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Abstract

Currently, there is a gap in understanding the neurobiological impact early adolescent toluene 

exposure has on subsequent actions of other drugs. Adolescent (PND 28–32) male Swiss-Webster 

mice (N = 210) were exposed to 0, 2000, or 4000 ppm of toluene vapor for 30 min/day for 5 

days. Immediately following the last toluene exposure (PND 32; n = 15) or after a short delay 

(PND 35; n = 15), a subset of subjects’ brains was collected for monoamine analysis. Remaining 

mice were assigned to one of two abstinence periods: a short 4-day (PND 36) or long 12-day 

(PND 44) delay after toluene exposure. Mice were then subjected to a cumulative dose response 

assessment of either cocaine (0, 2.5, 5, 10, 20 mg/kg; n = 60), ethanol (0, 0.5, 1, 2, 4 g/kg; 

n = 60), or saline (5 control injections; n = 60). Toluene concentration-dependently increased 

locomotor activity during exposure. When later challenged, mice exposed previously to toluene 

were significantly less active after cocaine (10 and 20 mg/kg) compared to air-exposed controls. 

Animals were also less active at the highest dose of alcohol (4 g/kg) following prior exposure to 

4000 ppm when compared to air-exposed controls. Analysis of monoamines and their metabolites 

using High Pressure Liquid Chromatography (HPLC) within the medial prefrontal cortex (mPFC), 

nucleus accumbens (NAc), dorsal striatum (dSTR), and ventral tegmental area (VTA) revealed 

subtle effects on monoamine or metabolite levels following cumulative dosing that varied by 
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drug (cocaine and ethanol) and abstinence duration. Our results suggest that early adolescent 

toluene exposure produces behavioral desensitization to subsequent cocaine-induced locomotor 

activity with subtle enhancement of ethanol’s depressive effects and less clear impacts on levels of 

monoamines.
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1. Introduction

Drug use during adolescence is of great concern as this period is one of substantial 

behavioral, social, physical, and neurochemical changes (Bava and Tapert, 2010; Doremus-

Fitzwater et al., 2010; Spear, 2000a). One understudied class of drugs are the inhalants, 

despite their high rates of initiation and use predominantly among children and young 

adolescents (Cruz and Bowen, 2021; Lubman et al., 2008). There are gaps in what we 

know about how physiological brain changes resulting from early inhalant abuse influence 

subsequent neurobehavioral problems, including substance dependence (Aydin et al., 2009; 

Cairney et al., 2004; Kouzoupis et al., 2010; Papageorgiou et al., 2009; Woodward and 

Beckley, 2014). Inhalant abuse is prevalent among 8th graders in the U. S. and in 2022, 9.8% 

reported using inhalants at some time. Inhalant abuse ranks fourth behind alcohol (23.1%), 

vaping nicotine (17.0%), and marijuana (11.8%; Miech et al., 2023). Roughly 2.2 million 

people in the U.S. aged 12 and older reported inhalant use in 2021 (SAMHSA, 2022).

Compared to most other drug classes, inhalant abuse is higher during early adolescence 

than in older groups (Johnston et al., 2019). Inhalant abuse tends to decline as individuals 

age due to progression to other drugs of abuse, suggesting that inhalants are gateway drugs 
leading to other drug use (Crossin et al., 2017; Crossin et al., 2018; Miech et al., 2023). 

Acute or long-term inhalant abuse has been shown to influence progress to use of substances 

abuse (Crossin and Arunogiri, 2020; Crossin et al., 2017; Crossin et al., 2019a; Crossin et 

al., 2019b; Crossin et al., 2018). While progression to use and abuse of other drugs are 

influenced by social and individual factors, questions about the impact of earlier exposures 

to inhalants on behavioral and neural effects of other drugs of abuse remain.

One of the most commonly abused inhalants is toluene (Cruz and Bowen, 2021; Violante-

Soria et al., 2019). Toluene is lipid soluble and readily absorbed through lung tissue and 

distributed into many organs throughout the body, especially brain (Ameno et al., 1992; 

Aydin et al., 2009; Aydin et al., 2002; Caldemeyer et al., 1996; Gospe Jr. and Calaban, 

1988; Rosenberg et al., 1988; Yamanouchi et al., 1995). Toluene produces dose-dependent 

behavioral effects that range from initial excitation (i.e., increased locomotor activity) to 

motor disruption, ataxia, and loss of righting reflex, to anesthesia at concentrations similar 

to abuse situations (reviewed in Bowen et al., 2006; Cruz and Bowen, 2021) (Warren et 

al., 2000). Toluene influences glutamate and γ-amino butyric acid (GABA) by acting as 

an antagonist at N-methyl-D-aspartate (NMDA; now known as GluN) receptors, and as a 

positive allosteric modulator at GABA-A receptors (Bale et al., 2007; Callan, et al., 2017; 
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Dick et al., 2015; Perrine et al., 2011). Through the action on glutamate and GABA, toluene 

affects the dopaminergic reward pathway and impacts dopamine release in the striatum 

(Apawu et al., 2015; Koga et al., 2007; Stengard et al., 1994; Woodward and Beckley, 2014; 

Zhvania et al., 2012). Both direct and indirect impact of toluene on these systems is still 

being explored (Apawu et al., 2020; Callan, et al., 2017; Dick et al., 2015; Nimitvilai et al., 

2016; Wayman and Woodward, 2018a) and can be probed by provoking responses to other 

drugs, like ethanol and cocaine, which act upon amino acid transmitters and monoamine 

reward systems, respectively (Miech et al., 2023; SAMHSA, 2022).

