, 2010),
which are physiologically activated in response to natural
rewards (ie., food, sex, and social interaction) and supra-

physiologically activated by abuse drugs (Bassareo and Di
Chiara, 1997; Frohmader et al, 2010). These high NAcc DA
extracellular levels activate postsynaptic DA type 1 receptor (Dy)
that potentiates synaptic transmission and early gene expression
(ie., c-Fos, Arc, NAC-1, between others) (Nestler, 2001).
Furthermore, chronic substance abuse promotes
overexpression of NAcc AFosB, increasing NF-kB, GluR2, and
Cdk5 expressions, playing a crucial role in developing and
maintaining addiction (Nestler et al,, 2001). On the other
hand, several factors of vulnerability to addiction have been
studied, such as genetic predisposition (i.e., low mRNA
expression of DA type 2 receptor [D,]). the type of drug
abused, and psychological factors (child abuse, chronic
exposure, and stress), among others (Kreek et al, 2005;
Shumay et al., 2012; Everitt and Robbins, 2016; Belles et al.,
2021). However, the role of altered gut microbiota on drug
dependence has not been fully studied. In this context, Kiraly
et al. showed that administration of a cocktail of broad-spectrum
non-absorbable antibiotics (0.5 mg/ml bacitracin, 2 mg/ml
neomycin, 0.2 mg/ml vancomycin and 1.2 pg/ml pimaricin) in
drinking water for 14days, increased conditioned place
preference (CPP) to cocaine (5 mg/kg) in adult C57Bl/6j mice
(Kiraly et al, 2016). Also, exposition to antibiotics produced
alterations in the NAcc expression pattermn of some receptors such
as TrkB, Dy, and GluA (Kiraly et al., 2016). On the other hand,
chronic drug use could affect the gut microbiota and contribute to
the maintenance of addictive behavior. For example, chronic
exposure to cocaine decreases microbial richness and diversity in
the gut (Scorza et al., 2018), while methamphetamine exposure
also causes a decrease in bacterial metabolites that interact
directly with the CNS (ie., short-chain fatty acids) in
methamphetamine-induced CPP rats (Ning et al,, 2017).

New evidence has recently shown that alterations in gut
microbiota composition affects brain functionality, especially
in midbrain dopaminergic context,
administration of a non-absorbable broad-spectrum antibiotics
cocktail, before and after a lesion with 6-hydroxydopamine in the
adulthood reduces dopaminergic neuron loss and improved
motor deficit (Koutzoumis et al, 2020). However, the long-
term neurochemical and behavioral consequences associated
with mesocorticolimbic circuits have not been fully studied in
an animal model of ELEA. To address this and considering that
the main source of gut microbes to newborns is the maternal
intestinal tract, we lowered the matemal gut microbial diversity
and richness through an oral administration of a broad-spectrum
cacktail of antibiotics. This mixture of antibiotics was given to the
dam from embryonic day (ED) 18 until postnatal day (PD) 7,and
the effects of such intervention were studied in the female and
male offspring at PD60. In these animals, we evaluated the effects
of ELEA on drug conditioning susceptibility and locomotor
activity induced by methylphenidate (MPH), a DA transporter

circuits. In this
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(DAT) blocker. We also assessed in-vivo dorsolateral striatal DA
release, as well as quantified DA and 3,4-dihydroxyphenylacetic
acid (DOPAC) tissue content in VTA. Finally, we analyzed
expression of key proteins (D,, D,, DAT, and tyrosine
hydroxylase [TH]) in PFCx, NAcc, and VTA.

2 MATERIALS AND METHODS

2.1 Reagents

DA and 34-dihydroxyphenylacetic acid (DOPAC) standards,
EDTA, and 1-octanesulfonic acid were purchased from Sigma-
Aldrich, Inc. (St. Louis, Missouri, United States).
Methylphenidate hydrochloride was donated by Laboratorios
Andrémaco S.A. (ISPCH N° F-20582/18, Peiialolén, Santiago,
Chile). All other reagents were of analytical and molecular grade.

2.2 Animals

A total of 124 animals were used in the present study. 90-day-old
female Sprague-Dawley pregnant dams (n = 12) were treated with
the following broad-spectrum non-absorbable antibiotics cocktail
administered through oral gavage from EDI18 until PD7:
100 mg/kg neomycin, 100mgkg bacitracin, 100 mg'kg
vancomycin and 5 pg/kg pimaricin (ELEA, n = 6) or vehicle
(1 ml/kg of saline solution 0.9% NaCl; control, n = 6). Pups were
weaned at PD21 and housed in a temperature- and humidity-
controlled room (22 + 2°C; 50 + 5%, respectively) under artificial
illumination (12-h light/12-h dark; light on at 08:00 a.m.), with
food (Prolab” RMH 3000, LabDiet, St. Louis, MO, United States)
and water ad kbitum. All experiments were performed in adult
male (control male, n = 31; ELEA male, n = 22) and female
(control female, n = 27; ELEA female, n = 32) offspring, at a
median age of PD60; MPH-induced CPP was carried out between
PD57 and PD63, DA protein analysis in NAcc at PD60, and
mesolimbic DA and DOPAC content were performed at PD63.
All experimental procedures were approved by the Bioethics and
Biosafety Committees of the Universidad de Valparaiso,
Pontificia Universidad Catélica de Valparaiso and National
Agency of Research and Development (ANID-Chile) through
FONDECYT program. All efforts were made to reduce the
number of animals used and to minimize animal suffering.
For neurochemical and cellular experiments, animals were
rapidly decapitated with a guillotine for small animals (model
51330, Stoelting™ Co., Wood Dale, IL, United States).

2.3 Conditioned Place Preference

Rats used for CPP were assigned to the following experimental
groups: control male-saline (n = 6), control male-MPH (n = 10},
control female-saline (n = 5), control female-MPH (n = 6), ELEA
male-saline (n = 5), ELEA male-MPH (n = 5), ELEA female-
saline (n = 9), and ELEA female-MPH (n = 10). The features of
the CPP apparatus and the protocol used were previously
described (Bonansco et al, 2018; Velasquez et al, 2019).
Briefly, the conditioning protocol consisted of three parts: pre-
test (1 day before the conditioning period), conditioning, and test
(24 h after the last injection). For the pre-test and the test, rats
were placed in the neutral-gray center compartment with both

guillotine doors open and were allowed to explore the entire
apparatus (mid gray area and two outer compartments, black and
white) for 15min. The time spent in each compartment was
measured by analyzing the recordings obtained by internet
protocol cameras (LX-C202 model; Lynx Security, China) fixed
above each place preference apparatus and wireless connected to
a computer in another room. During the conditioning period
(5 days), the non-preferred compartment (the white side) was
associated with reward induced by MPH injection at a dose of
5mglkg i. p., once per day, which was previously stablished
elsewhere (Kashefi et al, 2021). The preferred compartment
(black side), as well as the animals that did not receive drug
during the conditioning period, were paired with a 1 ml/kg saline
i. p. injection. Afterward, conditioning/preference was
determined as the percentage of change between the time
spent in the white compartment on the test day and the pre-
test day.

2.4 Locomotor Activity

Basal, saline- and MPH-induced locomotor activities were
measured in a different cohort of ELEA and control rats.
During the first 30 min after each animal was placed in the
arena (50cm long, 50cm height, and 50 cm wide), video
recording was taken, and basal locomotor activity was
established. At 30 min, saline solution (1 mlkg i p.) was
injected and locomotor activity was recorded for another
60min. At 90 min, a single dose of MPH (5 mg/kg i. p.) was
injected and locomotor activity was recorded for an additional
60min. Recording was carryout with wireless cameras (model
LX-C202, Lynx Security, China) fixed 1.5 m above each arena and
connected to a computer in another room via wifi. Videos were
analyzed using ANY-Maze™ video tracking system (Stoelting™
Co., Wood Dale, IL, United States), measuring the total distance
traveled (m) every 5 min. Arenas were wiped and cleaned with 5%
v/v ethanol solution after each trial.

2.5 Neurochemical Studies

2.5.1 Fast Scan Cyclic Voltammetry

24h after locomotor activity/open field protocol, rats were deeply
anesthetized with isoflurane (3% in 0.8 L/min air flow) in an
induction chamber for 3min and placed in a stereotaxic
apparatus (model 68002, RWD Life Science Co. Ltd,
Shenzhen, China) with a mask to maintain anesthesia for all
the experiment (isoflurane 1.5% in 0.8 L/min air flow), using an
animal anesthesia system (model 510, RW D Life Science Co. Ltd.,
Shenzhen, China). Body temperature was maintained at 37°C
with a water circulation system (model 68662, RWD Life Science
Co. Ltd., Shenzhen, China). Rats were exposed to a craniotomy
for the implantation of three electrodes. A glassy-carbon
microelectrode (working electrode) was implanted in dorsal
striatum using the coordinates from the Rat Brain Atflas
(Paxinos and Watson, 2009) (dorsal striatum: 1.3 mm
posterior, 2.5 mm lateral, and 4.0 mm ventral to brain surface)
and an Ag/AgCl reference electrode was positioned in the
contralateral cortex. The electrode potential was linearly
scanned (-04-12V and back to -04V vs. Ag/AgCl) and
cycic voltammograms were assessed at the carbon fiber
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electrode every 100 ms with a scan rate of 400 V/s using a
voltammeter/amperometer (model Chem-Clamp Potensiostat,
Dagan Corporation, Minneapolis, MN, United States). A
bipolar stimulating electrode (model MS 303/2A, Plastics one
Inc., Roanoke, VA, United States) was implanted in the midbrain
using the coordinates from the Rat Brain Atlas (Paxinos and
Watson, 2009) (Regarding to bregma: 5.2 mm posterior, 1.3 mm
lateral, and 7.5 mm ventral to brain surface). Phasic DA release
was stimulated with the following parameters: monophasic +, 60
pulses, 60 Hz, 4 ms, 300 pA (current stimulus isolator NL80DA;
Digitimer, Ltd., Hertfordshire, United Kingdom). For data
collection, two National Instruments acquisiion cards (NI-
DAQ; PCI-6711 and PCI-6052e; National Instruments, Austin,
TX, United States) were used to interface the potentiostat and
stimulator with Demon Voltammetry and Analysis software
(Wake Forest Health Sciences, Winston-Salem, NC,
United States) [42]. Data collection began once electrical
stimulation in the midbrain induced a suitable dopamine peak
in the striatum. Phasic DA was stimulated every 5 min and three
steady baseline collections were measured. After a basal period, a
saline injection (1 ml/kg, i. p.) and DA release were measured for
another 15 min. Finally, rats received an injection of MPH
(5 mg/kg i. p.) and phasic DA release was assessed for 75 min
after drug administration. After the experiment, animals were
killed by rapid decapitation with a guillotine for small animals
(model 51330, Stoelting™ Co., Wood Dale, IL, United States).
Brain was immediately extracted and placed on an ice-cold
surface. Then, NAcc, VTA and striatum were micro-dissected
at 4°C using a micro-punch (Harris Micro-Punch™, 2.0 mm of
diameter, Ted Pella Inc., CA, United States). The tissues were
then weighed and stored at =80°C for further analysis. Data were
analyzed with Demon Voltammetry and Analysis software using
peak height, area, and tau as parameters of DA release induced by
electrical stimulation and uptake kinetics.

