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Age-dependent effects of vaping on the
prefrontal cortex, ventral tegmental area,
and nucleus accumbens
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Electronic nicotine delivery systems (ENDS) are unique from combustible cigarettes due to the
availability of flavor options which make these devices popular among adolescents. However, there
are no preclinical investigations into the impact of vaporized nicotine on late-developing brain regions
such as the prefrontal cortex. Here, we investigated how neuronal function and drug self-
administration differed between adult-exposed and adolescent-exposed mice. Male and female
adolescent and adult C57BL/6J mice were used in a 20-session e-Vape® self-administration (EVSA)
assay. Brains were then extracted and acute slices were used for either patch-clamp
electrophysiology or fast-scan cyclic voltammetry. Adolescent-exposed males exhibited greater
reinforcement-related behavior compared to their adult-exposed counterparts. However, adolescent-
exposed and adult-exposed females exhibited similar levels of reinforcement-related behavior.
Adolescent-exposed mice exhibited significant increases in intrinsic excitability of medial prefrontal
cortex (mPFC) pyramidal neurons. Additionally, reinforcement-related behavior observed during
EVSA assays correlated with adolescent-exposed mPFC neuronal excitability. This did not occur in
adult-exposed mice. In the ventral tegmental area (VTA), we observed that upregulation of nicotinic
acetylcholine receptors (nAChRs) only correlated with nicotine self-administration in adult and not
adolescent-exposed mice. The relationship between self-administration and changes in neuronal
excitability in adolescent mice indicates that the mPFC may be important for adolescent nicotine
dependence.

The landscape of nicotine dependence is continuously transforming with
the advent of vaping, heralded as a harm reduction strategy among adult
cigarette smokers. However, as the rates of combustible cigarette
smoking recede among American teens, adolescent vaping has emerged
as a new concern1–3. While the harm reduction potential for adults
transitioning from cigarettes to vaping is acknowledged, the potential
risks for vaping-naive individuals, particularly adolescents, are becoming
increasingly apparent. Regardless of age, tobacco and nicotine depen-
dence remains a critical public health concern as combustible cigarette
use continues to contribute to ~500,000 preventable deaths each year in
America alone4. While morbidity and mortality risks associated with
electronic nicotine delivery systems (ENDS) are still being evaluated,
much remains unknown regarding how vaping-related exposure to
nicotine alters neurons occupied by nicotinic acetylcholine receptors

(nAChRs) in brain regions that impact reward- and reinforcement-
related behaviors.

Here, we utilized an e-Vape self-administration (EVSA) assay to
examine differences between vaping-related nicotine reinforcement
between adult and adolescent mice. ENDS usage is highly correlated with
flavor exposure as >95%of adolescent ENDSusers and>85%of adult ENDS
users exclusively vape with flavors3,5–7. We have previously characterized in
ourmousemodels that flavors enhance the self-administration of vaporized
nicotine8,9. Accordingly, we examined reinforcement-related behavior in
adolescent and adult mice using nicotine (6mg/mL or 60mg/mL) plus
menthol (15mg/mL). We then utilized these same animals exposed to
nicotine in our EVSA assays for patch-clamp electrophysiology, fast-scan
cyclic voltammetry, or microscopy assays to examine changes in nicotinic
acetylcholine receptor (nAChR) density.
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Given that the prefrontal cortex is a late-stage developmental brain
area10, we were keen to examine how nicotine-induced changes in the
medial prefrontal cortex (mPFC) differed between adults and adolescents.
The pathway from the prelimbic (PL)-mPFC to nucleus accumbens core
(NAcc) regulates cocaine reinforcement and reinstatement-related
behaviors11. This pathway has also been identified as a critical pathway in
mediating resilience or vulnerability to reinforcement-related behavior to
food12. Additional investigations have revealed that activity within the
mPFC exerts a potential role in the restraint of reward-seeking13.

Few investigationshave focusedon themPFC in the context of nicotine
reward and reinforcement using rodent models. Using an adolescent rat
model, a previous investigation observed that 3X daily non-contingent
administration of nicotine (0.4mg/kg, subcutaneous) produced an
enhancement of baseline firing frequency and number of bursting events in
the VTA andmPFC14. In adult rats, optogenetic inhibition of dorsal mPFC
neurons, and not the ventral mPFC, during cue presentation in an intra-
venous nicotine self-administration paradigm enhanced nicotine self-
administration15. Conversely, no enhancements were observed when
optogenetic inhibition was delivered after cue presentation. These results
suggest that the dorsal mPFC neurons mediate nicotine-associated cues.

In the present study, we investigated the differences between
adolescent-exposed and adult-exposed, male and female mice to nicotine
vapor self-administration. We investigated changes in the intrinsic excit-
ability of neurons in themPFC andVTA that occurred as a consequence of
nicotine self-administration. We also investigated how age-dependent
exposure to nicotine vapor self-administration differentially impacted
changes inNAcc dopamine release. Finally, we usedfluorescentmicroscopy
to examine age-dependent exposure to nicotine vapor self-administration
on nAChR upregulation.

