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Abstract  

A link between gut dysbiosis and the pathogenesis of brain disorders has been identified. A role for 

gut bacteria in drug reward and addiction has been suggested but very few studies have 

investigated their impact on brain and behavioral responses to addictive drugs so far. In particular, 

their influence on nicotine’s addiction-like processes remains unknown. In addition, evidence 

shows that glial cells shape the neuronal activity of the mesolimbic system but their regulation, 

within this system, by the gut microbiome is not established.  We demonstrate that a lack of gut 

microbiota in male mice potentiates the nicotine-induced activation of sub-regions of the 

mesolimbic system. We further show that gut microbiota depletion enhances the response to 

nicotine of dopaminergic neurons of the posterior ventral tegmental area (pVTA), and alters 

nicotine’s rewarding and aversive effects in an intra-VTA self-administration procedure. These 

effects were not associated with gross behavioral alterations and the nicotine withdrawal syndrome 

was not impacted. We further show that depletion of the gut microbiome modulates the glial cells 

of the mesolimbic system. Notably, it increases the number of astrocytes selectively in the pVTA, 

and the expression of postsynaptic density protein 95 in both VTA sub-regions, without altering the 

density of the astrocytic glutamatergic transporter GLT1. Finally, we identify several sub-

populations of microglia in the VTA that differ between its anterior and posterior sub-parts, and 

show that they are re-organized in conditions of gut microbiota depletion. The present study paves 

the way for refining our understanding of the pathophysiology of nicotine addiction. 
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Introduction 

 

The gut hosts trillions of microbes that are key players in host physiological processes [1]. Over the 

past decade, it has become clear that the microorganisms inhabiting the gastrointestinal tract have 

a critical role in orchestrating brain functions and behavior [2]. A complex bidirectional network 

exists between the gut microbiome and the brain, involving various bacterial structural components 

and metabolic products as signaling agents [2,3]. Many different environmental factors influence 

the composition of the gut microbiome and can cause dysbiosis, a microbial imbalance that can be 

rescued notably by probiotics [2]. Numerous studies have identified a link between gut dysbiosis 

and the pathogenesis of several neuropsychiatric disorders [2].  

 

While emerging evidence suggests a role for gut bacteria in the pathophysiology of drug addiction 

[4], studies of their impact on brain and behavioral responses to addictive drugs have been very 

limited so far. Tobacco smoking is responsible for more than seven million deaths each year [5]. 

Considering the low success rates of the currently available therapies for tobacco smoking 

cessation, there remains a significant need for novel therapeutic approaches [6]. Nicotine is the 

primary psychoactive substance of tobacco smoke responsible for its reinforcing and addictive 

properties [7]. Characterizing the potential influence of the gut microbiota on nicotine-induced 

reinforcement and brain alterations may provide a better understanding of the pathophysiology of 

nicotine addiction, in turn allowing the development of alternative intervention strategies.  

 

The primary rewarding action of nicotine is mediated by the activation of the mesolimbic circuit, 

mainly composed of dopaminergic (DA) neurons that project from the ventral tegmental area (VTA) 

preferentially to the nucleus accumbens (NAcb) shell (NAcbS) [8-10]. It was recently demonstrated 

that gut microbiota alterations cause impaired plasticity in the VTA [11,12] and modulate cocaine 

reward [13,14] in mice, while gut hormones modulate drug rewarding properties [15]. However, the 

interplay between the gut microbiota and the mesolimbic system remains poorly defined. Although 

the mechanisms by which the gut microbiome impacts brain and behavior are not fully understood 
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so far, they have been shown to involve endocrine, neural and immune pathways. In particular, gut 

bacteria can impact the nervous system through microglia and astrocytes [16]. Importantly, glial 

activity has a crucial role in shaping the output of DA neurons and neuroimmune alterations were 

suggested as a key mechanism in substance use disorders [17]. A growing body of evidence 

suggests an influence of the microbiome on brain glia [18,19], yet, although impairments in 

microglia were recently characterized in several brain areas in mice in response to gut microbiota 

depletion [20,21], information concerning the consequences of gut microbiota alterations on the 

glial cells of the mesolimbic system is still lacking.  

 

In this context, the main objectives of the present study were to examine the impact of gut 

microbiota on i) nicotine effects and ii) glial cells within the mesolimbic system.  

 

 

Materials and Methods 

All details are given in Supplementary Methods. 

 

Animals 

Mice were specific pathogen free (SPF) or germ free (GF) C57BL/6J males. All experimental 

procedures were performed in strict accordance with the Guide for the Care and Use of Laboratory 

Animals (NIH) and the European Commission regulations for animal use in research (CEE n° 

86/609), and approved by the institutional Animal Care Committees of the French Ministry and of 

the Institut Pasteur.  

 

Antibiotic (AB) treatments 

For microbiota depletion, a cocktail of large-spectrum ABs (Sigma-Aldrich) composed of colistine 

(1 mg/ml; 27655), ampicilline (1 mg/ml; A9393), and streptomycine (5 mg/ml, S6501) in drinking 

water was used [21]. For parenteral AB administrations, mice were injected intraperitoneally (IP) 
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every day with 1% of the daily dose of the same cocktail dissolved in NaCl 0.9% (as previously 

described [13,22]). 

 

Microbial DNA extraction and 16S rRNA sequencing  

Fecal DNA was extracted using the ZR Fecal DNA MiniPrep kit (Zymo Research). Microbial 

profiling was assessed by 16S rRNA metagenomic analysis.  

 

Behavioral assessment  

Locomotor activity, anxiety-like behaviors and memory were assessed in SPF mice after ten days 

of AB oral exposure.  

 

Measurement of nicotine-induced changes in brain c-Fos expression  

SPF mice exposed to ABs for ten days through oral or parenteral administration, or GF mice ten 

days after their arrival in sterile isocages, and their controls, received an IP injection of (−)-nicotine 

bitartrate (Sigma-Aldrich) in 0.9% NaCl ( 0.5 mg/kg (free base)) or of 0.9% NaCl alone, after 

habituation to IP injections. Brains were extracted and processed for c-Fos immunofluorescence 

and quantification.  