Given that inhalant use tends to begin in early adolescence, it is important to explore the 

neurodevelopmental influences on the persistent effects of toluene on drug-related behavior 

and brain neurochemistry. The perturbation of the mesocorticolimbic dopaminergic pathway 

by inhalant use in early adolescence may influence responses to subsequent drugs of abuse 

and increase the likelihood of new, continued or increased drug use. For example some 

studies have reported greater and longer lasting ethanol sensitization after adolescent vs 

adult repeated ethanol exposure (Hefner and Holmes, 2007; Matthews et al., 2008; Moore et 

al., 2010; Pascual et al., 2009; Quoilin et al., 2012, 2014; Ristuccia and Spear, 2005; Spear 

and Varlinskaya, 2005), yet few studies have investigated inhalant exposure in adolescence 

on sensitization to other drugs. The purpose of this study was to assess in a mouse model 

how repeated toluene exposure during early adolescence affects subsequent responses to 

ethanol or cocaine in later adolescence/early adulthood. Mice were exposed during the 

periadolescent period to brief, repeated abuse-like concentrations of toluene (0, 2000, 4000 

ppm) and observed later for their responses to cocaine (2.5–20 mg/kg) or ethanol (0.5–4 

g/kg) in Cumulative Dose Response (CDR) assessments during mid or late adolescence 

(PND 36 or 44). Brains were collected after the initial toluene exposure, following a delay, 

or after the ethanol or cocaine challenge, and analyzed for monoamine levels by high 

pressure liquid chromatography (HPLC). It was hypothesized that early exposure to toluene 

would alter behavioral responses to the drug challenges and impact changes in monoamine 

levels after ethanol and cocaine administration.

2. Materials and methods

2.1. Subjects

Male Swiss-Webster mice (N = 210) were obtained from Envigo RMS (Indianapolis, IN, 

USA) on postnatal day (PND) 21 and were habituated to the vivarium until PND 27. 

Animals (n = 8) were housed in large static polypropylene cages (144 in2) lined with 

corncob bedding and fitted with steel-wire tops. Mice were allowed unrestricted access to 

water and Rodent Lab Diet 5001 (PMI, Nutrition International, Inc., Brentwood, MO). The 

certified AAALAC accredited vivarium controlled for humidity (30–60%) and temperature 

(20–22 °C) and maintained a 12–12-h light cycle (0600–1800 h). The Wayne State 

University Institutional Animal Care and Use Committee approved all procedures which 

were conducted in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals (NRS, 2011).
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2.2. Chemicals

Toluene (CAS-No:108–88–3) and 190 proof ethanol (ethyl alcohol CAS–No: 64–17–5) were 

obtained from Sigma-Aldrich (St. Louis, MO). Cocaine hydrochloride was acquired from 

the National Institutes on Drug Abuse Control Supply Program (Bethesda, Maryland). Both 

cocaine and ethanol were dissolved or diluted in 0.9% saline prior to administration.

2.3. Static exposure system

Toluene and air exposures were 30 min, once a day (0900–1600 h) from PND 28–32 in a 

static solvent exposure system (for chamber diagram and stability metrics see Svenson et 

al., 2022) consisting of a modified chromatography jar (~27 L) fitted with a tight sealing 

Plexiglas lid located within a fume hood (Conti et al., 2012; Svenson et al., 2022). For 

each exposure, a single mouse was placed into the bottom of the chamber and then a 

predetermined amount of liquid toluene corresponding to the chosen concentrations (2000 

or 4000 ppm was then placed onto a piece of filter paper located below the fan which was 

attached to the lid. The lid was then sealed shut and the fan was turned on to volatilize and 

distribute the toluene-laden vapor throughout the chamber. Chamber integrity and toluene 

concentrations were confirmed periodically using single wavelength-monitoring infrared 

spectrometry (Miran 1 A, Foxboro Analytical). Mean concentrations of toluene were within 

3% of nominal levels ~2.5 min after toluene was added and remained within 3% of nominal 

throughout the 30-min exposure (see Svenson et al., 2022). For the air-only (0 ppm) control 

group, identical procedures were followed but without toluene. After the 30-min exposures, 

animals were removed, and the chambers vented and cleaned. Animals were observed for 30 

min in their home cage after each exposure for any complications (e.g., seizure activity). No 

complications were observed, and all subjects were retained. After the observation period, 

animals were returned to the vivarium.

During toluene and air exposures, locomotor activity was measured within the static 

exposure chamber via 3 sets of photocells of 16-beam infrared (I/R) emitter/detector arrays 

(Med Associates, St. Albans, VT) mounted on Plexiglas® bases that bisected the exposure 

chambers. Interruptions of beams generated an analog signal recorded by automated activity 

software (Open Field Activity Software [SOF-811], Med Associates, St. Albans, VT) which 

quantified total beam breaks in both the vertical and horizontal planes and encoded distance 

traveled and ambulatory time.

2.4. Behavioral testing after toluene exposure

After repeated toluene or air exposures (PND 28–32), mice were randomly assigned to one 

of two experimental conditions: 1) toluene or air exposure immediate or delayed monoamine 

quantification or 2) short- or long-delay abstinence followed with a CDR and monoamine 

assessment (see Fig. 1).

2.4.1. Toluene exposure locomotor activity and neurochemistry—All mice 

went through the exposure procedure and the locomotor activity measured as described 

above. A subgroup of mice was randomly chosen to be euthanized immediately 

following the last exposure (PND 32) or after a 3-day delay (PND 35) to assess 

dopamine (DA), serotonin (5-HT), and norepinephrine (NE) levels, as well as their 
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metabolites 3,4-dihydorxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-

hydroxyindoleacetic acid (5-HIAA), and 3-methoxy-4-hydroxyphenethylamine (3-MT). 

Animals were euthanized via cervical dislocation, rapid decapitation, and the brains were 

quickly frozen on dry ice. Samples remained at −80° Celsius (C) until processing using 

HPLC analysis.