2.5.2 Dopamine and DOPAC Content in NAcc and VTA
Once the CPP protocol was finalized, saline-injected control
(males, n = 5; females, n = 5) and ELEA (males, n = 5;
females, n = 9) rats were used for analyzing DA and DOPAC
content in NAcc and VTA. Animals were euthanized 2h after
CPP test phase was finished (at PD63). Brain was immediately
extracted and placed on an ice-cold surface. NAcc and VT A were
micro-dissected at 4 "C using a brain matrix (model 68711, RWD
Life Science, Shenzhen, P.R. China) and micro-punch (model
15076; diameter 2.0 mm, Harris Uni-Core, Ted-Pella Inc.,
Redding, CA, United States) as described previously
(Bonansco et al., 2018; Guajardo et al.,, 2020). Briefly, NAcc
and VTA were weighed on an analytical balance (model JK-
180, Chyo balance corp, Tokyo, Japan) and homogenized in
400 ul of 0.2N perchloric acid using a sonicator (model
XL2005, Microson Ultrasonic Cell Disruptor, Heat Systems,
Farmingdale, NY, United States). The homogenate was
centrifuged to 12,000xg for 15 min at 4°C (model Z233MK-2,
Hermle Labor Technik GmbH, Wehingen, Germany) and the
supernatant was filtered (model EW-32816-26; 0.2 pm, HPLC
Syringe Filters PTFE, Cole-Parmer, Instrument Company,
Vemon Hills, IL, United States). The final supernatant was

injected to HPLC coupled with an electrochemical detector.
The pellet of each sample was resuspended in 1ml of 1M
NaOH for protein quantification by the Bio-Rad Protein Assay
(Bio-Rad Laboratories, Inc., Richmond, CA, United States), using
bovine serum albumin as standard, and the readout was
performed in a microplate spectrophotometer (Epoch™,
BioTek Instruments Inc, Winooski, VT, United States). Ten
microliters of supematant were injected to the HPLC-ED
system with the following equipment: an isocratic pump,
(model PU-2080 Plus, Jasco Co. Ltd, Tokyo, Japan), a C18
column (model Kromasil 100-3.5-C18, AkzoNobel, Bohus,
Sweden), and an electrochemical detector (set at 650 mV, 0.5
nA; model LC-4C, BAS, West Lafayette, IN, United States). The
mobile phase, containing 0.1M NaH,PO4; 1.0mM 1-
octanesulfonic acid, 1.0mM EDTA, and 8.0% (*/,) CHiCN
(pH 3.4) was pumped at a flow rate of 0.125 ml/min. DA and
DOPAC levels were assessed by comparing the respective peak
area and elution time of the sample with a reference standard and
the quantification was performed using a calibration curve for
each neurotransmitter (Program ChromPass, Jasco Co. Ltd.,
Tokyo, Japan). The concentration of DA and DOPAC was
expressed as pg per mg of protein.

2.6 Western Blot

For protein determinations, a new cohort of rats that were not
exposed to any other experiments was used: Control (males, n=4;
females, n = 4) and ELEA (males, n = 4; females, n = 5). Animals
were euthanized and the brain was immediately extracted and
placed on an ice-cold surface to extract NAcc, VTA and PFCx,
using a brain matrix and micro-punch. The tissues were then
weighed and stored at -80°C for further analysis. To determine
Dy, Dy, DAT, Phosphorylated DAT (pDAT) and TH protein
levels in NAcc, VTA and PFCx, brain areas were homogenized
using RIPA buffer (pH = 8.0, 150 mM, NaCl, 50 mM Tris-HCI,
1%/, Nonidet P40, 0.1% */, SDS, 2 mM EDTA, 1.5 mM PMSF,
and a protease inhibitor cocktail [Cat# G6521, Promega™]) using
a sonicator (model XL 2005, Microson Ultrasonic CellDisruptor,
Heat Systems, United States). The total protein concentration was
determined using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Inc., Richmond, CA, United States), using bovine
serum albumin as standard, and the readout was performed in a
microplate spectrophotometer (Epoch™, BioTek Instruments
Inc., Winooski, VT, United States). Thirty micrograms of total
protein from each sample were separated by 10% SDS-PAGE.
Proteins were transferred to nitrocellulose membranes (Cat#
88018, 0.45pum pore, Thermo Scientific™, Rockford, IL,
United States) at 350mA for 1.5h. Non-specific sites of
membrane binding were blocked with 5% skim milk (for D,
pDAT, DAT, and TH) or with 5% bovine serum albumin (BSA,
for D) in TTBS (0.1% Tween-20, 20 mM TBS, 137 mM NaCl) for
1h at room temperature. Later, nitrocellulose membranes were
incubated ovemight at 4°C with primary antibodies diluted in
blocking solution. The antibodies used in this study were: rabbit
anti-D, diluted 1:1,000 (Cat# AB1765P, MerckMillipore, Merck
KGaA, Darmstadt, Germany), rabbit anti-D, diluted 1:1,000
(Cat# AB5084P, MerckMillipore, Merck KGaA, Darmstadt,
Germany), anti-DAT diluted 1:2,000 (Cat# 434-DATEL2,
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PhosphoSolutions, Denver, CO, United States), rabbit anti-
phosphorylated DAT (pDAT) diluted 1:1,000 (Cat# p435-53,
PhosphoSolutions, Denver, CO, United States), TH diluted 1:
5,000 (Cat# 657012, Calbiochem, MerckMillipore, Merck KGaA,
Darmstadt, Germany) and rabbit anti-GAPDH diluted 1:10,000
(Cat# ab9485, Abcam, Cambridge, MA, United States) as
constitutive protein. Membranes were washed three times with
T-TBS and then incubated during 1h at room temperature in
blocking solution with the secondary antibody for Dy and D,,
diluted 1:5,000; for DAT and pDAT, diluted 1:10,000; for TH,
diluted 1:20,000; and for GAPDH, diluted 1:20,000 Peroxidase-
conjugated AffiniPure F (ab’), Fragment Donkey anti-rabbit
(Cat# 711-036-152, Jackson Inmuno Research, laboratories,
Inc., West Grove, PA, United States). For chemiluminescent
detection, we used SuperSignal™ West Dura Extended
Duration Substrate (Cat# 34075, Thermo Fisher Scientific,
Waltham, MA, United States) and the images of the
membranes were obtained using a benchtop transilluminator
(EpiChemi3 Darkroom, UVP, Upland, CA, United States).
The images were analyzed using Image]™ software (http://
rsbweb.nih.gov/ijf).

2.7 Statistical Analysis

Data were expressed as mean * SEM. Two-way ANOVA
followed by post-hoc Tukey test (multiple comparisons) was
performed for the data analysis from CPP, DA content and
protein expression, considering sex and ELEA or drug
administration and ELEA as variables. Three-way ANOVA,
followed by post-hoc Tukey test (multiple comparisons) was
performed for FSCV data analysis, locomotor activity and
cumulative locomotor activity, considering three variables:
time, sex, and ELEA. The statistical analyses were carried
out with GraphPad Prism version 9.2.0 (GraphPad
Software, San Diego, CA, United States), and p < 0.05 was
considered statistically significant.

3 RESULTS

3.1 Weight Gain is not Affected by Perinatal
Exposure to Non-Absorbable

Broad-Spectrum Antibiotics

Pregnant Sprague-Dawley dams were treated with a non-
absorbable broad-spectrum antibiotics cocktail (neomycin,
bacitracin, vancomycin and pimaricin) from ED18 until PD7,
via oral gavage. Offspring weight gain was monitored from birth
to adulthood (PD1 to PD63). We did not find significant
differences between experimental groups (Figure 1). Overall,
male rats gain more weight than female rats, as expected.