Results
Adolescent-exposed male mice exhibit greater reinforcement-
related behavior than adult-exposed male mice to 60mg/mL
nicotine plus menthol
In comparing reinforcement-related behavior with 6mg/mL or 60mg/mL
nicotine-containing e-liquids, we previously reported that adult male and
female mice exhibit different preferences for nicotine doses in our EVSA
paradigm16. We previously observed that adult male mice exhibited greater
reinforcement-related behavior to 6mg/mL nicotine plus menthol while
adult female mice exhibited greater reinforcement-related behavior to
60mg/mL nicotine plus menthol16. Here, we assigned adolescent mice
(started at 6–7 weeks old) to e-liquids containing 6mg/mL nicotine or
60mg/mL nicotine (both with 15mg/mL menthol) (Fig. 1, Figs. S1 and
S2A1-4). We have previously determined that menthol-alone does not
promote reward-related17 or reinforcement-related8 behaviors. For this
reason, we did not examine mice with a menthol-only control. While mice
started EVSA during adolescence, the duration of the paradigm takes them
into young adulthood. Accordingly, we label these mice as adolescent-
exposed in comparison to our adult-exposed mice. In our EVSA paradigm,
we classifymice as acquiring self-administration (passing) bymaintaining 3
ormore sessions during the FR3paradigmat an active-to-inactive nosepoke
ratio ≥2. In both male and female adolescent-exposed mice, we observed
that mice assigned to 6mg/mL nicotine plus menthol exhibited a 25% and
19% pass rate for females and males, respectively (Fig. S1). Conversely,
adolescent-exposedmale and femalemice assigned 60mg/mLnicotine plus
menthol were observed to have a 55% and a 69% pass rate (Fig. S1) which is
consistent with our previous pass rates8,18. For both male and female
adolescent-exposed mice that ‘passed’ in the 6mg/mL nicotine plus men-
thol condition, active nosepokes and earned e-Vape deliveries were low (<8
active nosepokes, <2 e-Vape deliveries during FR3 sessions, Figure S1C1–4).
These responses were similar to adolescent-exposed mice assigned only to
cue-light or control (PGVG) conditions (Fig. S2B1-2).

Adolescent-exposed male and female mice that were assigned to
60mg/mL nicotine plus menthol exhibited a gradual increase in active
nosepokes during transitions between FR1, FR2, and FR3 sessions

(Figs. 1B1, B3, S3, and S4). Male and female mice in both age groups
exhibited a significant increase in nosepokes during the EVSA paradigm
(Fig. S4).Only adolescent-exposed femalemice exhibited a significant linear
increase in eVape deliveries (Fig. S4C3). All ‘passed’ mice also exhibited
active nosepokes and earned e-Vape deliveries that are consistent with our
previous investigations (20–30 FR3 active nosepokes, 7–10 earned e-Vape
deliveries during FR3 sessions)8,18,19. Adult male and female mice exhibited
EVSA behaviors that were similar to what we have previously reported16

(Fig. 1B2, B4). Adult-exposed and adolescent-exposed male and female
mice assigned to 60mg/mL nicotine plus menthol that ‘failed’ exhibited
EVSA behaviors similar to the PGVG-assigned mice (<8 active nosepokes,
<2 e-Vape deliveries, Fig. 1C1–4 compared to Fig. S1D1–4). Given that the
‘failed’mice exhibited activity that was similar to PGVG-assigned mice, we
determined that the failed mice did not exhibit nicotine reinforcement-
related behaviors.

In mice that achieved the acquisition criteria, we compared the mean
FR3 active nosepokes (sessions 11–15) and mean breakpoint (sessions
16–18) of mice assigned PGVG or nicotine-containing e-liquids (Fig. 2).
Both adolescent-exposed and adult-exposed mice assigned to 60mg/mL
nicotine plus menthol exhibited a significant increase in active nosepokes
when compared to PGVG-assigned mice (p < 0.001, both age groups,
Mann–Whitney, Fig. 2A, B).Adolescent-exposedmalemice exhibited a 1.8-
fold increase in active nosepokes when compared to adult-exposed male
mice (Fig. 2A). As with the male mice, adolescent-exposed and adult-
exposed female mice exhibited significantly more active nosepokes com-
pared to their PGVG-assigned counterparts (p < 0.001, both age groups,
Mann–Whitney, Fig. 2C).

In mice that achieved the acquisition criteria, we also compared the
mean breakpoint (defined as the mean of the maximum number of nose-
pokes achieved during the three PR sessions) of adolescent-exposed and
adult-exposed male and female mice (Fig. 2B, D). In both adolescent-
exposed and adult-exposed male mice, there was a significant difference
between the PGVG-assigned males and 60mg/mL plus menthol-assigned
males (p < 0.001 and p = 0.04 for adolescent-exposed and adult-exposed,
respectively, Mann–Whitney U Test, Fig. 2B). In both adolescent-exposed
and adult-exposed female mice, there was a significant difference between
females assigned PGVG and 60mg/mL nicotine plus menthol (p < 0.0001,
both age groups, Mann–Whitney, Fig. 2D). Finally, adult-exposed females
had a significantly higher breakpoint when compared to adolescent-
exposed females (p = 0.0002, Fig. 2D).

To understand differences in neuronal function and changes in
nAChRdensity, everymouse that completed the EVSAparadigmswas used
in physiological ormicroscopy assays (described in following sections). Due
to the fact that themajority ofmice exposed to6mg/mLnicotine containing
e-liquids failed to acquire self-administration (see Supplemental Material),
the subsequentmicroscopy andphysiology assaysutilized only themice that
were exposed to 60mg/mL nicotine plus menthol or control (PGVG)
e-liquids.