 

In vivo single cell juxtacellular recording of VTA DA neurons in response to nicotine 

SPF mice exposed to AB oral exposure for ten days and their controls received intravenous (IV) 

administration of (−)-nicotine bitartrate (5, 7.5, 15, 30 or 60 µg/kg (salt)) or of 0.9 % NaCl. 

Spontaneous and nicotine-induced electrophysiological activity of VTA DA neurons was recorded.  

 

Intra-VTA nicotine self-administration (SA) 

Nicotine reinforcement was assessed as intra-VTA SA using a Y-maze discrimination task [23-25] 

with ten trials per session and one session per day in mice exposed to AB oral exposure for eight 

days beforehand and their controls. For each trial, each mouse had to choose between the nicotine-

reinforced arm and the non-reinforced arm such that it could obtain a maximum of ten injections 
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per daily session. The interruption of photocell beams by the mouse entering the reinforced arm 

triggered a 50 nL intra-VTA injection of (−)-nicotine bitartrate. Because the photo beams were 

located only 6 cm from the end of each arm, the mouse had to enter an arm completely to end a 

trial. 

For the first experiment, the increasing nicotine doses were 2, 10 and 50ng (salt) in 50nL of artificial 

cerebrospinal fluid (aCSF) per injection.  

For the second experiment, the increasing nicotine doses were 50 and 500ng (salt) per injection. 

After the 10th session, the experiment was paused during 26 days during which, and until sacrifice, 

AB exposure was ceased for the mice previously AB-treated. Conversely, mice previously non AB-

treated got exposed to ABs for eight days, before testing again both groups at the dose of 500ng. 

AB exposure was maintained in the newly AB-treated group until sacrifice.  

Other groups of mice were trained at the dose of 0ng/50nL to control for possible effects of AB 

exposure on exploratory behaviors in the Y-maze.  

The placements of the injection cannulas were confirmed by microscopic examination. Caeca were 

dissected out for size verification. 

 

Nicotine withdrawal measurement 

(−)-Nicotine bitartrate (10 mg/kg per day, free base) or NaCl 0.9% only solutions were administered 

through osmotic minipumps (model 2004, Alzet, Durect) for 28 days [26,27]. Oral exposure to ABs 

started as the same time as nicotine exposure and lasted for the whole time. To precipitate the 

withdrawal, mecamylamine hydrochloride (Sigma-Aldrich) was IP administered (2 mg/kg) [27].  

 

Measurement of tyrosine hydroxylase (TH), glial fibrillary acidic protein (GFAP), post-

synaptic density protein 95 (PSD-95) and glutamate transporter 1 (GLT1) expression 

After ten days of AB oral treatment brains were extracted and processed for TH, GFAP, PSD-95 

and GLT1 immunofluorescence and quantification.  

 

Characterization of microglial populations 
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After ten days of AB oral treatment brains were extracted and processed for TH and Iba1 

immunofluorescence. We performed a microglial morphology analysis based on phenotypic 

clustering as we previously described [28].  

 

Experimental design and statistical analysis 

The details of the n and statistical tests performed for each experiment are specified in the 

respective figure legend. Statistical analyses and results are recapitulated in Supplementary Tables 

1-4 and 7. Statistical significance was set at p<0.05. All datasets generated and analysed are 

available in the G-Node repository. Hyperlink to datasets: Doi: 10.12751/g-node.f2vqud. 

 

 

Results 

 

AB-induced or constitutive gut microbiota depletion enhances nicotine-induced activation 

of the mesolimbic system 

Submitting SPF mice to ABs [21] in drinking water for ten days resulted in a nearly complete 

depletion of the gut microbiota (Table S1 for statistics), as indicated by enlarged caeca (Fig1A) 

[29], dramatically decreased fecal DNA concentration (Fig1B), 16S rRNA gene sequencing further 

showing that the composition of the very few microbiota remaining was altered (Fig1C) and PCoA 

of Bray-Curtis distances for bacterial communities showing a clustering of the different groups 

(Fig1D). We verified that such AB treatment would not have a major impact on a broad set of 

behaviors in separate groups of mice. AB mice displayed mildly decreased motor activity and 

memory while anxiety-like behaviors were not altered (Fig.S1A-L, Table S1).  

We next assessed the expression of the immediate-early gene c-fos (Table S1), a marker of cell 

activation [30,31], in distinct areas of the mesolimbic system and other connected areas receiving 

DA input [32], following a single injection of nicotine (0.5 mg/kg, [31]) or of NaCl after ten days of 

AB (or water only) exposure (Fig.1E-I). We observed a group effect only for the i) posterior VTA 

(pVTA) [H(3) = 16.47, p = 0.0009] (Fig.1E), which is preferentially activated by nicotine compared 
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to the anterior VTA (aVTA) [31], ii) NAcbS [H(3) = 7.88, p = 0.048] (Fig.1E) and iii) interpeduncular 

nucleus (IPN) [H(3) = 7.85, p = 0.049] (Fig.1F) also implicated in nicotine addiction [33-36]. 

Remarkably, multiple comparisons showed that pVTA nicotine-induced activation was significant 

only in AB mice, while the NAcbS main group effect seemed supported by the AB-Nic group.  

We next verified that these effects were actually due to AB local actions within the gut and not to 

unintended parenteral effects. In a new series of experiments mice were IP injected with the same 

AB cocktail (IP AB) (or with NaCl, IP Control) [13,22] every day for ten days before receiving an 

injection of nicotine or NaCl (Table S1). We quantified c-Fos levels in the mesolimbic system and 

IPN (Fig.1J-K). We observed a main group effect for the IPN [H(3) = 8.98, p = 0.029] without 

significant differences in pairwise multiple comparisons (Fig.1K). There was no enhanced nicotine-

induced activation of the mesolimbic system in IP AB mice contrary to what we had seen in mice 

with oral AB exposure (Fig.1J). Parenteral exposure to AB did not alter caecum size (Fig.1L) or 

fecal DNA concentration (Fig.1M), or microbiota composition (Fig.1C-D). 