2.4.2. Cumulative dose response and neurochemistry—Mice previously exposed 

to toluene (0, 2000, or 4000 ppm) were challenged with ethanol or cocaine, using a CDR 

assessment (Fig. 1) on either PND 36 or PND 44 (n = 10 per condition, n = 90 per age 

group, N = 180). Mice were initially injected (i.p.) with saline and immediately placed 

into a novel Plexiglas® open field chamber (28 cm × 28 cm ×28cm) affixed with 3 

sets of photocells of 16-beam infrared (I/R) emitter/detector arrays (Med Associates, St. 

Albans, VT). This was done to record locomotor activity for 8 min, after which mice were 

removed, injected with the challenge drug (ethanol, cocaine, or saline for control), and 

placed without delay back into the chamber. This process was repeated every 8 mins until 

5 total injections (including initial saline injection) were administered with each injection in 

the CDR procedure calculated to systematically increase the total dose. This timeframe was 

chosen to match the pharmacokinetic properties of i.p. injections of cocaine (Benuck et al., 

1987; Zhu et al., 2021) & ethanol (Pastino et al., 1996) corresponding locomotor activity 

while still being on the ascending limb to deliver the next doses. The cumulative doses for 

cocaine were 0, 2.5, 5, 10, & 20 mg/kg (injected doses of 0, 2.5, 2.5, 5, & 10 mg/kg). For 

ethanol the cumulative doses were 0, 0.5, 1, 2, & 4 g/kg (injected doses 0, 0.5, 0.5, 1, & 

2). The control group received 5 injections of volumetrically matched saline. Locomotor 

behavior was recorded throughout the cumulative administration (i.e., 40 min total), but the 

behavioral analysis focused on the last 3 min of each 8 min window to allow drug effects 

while limiting artifacts due to drug administration handling (Benuck et al., 1987; Frantz et 

al., 2007). Brain tissue was collected (as described above) immediately following the last 

CDR measurement for monoamine analysis.

2.5. HPLC of brain monoamines

Brains were removed from −80 °C storage and placed in a cold (~0 °C) mouse brain matrix. 

Cuts were made beginning at interaural 0 mm (Bregma −3.80 mm) and progressed to collect 

three 2-mm-thick slices between interaural ~6.02 (Bregma 2.22) and interaural ~0.00 mm 

(Bregma −3.80). Brain slices were then placed on ice-cold (~0 °C) glass stages covered with 

ice-cold dH2O-moistened filter paper, and 1.0- or 1.5-mm-dia tissue punches were taken 

from the medial prefrontal cortex (mPFC), nucleus accumbens (NAc), ventral tegmental area 

(VTA), and dorsal striatum (dStr), respectively guided by a mouse brain atlas and defining 

landmarks (Franklin and Paxinos, 2007; Murnane et al., 2012). Only the mPFC and NAc 

were collected and assessed following toluene exposure only and all regions were collected 

and analyzed following cumulative dose response. Brain region tissue punches were placed 

into labeled centrifuge tubes and stored at −80 °C until analysis when each tissue punch 

was removed from storage, weighed, homogenized by sonication in 50 μl 0.2 N perchloric 

acid (PCA) for 3–5 s (Misonix XL-2000), visually inspected to check for uniform tissue 

suspension, centrifuged at 10,000 ×g for 10 min at ~4 °C, and the supernatant collected. 

A 20-μl aliquot of each sample was placed into a conical HPLC vial and placed in an 
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autosampler of the Dionex Ultimate 3000 HPLC system at 5 °C (Thermo Fisher Scientific, 

Waltham, MA). A series of external standards for DA, 5-HT, and NE, as well as metabolites 

(DOPAC, HVA, 3-MT and 5-HIAA) were prepared through serial dilution corresponding 

to 10 ng, 5 ng, 1 ng, 0.5 ng, 0.1 ng or PCA (vehicle). The standards were processed 

in ascending concentrations starting with PCA and standards were run in parallel and in 

duplicate following the last sample of each run.

Standards and unknowns were injected (10-μl) by an autoinjector using an acetonitrile-based 

MD-TM mobile phase (10% acetonitrile: Thermo Scientific, CAS No. 75–5–8). The HPLC 

system flow rate was 0.6 ml/min and samples passed through a reverse-phase column 

(Hypersil™ BDS C18 column, Thermo Fisher Scientific) at 25 °C, a guard cell (ESA 

guard cell model 2050) set to 300 mV, and a column guard (2.1/3.0 mm ID, Thermo 

Scientific). An ultra-analytical dual-electrode cell (ESA model 5011 A) with a reference 

electrode set at −175 mV and a working electrode at 350 mV (gain = at 100 μA for 

both) was used for electrochemical detection. Values from the detector were captured using 

Chromileon 7 software (Dionex) to quantify peak height representing levels of monoamines 

and metabolites. A detection threshold of 3 times background (PCA) was set and samples 

that did not reach higher values were excluded from analysis. Standard curve equations to 

calculate monoamine levels as well as verify the stability of the instrument were constructed. 

The standard curves for all components indicated good stability for quantification in all 

regions (R2 ≥ 0.98). Tissue levels of monoamines and metabolites were calculated based on 

the linear regression equation supplied by standard curves and expressed as ng monoamine/ 

mg wet tissue weight.

2.6. Statistical analyses

Analyses were conducted using SPSS (version 26, IBM, Armonk, NY) or Prism (V.8.4.3; 

GraphPad Software, San Diego, California USA). Total locomotor activity during toluene 

exposure as distance traveled (cm) was summed for each day (Fig. 2) and analyzed via a 3 

(TOL-0, 2000, 4000; between subjects) × 5 (RM: DAY; within subjects) repeated measures 

ANOVA and any significant interactions were subjected to post hoc analysis as specified. 

Analysis of the monoamines following toluene exposure was conducted using a 3 (TOL; 

between subjects) × 2 (AGE—PND 32, 35; between subjects) ANOVA separately for each 

area (mPFC, NAc, VTA, dStr), each component (DA, NE, & 5-HT), metabolite (DOPAC, 

HVA, 3-MT, 5-HIAA), and ratio (DOPAC/DA & 5-HIAA/5-HT).