Adolescent-exposed mPFC pyramidal neurons exhibit higher
intrinsic excitability compared to adult-exposed mice
Upon completion of the EVSA paradigm (<30min after the final session),
the brains of the adolescent-exposed and adult-exposed mice were used in
physiology and neurobiology assays. We next investigated how EVSA
during adolescence impacted neuronal excitability compared to mice
exposed during adulthood. In both adult-exposed and adolescent-exposed
mice, we isolated brain slices containing the prelimbic area (PL) of the
mPFC(Fig. 3A1–3) fromα4-Cherrymice. In thePLmPFC,α4*nAChRs are
absent on layer V (LV) pyramidal cells, but are present on LIV and LVI
pyramidal cells (Fig. 3A120,). In both LV and LVI, α4* nAChRs are present
on interneurons. Accordingly, we usedα4-mCherry fluorescence to identify
the LV/LVI border and targeted pyramidal cells negative for α4-mCherry in
LV (Fig. 3A2-3). While these LV cells do not contain α4* nAChRs, they
contain α7 nAChRs that mediate excitatory stimulation to the NAcc and
VTA20,21. While the α4* nAChRs present on LV interneurons are subject to
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nicotine-induced upregulation and desensitization, we decided to focus on
the α7-containing LV pyramidal cells due to their proposed projections to
the NAcc and their potential role inmodulating dopamine signaling. Using
whole-cell patch clamp methods, we used a stepped-current protocol to
determine the necessary current to elicit an action potential (rheobase) and
the maximum number of spikes during a current step (Fig. 3B1-3, C1-3).
We next correlated intrinsic excitability (rheobase) to the mean FR3 active
nosepokes of adolescent-exposed and adult-exposed mice (Fig. 3D1-2).

PGVG-assigned mice (mice used in Fig. 1D1-4) exhibited rheobase
values between 50 and 80 pA for both adult-exposed and adolescent-exposed
male and female mice (Fig. 1D1-2). Therefore, control mice did not exhibit
any differences between adult-exposed and adolescent-exposed groups.

In adolescent-exposed male and female mice, we observed that
intrinsic excitability increased (rheobase decreased) as mice self-
administered more (increased FR3 score, Fig. 3C1). As a decrease in rheo-
base infers an increase in intrinsic excitability, this suggests that adolescent
mice that self-administered more exhibited an increase in excitability of

mPFC pyramidal cells (r2 = 0.38, p = 0.009, F(1,17) = 8.7, Fig. 3D1). In adult-
exposedmale and femalemice, we failed to observe any correlation between
mPFC intrinsic excitability and reinforcement-related behavior (r2 = 0.11,
p = 0.21, F(1,14) = 1.7, Fig. 3D2). In adolescent-exposed male and female
mice, we also observed that intrinsic excitability increased (rheobase
decreased) as mice exhibited an increase in breakpoint (r2 = 0.34, p = 0.008,
F(1,17) = 8.9, Fig. 3E1). We did not observe an association between intrinsic
excitability of mPFC neurons and breakpoint in adult-exposed mice
(r2 = 0.03, p = 0.49, F(1,14) = 0.49, Fig. 3E2).

We did not observe a significant difference in the current-voltage
relationship between adolescent-exposed and adult-exposed male mice
(Fig. S5). However, we observed a significant difference in adolescent-
exposed and adult-exposed female mice (mixed effects two-way ANOVA,
F(18, 304) = 6.47, p < 0.0001 and F(1, 209) = 5.83, p = 0.017 for current-step and
age factors, respectively, Fig. S5C2).

Together, these data agree with previous reports that adolescent-
exposed mice exhibit enhancements in mPFC neuronal excitability14.

Fig. 1 | Adolescent and adultmouse EVSAwith 60 mg/mLnicotine plusmenthol.
A Schematic of EVSA paradigm. B1–4 Active nosepokes (closed red/blue circles),
inactive nosepokes (open red/blue circles), and eVape deliveries earned (closed black
circles) for adult and adolescentmale/femalemice during the entire EVSA paradigm
that passed acquisition criteria (≥2, active:inactive ratio for ≥3 sessions). C1–4 Adult

and adolescent mice assigned to PGVG only. B1–4,C1–4 Right axis shows number of
eVape deliveries (black circles). Data are mean ± SEM. For each e-liquid condition
and sex, n = 16–20 mice per group. Additional control (cue-light only) mice EVSA
session data is provided in the supplemental material.
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Adolescent-exposed mice exhibit an enhancement in intrinsic excitability
and this correlates with the amount of nicotine (plus menthol) self-
administered during the EVSA paradigm.

Adolescent-exposed mice exhibit enhancements in VTA dopa-
mine neuron intrinsic excitability
We have previously reported that adult-exposed mice do not exhibit a
change in the intrinsic excitability of VTA dopamine neurons that is linked
to vapor self-administration behavior22. That is, VTA dopamine neuron
intrinsic excitability remains relativelyunchanged in adult-exposedanimals,
despite high levels of nicotine intake. Instead, we observed that adult-
exposed mice exhibit a correlation between nicotine intake and active:i-
nactive nosepoke distinction22. Similar to assays focused on the mPFC, we
isolated brain sections that contain the VTA at the completion of EVSA
assays (Fig. 4A1-4). We used the presence of α6-GFP to identify putative
dopamine neurons in the VTA, similar to our established methods22–24. In

the VTA, α6 nAChRs are only present on dopamine cells, and they exhibit
a > 98% overlap with tyrosine hydroxylase24. Because we have previously
established that adult-exposed mice do not exhibit changes in VTA dopa-
mine neuron excitability following EVSA assays, we examined only
adolescent-exposed mice here. Similar to our investigation into mPFC
neuronal excitability, we used a current-step protocol to measure intrinsic
excitability (Fig. 4B1-3 and C1-3). We observed that PGVG-assigned mice
exhibit rheobase between 40 and 70 pA (Fig. 4D1-2). In adolescent-exposed
mice, we observed a significant correlation between rheobase and FR3 score
(Fig. 4D1, r2 = 0.68, p = 0.0003, F(1,12) = 25.3) and mean breakpoint
(Fig. 4D2, r2 = 0.59, p = 0.001, F(1,12) = 17.0). We did not observe a corre-
lation between the maximum number of spikes during current steps and
EVSA behaviors (Fig. 4E1-2). Prior investigations have observed that
adolescent-exposed rats exhibited an increase in the firing frequency and
bursting of VTA neurons14. While our observations on enhancements of
intrinsic excitability partially agree with this previous report, the different