Finally, we verified whether we would observe similar effects in a different model of gut microbiota 

depletion. We quantified c-Fos levels, in response to nicotine, in the mesolimbic system and IPN 

(Fig.1N-O) of GF mice as compared to SPF mice kept in comparable isolator cages for ten days 

(Table S1). We found a group effect for the pVTA [H(3) = 16.94, p = 0.0007], NAcbS [H(3) = 16.04, 

p = 0.001], NAcb core (NAcbC) [H(3) = 9.71, p = 0.021] (Fig.1N) and IPN [H(3)  =24.76, p < 0.0001] 

(Fig.1O). Multiple comparisons showed that nicotine-induced activation of the pVTA and NAcbS 

was significant only in GF mice, while the NAcbC main group effect was supported by the GF+Nic 

group. Nicotine-induced activation of the IPN was significant in both SPF and GF mice.  

These data support the idea that the absence of gut microbiota enhances the stimulation of the 

core regions of the mesolimbic system induced by nicotine.  

 

Gut microbiota depletion enhances nicotine activation of DA neurons in the pVTA. 

We next recorded in vivo the electrophysiological properties of identified VTA DA neurons, under 

baseline conditions and in response to IV injections of nicotine [8,9], in mice after ten days of AB 

(or water) exposure (Table S2 for statistics). We took advantage of juxtacellular labeling to analyze 
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separately neurons of aVTA and pVTA (Fig.2A). We did not observe any differences between 

groups in pVTA DA neurons’ spontaneous activity (Fig.2B). DA neurons increased their activity in 

response to nicotine in a dose-dependent manner [F(dose)6,168 = 13, p < 0.0001] (Fig.2C-E). We 

determined a population-level response threshold by comparing the change in firing induced by 

saline with that induced by each dose of nicotine. pVTA DA neurons of control mice significantly 

increased their firing frequency from the dose of 15 µg/kg, while there was a left-shift in the dose 

response curve in AB mice whose neurons started responding at lower doses, including 5, 7.5 and 

10 µg/kg [doses 5 to 10 µg/kg: F(group)1,72 = 4.587, p = 0.036] (Fig.2D-E). These results suggest 

that AB treatment increases the excitability of pVTA DA neurons in response to nicotine at the 

individual level. We therefore compared the proportion of significantly nicotine-activated neurons 

between groups for each dose. The ratio of active cells in AB mice was significantly increased for 

the lowest doses of nicotine (5 to 10 µg/kg), but not for the highest ones. AB treatment did not 

significantly alter the response of DA neurons to nicotine in the aVTA (Fig.S2A-B). 

 

Gut microbiota depletion alters nicotine’s motivational effects in the intra-VTA SA procedure 

We next aimed to test the hypothesis that gut microbiota depletion would modify the motivational 

effects of nicotine directly infused into the pVTA as suggested by our observations on neuronal 

activation. We submitted control and AB mice to an intra-VTA SA task (Table S3 for statistics). 

Injection sites were located in the pVTA (Fig.3A). We previously established that nicotine elicits 

robust intra-VTA SA behavior at the relatively low dose of 100 ng (salt)/50 nL injection [37,38] which 

decreases in a dose-dependent manner when high doses are used [23]. In a first experiment, we 

submitted control and AB mice to very low and increasing doses of nicotine (Fig.3B). Neither 

control nor AB mice self-administered nicotine at the doses of 2 and 10 ng. Yet, when the dose 

was increased to 50 ng, AB mice started to show SA behavior, in contrast to control mice [sessions 

16-18: F(group)1,15 = 6.63, p = 0.021]. In a second experiment, we directly submitted another group 

of control and AB mice to the 50 ng dose (Fig.3C). Contrary to the first experiment, we did not 

observe significant differences between groups at this dose, suggesting that prior exposure to very 

low nicotine doses and/or longer AB exposure may be important for enhanced nicotine reward 
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sensitivity in AB animals. Remarkably, when the dose of nicotine was increased to 500 ng, AB mice 

developed and maintained SA behavior while control mice avoided nicotine injections [sessions 5-

10: F(group)1,18 = 9.239, p = 0.007]. We next switched treatments between groups: we ceased the 

AB regimen in AB mice for 26 days, a delay sufficient for at least partial gut microbiota restoration 

[39,40] (Fig. S3), and started exposing control mice to ABs eight days before testing both groups 

again for nicotine SA at the 500 ng/50 nL dose. Strikingly, mice previously treated with ABs no 

longer displayed SA behavior at this dose, while mice newly treated with ABs no longer avoided 

nicotine injections, the number of nicotine self-injections being now higher in the latter [sessions 

13-16: F(group)1,18 = 4.479, p = 0.048; sessions 1-16: F(sessionXgroup)15,270 = 5.698 , p < 0.0001]. 

AB-induced global alterations in exploratory behavior in the Y-maze are unlikely to account for the 

group differences in nicotine SA as there were no differences between groups in the percentage of 

alternation (Fig.S4A) or in the choice latencies that progressively decreased over training sessions 

(Fig.S4B-C). There were also no differences in the number of self-injections (5,0±-0,1 and 4,6±0,7 

(mean±SEM) in control (n=5) and AB mice (n=5) respectively) nor in the percentage of alternation 

(Fig.S4A) in independent groups having access to aCSF only for nine sessions, although choice 

latencies were increased in AB mice as compared to controls (Fig.S4B-C). These results show that 

gut microbiota depletion modifies the balance between nicotine’s rewarding and aversive effects. 