3.2 ELEA Alters Drug-Seeking Behavior in

Rats in a Sex-Dependent Manner

We evaluated drug-seeking behavior in adult male and female
rats exposed to antibiotics early in life and compared them to
their respective controls (Figure 2). 2-way ANOVA analysis
showed a significant interaction between antibiotic exposure
and sex (Fq26) = 5.502, p = 0.0269) and a main effect of
antibiotic exposure (F; .4 = 4.426, p = 0.0452) when MPH-
induced CPP males and females were analyzed (Figure 2A).
Also, Tukey's multiple comparisons post-test reveals that
ELEA males spend more time in the white compartment
(associated with MPH administration) than control males
(p = 0.0231, Figure 2A), and that control females spend
more time in the MPH-associated compartment than
control males (p = 0.0299, Figure 2A). When analyzing
MPH and saline conditioning in males and females
separately, 2-way ANOV A showed significant main effect of
ELEA (F(;20) = 8.319, p = 0.0086) and drug exposure (F; 55 =
25.75, p < 00,001), as well as a significant interaction between
the two variables (F;;55 = 8319, p = 0.0086) of males
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FIGURE 2 | Methylphenidate preference of adult male and fernale rats exposed to antibiotics during eary ife. ELEA increased time spent in white compartrment
(associated with drug defvery) only in males and not females (A—C) after a 5-days condtioning period to MPH. Also, control females spent more time in the MPH-
associated compartment than control males (A). ELEA males spent more time inthe white compartrment when paired with drug delivery companed to saling injection and
MPH injection in control animals (B). Conversely, only control females spent maore time inthe white compartment when paired with MPH delivery compared to safine
injection, an effect not observed in ELEA females (C) {control male-safing, n = 6; contral male-MPH, n = 10; ELEA male-saiing, n = 5; ELEA mals-MPH, n = 5; control
fernale-saling, n = 5; control fermale-MPH, n = 6; ELEA female-saling, n = 9; ELEA female-MPH, n = 10; * = p < 0.05; ** = p < 0.001).

(Figure 2B). Male rats also showed that ELEA increases time
spent in the white compartment when paired with drug
administration compared to saline injection (Tukey's post-
test, p = 0.0002; Figure 2B) and ELEA males spent significantly
more time in the MPH-associated compartment than control
males (Tukey’s post-test, p = 0.0005; Figure 2B). On the other
hand, we only observed a significant drug administration effect
(Fi1,25y = 17.67, p = 0.0003) on females, specifically control
females spent more time in the white compartment when
paired with MPH administration compared to saline
(Tukey's post-test, p = 0.0146; Figure 2C). This result

shows that early-life antibiotic exposure affects drug
response differently in male and female rats.

3.3 ELEA Reduces MPH-Induced

Locomotor Activity in Males

To evaluate the effect of ELEA on locomotor activity, a
different cohort of male and female rats, were injected with
saline (1 ml/kg, i. p.) and an hour later, with MPH (5 mg/kg, i.
p.). Figure 3 shows locomotor activity (Figure 3A) and
cumulative locomotor activity (Figure 3B). 3-way ANOVA

i Locomotor Activity N Cumulative Locomotor Activity
2
251 : = 250+
] Saline MPH @ Conlrol Male ] 1 m control Male *
g {1 mbLkg ip.) (5 mafkg ip.) & ELEA Male g — B ELEA Male oA
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E-i- ® ELEAFemale 2= 1 M ELEAFemale
58 | £ 150
8% I H ]
5E . i;g*;; £
E T! ® 3 so‘
| E] -
ol Cee E ]
—_— < o
0 30 60 90 120 150 Basal Saline MPH
Time (min)

FIGURE 3 | ELEA effects onlocomaotor activity of adult rats. (A) There were no difierences in basal locomotar activity nor when rats were injected with saline solution

(1 mikg, i. p.). 15 min after drug administration MPH; 5 mg/kg, i. p.) ELEA fernale mts showed higher locomotor activity than ELEA males (™ = p < 0.001). (B)
Cumnulative lncomotor activity showed female mts, both control and ELEA animals, travel ed significantly more distance than their male counterparts (*=p < 0.05, " =p <
0.01). There wens no differences in cumulative basal distance travelled, nor when saline was injected (control males, n = 11; ELEA males, n = 8; contral fermales, n=

12; ELEA females, n = 8).
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analysis showed significant main effect of antibiotic exposure
(Figure 3A: F(; 1950y = 11.22, p = 00,008), time (Figure 3A:
F(29, 1050y = 4147, p < 00,001), and sex (Figure 3A: F(;, 1950y =
133.7, p < 00,001), with a significant interaction between time
and sex (Figure 3A: Fog, 1050y = 7,114, p < 00,001). There were
no differences in basal locomotor activity nor when rats were
injected with saline solution between any of the groups. After
10min of drug administration, female rats showed higher
locomotor activity than males, with ELEA animals showing
a greater difference and longer effect in the time range from
100 to 120 min (Figure 3A; Tukey’s multiple comparisons test:
100, 105, 110 min, p < 00,001; 115min, p = 00,001; and
120 min, p = 00,071) than control animals (Figure 3A;
Tukey’s multiple comparisons test: 100 min, p = 00,113; and
105 min, p = 0.001). On the other hand, cumulative locomotor
activity (Figure 3B) showed main effects of MPH
administration (Figure 3B: F(y, 50y = 60.30, p < 00,001) and
sex (Figure 3B: Fyy, 35y = 16.45, p = 00,003), and a significant
interaction between these two variables ((Figure 3B: Fj5 7 =
11.18, p < 00,001). Tukey’s multiple comparisons post-test
revealed the following: 1) control males traveled significantly
more distance after drug administration (Figure 3B: Control
males, saline vs MPH, p = 00,015), an effect than was not
observed in ELEA males (Figure 3B: ELEA males, saline vs
MPH, p = 0,7006); 2) Female rats, both control and ELEA,
traveled significantly more distance after drug administration
(Figure 3B: Control females, saline vs MPH, p < 00,001; ELEA
females, saline vs MPH, p < 00,001); and 3) under MPH’s
effect, female rats traveled a greater distance than their male
counterparts (Figure 3B: MPH, control males vs control
females, p = 00,083; MPH, ELEA males vs ELEA females,
p = 00,002). There were no differences in cumulative basal
distance travelled, nor when saline was injected (Ctrl Females,
n = 12; ELEA Females, n = 8; Ctrl Males, n = 11; ELEA
Males, n = 8).

3.4 ELEA Decreases In-vivo Striatal

Dopamine Release in Females

To further explore the effects of ELEA on the dopaminergic
system, we evaluated in-vivo dorsolateral striatal DA release
trough Fast-Scan Cyclic Voltammetry (FSCV) procedures in
the same cohort of locomotor activity assessment (24h later).
There were no differences in the peak height during basal nor
after saline injection (1 ml/kg, i. p.). However, 10 min after
MPH administration (5 mg/kg, i. p.), ELEA females showed a
significantly lower DA
(Figure 4A, Tukey’s multiple comparison post-test, ELEA
females vs control females: 40 min p = 0.0004; 45 min p =
0.0014; 50 min p = 0.0018; 55min p = 0.0034; 60 min p =
0.0051; 65min p = 0.0089; 70min p = 0.0054; 75 min p =
0.0162; 80 min p = 0.0094; 85min p = 0.0241; 90 min p =
0.0178), and that ELEA males (Figure 4A, ELEA females vs
ELEA males: 40 min p = 0.046; 45 min p = 0.0316; 50 min p =
0.0093; 55min p = 0.0222; 60min p = 0.0266; 65 min p =
0.0490). Also, 3-way ANOVA showed significant main effects
of ELEA (Figure 4A: F () 504) = 42.25, p < 0.0001) and time
(Figure 4A: F (20, 204) = 34.68, p < 0.0001), with a significant
interaction between sex and ELEA (Figure 4A: F (1, 204) =
45.17, p < 0.0001). Representative color plots of basal, saline
and MPH (45 min) dopamine release can be seen in
supplementary figures (Supplementary Figure S1).

Along with these results, we also observed an increase in
Tau value, or striatal DA decay, of ELEA females when
compared to control females (Figure 4B, Tukey’s multiple
comparison post-test, ELEA females vs control females:
45 min p = 0.0329; 50 min p = 0.0207; 55 min p = 0.0046;
60 min p = 0.0289; 65 min p = 0.0055; 70 min p = 0.0111;
75 min p = 0.0081; 80 min p = 0.0251; 90 min p = 0.0100;
95 min p = 0.0250; 100 min p = 0.0016; 105 min p = 0.0043),
and to ELEA males (Figure 4B, Tukey's multiple comparison
post-test, ELEA females vs ELEA males: 55min p = 0.0276;

release than control females
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FIGURE 4 | Analysis of the dorsolateral striatal in-wvo dopamine nelease evoked by substantia nigra electrical stimutation. (8) Dopamine relesse regarding the
baseline (%) for the peak height. BLEA fernales release lower amount of dopaming than control females and ELEA males, but antibiotic exposure did not afiect DA release
in males. (B) Striatal dopamine decay. B BA females showed a higher decay (Tau) than control fernales and ELEA males. (ELEA fernale Vs, control fernale: *** =p < 0.001;
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FIGURE 5 | DA and DOPAC content of VTA of early-ife antibiotic exposed mats. ELEA did not alter WVTA's DA content of the adult rat (A). However, antibiotic
exposed females had lower levels of DOPAC in VTA when injected with saline during GPP conditioning period (B), as well as lower DOPAG/DA ratio (C). (Controlmale, n
= 6, ELEA male, n = 5, control female, n =5; ELEA female, n =9, * =p < 0.05 * =p < 0.01).

65min p = 0.0179; 70 min p = 0.0142; 75 min p = 0.0200;
80 min p = 0.0313; 85 min p = 0.0309; 90 min p = 0.0094;
95 min p = 0.0074; 100 min p = 0.0016; 105 min p = 0.0025),
with significant main effects of time (Figure 4B, 3-way
ANOVA: F (39, 315y = 11.82; p < 0.0001), sex (Figure 4B,
3-way ANOVA: F y, 3,5)= 14.82; p = 0.0001), and antibiotic
exposure (Figure 4B, 3-way ANOVA: F ; 3,5 = 60.35, p <
0.0001), and significant interactions between time and sex
(Figure 4B, 3-way ANOVA: F (5, 315 = 1.928, p = 0.0105),
and sex and ELEA (Figure 4B, 3-way ANOVA: F (1, 315) =
25.10, p < 0.0001). Taken together, these results show that
antibiotic exposure during early-life alters the DA circuitry
of females but not males, and reveals, once again, sex
differences between males and females from ELEA
experimental group.