Fig. 2 |Means comparisonof FR3 active nosepokes
and breakpoint for adult and adolescent mice that
pass acquisition criteria. A, B Mean FR3 active
nosepokes and breakpoint for male adult and ado-
lescent mice. C, DMean FR3 active nosepokes and
breakpoint for female adult and adolescent mice.
Data are mean ± SEM. Data are analyzed by a
Mann–Whitney U Test. *p < 0.05; ****p < 0.0001.
For each condition,n = 8–14. Individual dots in each
bar indicate individual mice.
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Fig. 3 | Adolescent-exposed mice exhibit enhanced intrinsic excitability in
the mPFC. A Representative image of a putative pyramidal neuron in the mPFC PL
region in DIC imaging mode (A2), mCherry fluorescent signal (A3), and a repre-
sentative schematic of the target brain area (A1). B1-3, C1-3 Representative current-
clamp waveforms from mPFC pyramidal neurons recorded from adult-exposed and
adolescent-exposed mice.D1-2 Correlation of EVSA FR3 score to rheobase of

individual adolescent-exposed (D1) or adult-exposed (D2) mice. E1-2 Correlation of
EVSA breakpoint to rheobase of individual adolescent-exposed (E1) or adult-exposed
(E2) mice. ForD1–2 and E1–2, individual dots represent themean of rheobase values for
individual mice (mean of 2–3 neurons for each mouse. (D1–2, E1–2) For each com-
parison, n = 14–18mice. Blue and red data indicatemale and femalemice, respectively,
and open circles indicate mice assigned to control (PGVG). A2–3, bars are 15 µm.
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observations may be the result of electrophysiological methods: slice phy-
siology (present study) compared to invivo recordings14. Thesedata indicate
that mice exposed to nicotine EVSA during adolescence result in an
enhancement in the intrinsic excitability of VTA dopamine neurons.

While our electrophysiological investigations thus far have focused
only on mice that passed our EVSA acquisition criteria, we also completed
electrophysiological assays in adolescent-exposed mice that failed to reach
the 2:1 criteria (Fig. S6). In brain slices containing the VTA or mPFC, we

failed to observe an association between FR3 score and intrinsic excitability
(rheobase and max spikes) (Fig. S6).

Adolescent-exposed mice exhibit enhanced dopamine release
compared to adults
Similar to the electrophysiological assays, brain slices were obtained from
mice that completed EVSA assays. Here, slices containing the nucleus
accumbens core (NAcc) were utilized in fast-scan cyclic voltammetry

Fig. 4 | Adolescent-exposed mice exhibit enhanced intrinsic excitability in VTA
dopamine neurons. A1 Representative schematic of target brain region (~bregma,
-3.3). A2–5 Representative DIC and GFP image of target VTA dopamine neurons
imaged on an electrophysiology setup. B1–3, C1–3 Representative waveforms from
current-voltage protocols of neurons with different levels of intrinsic excitability.
Correlation of EVSA FR3 score to rheobase (D1) or mean breakpoint (D2) of

individual adolescent-exposed mice. E1-2 Correlation of maximum spikes during a
current step to mean FR3 score (E1) or mean breakpoint (I). Correlation of baseline
firing frequency to mean FR3 score (J) or mean breakpoint (K). A2-5 Bars, 20 µm.
D1-2, E1-2 For each comparison, n = 14 mice. Open circles indicate mice assigned to
control (PGVG), blue and red data are male and female mice, respectively.

https://doi.org/10.1038/s42003-024-07272-5 Article

Communications Biology |          (2024) 7:1553 6

www.nature.com/commsbio


(FSCV) assays. Dopamine release was elicited by electrical stimulation that
mimicked tonic (5 pulses at 5 Hz) or phasic (5 pulses at 60 Hz) signaling
(Fig. 5A, B). In previous investigations, nicotine exposure produced a
decrease in tonic-stimulated dopamine release and an increase in phasic-
stimulated dopamine release25. Using vaporized 6mg/mL nicotine (without
and with menthol), we observed a similar trend in which nicotine exposure
decreased tonic-stimulated dopamine release and enhanced phasic-
stimulated release19. Here, adult-exposed mice that completed the EVSA
paradigmwith 60mg/mL nicotine plus menthol exhibited a different trend
as both tonic and phasic stimulation produced a non-significant increase in
dopamine (Fig. 5D). Regarding adolescent male and female mice, we
observed that both tonic and phasic stimulation produced an increase in
dopamine release amongmice exposed to 60mg/mL nicotine plusmenthol
when compared to PGVG (p = 0.04 and 0.03 for tonic and phasic, respec-
tively,Mann–Whitney, Fig. 5C). These data suggest that adultmice exposed
to high nicotine exhibit little change in electrically stimulated dopamine
release in the NAcc. However, adolescent-exposed mice exhibit an
enhancement in dopamine release regardless of the stimulation frequency.

Adolescent-exposed mice exhibit lower susceptibility to nAChR
upregulation at high nicotine doses
Just as we did with the previously described physiology assays, we extracted
brains from mice that completed EVSA assays (Figs. 1 and 2), but here we
applied them in fluorescence microscopy assays. We previously established
thatmenthol enhancesnicotine-inducedupregulationofnAChRs17 and that
nAChR upregulation on VTA dopamine neurons correlates to reward-
related behavior24. Using similar methods, we used brains from α4mCher-
ryα6GFP mice that completed EVSA assays with 60mg/mL nicotine and
15mg/mLmenthol in nAChRupregulation assays.We correlated themean
raw integrated density (RID) of nAChR subtypes to reinforcement-related
behavior (mean FR3 active nosepokes). In adult mice, we observed a sig-
nificant correlation for α4* and α4α6* nAChRs (p = 0.021 and 0.024,
respectively) for reinforcement-related butnotmeanbreakpoint (Fig. 6C,D,
G, H, K, L). Thus, mice that exhibited more active nosepokes for vapor
delivery exhibited an increase in nAChR density. However, we did not
observe any change in nAChR density in adolescent-exposed mice that
correlated with EVSA-related behaviors (Fig. 6E, F, I, J, M, N).