Alterations in DA neuron density have been reported after gut microbiota disruptions [41,42]. Here 

we observed no differences in the number of TH+ cells between groups (Fig.3D, Table S3), 

indicating that the change in sensitivity to nicotine observed in AB mice does not result from altered 

DA neuron density. The 2D surface of the VTA was not different either between groups (aVTA: 

0.299±0.028 and 0.306±0.026 mm2; pVTA: 0.320±0.021 and 0.358±0.024 mm2; in control and AB 

mice, respectively, table S3).  

 

Gut microbiota depletion does not impact nicotine withdrawal 

We next examined whether gut microbiota may also contribute to nicotine withdrawal syndrome 

(Table S3 for statistics). Control and AB mice were chronically exposed to either nicotine (10 

mg/kg/day) or to NaCl, for four weeks. We precipitated withdrawal by administering the nicotinic 
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receptor antagonist mecamylamine (2mg/kg, IP) [43-46]. We observed no effects of chronic 

nicotine, ABs, or the combination of both, on anxiety-like behaviors in the dark light box in basal 

conditions (Fig.3E-G). However, anxiety-like behaviors were increased during withdrawal, 

independently of AB exposure (Fig.3H-J). In fact, while the % of time spent in the light side was 

not altered, there was a significant i) decrease in the number of transitions between both sides 

[F(NIC treatment)1,51 = 13.34, p < 0.0001] and ii) increase in the latency to first entry into the light 

side after mecamylamine administration [F(NIC treatment)1,51 = 4.10, p = 0.048], in a similar way in 

both groups exposed to nicotine as compared to non-exposed mice. AB mice showed a higher 

basal score of somatic signs than controls [F(AB treatment)1,51 = 41.75, p < 0.0001] (Fig.3K-L), 

which was decreased by nicotine [F(NIC treatment)1,51 = 16.33, p = 0.0002; F(ABXNIC)1,51 = 12.23, 

p = 0.001] (Fig.3K) and the somatic score was enhanced in response to mecamylamine in a similar 

way in both groups exposed to nicotine [F(AB treatment)1,51 = 5.12, p=0.028; F(NIC treatment)1,51 

= 12.51, p = 0.0009] (Fig.3L). Thus, contrary to nicotine reward, gut microbiota depletion does not 

influence these aspects of nicotine withdrawal in our experimental conditions.  

 

Gut microbiota depletion increases astrocyte density in the pVTA and PSD-95 in VTA non-

DA neurons without altering GLT1 density 

Glial cells are important regulators of the synaptic changes driven by addictive drugs in the 

mesolimbic system [17,47]. Astrocytes shape DA activity [17,47] while gut bacteria modulate 

astrocyte activity via microbial metabolites [16,48]. We next assessed whether gut microbiota 

depletion may affect astrocyte function within the mesolimbic system (Table S4 for statistics). 

Interestingly, after ten days of AB exposure, mice expressed significantly higher levels of GFAP+ 

astrocytes selectively in the pVTA [F(area)1,13 = 11.42, p = 0.0049; F(groupXarea)1,13 = 12.11, p = 

0.0041] (Fig.4A-C). Levels of GFAP+ astrocytes were also significantly higher in the pVTA 

compared to the aVTA in AB mice only (Fig.4B). One key function of astrocytes is the clearance of 

glutamate from the synaptic cleft for neuronal excitability modulation [49]. This occurs primarily 

through the glutamate transporter GLT1 expressed exclusively on astrocytes [50], proposed as a 

therapeutic target for drug addiction [51]. Blockade of GLT1 enhances DA neuron excitability 



 

 

12 
 

[52,53]. Despite the higher density of pVTA GFAP+ astrocytes in AB mice, GLT1 density was not 

modified neither in the aVTA nor in the pVTA (Fig.4D-E). Yet, GLT1 density was higher in the aVTA 

compared to the pVTA independently of AB treatment [F(area)1,9 = 9.98, p = 0.012] (Fig.4E). To 

obtain further insights into how neuron excitability may be altered in the VTA in conditions of gut 

microbiota depletion, we next measured the levels of the post-synaptic density protein PSD-95, a 

scaffolding molecule enriched at glutamatergic synapses that contributes to the regulation of 

synaptic strength [54] (Fig.4F-I, Table S4). As for GLT1, we found that total PSD-95 density was 

higher in the aVTA than in the pVTA [F(area)1,9 = 58.53, p < 0.0001]. Moreover, total PSD-95 

density was globally higher in the VTA of AB mice compared to controls [F(group)1,14 = 5.22, p = 

0.038] (Fig.4G). This effect concerned only non-DA neurons: while there were no group nor sub-

region differences in PSD-95 density specifically on DA neurons (Fig.4H), such differences were 

observed again when quantifying PSD-95 density in the part of the VTA where there were no DA 

neurons [F(group)1,14 = 7.34, p = 0.017; F(area)1,9 = 81.57, p < 0.0001] (Fig.4I).  

 

Distinct microglial sub-populations exist in the aVTA and pVTA whose distribution is re-

organized in conditions of gut microbiota depletion 

Microglia are also important regulators of the synaptic changes driven by addictive drugs [17,55]. 

Microglial heterogeneity and response to dysbiosis has never been described within the VTA 

although microglia is overrepresented in midbrain DA pathways [56]. We performed an automated 

and comprehensive microglial morphology analysis as we previously described [28], in both the 

aVTA and pVTA of mice treated with AB for ten days. Microglia were visualized with antibodies 

against Iba1 [28] (Fig.5A). Fluorescence intensity of each cell was measured for quality control, 

with no differences between control and AB mice (Tables S5-6). We observed no differences 

between groups in the density, body area (BA), roundness, total process length and maximum 

process length (MaxL) for both ramified and amoeboid microglia (Tables S5-6). For ramified cells, 

there were no differences between groups in the number of ramifications and segments (Table 

S5). We further calculated a complexity score (CS) derived from the total number of segments and 

the covered environment area (CEA), which represents the 2D total surface covered by 
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ramifications (Fig.5A). Both CS and CEA were similar between groups in the aVTA and pVTA 

(Table S5).  