Analysis of the Air (control) conditions that were subjected to CDR administration was 

conducted to demonstrate drug effect within the CDR procedure. Locomotor activity during 

the last 3 min of each injection was analyzed using separate 2 (DRUG-saline, cocaine, and 

ethanol) × 5 (RM DOSE) repeated measures ANOVAs at each age. This data was then 

incorporated with the other groups for the full analysis procedure as described below.

Locomotor activity during the CDR procedure for the last 3 min of each dose was analyzed 

using separate 3 (TOL-0, 2000, 4000) × 2 (DRUG-saline, ethanol or saline, cocaine) × 

2 (AGE – PND36, 44) × 5 (RM DOSE) repeated measures ANOVAs comparing cocaine 

vs saline and ethanol vs saline. Following the CDR task, monoamines were analyzed via 

separate 3 (TOL-0, 2000, 4000) × 2 (DRUG- “saline vs. ethanol” or “saline vs. cocaine”) × 
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2 (AGE-PND36, 44) ANOVAs comparing cocaine vs saline (control) and ethanol vs saline 

(control) separately for each area (mPFC, NAc, VTA, dStr), each component (DA, NE, & 5-

HT), metabolite (DOPAC, HVA, 3-MT, 5-HIAA), and ratio (DOPAC/DA & 5-HIAA/5-HT). 

The control group (saline) was the same for both analyses.

3. Results

3.1. Experiment 1 – Toluene exposure locomotor activity and neurochemistry

3.1.1. Locomotor activity testing during exposure—The assumption of Sphericity 

was not met and a Huynh-Feldt corrected F was used for determining statistical significance. 

There was a significant main effect for toluene concentration, [F (2, 345) = 95.74, p < 

0.001] with the highest TOL concentration (4000 ppm) producing an approximate two-fold 

increase (x− = 11, 992.2 cm) in activity as compared to 2000 ppm TOL (x− = 5371 . 3 cm), 

and roughly a 4-fold greater activity compared to air-control animals (x− = 2796 . 1 cm; see 

Fig. 2). There was also a significant main effect of DAY, [F (2.02, 698.29) = 13.26, p < 

0.001] with activity generally decreasing across the first three exposure days with a slight 

increase on the last day (Data not shown).

Additionally, there was a significant TOL × DAY interaction, [F (4.05, 698.29) = 16.37, p < 

0.001] with the locomotor activity of the 4000 ppm TOL exposure groups increasing while 

the 2000 ppm TOL exposure groups declined across days (see Fig. 2). The exposure to 4000 

ppm TOL produced significantly more locomotor activity than 2000 ppm TOL and 0 ppm 

(control) each day (p’s < 0.01) and 2000 ppm TOL produced significantly more locomotor 

activity than 0 ppm on each day of exposure (all values of p < 0.01; see Fig. 2).

3.1.2. HPLC analysis after toluene exposure—Levels of DA and DOPAC were 

below detection threshold for the mPFC. Within the NAc, there were no significant effects 

of TOL, AGE, or their interaction for DA (p ≥ 0.37), DOPAC (p ≥ 0.06), or the DOPAC/DA 

ratio (p ≥ 0.19; data not shown). DOPAC was trending but failed to reach significance alone 

or significantly impact the DOPAC/DA ratio (data not shown).

3.2. Experiment 2 – Cumulative dose response and neurochemistry

3.2.1. Cumulative dose response

3.2.1.1. Air-control only – Analysis of drug effect.: Sphericity was not assumed and 

a Geisser-Greenhouse correction was used where appropriate. Each age was analyzed 

separately using a 2-way Repeated Measures ANOVA and mice that received saline 

injections was used as the comparison group. The main effects for DRUG (PND36 - p 
< 0.001; PND44 - p < 0.001) and Injection (PND36 - p < 0.001; PND44 - p < 0.01) were 

significant, as well as the interaction (PND36 - p < 0.001; PND44 - p < 0.001). Analysis of 

multiple comparisons using an uncorrected Fishers LSD demonstrated that cocaine differed 

from saline injected subjects for the second through fifth injections for PND36 (p < 0.01) 

and for the third through fifth injections for PND44 (p < 0.05). Mice that had ethanol 

administered on PND36 differed from air control on the third (p < 0.05) and fifth (p < 0.01) 

injections with mice on PND44 only differing on the fifth injection (p < 0.05; See Fig. 3).
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3.2.1.2. Cocaine vs. saline.: The assumption of sphericity was not met (χ2 (9) = 132.93, 

p < 0.001) and a Huynh-Feldt “F” correction was used. While there were significant main 

effects for DRUG (saline vs cocaine; p < 0.001) and AGE (p < 0.001), there was no main 

effect for TOL (p = 0.155). The TOL × DRUG interaction was significant (p < 0.05), with 

mice previously exposed to TOL displaying decreased locomotor activity following cocaine 

administration as compared to air control mice (Fig. 3B & E). All two-way interactions were 

significant: TOL × DOSE [F (5.23, 282.36) = 3.43, p < 0.01], DRUG (cocaine) × DOSE [F 

(2.61, 282.36) = 29.75, p < 0.001], and AGE × DOSE [F (2.61, 282.36) = 4.74, p < 0.01].

A Tukey’s post-hoc analysis of the TOL × DOSE (cocaine) interaction showed that mice 

previously exposed to 4000 ppm TOL exhibited lower cocaine induced locomotor excitation 

at 5 (p < 0.05), 10 (p < 0.01) and 20 (p < 0.01) mg/kg, while the previously exposed 2000 

ppm TOL mice were significantly lower at 5 (p < 0.05) &10 mg/kg (p < 0.05) but not at 20 

mg/kg (p = 0.270) with 5 mg/kg demonstrating a trending result (p = 0.055). The significant 

AGE × DOSE interaction reveals that at PND 44 mice demonstrated greater increases in 

locomotor activity than PND 36 mice after the higher doses of cocaine (5, 10, & 20 mg/kg; 

Fig. 4B vs E).