Next, we investigated changes in VTAGABA neurons.While α6-GFP
overlaps with tyrosine hydroxylase, cells that are GFP(-) but α4-
mCherry(+) are likely VTA GABA neurons26. Thus, VTA cells that are
GFP(-) but mCherry(+) were identified as putative GABA neurons
(Fig. 7A).While upregulationwas not observed onVTAdopamine neurons
in adolescent-exposed mice, we did observe that α4* nAChR upregulation
on VTA GABA neurons exhibited a significant positive correlation with
FR3 score (r2 = 0.38, p = 0.045, Fig. 7D) and breakpoint (r2 = 0.60,
p = 0.0053, Fig. 7E). Similarly, adult-exposed mice exhibited a significant
correlation between α4* nAChR upregulation and FR3 nosepokes
(r2 = 0.75,p = 0.0027, Fig. 7B) andbreakpoint (r2 = 0.78,p = 0.0016, Fig. 7C).

EVSA acquisition is dependent upon association with the area
close to the vapor port
Finally, we examined what may contribute to whymice may succeed or fail
to acquire a 2:1 active:inactive ratio. In a separate cohort of mice, session 15
(final FR3 session) was recorded and the self-administration area was
divided into the vapor port zone (VZ) or nosepoke zone (NZ) (Fig. S6A1-2,
S6B1-2).We observedmice that passed spent significantly more time in the
VZ (Fig. S6C)whilemice that failed spent significantlymore time in theNZ.
We also observed that mice that passed exhibited cotinine plasma
values > 60 ng/mL while mice that failed exhibited cotinine
values < 40 ng/mL (Fig. S6D1-2). This suggests that failed mice may not
actively inhale the vaporized nicotine or are not able to reach high plasma
values due to their location in the chamber.

Discussion
Several key criteria need to be met for self-administration paradigms to be
translationally relevant to human behavior. EVSA remains a new technique
in its infancy.Wehave consistently shown thatmicewill escalate their active
nosepokes for vaporized nicotine over time in EVSA paradigms
(Fig. 18,9,16,18).We have also demonstrated that nAChR antagonists (2 mg/kg
DhβE) can block nicotine EVSA8. Further, we have shown thatmice exhibit
extinction-related bursts when transitioned to PGVG9,23. Finally, we have
also shown that mice will re-acquire self-administration when active and
inactive nosepokes are switched8. Primarily, this work has been completed
with adult mice, however, this present study highlights observed differences

Fig. 5 | Adolescent-exposedmice exhibit enhanced
baseline tonic dopamine release in the NAc core.
A Representative color plot and voltammogram of a
phasic (5-pulse, 60 Hz) stimulation in the NAc core.
BRepresentative dopamine waveform from a phasic
stimulation. C Mean tonic-stimulated dopamine
release in adolescent-exposed mice from PGVG or
nicotine (EVSA) treatment groups.DMean phasic-
stimulated dopamine release in adult mice from
PGVG or nicotine (EVSA) treatment groups. In
(C, D), data were analyzed by a Mann–Whitney U
Test. For each comparison, n = 5–10 mice. Data are
mean ± SEM. Blue and red data are for males and
females, respectively.
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Fig. 6 | Adult-exposed and adolescent-exposed mice exhibit differences in
nicotine-induced nAChR upregulation. A Representative schematic and 10X
image of target VTA region in α4-mCherryα6-GFP mice. B Representative 20X
(with 10X digital zoom) images of α6-GFP and α4-mCherry fluorescence signals in
the VTA of α4-mCherryα6-GFP mice. C–N Linear regression data for VTA

dopamine neuron nAChR RID of adult-exposed and adolescent-exposed mice in
relation to FR3 score and breakpoint (mean of maximum active nosepokes during
PR sessions). For each condition, n = 13–14 mice. Scale bar, 10 µm (B) and 100 µm
(A). Correlations with “*” represent significance (p < 0.05). Colored blue and red
circles are for male and female mice, respectively.
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between adolescent-exposed and adult-exposedmice.While the adolescent
mice used in this study started at 6–7 weeks of age, the EVSA paradigmwas
completed when the mice reached adulthood (~10–11 weeks old). For this
reason, we use the terms adolescent-exposed and adult-exposed to define
the differences in age grouping.

In recent years, increasing adolescent e-cigarette use has sparked
concerns about the potential long-term consequences on brain develop-
ment and susceptibility to nicotine dependence. Building on previous
findings that indicated sex-dependent nicotine preferences in adult mice16,
our preclinical investigation focused on physiological changes associated
with adolescent vapor self-administration. Specifically, we focused on late-
developing brain regions, such as the mPFC, and the VTA due to prior
investigations of early nicotine exposure producing a hyper-dopaminergic
state27.

Our study revealed a divergence from previous observations in adult-
exposedmice regarding nicotine dose preferences. Both adolescent-exposed
males and females exhibited a preference for high doses of nicotine
(60mg/mL) (Fig. 1, Figure S1) despite having previously observed that adult
male mice prefer lower (6mg/mL) doses of nicotine while adult females
preferred higher (60mg/mL doses of nicotine)16. Adolescent-exposed male
mice exhibited significantly greater reinforcement-related behavior when
compared to adult-exposedmalemice.However, we did not see a difference
between breakpoint of adolescent-exposed or adult-exposed male mice. In
femalemice, we did not see a difference in reinforcement-related behaviors,
but we did observe that adult-exposed female mice exhibited a greater
breakpoint when compared to adolescent-exposed female mice.

