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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 naïve (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. 
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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 5th 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 



 3 

 

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) 
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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-
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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.  
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Recent work from Dr. Bravo’s Lab at Pontificia Universidad Católica de Valparaíso, shows that 

oral administration of a non-absorbable broad-spectrum antibiotic cocktail (neomycin, bacitracin, 

and vancomycin, all three at a 100mg/Kg dose; and pimaricin, at 5 g/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. 

 

 

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. 
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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.  

Figure 2. Densitometric analysis of D1 protein expression in the brain of rats exposed perinatally to antibiotics. 
The bars represent a semiquantitative determination of D1 receptor protein in (A) Cingulate cortex 1 (Cg1); (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).  
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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 NeuroGastroBioquímica” at Pontificia Universidad Católica de 

Valparaíso, 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 
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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 
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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: I) early-life exposure to antibiotic (ELEA), and II) 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). 

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 naïve 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. 

ELEA group 

Postnatal 

day 57-63 

Control group 
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SUPPLEMENTARY FIGURES 

Supp. Figure 1 

 

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 

 

DA and DOPAC content of NAcc. There were no differences within the experimental groups. 
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Supp. Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pDAT and total DAT protein levels expression from mesocorticolimbic system. No differences 

were observed in DAT expression within the mesocorticolimbic system. 
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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. 
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