3.5 ELEA Decreases VTA DOPAC Contentin
Adult Female Rats

Considering the differences in TH protein levels in NAccand
VTA of adult rats, due to sex or to perinatal exposure to
antibiotics respectively, we evaluated DA and DOPAC
content in NAcc and VTA of control and ELEA rats that
were injected with saline during CPP conditioning (naive rats
to MPH), 24h after CPP test. Per experimental conditions
(control or ELEA rats), we did not observe statistical
differences in DA, DOPAC content, nor DOPAC/DA ratio
in NAcc of the adult rats (Supplementary Figure $2).

Regarding neurochemical changes in VT A, 2-way ANOVA
showed a significant main effect of early-life antibiotic
exposure on DA (Figure 5A) and DOPAC (Figure 5B)
content, as well as their DOPAC/DA ratio (Figure 5C), of
VTA from adult rats (F(y, 30y = 5.772, p = 0.0261; Fyy, 3¢y =
17.05, p =0.0005; and Fy; 50y = 17.45, p = 0.0005; respectively).
However, Tukey's post-test only revealed a reduction on
VTA’s DOPAC content and DOPAC/DA ratio in ELEA
female rats (Figures 5B,C: p = 0.0132; p = 0.0024,
respectively).

3.6 ELEA Alters D, and D, Receptors in the

Adult Mesocorticolimbic System
Animals used to determine Dy, D3, DAT, p-DAT, and TH protein
levels in PFCx, NAcc and VTA, were not previously exposed to
MPH or any other DAT blocker (drug-naive animals). We found
significant differences in D, protein levels in PFCx and VTA due
to antibiotic exposure (Figures 6A,C, 2-way ANOVA: F(, ;3 =
5.281, p = 0.0388; and F, ;) = 8.216, p = 0.0142, respectively).
Tukey’s post-test indicated that D, protein levels increased in
both nudlei of females, but not males (Figures 6A,C: p = 0.0278
and p = 0.0169, respectively). Also, Dy protein levels showed a
significant difference between sexes (Figure 6B: Fy 13 = 42.16,
p < 0.0001) in NAcc of control and antibiotic exposed rats
(Figure 6B, control male vs control female: p = 0.0051; and
ELEA male vs ELEA female: p = 0.0012). Regarding D, receptor
protein levels, we observed a significant sex-related difference in
PFCx D, (Figure 6D: F;, ;3 = 9.176, p = 0.0097), where control
female rats had a significantly lower protein level than male
control animals (p = 0.0217). On the other hand, we observed a
significant sex-associated difference (Figure 6E: Fy, ;5 = 7.343,
p =0.0179) and treatment effect (Figure 6E: F(; ;3 = 6.504, p =
0.0242) on NAcc D, protein levels. Female control rats had
significantly higher receptor expression than control males
(Figure 6E: p = 0.0259) and ELEA females (Figure 6E: p =
0.0231) rats. Interestingly, we observed that VTA D, protein
levels have significant differences due to sex and antibiotic
exposure (Figure 6F: Fy 3 = 7495, p < 0.0001; Fyaus =
7109, p < 0.0001; respectively). Also we observed a significant
interaction between the two variables (Figure 6F: F, 5, = 52.63,
p < 0.0001). In addition, we found that female control rats have
higher VT A D, protein levels than male control rats (Figure 6F,
p < 0.0001). However, perinatal antibiotic exposure significantly
decreased the VT A D, protein levels (Figure 6F, p < 0.0001).
When we evaluated the Dy/D5 ratio in PFCx, NAccand VTA,
we found significant differences with regards to sex and antibiotic
exposure in PFCx (Figure 6G: Fyy ;5 = 19.88, p = 0.0006; and
Fyy,13y = 5.520, p = 0.0353; respectively), as well as a significant
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interaction between the two variables (Figure 6G: Fy, ;1) = 5.510,
p = 0.0354), where control female rats have higher D,/D, ratio
than control male rats (Figure 6G: p = 0.0021). However, ELEA
decreased this ratio significantly in females when compared to
control animals (Figure 6G: p = 0.0211). In addittion, we did not
observed significant changes in D1/D2 ratio in NAcc
(Figure 6H). On the other hand, we observed significant sex-
related difference and antibiotic exposure effect on the VTA D,/
D, ratio (Figure 61: F, ;5 = 12.11,p =0.0045; and F, ;;,= 4123,
P < 0.0001; respectively), in which control female rats showed a
significant lower ratio than control male rats (Figure 61: p =
0.0076). In contrast, perinatal antibiotic exposure significantly
increased this ratio (Figure 61: p = 0.0001).

3.7 ELEA did not Affect DAT and pDAT
Protein Levels in the Adult
Mesocorticolimbic System

The pDAT, total DAT (phosphorylated and non-
phosphorylated) and the pDAT/DAT ratio in PFCx, NAcc and
VTA were not affected by perinatal antibiotic exposure
(Supplementary Figure $3).

3.8 ELEA Increases TH Protein Levelsin VTA
of Adult Female Rats

We did not find significant differences in PFCx TH protein levels
of male and female animals (Figure 7A). However, we observed a
sex-associated difference in NAcc TH protein levels (Figure 7B:
Fi1,13) = 32.68, p < 0.0001), where both control and ELEA female
rats have higher TH protein levels than their respective male
counterparts (Figure 7B, control male vs control female rats: p =
0.0378; ELEA male vs ELEA female rats: p = 0.0011). Finally,

antibiotic exposure had a main effect on TH expression levels in
VTA (Figure 7C: F;, 3 = 2510, p = 0.0003), where ELEA
increased VTA TH protein levels in adult female rats (Figure 7C:
p = 00022).

4 DISCUSSION

Early-life exposure to broad-range non-absorbable antibiotics has
been previously shown to decrease diversity and richness of gut
microbiota in adult rodents (Clarke et al., 2014; O'Mahony et al.,
2014), suggesting that perinatal exposure to antibiotics alters gut
microbiota composition in adulthood. Additionally, these
findings showed that reducing the diversity and richness of
gut microbiota during key stages of development, results in
different metabolic and neuronal alterations (Clarke et al,
2014; O’Mahony et al., 2014; Mueller et al,, 2015; Codagnone
et al., 2018; Noye Tuplin et al, 2021), which could also be
affecting the neurodevelopment and function of the NAcc and,
possibly, of the whole dopaminergic reward system impacting
drug response.

In the present study, we show that ELEA alters the drug
seeking behavior of the adult offspring, moreover, in a sex-
dependent manner. Specifically, we observed an enhanced
response in the methylphenidate (MPH) induced CPP in
ELEA males, but not in females (Figure 2). The data
presented here suggest that ELEA promotes sex-dependent
effects on the mesocorticolimbic system of the rat, which may
be associated to changes in gut microbiota composition. Several
authors have demonstrated that the antibiotic cocktail used here
alters gut microbiota composition, exerting several effects on the
dopaminergic system (Kiraly et al, 2016; Koutzoumis et al.,
2020). Kiraly et al. (2016) administered a similar antibiotic
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cocktail, in different doses (Neomycin 2mg/ml; Bacitracin
0.5 mg/ml; Vancomycin 0.2 mg/ml; and Pimaricin 1.2 pg/ml),
to adult male C57BL6/j mice in their drinking water for
7-10 days and observed an enhanced sensitivity to cocaine in
the CPP protocol. Inaddition, Kiraly et al. (2016) found increased
BDNF, GluA2 and Dy mRNA expression in NAcc, showing that
alterations in the gut microbiota composition alter the
transcriptional regulation of genes related to the reward
system and drug response. Also, those results were exclusively
due to a local non-absorbable antibiotic effect within the gut, as
mice injected intraperitoneally with the antibiotic cocktail did not
show any of these changes (Kiraly et al., 2016). Present results
partly agree with those findings, strongly suggesting that gut
symbionts impact on dopaminergic circuitry in rodents in
adulthood. Moreover, the data here presented suggest that
transmission of an altered gut microbiota from mother to
newborn impacts on the offspring’s adult behavior and
neurochemistry, particularly regarding the mesocorticolimbic
circuit.

On the other hand, Koutzoumis et al. (2020), also used a
similar antibiotic cocktail, in the same doses and administration
method as Kiraly et al. (2016), though they employed a 6-
hydroxydopamine (6-OHDA) lateral lesion Parkinson’s disease
(PD) rat model. They gave the antibiotic cocktail to adult male
Sprague Dawley rats 2 weeks prior to the 6-OHDA lesion and up
to 12 weeks post-lesion, to evaluate gut microbiota composition’s
effect on PD dopaminergic system. They found that the antibiotic
treatment attenuates DA neuron degeneration in substantia-nigra
of 6-OHDA animals, improved motor deficits and decreases pro-
inflammatory markers in striatum tissue from the 6-OHDA
injected-antibiotic treated animals (Koutzoumis et al, 2020).
Taken jointly, these findings indicate that gut microbiota does
in fact alter, and further regulates, dopaminergic function in the
brain. The issue related to possible pathways and connections
between the gastrointestinal tract and the reward system was
thoroughly reviewed (Gonzalez- Arancibia et al,, 2019). However,
the cited studies, as well as our own, are only associative and not
causative. Therefore, further, and deeper gut microbiota analysis
are required.

When we analyzed DA and DOPAC content in NAcc and
VT A areas obtained from male and female adult rats that went
through CPP behavioral test, we found that DOPAC contentin
VT A decreases in ELEA females, while there are no changes in
DA content (Figure 5). This could indicate that DA
metabolism is altered, which could account for the
differences observed in both behavior and proteins, since a
decrease in DOPAC could indicate greater availability of DA.
However, this is not the case because DA content remained
unchanged (Figure 5). It is worth mentioning that the
machinery necessary to metabolize DA is not exclusively
located in pre- and post-synaptic neurons, but also in the
periphery of the synapse (Hansson, 1984}, so when obtaining
the samples by micro-punch, we cannot differentiate where
specifically the DOPAC reduction is occurring. Finally, the
reduction of DOPAC may be occurring due to an increase in
COMT activity, which could be elucidated by assessing HVA
levels.