Notably, we observed heightened intrinsic excitability in prelimbic area
mPFC pyramidal cells in adolescent-exposed mice compared to adults
(Fig. 3). Strikingly, while self-administration correlated with intrinsic
excitability in adolescent-exposed mice, no such relationship was observed
in adult-exposedmice. This intriguing finding suggests a potentially distinct
mechanism by which nicotine influences the excitability of pyramidal cells
during adolescence, possibly playing a critical role in shaping neural circuits
involved in nicotine-related reward. Similar to a recent study28, we found
that adolescent and adult mice exhibited similar plasma cotinine values
(Fig. S7D1). Thus, we can conclude that differences we observed between
adults and adolescents are not due to differences inplasmanicotine/cotinine
values.

Onepotential confound is thatmanyof ourmeasurements occurwhen
our adolescent-exposedmice reach early adulthood.However, thismay also
provide pertinent information in regards towhat physiological changesmay
persist into adulthood. Previous studies have shown that other drugs of
dependence (amphetamine and cocaine) given at adolescent timepoints
produce an enhancement in mPFC neuronal excitability by attenuating
GABAergic inhibitory signaling and this persists into adulthood29,30. We
have not examined changes inmPFCGABAergic neurons and this will be a
target of follow-up studies. However, given that nicotine has been char-
acterized to attenuate GABAergic signaling through nicotine-induced
desensitization31–33, this is a strong possibility. These data alsomay suggest a
potential consequence of early exposure to vaporized nicotine. Neuroima-
ging has reinforced the understanding that the PFC not only plays a role in
compulsive drug taking but also may account for the negative behaviors
associated with addiction and “the erosion of free will”34. Early exposure to
drugs of dependence increase the risk of lifelong drug dependence35 and
prior reports suggest that early exposure to drugs, and resulting changes in
the mPFC, enhance reactivity to cues and sensitivity to reward in
adulthood35. The changes we observed may be a component of this
mechanism, and thiswill be an additional focus for follow-up investigations.

Another notable distinction between adolescents and adults emerged
in the area of VTA dopamine neuron intrinsic excitability and NAcc
dopamine release. We previously observed that adult-exposedmice did not
exhibit changes in VTA dopamine neuron excitability following nicotine
EVSA, but instead we observed that VTA dopamine neuron excitability in
adult mice correlated with active-inactive distinction22. Here, we observed
that adolescent-exposed mice did exhibit a significant correlation with
nicotine reinforcement-related behaviors and VTA dopamine neuron
intrinsic excitability (Fig. 4). This also partially agrees with a prior investi-
gation into adolescent-exposed mice that utilized in vivo electro-
physiological recordings14. As we have seen in previous reports19, mice
exposed to our EVSA paradigm exhibited a decrease in tonic-stimulated
dopamine release but an increase in phasic-stimulated dopamine release.
This is in agreement with previous reports that used FSCV and coronal
slices25.Wemust be clear that the resultswerenot statistically significant, but
they exhibited a trend consistent with these prior reports. It is possible that
adult mice may be more sensitive to changes in ‘lower’ nicotine con-
centrations as our previous report used 6mg/mL nicotine and 6mg/mL

Fig. 7 | Both adolescent-exposed and adult-
exposed mice exhibit upregulation in VTA
GABA neurons. A Representative 20X (with
10X digital zoom) image of GABA and dopamine
cells in the VTA. B–E Linear correlation of VTA
GABA neuron nAChR RID with FR3 score or PR
score for adult-exposed and adolescent-exposed
mice. For each condition, n = 8–11 mice. Scale
bar, 10 µm (A). Correlations with “*” represent
significance (p < 0.05). Blue and red circles are
for male and female mice, respectively.
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nicotine plusmenthol19. In adolescentmice,we observed an increase in both
tonic-stimulated and phasic-stimulated dopamine release in mice exposed
to the EVSA paradigm. The differential regulation of tonic/phasic stimu-
lation by nicotine is in part a consequence of nAChR desensitization and
due to the shift toward a higher population of high-sensitivity α4β2
nAChRs36. Given we observed that adolescent mice did not exhibit an
increase in nAChRdensity onVTAdopamine neuronswith nicotine EVSA
exposure, this suggests that thedivergence frompreviousobservations is due
to the nAChR pool on dopamine neurons being relatively unchanged.
Seeing as adolescent mice exhibit an increase in mPFC intrinsic excitability
linked toEVSAbehaviors, excitatory inputs from themPFC to theNAc core
mayplay a role in the observednicotine-induced enhancement of dopamine
release.

Adult-exposed mice did not exhibit changes in dopamine release fol-
lowing nicotine exposure, contrasting sharply with enhanced release
observed in adolescent-exposed mice. The heightened sensitivity to
nicotine-induced enhancements in dopamine release during adolescence
raises questions about the neurobiological underpinnings of increased
vulnerability to addiction-related behaviors during this critical develop-
mental period.

As discussed above, in adolescent-exposed mice we did not observe
nAChR upregulation on VTA dopamine neurons but did on VTA GABA
neurons. Previous reports have detailed that nAChRs on VTA dopamine
neurons exhibit little tonoupregulation26.However, additional studiesusing
similar experimental models revealed that this may be concentration-
specific17. The fact that upregulation did occur on VTA dopamine neurons
in adult-exposed mice suggests that upregulation in this region may be
concentration- and age-dependent. Regardless, this highlights that addi-
tional attention needs to be dedicated toward the examination of nAChR
trafficking and its alteration by nicotine (with flavorants) at different
developmental stages.