In a second step, we aimed at better capturing the variability in microglial phenotypes that may be 

heterogeneous amongst VTA sub-regions and in response to gut microbiota depletion. We first 

performed a PCA on the main parameters BA, CS, CEA, and MaxL. CS and MaxL correlated in 

both the aVTA (rs=0.9, p<0.0001) and pVTA (rs=0.88, p<0.0001). We thus performed a clustering 

analysis considering the parameters CS/CEA/BA or CEA/BA/MaxL to identify distinct 

subpopulations based on high (+) or low (-) values for each parameter (Table S7 for statistics). An 

example of each subpopulation identified is shown in Fig. 5B. For the aVTA, CS/CEA/BA k-means 

clustering identified four subpopulations (Fig.5C, Fig.S5A). Importantly, the proportion of CS-

/CEA+/BA- microglia was increased while that of CS+/CEA-/BA- was decreased in AB mice. By 

contrast, the proportions of CS-/CEA-/BA+ and CS-/CEA-/BA-, which were the most represented 

subpopulations in the aVTA, were not changed. When considering CEA/BA/MaxL in the aVTA, we 

identified four subpopulations (Fig.5D, Fig.S5B). Their distribution was also significantly different 

between groups with a larger proportion of the overall less represented subpopulation 

CEA+/BA+/MaxL- in AB mice. In the pVTA, CS/CEA/BA clustering identified four subpopulations 

(Fig.5E, Fig.S5C) whose distribution did not vary between groups. Finally, when considering 

CEA/BA/MaxL in the pVTA, we identified five subpopulations (Fig.5F, Fig.S5D) amongst which 

CEA-/BA-/MaxL- microglia was the most represented in AB mice and whose proportion was 

increased compared to controls, in which CEA-/BA+/MaxL- microglia was the most represented. 

Moreover, the proportion of CEA-/BA+/MaxL+ microglia was decreased in AB mice. Thus, cluster 

analysis revealed the existence of distinct microglia subpopulations in the different VTA sub-

regions. Moreover, subpopulations identified on the basis of the morphological features 

CS/CEA/BA in the aVTA and CEA/BA/MaxL in both the aVTA and the pVTA were re-organized in 

response to gut microbiota depletion.  
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Discussion  

Gut microbiota modulation of nicotine-evoked activation of the mesolimbic system and 

motivational effects  

Although the intake of several addictive substances is associated with dysbiosis [4,57,58], very little 

is known about the influence of gut microbes on the mesolimbic system and its responsiveness to 

drugs. Here we demonstrate an enhancement of nicotine-induced activation of the mesolimbic 

system after gut microbiota depletion. The pVTA is the preferential substrate for drug-rewarding 

effects [8,10,31,59] and preferentially projects to the medial part of the NAcbS. In accordance with 

this, we found a selective activation of the pVTA and the NAcbS in response to a rewarding dose 

of nicotine [31,60,61], as well as the IPN that is involved in nicotine avoidance [35,62]. Nicotine 

motivational effects balance between reward and aversion and nicotine reward is usually observed 

at a narrow range of doses in animal models, with variability depending on experimental conditions 

[61,63,64]. Importantly, the lack of microbiota enhanced nicotine effects selectively in the pVTA 

and the NAcbS, indicating a unique link between gut bacteria and the mesolimbic system in the 

mediation of nicotine effects.  

The AB cocktail we used is a mixture of absorbable and non-absorbable compounds previously 

validated for gut microbiota depletion in mice [21]. Absorbable ABs show a broader-spectrum action 

but may have systemic effects. We saw AB-induced enhancement of nicotine activation of the 

mesolimbic system only after oral exposure, which supports the idea that AB action specifically on 

bacteria within the digestive tract mediated brain and behavioral alterations as previously observed 

[13,22]. While ABs deplete microbial populations in mice which were normally colonized since birth 

thereby preventing impairments in development and early immune education, GF mice exhibit a 

complete absence of microbes without the risk of off-target effects [65]. Here we have replicated 

the effects observed in AB-treated SPF mice in GF mice thereby strengthening the validity of our 

observations.  

We further observed that DA neuron sensitivity to nicotine was increased in the pVTA after gut 

microbiota depletion as exemplified by a decreased threshold dose for firing. This was completed 
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by the observation that AB mice manifested nicotine appetence at low and high doses that were 

inefficient and aversive, respectively, in control mice in a procedure of intra-VTA SA. VTA DA 

neurons have been involved in both rewarding and aversive properties of nicotine, which recruit 

discrete DA sub-circuits within the mesolimbic system [66-68]. While the rewarding actions of 

nicotine are crucial in establishing smoking habits, nicotine’s aversive effects are thought to protect 

against transitioning to regular tobacco use [66,69]. By altering the balance between nicotine 

reward and aversion, gut dysbiosis may represent an underestimated risk factor for tobacco use 

disorder.  

 

Gut microbiota modulation of astrocytes within the pVTA 

Several mechanisms may connect the gut microbiota to VTA DA neurons including bacterial 

production of short chain fatty acids [70-72], gut peptides [15,57] or the vagus nerve [12,73]. Brain 

glial cells have also emerged as an important player in gut-brain interactions [16]. Astrocytes 

integrate information from adjacent cells to modulate neural excitability including VTA synaptic 

changes driven by addictive drugs [47,55]. Here we observed an increase in astrocyte density 

specifically in the pVTA in response to gut microbiota depletion. Gut microbes metabolize dietary 

tryptophan to produce natural ligands of astrocyte aryl hydrocarbon receptors, thereby regulating 

astrocyte activity [16] that, in turn, modulates drug seeking [17]. The increase in pVTA astrocyte 

density may be involved in the alteration of nicotine motivational effects associated with gut 

microbiota depletion, although we have not tested yet such a causal link. Astrocytes modulate 

synaptic function by controlling glutamate levels notably through the glutamate transporter GLT1 

also involved in drug seeking [17,51,74,75]. Here, despite increased pVTA astrocyte density, we 

did not observe modifications in GLT1 levels after gut microbiota depletion, maybe due to 

compensatory mechanisms [76]. GLT1 modulation is associated with glutamate activation of 

extrasynaptic NMDA receptors (NMDARs), critical for drug-induced plasticity [77]. Here we 

observed increased levels of PDS-95, which stabilizes NMDAR expression, selectively in VTA non-