Moreover, ELEA alters the expression of key proteins within
the dopaminergic reward system in the adult rat, also in a sex-
dependent manner. We observe that drug-naive ELEA adult
females exhibit increased D, protein levels in PFCx and VTA
(Figures 6A,C, respectively), and higher TH protein expression
in VTA (Figure 7C), together with a reduction of D, expression
in NAcc and VTA (Figures 6E,F, respectively), while ELEA did
not alter protein expression in males (Figures 6A-F).
Mesocorticolimbic protein content changes in ELEA females
may suggest increased sensitivity to DAT blockers, however,
MPH-induced CPP revealed that ELEA females do not
respond to the 5mgkg dose of MPH as control females
(Figure 2). These differences could be occurring by
modulation of drug response by other neuronal populations,
such as the glutamatergic system, which abundantly innervates
the mesocorticolimbic circuit (Gonzalez-Arancibia et al., 2019),
and alterations of the host's gut microbiota by antibiotics, in
addition to drug exposure, increases mRNA expression of GluA2
in NAcc of mice (Kiraly et al., 2016), suggesting that glutamate
response to drugs may be altered in antibiotic exposed animals, or
that MPH is affecting glutamatergic circuitry impacting the drug-
seeking behavior, as MPH also regulates glutamate receptors
activity and transcript levels within the PFCx (Cheng et al,
2014; Salman et al, 2021). Further studies are needed to test
this hypothesis.

Sex differences in gut microbiota-manipulated animals during
DA system critical development periods have been reported
recently by MNoye Tuplin et al. (2021), where they
supplemented 21-days old rats with maternal milk
oligosaccharides, which are known to regulate infant’s gut
microbiota during lactation period and are considered as
prebiotics. They found that oligosaccharide-supplemented
females displayed lower levels of DAT mRNA in VTA, and
lower D; mRNA expression in NAcc (MNoye Tuplin et al.,
2021), suggesting that gut microbiota manipulation during the
mesolimbic development period alters the resulting adult
dopaminergic system differentially according to sex. Taken
together, these results suggest that gut microbiota composition
regulates protein expression within the dopaminergic reward
system during critical developmental periods, and that sex is
an important factor to determine how these regulations occur.

Part of the results that we have obtained in our paper may be
related to a long-term increase in glucocorticoids induced by
ELEA, because treatment of adult mice with antibiotics for
3—4 weeks increases plasma corticosterone (Wu et al, 2021).
Furthermore, in adult male rats, treatment with antibiotics for
6 weeks increases DA content in PFCx, amygdala, and striatum
(Hoban etal., 2016a). In this context, it has been shown that in the
offspring of mice that received absorbable and non-absorbable
antibiotics during gestation until lactation, there is an increase in
serum corticosterone levels (Scheer et al, 2017). On the other
hand, prenatal exposure to glucocorticoids has been shown to
produce long-term increases in markers of the dopaminergic
system in adult mice of both sexes, such as increased TH in
substantia nigra and VTA, and increased D, in NAcc and caudate
putamen (CPu) (Virdee et al., 2014; Gillies et al., 2016). However,
other markers exhibit sex differences due to prenatal
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glucocorticoid exposure, such as increased and decreased D1
expression in NAcc and CPu of females and males, respectively.
Furthermore, prenatal glucocorticoid exposure decreased and
increased DAT expression in NAcc and striatum of females
and males, respectively (Virdee et al, 2014). Finally, in this
work, an increase in dopamine release in NAcc of males
exposed prenatally to glucocorticoids has been observed while
it decreases in females (Virdee et al, 2014). These sexual
differences have also been observed in our results: ELEA
increased the expression of Dy and TH of NAcc in females
(Figures 6B, 7B). In addition, in control animals, we observed
sex differences in the expression of D, (Figure 6B), D, (Figures
6D-F), and TH (Figure 7B) in females compared to males. The
evidence presented above strongly suggests an activation of the
HPA axis as a sex-dependent mechanism mediated by ELEA,
despite not having measured serum corticosterone levels. Further
studies should be performed to test this theory.

Finally, we cannot rule out the possibility that the effects we
observed are due to changes related to central delivery of the drug
through the blood brain barrier caused by antibiotic exposure
during early-life. On this remark, Leclercq et al. (2017) showed
that treating pregnant BALB/c mice with penicillin in their
drinking water, 1week prior to parturition until weaning,
results in 42-days old offspring with a differential increase in
tight junction mRNA and protein expression in hippocampus but
not in PFCx (Leclercq et al,, 2017). Although this study differs
from ours in rodent species, antibiotic type and treatment, and
age of the studied offspring, it does suggest a regulation of
antibiotic exposure in early life on blood-brain barrier
permeability, which could affect psychostimulant drugs effect
on the resulting animal. In addition, in our model of study, we
cannot discard changes in gut microbial enrichment that could
induced overpopulation of bacteria leading to increased
permeability of the blood-brain barrier, affecting the
absorption of abuse drugs such as DAT blockers into the CNS.

Overall, the differences that we observed may be related to
sex hormones. Johnson et al. (2010a) showed that castrated
male rodents (rats and mice) had lower counts of TH
immunoreactive (TH-IR) cells in VTA and substantia nigra
pars compacta, suggesting that testosterone may be
suppressing and regulating midbrain  dopaminergic
pathways (Johnson et al, 2010a). On the other hand,
ovariectomized female rodents also showed fewer TH-IR
cells in both nuclei; however, when comparing the roles of
estrogen receptors (ER) a and f, their results showed that
female, but not male mice knockouts for ERa, displayed
decreased levels of TH-IR in midbrain regions. Conversely,
ERP knockouts had TH-IR similar to wild-type animals
(Johnson et al, 2010b), suggesting that female sex
hormones also regulate the dopaminergic pathways in
midbrain but in a more intricate manner, which may be in
part responsible for differences observed in this study.

In conclusion, we have effectively demonstrated that early-
life exposure to a non-absorbable broad-spectrum antibiotic
cocktail alters the rat dopaminergic circuitry development
resulting in a set of sex-dependent effects on drug response

during adulthood. However, as DA neurotransmission not
only depends on protein content, and it is not only present
in the reward system, some questions also remain, such as how
does in-vivo DA release occur under a DAT blocker challenge
and evaluate locomotor activity on ELEA animals,
respectively. Also, given that the antibiotic exposure was
through oral administration to the pregnant rat, it is
interesting to characterize the offspring’s gut microbiota
composition in adulthood and evaluate possible interactions
between microbial components and drug response. Lastly, as
we observed the different effects of ELEA depending on the
animal’s sex, it becomes imperative to assess sexual hormone
contribution to ELEA’s response on the developing rat.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article
and/or the Supplementary files,

ETHICS STATEMENT

The animal study was reviewed and approved by the Bioethics
and Biosafety Committees of the Universidad de Valparaiso,
Pontificia Universidad Catélica de Valparaiso and National
Agency of Research and Development (ANID-Chile) through
FONDECYT program.

AUTHOR CONTRIBUTIONS

CG-A, RS-Z, and JAB, designed research. CG-A, VC, PM-C, FS-
0,and JM-P performed research and acquired data. CG-A, JM-P,
M]J-P,RS-Z, and JAB interpreted and analyzed data; CG-A, JM-P,
M]J-P, RS-Z, and JAB drafted, revised, and wrote the paper. All
authors revised the manuscript and approved this version of the
manuscript.

FUNDING

This research was funded by the Chilean National Agency of
Research and Development (ANID) through FONDECYT
Grants N'119-0729 to JB and 120-0474 to RS-Z. Partial
support were received from Universidad de Valparaiso
DIUV-CI Grant N'01/2006 (to RS-Z). CG-A is recipient of
graduate fellowship N° 21180866 “Beca de Doctorado
Nacional” from ANID.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.837652/
full#supplementary-material

Frantiers in Pharmacology | www frontiersin.org 12

22

June 2022 | Volume 13 | Article 837652



Gonzdlez-Arancibia et al.

Doparnine and Early-Life Eqposure to Antibictics

REFERENCES

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders: DSM-5. Adington, VA: American Pychiatric Association.

Arentsen, T, Qian, Y., Gkotzis, §., Femenia, T., Wang, T., Udelwu, K, et al. (2017).
The Bacterial Peptidoglycan-Sensing Molecule Pglyrp2 Modulates Brain
Development and Behavior. Mol Peychiatry 22, 257-266. doi:10.1038/mp.
2016.182

Bassareo, V., and Di Chiara, G. (1997). Differential Influence of Associative and
Monassociative Learning Mech on the Resp of Prefrontal and
Accumbal Dopamine Transmission to Food Stimuli in Rats Fed Ad Libitum.
J. Newrosei. 17, 851-861. doi:10.1523/jneurosci.17-02-00851.1997

Bellés, L, Dimiziani, A., Herrmann, F. R, and Ginovart, N. {2021). Eardy
Environmental Enrichment and Impoverishment Differentially Affect
Addiction-Related Behavioral Traits, Cocaine-Taking, and Dopamine D2/3
Receptor Signaling in a Rat Model of Vulnerability to Drug Abuse
Psychopharmacol. Berl. 238, 3543=3557. doi:10.1007/s00213-021-05971-z

Bonansco, C., Martinez-Pinto, ], Silva, R. A, Velisquez, V. B., Martorell, A, Selva,
M. V., et al. (2018). Neonatal Exposure to Oestradiol Increases Dopnmmerg)c
Transmission in Nuclens Accumbens and Morphine-Induced Conditioned
Place Preference in Adult Female Rats. | Newrcendocrinel 30, el2574.
doi:10.1111 /jne.l 2574

Bourgeois, T., Delezoide, A. L., Zhao, W., Guimiot, F., Adle-Biassette, H, Durand,
E, et al. (2016). Safety Study of Ciprofloxacin in Newborn Mice. Regul Toxicol
Pharmacol. 74, 161-169. doi:10.1016/j.yrtph.2015.11.002

Cheng, ], Xiong Z, Duffrey, L. ], Wei, ], Liu, A, Lin, 8, et al (2014).
Methylphenidate Exerts Dose-dependent Effects on Gh Receptors and
Behaviors. Biol Psychiatry 76, 953-962. doi:10.1016/jbiopsych 2014.04.003