There are several additional confounds that need to be considered.
First, our vapor self-administration assay is essentially a whole-body
exposure paradigm. While mice inhale vaporized e-liquids there is also the
potential for mice to absorb vaping chemicals on their fur which could then
contribute to additional exposure during grooming. Second, there is also the
case for animal-to-animal variability. While vapor delivery is contingent
upon active nosepoke activity, the mice also have their own agency as to
where they are positioned when the vapor is delivered to the chamber. This
is a key difference to intravenous self-administration paradigms.We believe
our separation of passed and failed mice help to control animal-to-animal
variability (see Fig. S7D1-2).

In conclusion, our preclinical investigation uncovered unique neuro-
biological changes in adolescent-exposed mice following vapor self-
administration of nicotine. The divergence from adult responses empha-
sizes the importanceof consideringdevelopmental stageswhen studying the
effects of nicotine exposure. The heightened intrinsic excitability, altered
dopamine release, and nuanced nAChR dynamics observed in adolescent-
exposed mice underscore the need for further exploration to elucidate the
specificmechanisms that contribute to susceptibility tonicotinedependence
during this critical developmental window. As the landscape of e-cigarette
use among adolescents continues to evolve, our findings contribute valuable
insights that may inform preventive and therapeutic strategies to mitigate
the potential long-term consequences of early nicotine exposure. The
heightened excitability observed in the medial prefrontal cortex and the
altered dopamine release dynamics in key reward-related areas suggest that
early exposure to nicotine may have enduring effects on neural circuits that
are crucial for decision-making and reward processing. These data
emphasize the need for a nuanced understanding of harm reduction stra-
tegies. While vaping may offer benefits for adults seeking alternatives to
cigarettes, the unique vulnerabilities of the adolescent brain underscore the
importance of tailored public health interventions. These findings con-
tribute to a growing body of knowledge that informs regulatory measures
and public health initiatives aimed at mitigating the potential risks asso-
ciated with adolescent vaping.

Material and methods
Mice
All experiments were conducted in accordance with the guidelines for care
and use of animals provided by the National Institutes of Health and
approved by the Institutional Animal Care andUse Committee atMarshall
University. We have complied with all relevant ethical regulations for ani-
mal use/Mice were group housed on a standard 12/12-h light/dark cycle at
22 °C and given food andwater ad libitum.Weusedα4-mCherryα6-GFPor
α4-mCherrymice (C57BL/6J strain, see ref. 17). Thesemice are deposited at
the Mutant Mouse Resource & Research Centers and are available for
general use (MMRRC068051-MU). FluorescentnAChRreportermicehave
been characterized to exhibit similar nAChR properties when compared to
WT C57BL/6J mice26,37. Furthermore, these fluorescent nAChRs exhibit
pharmacological properties that are similar to their non-fluorescent nAChR
counterparts38,39.

All mice were adolescents (6–7 weeks old) or adults (3-months-old) at
the time of starting EVSA assays. Bothmale and femalemicewere used and
numbers of each are detailed below in themethods for specific experiments
and given in detail in corresponding figures.

Drugs and E-liquid composition
Nicotine salt (ditartrate dihydrate) was obtained from Acros Organics
(AC415660500). (-)-menthol was obtained from Alfa Aesar (A10474).
Propylene glycol was obtained from Tedia (PR1494-065), and vegetable
glycerin was obtained from J.T. Baker (2143-01). All e-liquids were mixed
with the vehicle, propylene glycol and vegetable glycerin (PGVG; 50:50
ratio), at a final concentration of 15mg/mL for menthol and 6mg/mL or
60mg/mL nicotine. As with our previous studies, the dose of nicotine is
respective of nicotine freebase9,22,23. Dopamine (dopamine HCL) was
obtained from Alfa Aesar (Product #A11136) and used to calibrate FSCV
electrodes.

E-Vape® Self-Administration (EVSA) assays
We used a commercial vapor self-administration setup (La Jolla Alcohol
Research Inc. (LJARI), La Jolla, CA, USA; www.ljari.tech)8,9. Two standard
Med-Associates nosepokes (containing yellow cue lights) were mounted
above the floor on the back-side walls of the chamber. All chambers were
housed in a dark Plexiglas enclosure that minimized extraneous light and
noise (operant chambers in one enclosure and passive chambers in
another). Airflow was vacuum-controlled by an electric pump that allowed
airflow at 1 L/min. E-liquid solutions were contained in Geek Vape® ato-
mizer tanks (0.40Ω dual coil; purchased from LJARI) that were activated by
a custom e-cigarette mod box (LJARI, La Jolla, CA, USA). Vapor delivery
settings were controlled by an e-Vape® custom controller at 400 °F and
65W (LJARI, La Jolla, CA, USA). At the end of each 2 h EVSA session, the
interior of the chambers were cleaned with a 3% vinegar solution to remove
trace chemicals from vaporized e-liquids.