DA neurons in response to gut microbiota depletion. GLT1 can form protein complexes with PSD-

95 and NMDARs, an interaction thought to contribute to GLT1 regulation [78]. Further work is 
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needed to unravel the interplay between astrocytes and glutamatergic post-synaptic signalling in 

non-DA neurons in conditions of gut dysbiosis, and how this may eventually tune the response of 

DA neurons to drugs. We also found that both GLT1 and PSD-95 levels were lower in the pVTA as 

compared to the aVTA. This may be linked to the relatively higher abundance of glutamatergic 

neurons in the aVTA [59,79]. 

 

Identification of region-specific microglial sub-populations within the VTA and their 

modulation by gut microbiota  

Recent studies established that the gut microbiome influences microglia function [19-21]. However, 

the mesolimbic system was not described in these studies. Microglia produce a variety of factors 

that modulate DA neurons [17,80]. VTA microglia show specific anatomical features, lysosome 

content and transcriptome compared to other basal ganglia nuclei [81] and changes in microglia 

may be a driving factor in the development of drug addiction [17]. Here we identified for the first 

time several microglia sub-populations in the VTA that differ between its anterior and posterior 

parts. Importantly, we found that these sub-populations are re-organized following gut microbiota 

depletion. Microglial cells were generally considered either in a ‘resting’ or ‘activated’ state mainly 

based on soma size and degree of ramification. More recently, the co-existence of multifaceted 

sub-populations and intermediate states of microglia has been proposed [28,82,83], as further 

supported by our present data. Separate analysis of morphological parameters did not reveal major 

changes between groups. However, we identified region-specific redistribution of sub-populations 

based on several main morphological features. Our data revealed the cohesive role of the total 

surface covered (CEA) by the cell, its body area (BA) and maximum ramification length (MaxL) in 

the microglial response of the VTA to gut microbiota depletion. We further identified a concerted 

implication of the cell ramification complexity (CS), CEA and BA in the microglial response of the 

aVTA, not of the pVTA, to gut microbiota depletion, suggesting the recruitment of distinct microglial 

functions in the different VTA sub-regions following physiological changes. The CS and CEA 

indices were previously shown as relevant parameters to identify microglial sub-populations in the 
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prefrontal cortex in response to neuroinflammation when they were considered together but not 

separately [28,84]. Taken together, these findings support the relevance of clustering analyses to 

capture microglial heterogeneity. Additional research is needed to decipher how gut dysbiosis is 

linked to these region-specific changes in microglia and how these changes may modify DA 

neurons’ sensitivity to stimuli such as nicotine.  

 

In conclusion, the gut bacteria act as modulators of nicotine action on the mesolimbic system and 

influence its motivational effects. They also regulate post-synaptic density protein levels and the 

glial cells within the mesolimbic system, the latter in a region-dependent manner. While the present 

study shows increased astrocyte density and alterations in the distribution of microglial sub-

populations within the VTA in response to gut microbiota depletion, whether and how these effects 

are linked to altered function of these cells and production of inflammatory mediators or other 

metabolites susceptible to modulate synaptic activity and behavior remains to be identified. These 

aspects will be important to be considered in future studies with the objective of understanding the 

putative cause-effect relationship between gut bacteria influence on VTA glial cells and nicotine 

motivational effects that was not examined here. The use of psychobiotics has been proposed as 

a novel therapeutic strategy for brain disorders [85], while the brain immune system is a promising 

target for addiction therapeutics [86]. The use of probiotics with glia modulation properties may be 

of strong interest for treating drug-, and especially nicotine-addiction. Only male mice were used in 

the present study while nicotine addiction affect men and women differently [87]. Moreover, recent 

evidence has shown differential alterations in the gut-brain-axis between female and male rodents 

after nicotine exposure [88] and in the context of alcohol or opioid addiction [89,90], which supports 

the importance of examining sex specificities in future investigations into that matter. 
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Figure legends  

 

Figure 1. Antibiotic-induced or constitutive gut microbiota depletion enhances nicotine-

induced activation of the mesolimbic system 

See Table S1 for statistics. 

A. Caecum size in control (n=9) and antibiotic-treated (AB) mice (n=8) shown as mean±SEM. 

Caecum sizes were compared with unpaired Student t-tests. Examples of caeca in one control (left) 

and one AB mouse (right). Scale bar: 1 cm.  

B. Fecal DNA concentration in control (n=4) and AB mice (n=4) shown as median with interquartile 

range. Fecal DNA concentrations were analyzed with Mann-Whitney tests.  

C. Bar plots of the relative abundance of phyla in control mice (n=4), AB mice (n=4), control mice 

intraperitoneally (IP) injected with NaCl (IP control, n=8, see Fig.1L-M) and mice IP injected with 

ABs (IP AB, n=8, see Fig.1L-M).  

D. Principal coordinate analysis (PCoA) plot of Bray-Curtis distances for bacterial communities in 

control (1B), AB (1A), IP control (2B) and IP AB (2A) mice. % of the main coordinates represent 

their relative contribution to sample differences. Distances between sample points represent their 

level of dissimilarity. Permanova test was performed to analyze the variance using distance 

matrices. 