Clarke, G., O'mahony, . M., Dinan, T. G., and Cryan, ]. F. (2014). Priming for
Health: Gut Microbiota Acquired in Early Life Physiology, Brainand
Behaviour, Acta Paediatr. 103, 812-819. doi:10.1111/apa. 12674

Codagnone, M. G., Spichak, S, O'mahony, $. M., O'leary, O. F,, Clarke, G, Stanton,
C., et al, (2018), Programming Bugs: Microbiota and the Developmental
Origins of Brain Health and Disease. Biol Psychiatry 85 (2), 150-163.
doi:10.1016/jbiopsych.2018.06.014

Cotten, C. M. (2016). Adverse Consequences of Neonatal Antibiotic Exposure.
Curr. Opin. Pediatr. 28, 141-149. doi:10.1097/MOP.0000000000000338

Cryan, . F,,and Dinan, T, G. (2012). L[ind-a]te_ring Lbcrmrganm the Impact of
the Gut Microbiota on Brain and Behaviour. Nat. Rev. Neuresdi. 13, 701-712,
doi:10.1038/nrn3346

Davis, D. ], Bryda, E. C, Gillespie, C. H., and Ericsson, A. C. (2016). Microbial
Modulation of Behavior and Stress Responses in Zebrafish Larvae. Behav. Brain
Res. 311, 219-227. doi:10.1016/j.bbr.2016.05.040

Delara, M, Mcmillan, D, E,, Nickel, N. C,, Jong, G. W, Seitz, D. P, and Mignone, |.
(2021). Early Life Exposure to Antibiotics and the Risk of Mood and Anxiety
Disorders in Children and Adolescents: A Population-Based Cohort Study.
J. Psychiatr. Res. 137, 621-633, doi:10.1016/j.jpsychires.2020.11.003

Desbonnet, L, Clarke, G., Shanahan, F, Dinan, T. G., and Cryan, J. F. (2014).
Microbiota Is Essential for Social Development in the Mouse. Mol Psychiatry
19, 146-148, doi:10.1038/mp.2013.65

Diaz Heijtz, R. (2016). Fetal, Neonatal, and Infant Microbiome: Perturbations and
Subsequent Effects on Brain Development and Behavior. Semin. Fetal Neonatal
Med 21, 410-417. doi:10.1016/jsiny.2016.04.012

Everitt, B. |, and Robbins, T. W. (2016). Drug Addiction: Updating Actions to
Habits to Compulsions Ten Years on. Annu. Rev. Psychol 67, 23-50. doi:10.
1146/annurev-psych-122414-033457

Frohmader, K. §,, Pitchers, K. K,, Balfour, M. E., and Coolen, L. M., (2010). Mixing
Pleasures: Review of the Effects of Drugs on Sex Behavior in Humans and
Animal Models. Horm. Behav. 58, 149-162. doi:10.1016/j.yhbeh.2009.11.009

Gillies, G. E., Virdee, K., Pienaar, 1, Al-Zaid, F.,and Dalley, ]. W. (2016). Enduring,
Sexually Dimorphic Impact of In Utero Exposure to Elevated Levels of
Glucocorticoids on Midbrain Dopaminergic Populations, Brain Sei 7.
doi:10.3390/brainsci7 010005

Gonzdlez- Arancibia, C., Urrutia-Pifiones, J., Illanes-Gonzdlez, |, Martinez-Pinto,
]., Sotomayor- Zrate, R., Julio-Pieper, M., et al. (2019). Do your Gut Microbes
Affect Your Brain Dopamine? Psyciopharmacol Berl 236, 1611-1622. doi:10.
1007/500213-019-05265-5

Guajardo, F. G, Velasquez, V. B, Raby, D., Nunez-Vivanco, G, [turriaga-Vasquez,
P, Espana, R. A, et al (2020). Phanmﬂo]ogim] Characterization of 4-
Methylthicamphetamine  Derivatives,  Molecules 25, doi:10.3390/
molecules25225310

Hansson, E. (1984). Enzyme Activities of Monocamine Oxidase, Catechol-O-
Methyltransferase  and Gamma-Aminobutyric Acid Transaminase in
Primary Astroglial Cultures and Adult Rat Brain from Different Brain
Regons. Neurochem. Res. 9, 45-57. doi:10.1007/BFM267658

Hoban, A. E., Moloney, R D, Golubeva, A, V., Mcvey Neufeld, K. A, O'sullivan,
0., Patterson, E., et al. (2016a). Behavioural and Neurochemical Consequences
of Chronic Gut Microbiota Depletion during Adulthood in the Rat
NMeuroscience 339, 463-477. doi:10.1016/j.neuroscience.2016.10.003

Hoban, A, E., Stilling, . M., Ryan, F. ], Shanahan, F., Dinan, T. G., Claesson, M. |,
etal. (2016b). Regulation of Prefrontal Cortex Myelination by the Microbiota,
Transl. Psychiatry 6, €774, doi:10.1038/tp 201642

Johnson, M. L, Day, A. E,, Ho, C. C.,, Walker, Q. D., Francis, R., and Kuhn, C. M.
{2010a). Androgen Decreases Dopamine Neurone Survival in Rat Midbrain.
J. Neuroendocrinol 22, 238-247. doi:10.1111/j.1365-2826.2010.01965x

Johnson, M. L, Ha, C. C,, Day, A. E., Walker, Q. D., Francis, R., and Kuhn, C. M.
{2010b). Oestmyn Receptors Enhance Dopamine Neurone Survival in Rat
Midbrain. . Neurcendocrinol. 22, 226-237. doi:10.1111/).1365-2826.2010.
01964.x

Kashefi, A., Tomaz, C., Jamali, 5, Rashidy-Pour, A., Vafaei, A. A., and Haghparast,
A (2021). C d the Mai ce and Reins of
Extinguished Methylphenidate-Induced Conditioned Place Preference in Rats.
Brain Res. Bull 166, 118-127. doi:10.1016/j.brainresbull 2020.11.021

Kiraly, D. D., Walker, D. M., Calipari, E. 5., Labonte, B,, [ssler, O, Pena, C. [., etal.
(2016). Alterations of the Host Microbiome Affect Behavioral Responses to
Cocaine. Sci. Rep. 6, 35455, doi:10.1038/srep35455

Koob, G. F, and Volkow, N. D. (2010). Neurocircuitry of Addiction.
Neuropsychopharmacology 35, 217-238. doi:10.1038/npp.2009.110

Koutzoumis, D. N., Vergara, M., Pino, ]., Buddendorff, ]., Khoshbouei, H., Mandel,
R ], etal {2020). Alterations of the Gut Microbiota with Antibiotics Protects
Dopamine Neuron Loss and Improve Motor Deficits in a Pharmacological
Rodent Model of Parkinson’s Disease. Exp. Neurol 325, 113159. doi:10.1016/j.
expnenrol2019.113159

Kreek, M. J., Nielsen, D. A, Butelman, E. R, and Laforge, K. S, (2005). Genetic
Influences on Impulsivity, Risk Taking, Stress Responsivity and Vulnerability to
Dmg Abuse and Addiction. Nat. Neurosci. 8, 1450-1457, doi:10.1038/nn1583

Lavebratt, C., Yang, L. L, Giacobini, M., Forsell, Y., Schalling, M., Partonen, T,
et al. (2019). Early Exposure to Antibiotic Drugs and Risk for Psychiatric
Disorders: a Population-Based Study. Transl Psydhiatry 9, 317. doi:10.1038/
541398-019-0653-9

Leclercq, 5., Mian, F. M., Stanisz, A. M, Bindels, L. B, Cambier, E., Ben-Amram,
H., et al. (2017). Low-dose Penicillin in Early Life Induces Long-Term Changes
in Murine Gut Microbiota, Brain Cytokines and Behavior. Nat. Commun. 8,
15062. doi:10.1038/ncomms 15062

Mueller, N. T., Whyatt, R, Hoepner, L, Oberfield, 5., Dominguez-Bello, M. G,
Widen, E. M., et al. (2015). Prenatal Exposure to Antibiotics, Cesarean Section
and Risk of Childhood Obesity. Int. J. Obes. (Lond) 39, 665-670. doi:10.1038fijo.
2014.180

Nestler, E.J., Barrot, M., and Self, D. W (2001). DeltaFosB: a Sustained Molecular
Switch for Addiction. Proc. Natl Acad Sd. U 8. A. 98, 11042-11046. doi:10.
1073/pnas. 191352698

Mestler, E. J. (2001). Molecular Basis of Long-Term Plasticity Underdying
Addiction. Nat. Rev. Neurosci 2, 119-128. doi:10.1038/35053570

Ning, T., Gong, X, Xie, L., and Ma, B. (2017), Gut Microbiota Analysis in Rats with
Methamphetamine-Induced Conditioned Place Preference. Front. Microbiol. 8,
1620. doi:10.3389/fmich.2017.01620

Noye Tuplin, E. W., Chleilat, F., Alukic, E, and Reimer, R. A. (2021). The Effects of
Human Milk Oligosaccharide Supplementation during Critical Periods of
Development on the Mesolimbic Dopamine System. Neuroscience 459,
166-178. doi:10.1016/j.neuroscience. 2021.02.006

O'Mahony, $. M., Felice, V. D, Nally, K., Savignac, H, M., Cl M. [, Scully, P,
etal. (2014). Disturbance of the Gut Microbiota in Early-Life Selectively Affects
Visceral Pain in Adulthood without Impacting Cognitive or Anxiety- Related
Behaviors in Male Rats. Neuroscience 277, 885-901. doi:10.1016/j.neuroscience.
2014.07.054

bidiol A

Frontiers in Pharmacology | www . frontiersin.ong 13

23

June 2022 | Volume 13 | Article 837652



Gonzélez-Arancibia et al.