While the TOL × AGE × DOSE interaction was non-significant (p = 0.59), there was a 

significant AGE × DRUG × DOSE interaction, [F (2.61, 282.36) = 7688, p < 0.001]. As seen 

in Fig. 4, PND 44 mice displayed larger locomotor increases from saline at the same age, 

relative to the comparison between the PND 36 challenged mice. This can be seen at the 

higher doses of cocaine (5, 10, & 20 mg/kg; Fig. 4B vs E). There was also a TOL × DRUG 

× DOSE (cocaine) interaction, [F (5.23, 282.36) = 2.30, p < 0.05], with mice previously 

exposed to 4000 ppm TOL showing smaller increases in cocaine-induced locomotor activity 

than saline mice at both ages (see Fig. 3B & E).

3.2.1.3. Ethanol vs. saline.: The assumption of Sphericity was not met (χ2 (9) = 18.60, 

p < 0.05) and the Huynh-Feldt corrected F was used. No significant main effects were 

observed for the between-subjects variables TOL (0, 2000, 4000 ppm), DRUG (saline vs 

ethanol), or AGE (36 vs 44; p > 0.1). There was, however, a significant DRUG × AGE 

interaction, [F (1, 108) = 6.69, p < 0.05] such that mice at PND 36 injected with ethanol 

had an overall increase in locomotor behavior compared to saline (PN36 Saline x− = 369 . 05; 

PN36 Ethanol x− = 489 . 71) as opposed to no difference between mice tested at PND 44 

(PN44 Saline x− = 467 . 66; PN44 Ethanol x− = 433 . 95; see Fig. 4). Investigation of the 

within-subjects effects revealed there were significant two-way interactions between TOL × 

DOSE (ethanol), [F (8, 432) = 2.25, p < 0.05], and between DRUG × DOSE, [F (4, 432) = 

13.75, p < 0.001].

A Tukey’s post-hoc analysis of TOL × DOSE revealed the previous TOL exposure (4000 

ppm) decreased locomotor behavior to ethanol (4 g/kg) as compared to the air exposed mice 

(p < 0.05). At 4000 ppm, the other levels of DOSE (ethanol) did not differ from air-exposed 

mice (0–2 g/kg; p’s ≥ 0.09). For mice previously exposed to 2000 ppm toluene, none of 

the behavior at any level of DOSE was significantly different from the air-exposed mice 

(p’s ≥ 0.10). The significant DRUG × DOSE (ethanol) interaction showed that mice injected 

with ethanol, regardless of age or toluene exposure, had shifted levels of locomotor activity 
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compared to mice injected with saline (see Fig. 4A, C, D, & F). No other 2- to 4-way 

interactions were statistically significant (p’s ≥ 0.20).

3.2.2. Neurochemistry following CDR—The brain tissue samples for both of the 

following subsections were taken immediately following the last CDR measurement, rapidly 

frozen using dry ice, and then remained in a − 80 °C freezer until sectioning and analysis.

3.2.2.1. Cocaine vs. saline.: TOL exposure significantly impacted DA (p < 0.01), NE (p < 

0.05), and DOPAC (p < 0.01) concentrations within the dStr. The 5-HIAA/5-HT ratio within 

the NAc was significantly impacted by TOL (p < 0.05). TOL had trending impacts for 

DOPAC/DA ratio (p = 0.095) and 3MT (p = 0.079) within the dStr, and 5-HT concentrations 

within the NAc (p = 0.060; Data not shown).

There was a TOL × DRUG (cocaine) interaction for NE within the dStr (p < 0.05) with 

control and 2000 ppm TOL approaching significance (p = 0.05). There was also a trending 

TOL × AGE interaction for 5-HT within the VTA (p = 0.058). Finally, there were significant 

TOL × AGE × DRUG (cocaine) interactions for DA (p < 0.05), 5-HT (p < 0.01), and 

DOPAC (p < 0.05) within the dStr, as well as for DOPAC within the VTA (p < 0.05). There 

were significant impacts of the other main factors (drug and age) as well as interactions 

(2- and 3- way) that, due to this paper’s focus on toluene, are not described in the body of 

this manuscript. Pictorial representations of the significance value thresholds from all main 

effects and interactions in each neurotransmitter appear in Table 1.

3.2.2.2. Ethanol vs. saline.: As a main factor, toluene produced a significant effect on 

HVA concentrations in the VTA [F (2, 86) = 3.82, p < 0.05], with no post hoc comparison 

reaching significance (adjusted p ≥ 0.275). There was a TOL × DRUG interaction for DA (p 

< 0.05), and trending results for HVA (p = 0.059) and DOPAC (p = 0.073) concentrations 

within the dStr. Within the mPFC, the 5-HIAA/5-HT ratio was trending (p ≥ 0.073). There 

was a significant TOL × AGE × DRUG (ethanol) interaction for DA concentrations within 

the dStr [F (2,88) = 3.37, p < 0.05] with trending results for NE (p = 0.07), 5-HIAA/5-HT 

ratio (p = 0.09), and DOPAC (p = 0.08) within the dStr and DOPAC/DA ratio (p = 0.091) in 

the VTA. There were significant impacts of the other main factors (drug and age) as well as 

interactions (2- & 3- way) that, due to this paper’s focus on toluene, are not described in the 

body of this manuscript. Pictorial representations of the significance value thresholds from 

all main effects and interactions in each neurotransmitter appear in Table 2.