E-I. Levels of c-Fos expression in control mice and in mice exposed ABs in their drinking water, in 

response to NaCl or nicotine (0.5mg/kg), in (E) the anterior (aVTA) and posterior (pVTA) ventral 

tegmental area, the nucleus accumbens shell (NAcbS) and core (NAcbC), (F) the interpeduncular 

nucleus (IPN)), (G) the dentate gyrus of the hippocampus (DG), (H) the cingulate (Cg), prelimbic 

(PrL) and infralimbic (IL) cortices, and (I) the basolateral (BLA), lateral (LA) and central (CeA) nuclei 

of the amygdala  (Control-NaCl, n=4-7; Control-Nic, n=4-7; AB-NaCl, n=4-8; AB-Nic, n=4-8). 

J-K Levels of c-Fos expression in mice exposed to IP NaCl injections (control) and in mice exposed 

to IP AB injections, in response to NaCl  or nicotine, in (J) the aVTA  and pVTA,  the NAcbS and 
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NAcbC (IP Control-NaCl, n=6-7; IP Control-Nic, n=5-8; IP AB-NaCl, n=7-10; IP AB-Nic, n=7-8); and 

(K) the IPN (IP Control-NaCl, n=4; IP Control-Nic, n=3; IP AB-NaCl, n=2; IP AB-Nic, n=3). 

(L) Caecum size in IP Control (n=19) and IP AB (n=19) mice and (M) fecal DNA concentration in 

IP Control (n=8) and IP AB (n=8) mice, shown as mean±SEM. Caecum sizes and fecal DNA 

concentration were compared with unpaired Student t-tests.   

N-O. Levels of c-Fos expression in specific pathogen free (SPF) mice and in germ-free (GF) mice 

in response to NaCl or nicotine, in (N) the aVTA and pVTA, the NAcbS and NAcbC, and (O) the 

IPN (SPF-NaCl, n=9-10; SPF-Nic, n=9-10; GF-NaCl, n=8-10; GF-Nic, n=9-10).  

Unless otherwise specified, data shown represent the median as the central mark of the box, the 

25th and 75th percentiles as the edges of the box, and the most extreme data points that are not 

considered outliers as the end of the whiskers. Since assumptions for parametric tests were not 

met for c-Fos expression datasets, Kruskal-Wallis tests were used. Significant main effects were 

further analyzed using Dunn’s tests for multiple comparisons.  

Group effects: *p<0.05, **p<0.01, ***p<0.001.   

 

Figure 2. Gut microbiota depletion enhances nicotine-evoked responses of dopaminergic 

neurons of the posterior ventral tegmental area.  

See Table S2 for statistics. 

A. Post-recording identification of neurobiotin-labeled dopaminergic (DA) DA neurons in the ventral 

tegmental area (VTA) by immunofluorescence (TH = tyrosine hydroxylase, Neurobiotin = 

streptavidin-AMCA against neurobiotin). All recorded neurons are identified as TH+ cells.  

B. Analysis of the spontaneous activity of posterior VTA (pVTA) DA neurons in control mice (n=18 

cells) and in mice exposed to antibiotics (AB mice, n=21 cells). Cumulative distribution of DA neuron 

firing rates (left) and percentage of spikes-within-burst (%SWB) (right). Comparisons of 

spontaneous activity distribution were performed with Kolmogorov-Smirnov tests. 

C. Recording trace of one pVTA DA neuron during intravenous (IV) injection of nicotine (Nic, 30 

µg/kg) (top). Example of firing frequency variation induced by NaCl or different doses of nicotine 

(7.5, 15, 30 and 60 µg/kg) in one DA neuron (bottom).  
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D. Mean firing frequency variation of pVTA DA neurons induced by nicotine injection (dashed line) 

in control and AB mice  

E. Dose-response curves of maximum of firing variation induced by nicotine in pVTA DA neurons 

of control (n=18 cells) and AB (n=21 cells) mice. Mean maximum of firing variation induced by NaCl 

(white dot) is compared to those induced by different doses of nicotine. The dashed lines indicate 

the thresholds of response at the population level determined by the first dose of nicotine inducing 

a significant firing variation compared to saline injection. Ratio of active cells are also shown for 

each dose of nicotine. Comparisons between means of firing variation induced by saline and 

nicotine were performed using parametric Student’s t-tests when parameters followed a normal 

distribution (Shapiro-Wilk normality test p>0.05), or Wilcoxon non-parametric tests when the 

distribution was skewed. Bonferroni correction was applied for multiple comparisons. For 

comparison of nicotine responses between groups, data were analyzed by fitting a mixed model 

using AB-treatment as between-subject factor and nicotine dose as within-subject factor. Ratio of 

active cells were compared between groups with chi-square tests. 

Unless otherwise specified, data shown represent mean±SEM.  Nicotine effects: *p<0.05, **p<0.01, 

***p<0.001. Group effect: #p<0.05, ##p<0.01 

 

 

Figure 3. Gut microbiota depletion modifies nicotine’s motivational effects without altering 

nicotine withdrawal syndrome. 

See Table S3 for statistics. 

A. Localization of injection sites on brain coronal sections for all mice used in the intra-ventral 

tegmental area (VTA) nicotine self-administration experiments, and photomicrograph of a thionine-

stained coronal brain section (50 μm) through the cannula track and the injection site within the 

VTA.  

B. Number of intra-VTA injections in control (n=9) and AB mice (n=9) having access to nicotine (2 

ng/µL, 10 ng/µL and 50 ng/µL) (experiment 1).  
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C. Number of intra-VTA injections in control (n=10) and AB mice (n=10) whose treatments were 

inverted between sessions 10 and 11 (AB regimen was stopped in AB mice for 26 days and control 

mice were exposed to ABs 8 days before S11), having access to nicotine (50 ng/µL and 500 ng/µL) 

(experiment 2). Data were analyzed with two-way repeated-measure ANOVAs (group as between-

subject and session as within-subject factors).  