Dopamine and Early-Life Expasure to Antibiotics

Paxinos, G., and Watson, C. (2009). The Rat Brain in Stereotaxic Coordinates.
Compact sixth edition. San Diego, CA: Academic Press, Elsevier.
Ran, X, He, Y., Ai, Q. and Shi, Y. (2021). Effect of Antibiotic-Induced Intestinal

Virdee, K., Mcarthur, 5., Brischoux, F,, Caprioli, D, Ungless, M. A, Robbins, T W,
etal. (2014). Antenatal Glucocorticoid Treatment Induces Adaptations in Adult
Midbrain Dopamine MNeurons, Which Underpin Sexmally Dimorphic

Dysbacteriosis on Bronchopulmonary Dysplasia and Related Mech
J. Transl Med 19, 155. doi:10.1186/512967-021-02794-6

Salman, T., Afroz, R., Nawaz, 5., Mahmood, K., Haleem, D. ]., and Zarina, 5. (2021).
Differential Effects of Memory Enhancing and Impairing Doses of
Methylphenidate on 5 nin and 5-HT1A, GABA, Glutamate
Receptor Expression in the Rat Prefrontal Cortex. Biochimie 191, 51-61. doi:10.
1016/j.biochi.2021.08.009

Scheer, S, Medina, T, S, Murison, A, Taves, M. D, Antigmno, F, Chenery, A,
et al. (2017). Early-life Antibiotic Treatment Enhances the Pathogenicity of
CDd+ T Cells during Intestinal Inflammation, [ Leukoc Biol 101, 893-900.
doi:10.1189/ilb.3MA0716-334RR

Schretter, C. E., Vielmetter, |, Bartos, [, Marka, Z., Marka, 5., Argade, 5., et al
(2018). A Gu Microbial Factor Modulates Locomotor Behaviour in
Drosophila. Nature 563, 402-406. doi:10.1038/341586-018-0634-9

Scorza, C., Piccini, C., Martinez Busi, M., Abin Carriquiry, J. A, and Zunino, P.
(2018). Alterations in the Gut Microbiota of Rats Chronically Exposed to
Volatilized Cocaine and its Active Adulterants Caffeine and Phenacetin.
Neurotox. Res. 35 (1), 111-121. doi:10.1007/s12640-018-9936-9

Shumay, E., Fowler, ]. S., Wang, G. T Log;m, I, Alia-Klein, N., Goldstein, R Z.,
et al. (2012). Repeat Variation in the Human PER2 Gene as a New Genetic
Marker Associated with Cocaine Addiction and Brain Dopamine D2 Receptor
Availability. Transl Psychiatry 2, e86. doi:10.1038/tp.2012.11

Veldsquez, V. B, Zamorano, G. A, Martinez-Pinto, |, Bonansco, C., Jara, P,
Torres, G, E,, et al. (2019). Prog ing of Do gic Neurons by Early
Exposure to Sex Hormones: Effects on Morphine-Induced Accumbens
Dopamine Release, Reward, and Locomotor Behavior in Male and Female
Rats. Front. Pharmacol. 10, 295. doi:10.3389/fphar 201900295

A arads ol

Behavioral Resilience. Neuropsychopharmacology 39, 339-350. doi:10.1038/
npp2013.19%6

Volkow, N. D., and Fowler, ]. 5. (2000). Addiction, a Disease of Compulsion and
Drive: Involvement of the Orbitofrontal Cortex. Cereb. Cortex 10, 318-325,
doi:10.1093/cercor/10.3.318

Wu, W. L, Adame, M. D., Liou, C. W., Barlow, J. T., Lai, T. T., Sharon, G.,
et al. (2021). Microbiota Regulate Social Behaviour via Stress Response
Neurons in the Brain. Nature 595, 409-414. doi:10.1038/s41586-021-
03669-y

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
endorsed by the publisher,

facturer, is not g d or

Copyright & 2022 Gonzidlez-Arancibia, Collio, Silva-Olivares, Montafia-Collao,
Martinez-Pinto, Julio-Pieper, Sotomayor-Zdrate and Bravo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC BY )
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in this
fournal is cited, in accordance with accepted academic practice. No wse, distribution or
reproduction is permitted which does not comply with these terms.

Frantiers in Pharmacology | www frontiersin.org

24

June 2022 | Volume 13 | Article 837652



SUPPLEMENTARY FIGURES

Supp. Figure 1

Basal

Saline
V vs. Ag/AgCI

R 2 1 B B8 1 0% B8l 03

MPH

llllllll!l'

5

Time (s)
ELEA Male Control Male ELEA Female Control Female

Color plots of representative peak high of striatal DA release evoked by electrical stimulation in
basal, saline (1 mL/Kg, i.p.) and MPH (5 mg/Kg, i.p.) conditions. MPH color plot represents the
highest peak registered, at 45 min.

Supp. Figure 2

A B C
DA content in NAcc DOPAC content in NAcc DOPAC/DA in NAcc
5000007 @ Control Male 5000007 @ control Male 2.0 @ control Male
@ ELEAMale @ ELEAMale @ ELEAMale
@ Control Female @ Control Female @ Control Female
4000004 @ ELEAFemale 400000 @ ELEAFemale @ ELEAFemale
= = —1.5-
£ £ E ®
e g e
300000 @ 5 300000~ ®
- ™ - - @
; ) : v
=] =] 1.0
E E E ®
o - o - o
2 200000 2 200000 o o 2
& 3 ® 3 0.5-
1000004 100000+
0- 0.0-

DA and DOPAC content of NAcc. There were no differences within the experimental groups.

25

(vu) yuauny




Supp. Figure 3
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GENERAL DISCUSSIONS
Overall, we showed sex-specific effects of early-life exposure to antibiotics on the resulting
dopaminergic mesocorticolimbic system and drug response in adulthood, which may rely on what
Reynolds and Flores (2021) propose as a “dopaminergic plasticity system” in the
mesocorticolimbic maturation during adolescence (Reynolds and Flores 2021). They suggest
three mechanistic processes that convergently regulate the formation of DA pathways: axon
growth and targeting, synapse and receptor pruning, and sexual differentiation due to estrogen
and testosterone levels.
It is known that sexual hormones shape dopaminergic circuitry and drug response during critical
stages of life. For instance, neonatal programming with sex hormones alters morphine-induced
NAcc DA release distinctly in male and female Sprague-Dawley rats (Velasquez et al. 2019) and
alters D1 expression in NAcc in a sex-dependent manner in adulthood (Elgueta-Reyes et al.
2021). Also, Yoest et al. (2019) showed that oestradiol enhances the cocaine effect on NAcc DA
release in gonadectomized adult female rats but not males (Yoest et al. 2019).
Regarding gut microbiota composition’s effect on dopaminergic development, recently, Tuplin et
al. (2021) demonstrated that supplementing 21-days old Sprague-Dawley rats' diet with human-
milk oligosaccharides, which are considered a critical component in the modulation of the gut
microbiota bacterial content and related to neurodevelopment, leads to changes in mRNA DAT
and D2 levels in VTA and NAcc, respectively, in adult females but not males (Noye Tuplin et al.
2021).
Currently, there is very little evidence on gut microbiota composition regulating sex hormones,
compared to the opposite sex hormones' effect on the bacterial concentration of gut microbiota
(He et al. 2021). However, Yurkovetskiy et al. (2013) reported differences in sex-hormones blood
levels in germ-free, specific pathogen-free, and gnotobiotic mice, also in a sex-specific manner
(Yurkovetskiy et al. 2013), suggesting that gut microbes are capable of affect circulating levels of

these hormones.
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These studies, together whit Dr. Bravo's results on ELEA effects on gut microbiota diversity and
enrichment (Fig. 1 and 2), and the present study’s results, suggest an interactive regulation of the
gut microbiome and sex hormones on dopaminergic pathways. However, future studies are

needed to test this hypothesis.

PROJECTIONS
To test whether there is, in fact, a sex-dependent gut microbiota regulation of the DA pathways
during critical periods of life, there are several experiments we should do:

1. To analyze gut microbiota’s composition in stool samples of ELEA animals during
neonatal (PD1), adolescence (PD35), and adulthood (PD60), to evaluate possible changes due
to ELEA and how stable these changes may be, and identify bacterial species affected by the
antibiotic approach.

2. To execute genomic studies in stool and mesocorticolimbic nuclei to look for
genome markers involved in dopaminergic system neurodevelopment that may be altered due to
exposure to antibiotics during perinatal periods.

3. To perform gonadectomy surgical procedures on both male and female rats
before the onset of adolescence of control and ELEA animals, to evaluate the involvement of sex
hormones in DA system development, assessing drug response (conduct and DA release), as
well as expression of the critical proteins in dopaminergic synapsis.

4, If we indeed observe changes in drug response and protein expression after
gonadectomy, use exogenous sex hormones and/or bacterial communities affected by ELEA and
evaluate the outcome in DA pathways.

Any of these proposed experiments have the potential to elucidate and further explain the role of
the gut microbiota in the establishment of the mesocorticolimbic DA connections and functionality,
as well as the involvement of the sex hormones. Hopefully, we will be able to target and protect

correct neurodevelopment.
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GENERAL CONCLUSSIONS
ELEA increased preference for MPH in the adult male, while ELEA females showed a
lower preference for MPH than their control.
ELEA female rats: (1) had higher MPH-induced locomotor activity than ELEA males, (2)
release more striatal DA after MPH administration than control females, and (3) showed
lower VTA’s DOPAC levels than control females.
ELEA changes D1, D2 and TH protein expression within the mesocorticolimbic system.
Altogether, these results suggest that ELEA alters the development of the microbiota-
gut-brain axis affecting the mesocorticolimbic structure, and hence, the response to

drugs, in a sex-dependent manner in adult rats.

29



Bibliography

American Psychiatric Association (2013). Diagnostic and statistical manual of mental disorders:

DSM-5, American Pychiatric Association.

Bale, T. L. (2015). "Epigenetic and transgenerational reprogramming of brain development.” Nat
Rev Neurosci 16(6): 332-344.