4. Discussion

The current investigation examined whether repeated inhaled toluene (2000 or 4000 ppm) 

exposure during adolescence (PND 28–32) would alter the behavioral and/or monoamine 

responses in mice to subsequent cumulative doses of cocaine or ethanol in later adolescence 

(PND 36) or early adulthood (PND 44). Similar to reports from previous studies, acutely 

inhaled toluene concentration-dependently increased locomotor activity, while repeated 

toluene exposure resulted in tolerance to the lower toluene (2000 ppm) concentration 

and sensitization to the higher toluene (4000 ppm) concentration. When examining the 

effects of previous adolescent toluene exposure on other drugs of abuse, significant 
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decreases were observed for the locomotor-stimulating effects of cocaine (“blunting”), 

while a significant decrease in the locomotor effects of ethanol was seen for the 4000-ppm 

toluene concentration at 4 g/kg EtOH as compared to Air and then EtOH exposed mice. 

Unexpectedly, the longer toluene “abstinence” period (12 days vs 4 days) demonstrated the 

greatest “blunting” effect on cocaine-induced locomotor behavior with no time differences 

observed for ethanol. Monoamine analysis using HPLC within the mPFC, NAc, dSTR, and 

VTA revealed only subtle effects that varied by drug and animal age.

4.1. Locomotor effects of toluene

The demonstration that acute 30-min inhaled toluene (2000 and 4000 ppm) exposure 

produced concentration-dependent increases in locomotor activity relative to air-control 

animals is similar to previous reports that acute toluene dose-dependently increases 

locomotor activity across different strains of mice (Bowen et al., 2010) and rats (Batis 

et al., 2010; Bowen and Balster, 1998; Riegel and French, 1999; Wiaderna and Tomas, 

2002), and across a variety of developmental time points (Armenta-Resendiz et al., 2019; 

Batis et al., 2010; Hinman, 1984, 1987; Wood and Colotla, 1990). In comparison to 

acute exposures, repeated administrations of toluene (4000 ppm) over 5 days resulted in 

significant increases in locomotor activity across days of exposure (see Fig. 2, Panel D). 

These increases in locomotor activity in the present study are consistent with previous 

reports indicating that sensitization develops to the locomotor effects of repeated inhaled 

toluene exposure (Apawu et al., 2015; Batis et al., 2010; Bowen and Balster, 2006; Bowen 

et al., 2007; Bowen et al., 2010; Hinman, 1984, 1987). Earlier investigations have also 

shown that sensitization develops to toluene after repeated intraperitoneal (Riegel et al., 

2003; Riegel et al., 2004; Riegel and French, 2002) or oral administration (Wiaderna and 

Tomas, 2000). Conversely, examination of the repeated daily 2000 ppm toluene exposure 

data (see Fig. 2, Panel D) showed that animals had reduced increases in locomotor activity 

as the days of repeated exposure continued (days 2–5), suggesting the development of 

tolerance to toluene’s stimulating behavioral effects at this lower concentration. This 

decrease or “tolerance” is similar to other investigations that reported the emergence of 

tolerance after repeated exposure to several abused inhalants (Apawu et al., 2015; Bowen 

and Balster, 2006; Rees et al., 1989; Tomaszycki et al., 2013) and appear to be concentration 

dependent (e.g., (de)sensitization vs sensitization). Others have shown that the appearance 

of behavioral tolerance in locomotor activity is dependent on the exposure patterns (Batis 

et al., 2010) or timeframe of observation [during and/or after exposure], sex (Bowen et al., 

2007; Braunscheidel et al., 2019; Crossin and Arunogiri, 2020), or even the developmental 

timeframe when the subjects were exposed (Bikashvili et al., 2012; Bowen et al., 2007; 

Crossin et al., 2017; Wayman and Woodward, 2018b; Zhvania et al., 2010; Zhvania et al., 

2012). Clearly, more research is needed to disentangle the contributions of each variable on 

these findings.

4.2. Toluene’s effects on behavioral responses to cocaine

Behaviorally, mice challenged with cumulative doses of cocaine at PND 36 had locomotor 

activity responses that were less active overall than mice challenged at PND 44, especially at 

the higher doses of cocaine (5–20 mg/kg; see Fig. 4). This difference is unique in that this 

sensitivity has been previously shown in studies demonstrating an increased sensitization, 

Davidson et al. Page 10

Neurotoxicol Teratol. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preference, and response in adolescent psychostimulant effect as compared to adult rodents 

(Badanich et al., 2006; Bava and Tapert, 2010; Carpenter-Hyland and Chandler, 2007; 

Ledesma et al., 2017; Samuel-Herter et al., 2014). Some studies indicate the ongoing 

development of the DA system within the prefrontal cortex and less quickly in the limbic 

associated regions during this period as some of the factors that define this timeframe and 

disposition period (Hoops and Flores, 2017; Wahlstrom et al., 2010).

While a few studies have shown that toluene has some “stimulant drug-like” effects, to 

our knowledge, no study has shown that previous toluene exposure could reduce or “blunt” 

the stimulant effects of cocaine days or weeks after the last toluene exposure. Previous 

investigations have shown that higher concentrations of inhaled toluene (~ > 4000 ppm) 

have biphasic effects on locomotor behavior, such that early in the exposure, locomotor 

activity is significantly increased (stimulant-like) and then decreased as the time of exposure 

continues (Bowen and Balster, 1998; Bowen et al., 2010). Repeated toluene exposure to 

higher concentrations has also been shown to result in increased sensitivity to toluene’s 

locomotor effects in rodents (Apawu et al., 2020; Apawu et al., 2015; Batis et al., 2010; 

Bowen et al., 2007; Callan, et al., 2017). Interestingly, the few studies that have explored 

effects on both male and female animals have demonstrated more extreme and varied 

responses in female subjects (Bowen et al., 2007; Braunscheidel et al., 2019; Crossin and 

Arunogiri, 2020).