D. Density of tyrosine hydroxylase positive (TH+) cells in the anterior (aVTA) and posterior (pVTA) 

VTA in control (n=5 (aVTA) or 6 (pVTA)) and AB mice (n=6). Since for some animals data for both 

VTA sub-regions were missing, data were analyzed by fitting a mixed model (rather than by 

repeated measures ANOVA, which cannot handle missing values), using AB-treatment as 

between-subject factor and brain area as within-subject factor.  

 (E) Number of transitions, (F) % of time spent in the light side and (G) latency to first entry into the 

light side in the dark-light-box (DLB) in control and AB mice during chronic nicotine.  (H) Number 

of transitions, (I) % of time spent in the light side and (J) latency to first entry into the light side in 

the DLB in control and AB mice in response to mecamylamine after chronic nicotine (Control-Nic ± 

MEC, n=14; AB-Nic ± MEC, n=12) or NaCl (Control-NaCl ± MEC, n=15; AB-NaCl ± MEC, n=14). 

Data were analyzed with two-way ANOVAs (AB- and nicotine-treatment as between-subject 

factors). Significant main effects were further analyzed using Bonferroni for multiple comparisons 

post hoc tests.  

(K) Number of somatic signs in control and AB mice during chronic nicotine or (L) in response to 

mecamylamine after chronic nicotine (Control-Nic ± MEC, n=14; AB-Nic ± MEC, n=12) or NaCl 

(Control-NaCl ± MEC, n=15; AB-NaCl ± MEC, n=14). Data were analyzed with two-way ANOVAs 

(AB- and nicotine-treatment as between-subject factors). Significant main effects were further 

analyzed using Bonferroni for multiple comparisons post hoc tests.  

Data shown represent mean±SEM. AB effects: *p<0.05, ***p<0.001.  Nicotine effects: #p<0.05, 

###p<0.001.  
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Figure 4. Gut microbiota depletion increases astrocyte and post-synaptic protein, but not 

GLT1, density in the ventral tegmental area.  

See Table S4 for statistics. 

A. Representative glial fibrillary acidic protein (GFAP) and tyrosine hydroxylase (TH) 

immunofluorescence (X20) in the posterior ventral tegmental area (pVTA). 

B. Density of GFAP+ cells in the anterior VTA (aVTA) and pVTA in control mice (n=11 (aVTA) or 9 

(pVTA)) and mice exposed to antibiotics (AB mice (n=11 (aVTA) or 12 (pVTA)).  

C. Density of GFAP+ cells in the nucleus accumbens shell (NAcbS) and core (NAcbC) in control 

(n=6) and AB (n=5) mice.  

D. Representative glutamate transporter 1 (GLT1) and TH immunofluorescence (X40) in the aVTA. 

E. Density of GLT1 in the aVTA and pVTA in control (n=8 (aVTA) or 9 (pVTA)) and AB (n=8 (aVTA) 

or 7 (pVTA)) mice.  

F. Representative post-synaptic density protein 95 (PSD-95) and TH immunofluorescence (X60) in 

the pVTA.  

(G) Density of PSD-95 in the aVTA and pVTA in control (n=7) and AB (n=6 (aVTA) or 7 (pVTA)) 

mice; (H) in TH+ area; (I) in TH- area.  

Since for some animals data for both VTA sub-regions were missing, data were analyzed by fitting 

a mixed model using AB-treatment as between-subject factor and brain area as within-subject 

factor. Sidak’s post hoc tests were used for multiple comparisons upon significant main effects. For 

the NAcb, two-way repeated measures ANOVAs were used. Data shown represent mean±SEM. 

Group effects: *p<0.05. Area effects: #p<0.05, ###p<0.001.  

 

Figure 5. Distinct microglial sub-populations are present in the anterior and posterior ventral 

tegmental area, and their distribution is re-organized in conditions of gut microbiota 

depletion.  

See Table S7 for statistics. 
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A. Confocal image showing individual microglia based on Iba1 fluorescence in a sub-part of the 

ventral tegmental area (VTA) after maximum intensity projection (left). Ramification detection with 

AcapellaTM software (right): the cell body detection (body area, BA, green) serves as a starting point 

to characterize a microglial cell. The complexity score (CS, blue), associated with white arrows 

showing a secondary and tertiary ramification, and the covered environment area (CEA, orange) 

are deduced from ramification detection (BA, CS and CEA have been artificially colored for better 

representation). Scale bar, 50 μm.  

B. Representative microglia cells for each subpopulation identified in the anterior and/or posterior 

VTA through clustering based on CS, CEA and BA (top) or CEA, BA and MaxL (bottom) 

characteristics (high (+) or low (-) values). The associated color code is re-used in panels C and D 

for better visualization. Scale bar, 10µm. 

C. Pie charts representing the proportions of each microglial subpopulation based on CS, CEA and 

BA characteristics (high (+) or low (-) values) in the anterior VTA (Ant VTA), in control (n=386 cells) 

and AB mice (n=559 cells)  

D. Pie charts representing the proportions of each microglial subpopulation based on CEA, BA and 

MaxL characteristics (high (+) or low (-) values) in the anterior VTA (Ant VTA), in control (n=386 

cells) and AB mice (n=559 cells) 

E. Pie charts representing the proportions of each microglial subpopulation based on CS, CEA and 

BA characteristics (high (+) or low (-) values) in the posterior VTA (Post VTA), in control (n=474 

cells) and AB mice (n=628 cells).  

F. Pie charts representing the proportions of each microglial subpopulation based on CEA, BA and 

MaxL characteristics (high (+) or low (-) values) in the posterior VTA (Post VTA), in control (n=472 

cells) and AB mice (n=625 cells). 

A principal component analysis and a k-means clustering method were used for sub-population 

identification. For each feature and each cluster, a ‘+’ or ‘–’ sign was assigned. The statistics of 

each cluster (mean and frequency) were used to characterize sub-populations and determine their 

phenotype. Clustering phenotype distributions were compared between groups with chi-square 
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tests. Upon significant effects, Z tests were used for proportion comparisons between groups for 

each cell sub-population. 
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