Bonansco, C., J. Martinez-Pinto, R. A. Silva, V. B. Velasquez, A. Martorell, M. V. Selva, P.
Espinosa, P. R. Moya, G. Cruz, M. E. Andres and R. Sotomayor-Zarate (2018). "Neonatal
exposure to oestradiol increases dopaminergic transmission in nucleus accumbens and

morphine-induced conditioned place preference in adult female rats." J Neuroendocrinol 30(7):

el2574.

Bravo, J. A., M. Julio-Pieper, P. Forsythe, W. Kunze, T. G. Dinan, J. Bienenstock and J. F. Cryan
(2012). "Communication between gastrointestinal bacteria and the nervous system." Curr Opin
Pharmacol 12(6): 667-672.

Cho, I. and M. J. Blaser (2012). "The human microbiome: at the interface of health and disease."
Nat Rev Genet 13(4): 260-270.

Codagnone, M. G., S. Spichak, S. M. O'Mahony, O. F. O'Leary, G. Clarke, C. Stanton, T. G. Dinan
and J. F. Cryan (2018). "Programming Bugs: Microbiota and the Developmental Origins of Brain
Health and Disease." Biol Psychiatry.

Cryan, J. F. and T. G. Dinan (2012). "Mind-altering microorganisms: the impact of the gut

microbiota on brain and behaviour." Nat Rev Neurosci 13(10): 701-712.

de Timary, P., S. Leclercq, P. Starkel and N. Delzenne (2015). "A dysbiotic subpopulation of
alcohol-dependent subjects.” Gut Microbes 6(6): 388-391.
Diaz Heijtz, R. (2016). "Fetal, neonatal, and infant microbiome: Perturbations and subsequent

effects on brain development and behavior." Semin Fetal Neonatal Med 21(6): 410-417.

30



Diaz Heijtz, R., S. Wang, F. Anuar, Y. Qian, B. Bjorkholm, A. Samuelsson, M. L. Hibberd, H.
Forssberg and S. Pettersson (2011). "Normal gut microbiota modulates brain development and

behavior." Proc Natl Acad Sci U S A 108(7): 3047-3052.

Dib, T., J. Martinez-Pinto, M. Reyes-Parada, G. E. Torres and R. Sotomayor-Zarate (2018).
"Neonatal programming with testosterone propionate reduces dopamine transporter expression
in nucleus accumbens and methylphenidate-induced locomotor activity in adult female rats."

Behav Brain Res 346: 80-85.

Dinan, T. G. and J. F. Cryan (2017). "The Microbiome-Gut-Brain Axis in Health and Disease."

Gastroenterol Clin North Am 46(1): 77-89.

Elgueta-Reyes, M., J. Martinez-Pinto, G. M. Renard and R. Sotomayor-Zarate (2021). "Neonatal
programming with sex hormones: Effect on expression of dopamine D1 receptor and

neurotransmitters release in nucleus accumbens in adult male and female rats." Eur J Pharmacol

902: 174118.

Finegold, S. M., S. E. Dowd, V. Gontcharova, C. Liu, K. E. Henley, R. D. Wolcott, E. Youn, P. H.
Summanen, D. Granpeesheh, D. Dixon, M. Liu, D. R. Molitoris and J. A. Green, 3rd (2010).
"Pyrosequencing study of fecal microflora of autistic and control children." Anaerobe 16(4): 444-
453.

Forsythe, P., N. Sudo, T. Dinan, V. H. Taylor and J. Bienenstock (2010). "Mood and gut feelings."

Brain Behav Immun 24(1): 9-16.

Grenham, S., G. Clarke, J. F. Cryan and T. G. Dinan (2011). "Brain-gut-microbe communication
in health and disease." Front Physiol 2: 94.

He, S., H. Li, Z. Yu, F. Zhang, S. Liang, H. Liu, H. Chen and M. Lu (2021). "The Gut Microbiome
and Sex Hormone-Related Diseases." Front Microbiol 12: 711137.

Health, G. M. f. (2018). "Gut Microbiota for Health, Public Information Service from European
Society of Neurogastroenterology and Motility."

Hu, X., T. Wang and F. Jin (2016). "Alzheimer's disease and gut microbiota." Sci China Life Sci

59(10): 1006-1023.

31



Jadhav, K. S., V. L. Peterson, O. Halfon, G. Ahern, F. Fouhy, C. Stanton, T. G. Dinan, J. F. Cryan
and B. Boutrel (2018). "Gut microbiome correlates with altered striatal dopamine receptor

expression in a model of compulsive alcohol seeking." Neuropharmacology 141: 249-259.

Kiraly, D. D., D. M. Walker, E. S. Calipari, B. Labonte, O. Issler, C. J. Pena, E. A. Ribeiro, S. J.
Russo and E. J. Nestler (2016). "Alterations of the Host Microbiome Affect Behavioral Responses
to Cocaine." Sci Rep 6: 35455.

Koutzoumis, D. N., M. Vergara, J. Pino, J. Buddendorff, H. Khoshbouei, R. J. Mandel and G. E.
Torres (2020). "Alterations of the gut microbiota with antibiotics protects dopamine neuron loss
and improve motor deficits in a pharmacological rodent model of Parkinson's disease.” Exp Neurol
325:113159.

Leclercq, S., S. Matamoros, P. D. Cani, A. M. Neyrinck, F. Jamar, P. Starkel, K. Windey, V.
Tremaroli, F. Backhed, K. Verbeke, P. de Timary and N. M. Delzenne (2014). "Intestinal
permeability, gut-bacterial dysbiosis, and behavioral markers of alcohol-dependence severity."

Proc Natl Acad Sci U S A 111(42): E4485-4493.

Ley, R. E., F. Backhed, P. Turnbaugh, C. A. Lozupone, R. D. Knight and J. I. Gordon (2005).

"Obesity alters gut microbial ecology.” Proc Natl Acad Sci U S A 102(31): 11070-11075.

Mutlu, E. A., P. M. Gillevet, H. Rangwala, M. Sikaroodi, A. Naqvi, P. A. Engen, M. Kwasny, C. K.
Lau and A. Keshavarzian (2012). "Colonic microbiome is altered in alcoholism." Am J Physiol

Gastrointest Liver Physiol 302(9): G966-978.

Ning, T., X. Gong, L. Xie and B. Ma (2017). "Gut Microbiota Analysis in Rats with
Methamphetamine-Induced Conditioned Place Preference." Front Microbiol 8: 1620.

Noye Tuplin, E. W., F. Chleilat, E. Alukic and R. A. Reimer (2021). "The Effects of Human Milk
Oligosaccharide Supplementation During Critical Periods of Development on the Mesolimbic
Dopamine System." Neuroscience 459: 166-178.

Rajilic-Stojanovic, M., E. Biagi, H. G. Heilig, K. Kajander, R. A. Kekkonen, S. Tims and W. M. de
Vos (2011). "Global and deep molecular analysis of microbiota signatures in fecal samples from

patients with irritable bowel syndrome." Gastroenterology 141(5): 1792-1801.

32



Reynolds, L. M. and C. Flores (2021). "Mesocorticolimbic Dopamine Pathways Across

Adolescence: Diversity in Development.” Front Neural Circuits 15: 735625.

Scorza, C., C. Piccini, M. Martinez Busi, J. A. Abin Carriquiry and P. Zunino (2018). "Alterations
in the Gut Microbiota of Rats Chronically Exposed to Volatilized Cocaine and Its Active Adulterants
Caffeine and Phenacetin." Neurotox Res.

SENDA (2020). "Décimo Cuarto Estudio Nacional de Drogas en Poblacién General de Chile."
Skosnik, P. D. and J. A. Cortes-Briones (2016). "Targeting the ecology within: The role of the gut-

brain axis and human microbiota in drug addiction." Med Hypotheses 93: 77-80.

Sprockett, D., T. Fukami and D. A. Relman (2018). "Role of priority effects in the early-life

assembly of the gut microbiota.” Nat Rev Gastroenterol Hepatol 15(4): 197-205.

UNODC (2022). "World Drug Report by the United Nations Office on Drugs and Crime."
van Huijstee, A. N. and H. D. Mansvelder (2014). "Glutamatergic synaptic plasticity in the

mesocorticolimbic system in addiction." Front Cell Neurosci 8: 466.

Velasquez, V. B., G. A. Zamorano, J. Martinez-Pinto, C. Bonansco, P. Jara, G. E. Torres, G. M.
Renard and R. Sotomayor-Zarate (2019). "Programming of Dopaminergic Neurons by Early
Exposure to Sex Hormones: Effects on Morphine-Induced Accumbens Dopamine Release,

Reward, and Locomotor Behavior in Male and Female Rats." Front Pharmacol 10: 295.

Volpe, G. E., H. Ward, M. Mwamburi, D. Dinh, S. Bhalchandra, C. Wanke and A. V. Kane (2014).
"Associations of cocaine use and HIV infection with the intestinal microbiota, microbial

translocation, and inflammation." J Stud Alcohol Drugs 75(2): 347-357.

Wang, C. and Y. Zhang (2017). "Schizophrenia in mid-adulthood after prenatal exposure to the
Chinese Famine of 1959-1961." Schizophr Res 184: 21-25.
White, F. J. and P. W. Kalivas (1998). "Neuroadaptations involved in amphetamine and cocaine

addiction." Drug Alcohol Depend 51(1-2): 141-153.

Yoest, K. E., J. A. Cummings and J. B. Becker (2019). "Oestradiol influences on dopamine release
from the nucleus accumbens shell: sex differences and the role of selective oestradiol receptor

subtypes." Br J Pharmacol 176(21): 4136-4148.

33



Yurkovetskiy, L., M. Burrows, A. A. Khan, L. Graham, P. Volchkov, L. Becker, D. Antonopoulos,
Y. Umesaki and A. V. Chervonsky (2013). "Gender bias in autoimmunity is influenced by
microbiota." Immunity 39(2): 400-412.

Zhu, Y., H. Li, X. Xu, C. Liand G. Zhou (2016). "The gut microbiota in young and middle-aged rats

showed different responses to chicken protein in their diet." BMC Microbiol 16(1): 281.

34



	Specific objectives