Developmental age, sex, length/duration, and concentration/dose of exposure, are factors 

that influence responses to CNS stimulants in general (Badanich et al., 2006; Campbell et 

al., 2000; Frantz et al., 2007; Laviola et al., 1995; Nicolas et al., 2022; Spear and Brake, 

1983; Torres, 2022). Acutely inhaled toluene has also been shown to substitute in drug-

discrimination operant procedures for i.p. amphetamine (Bowen, 2006), while Beyer et al. 

(2001) reported an increase in both the locomotor stimulating effect and DA concentrations 

in the NAc during cocaine administration 24–96 h following repeated toluene. Although 

there are differences in toluene exposure (concentration and pattern), species, age, and drug 

challenge, the shift in direction of effect (increase in Beyer and decrease in this study) is 

most likely due to the fact that drug challenges in the current study were up to 12-days 

following toluene exposure, while Beyer et al. (2001) conducted their drug challenges 

between 24 and 96 h after toluene exposure and collapsed their data into a single group for 

analysis.

4.3. Toluene’s effects on behavioral responses to ethanol

Behaviorally, mice that were challenged with ethanol at PND 36 in the present study had 

locomotor activity responses that were no different from mice challenged at PND 44. These 

results are similar to Quoilin et al. (2012) who observed no differences between adolescent 

(PND 35) and adult (PND 63) female Swiss mice after acute administration of 2 or 4 g/kg 

ethanol. However, Quoilin et al. (2012) did report that differences between these two age 

groups were observed for other ethanol doses (e.g., 1.5, 2.5, 3.5 g/kg). In the current study, 

when mice that had been previously exposed to toluene (4000 ppm) were later challenged 

with cumulative doses of ethanol (0.5–4.0 g/kg), locomotor behavior was significantly 

decreased for the highest dose of ethanol (4 g/kg) as compared to the “air-only” mice that 
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received the same cumulative doses of ethanol. This was observed at both 4 and 12 days 

(PND 36 & 44) after repeated toluene exposure (see Fig. 4) and that this was unimpacted by 

age/abstinence duration.

Although previous studies have shown toluene to have a depressant “drug-like” profile of 

effects (for review see Bowen et al., 2006; Cruz and Bowen, 2021; Evans and Balster, 1991), 

to our knowledge, these data demonstrating that an earlier toluene exposure can alter effects 

of ethanol days or weeks after exposure are novel. Indeed, acute administration of toluene, 

and other abused inhalants, are known to induce sedative-like behavioral effects in adult 

male rodents in behavioral tasks such as open-field locomotion and drug discrimination 

similar to CNS depressants like ethanol and barbiturates (Bowen et al., 2006; Cruz and 

Bowen, 2021). Toluene has also been shown to substitute in drug-discrimination operant 

procedures for ethanol (Bowen, 2009; Rees et al., 1987a) and pentobarbital (Rees et al., 

1985; Rees et al., 1987b).

However, not all studies have shown that earlier toluene exposures will affect later 

behaviors. For example, Dick et al., 2014 demonstrated that adolescent toluene exposure 

failed to alter voluntary ethanol consumption in adulthood (Dick et al., 2014), in contrast 

to researcher-administered ethanol in the present study. Additionally, there was a restriction 

of time in the current study that may have impacted our observations. The absorption rate 

for ethanol is slightly slower than cocaine, however, the inter-injection timing (8 min) was 

kept consistent. Additionally, this testing was conducted in a novel environment without 

pre-assessment habituation to the chamber which likely resulted in novelty-induced activity. 

Additionally with a depressant effect that reduces locomotor activity, there is less room 

for significant change due to restriction of range in values. All of these factors combined 

may explain why we observe significant differences only at the final injection. Future 

studies should work to address these shortcomings potentially by utilizing by adjusted 

inter-injection intervals and recording times as well as habituate animals to the chamber 

prior to testing. Additionally, the use of self-administration of the subsequent drugs would 

allow for detection of self-directed usage rates as well as associated metrics like LMA.

4.4. Toluene’s effects on monoamine analysis

The non-significant decreases in DA from the NAc of mice in the current study are in 

contrast to the few preclinical toluene studies that have demonstrated decreases in NAc DA 

following repeated toluene exposure of DA in the NAc (Apawu et al., 2020; Riegel et al., 

2004; Woodward and Beckley, 2014). Our current results showing that locomotor responses 

to the stimulant effects of cocaine were behaviorally “blunted” up to 12 days following 

cocaine exposure was not due to differences in whole tissue DA levels given our results. 

This suggests that the while DA system may not have fully recovered from the previous 

toluene exposures, the levels themselves were unchanged and the behavioral findings may be 

related to a number of factors (receptor trafficking, decreased firing of the activated neurons, 

increased number of activated neurons, change in the development of this system etc.). More 

research into the mechanism that underlies the reduction of locomotor behavior is warranted 

given the potential for impacts to drug activation and reward as well as the hedonic nature 
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of future rewards. This blunting effect of toluene suggests that one may have to use higher 

concentrations of cocaine to achieve similar behavioral results.

The current model exposed mice to toluene during a “critical developmental period” for 

both brain and behavior, particularly for the dopaminergic system within the reward pathway 

(Broadwater et al., 2011; Doremus-Fitzwater et al., 2010). The ongoing development of 

the dopaminergic system in adolescence makes it more susceptible to disruptions than in 

adults (Doremus-Fitzwater et al., 2012; Spear, 2000a, 2000b). Many drugs of abuse have 

age-dependent interactions with and long-term impact on the dopaminergic system (Cadoni 

and Di Chiara, 2000; Dos Santos et al., 2018; Laviola et al., 1995; Quoilin et al., 2014; 

Robinson and Berridge, 2003), with comparatively few toluene investigations also having 

demonstrated age impacts (Bowen et al., 2007; Zhvania et al., 2010; Zhvania et al., 2012). 

Toluene impacts the regulation of DA in the mesolimbic pathway potentially by mPFC 

outputs inhibiting mesolimbic DA neurons in the midbrain through excitation of intra-VTA 

GABAergic interneurons and GABAergic projections from the tail of the VTA resulting in 

inhibition of DA activity, concurrently, enhancement of the lateral habenula further drives 

this inhibition as well as mPFC inputs forming synapses on GABAergic neurons that project 

to the NAc during acute exposure (Beckley et al., 2013; Callan et al., 2017).

Repeated exposure to higher “abuse-like” concentrations of toluene (8000 & 12,000 ppm) 

during a similar developmental time frame (PND 28–34) and assessment period (PND 

35 & 42), produced region-dependent effects on GABA and glutamate during a period 

of abstinence (Perrine et al., 2011). A single binge-like exposure to toluene enhanced 

current-evoked firing of mPFC to NAc signaling in mid adolescence (PND 41–44), but 

not adulthood (PND 97–100), 24 h but not 7 d after exposure (Wayman and Woodward, 

2018a; Woodward and Braunscheidel, 2023). Incorporating multiple neuro-components or 

methods of analysis that can better account for global changes and changes beyond whole 

tissue level of DA are warranted, and previous literature, current behavioral findings, and 

the pattern of drug progression seen in humans support further investigation into toluene 

polydrug progression. Future investigations should work to address a few of the limitations, 

first and foremost is the inclusion of female subjects. Other limitations remaining to be 

addressed include metrics related to the toluene exposure (daily duration, number of days, 

pattern of exposure, exposure concentrations used, etc.) and factors related to the subsequent 

drug exposure such as self-administration (contingent exposure, 3-key discrimination, etc.), 

changes in absorption or metabolic clearance rate of cocaine and/or ethanol, length of 

abstinence between toluene exposure and drug challenge, long term impact to monoamines 

following the challenge drug exposure following toluene, and dose ranges used. All of these 

factors need to be sufficiently explored to better elaborate on the observed phenomenon.

Overall, our findings indicate that abuse-like patterns of toluene exposure in the 

periadolescent period can influence behavioral and, to a lesser extent, neurochemical 

responses to subsequent administration of cocaine or ethanol in later adolescence, even 

twelve days after the last toluene exposure. This demonstrates persistence, if not incubation, 

of the toluene effect on behavior, but not in monoamine neurochemistry, when subsequently 

challenged with other drugs of abuse. Studies are needed to explore further the impact of 

early toluene exposure on subsequent drug responses, including more of the myriad drugs 
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being consumed by teens. It is important that preclinical investigations accurately model the 

progression from inhalants (e.g., toluene) to other drugs of abuse which has been reported 

in humans. Changes in subsequent drug action following toluene may result in increased 

amount required for the initial use for behaviorally desired intoxication, more frequent use, 

longer duration of use within the lifetime and increased risk of overdose and death. For 

example, Acevedo et al. (2013) found correlations between initial locomotor responses and 

subsequent conditioned place preference and condition taste aversion for ethanol. There is 

also evidence in humans that prior drug history can be a contributing factor in attitudes 

towards and future use of drugs (Cappelli et al., 2021; Ding et al., 2009; Grant et al., 2006; 

Nkansah-Amankra and Minelli, 2016). Further exploration of inhalant polydrug progression 

may inform research and clinical practice alike through better behavioral and mechanistic 

understanding of these phenomena.
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Fig. 1. 
Experimental timeline.

Timeline for toluene or air exposures and behavioral assays. Experiment 1: Exposure 

occurred from PND 28–32 with mice euthanized on PND 32 and PND 35 (represented 

by inverted triangles▾) to observe immediate and delayed impact on neurochemistry. 

Experiment 2: A separate cohort of animals were exposed to either toluene or air using the 

same exposure paradigm and subsequently challenged with cumulative cocaine or ethanol 

on PND 36 or 44 (represented by circles●), and then immediately euthanized for HPLC 

analysis.
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Fig. 2. 
Distance traveled during repeated toluene exposure.

Experiment 1: Toluene Effects on Locomotor Activity (LMA): Shown are distance traveled 

during three min bins for the first, third, and fifth day of exposure to observe day-to-

day changes from repeated exposures (PND 28–32; panels A-C). Additionally, the total 

locomotor activity each day is presented (panel D). Post-hoc analyses of the total distance 

traveled across the days of exposure revealed that toluene increased locomotor activity and 

all concentrations were significantly different from one another at each day of exposure (* p 
< 0.05). Analysis of the daily sessions demonstrate that the toluene groups were significantly 

different from control for each 3 min period every day of exposure.
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Fig. 3. 
Comparison of drug effect in air-control groups only.

Experiment 2: Cumulative Dose Response Exclusively Air-control groups LMA: To show 

drug effects for the CDR design, only groups that were exposed to Air-control during 

the prior phase are included in these graphs. Panel A depicts mice tested at PN36, while 

Panel B depicts mice tested at PND 44. The lines represent challenge drugs with saline 

(black), cocaine (blue), and ethanol (red). The “*” symbol indicates a statistically significant 

difference (p < 0.05) from mice administered saline during the CDR. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 4. 
Distance traveled during the last 3 min of each administered dose in CDR.

Experiment 2: Cumulative Dose Response LMA: Shown are the distances traveled during 

the last 3 min of each injection during the CDR assessment. Panels A-C depict mice tested at 

PN36, while Panels D-F depict mice tested at PND 44. Panels A & D depict saline given at 

all injections; Panels B & E depict cocaine administered for injections 2–5 (mg/kg); Panels 

C & F depict ethanol administered for injections 2–5 (g/kg). The “#” symbol represents a 

significant difference between TOL 2000 ppm and Air (control; p < 0.05), while the “*” 

symbol represents a significant difference between TOL 4000 ppm and Air (control; p < 

0.05).
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