Mice were used in the same EVSA paradigm regardless of age
(adolescent and adults). Mice began EVSA on a fixed-ratio 1 (FR1) self-
administration schedule on a Monday for 5 daily 2-h sessions, with a
weekend abstinence period. Mice were singly placed into air-tight
operant chambers. Nosepokes in the active hole of the operant chambers
resulted in a 3-s delivery of vaporized e-liquids through the vapor
entrance port with a 30-s timeout. During the timeout, a yellow cue-light
remained on in the active nosepoke hole. Inactive nosepokes were
recorded with no consequences. After session 5, mice were transitioned
to a FR2 schedule for 5 sessions and then FR3 for 5 sessions. Next, mice
were assigned a progressive ratio (PR) schedule (requiring n+ 1 nose-
pokes for each delivery) for 3 sessions and then 2 sessions at FR3. Mean
FR3 (sessions 11–15) and PR breakpoint (sessions 16–18) were used as
metrics for reinforcement-related behavior and motivation-related
behaviors. Similar to our previous EVSA paradigms8,9,19,22,23, during the
first three days of FR1 (sessions 1, 2, and 3), mice were given a non-
contingent delivery if they did not nosepoke within specific intervals (8,
12, and 24min respectively).
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Upon completing the EVSA paradigm, mice were euthanized and
brains were extracted for physiological or microscopy assays depending on
genotype. The only mice sufficient for microscopy assays were those that
were positive for both α4-mCherry and α6-GFP as this is necessary for
examination of α4α6-containing (α4α6*) nAChRs. Thus, all α4-mCher-
ryα6-GFP mice were used in microscopy assays. Microscopy assays
necessitate the rapid freezing of brains; therefore this excludes their use in
physiological assays. Mice that were α6-GFP-only or α4-mCherry-only
were used in patch-clamp assays for the VTA and mPFC. Slices were col-
lected for VTA or mPFC electrophysiology, and were also obtained for the
NAc (for FSCV). These methods are detailed below, it is important to note
that the number of mice used in EVSA assays differs frommicroscopy and
physiology assays. For EVSA assays, our adolescent cohorts used 20 females
(6mg/mL nicotine plus menthol), 20 females (60mg/mL nicotine plus
menthol), 16 males (6mg/mL nicotine plus menthol), 16males (60mg/mL
nicotine plus menthol), 13 males (PGVG, control), and 12 males (PGVG,
control).

Patch-Clamp electrophysiology
EVSA end sessions were staggered so that individualmice could be used for
electrophysiological and FSCV assays. Each mouse that completed EVSA
assays had brains isolated within 30min of their final EVSA session. The
electrophysiologist was blinded to the conditions of the mice (sex, e-liquid
condition, FR3/PR scores), and individual mice were recorded in a rando-
mized order based upon the completion of the EVSAparadigms.Mice were
exposed to CO2 and then a cardiac perfusion was performed using ice-cold
NMDG-based artificial cerebrospinal fluid (NMDG-ACSF) saturated with
95%/5% O2/CO2 (carbogen) containing (in mM): 93 NMDG, 2.5 KCl, 1.2
NaH2PO4, 10 MgSO4, 0.4 CaCl2, 30 NaHCO3, 5 Na-ascorbate, 3 Na-pyr-
uvate, 2 thiourea, and 25 glucose. Brains were placed in agarose for slicing
with a Compresstome® VF-300-OZ (Precisionary Instruments). Coronal
brain sections (300 µm) were cut into cold carbogenated NMDG-ACSF to
obtain slices containing the mPFC (target bregma +1.8 mm; anterior-
posterior limits of +1.7 to +2.3 mm), VTA (target bregma −2.8 to
−3.4 mm), and NAc (for FSCV, see below). Slices recovered at 32 °C in
carbogenatedNMDG-ACSF for 12–15min. Next, slices were transferred to
standard ACSF containing (mM): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2
MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glucose for one hour at 32 °C. One
hour later, slices were transferred to the recording chamber and perfused
with carbogenated ACSF (1.5–2.0ml/min) at room temperature.

Neurons were visualized with an Axio Examiner A1 (Zeiss) equipped
with anAxiocam 702mono. Using brain slices from adult/adolescentmale/
female α4-mCherry mice, we identified putative layer V (LV) pyramidal
neurons in the mPFC as these do not contain α4* nAChRs in LV but do in
LIV and LVI20. We recorded electrophysiological signals with an Integrated
Patch-Clamp Amplifier (Sutter) using previously described methods24,40,41.
Electrodes had resistances of 4 – 10 MΩ when filled with intrapipette
solution (inmM): 135 K gluconate, 5 KCl, 5 EGTA, 0.5 CaCl2, 10HEPES, 2
Mg-ATP, and 0.1GTP. Recordingswere sampled at≥10KHz. The junction
potential between patch pipette and bath solutions was nulled just before
gigaseal formation. Series resistance was monitored without compensation
throughout experiments using SutterPatch software and recordings were
terminated if series resistance changed by >20%. In whole-cell recordings,
recordings were made after 5min to provide sufficient time for interchange
of intrapipette solution with intracellular components.

Intrinsic excitability was assessed by using a stepped current injection
protocol in current clamp mode (5 pA steps, −20 pA to 90 pA). Rheobase
was determined from the threshold current sufficient to elicit the first action
potential. Maximal spiking ability of neurons was tabulated as the maximal
action potentials in any of the current steps. Electrophysiological data
(Rheobase) was correlated to the mean FR3 active nosepokes from all 5 of
the individual mouse’s FR3 sessions (FR3 score, sessions 11–15). Resting
membrane properties are provided in Table S1.

Fast-scan cyclic voltammetry. At the time of collecting slices for
electrophysiology, brain slices containing the NAc were obtained.
Thus, slices for FSCV were obtained ~30 min after the conclusion of
an individual mouse’s EVSA paradigm. As stated above, the EVSA
paradigms were staggered so that a single mouse was recorded each
day. NAc slices were incubated with mPFC slices and stored in
identical conditions. At time of FSCV recordings, slices were placed
on a recording stage (on a setup distinct from the electrophysiology
setup) and were perfused with carbogenated ACSF at room tem-
perature. Recording and stim electrodes were placed in the NAcc
using a 4X or 10X objective. Tonic (5 pulses, 5 Hz) or phasic (5
pulses, 60 Hz) electrical stimulation (350 µA) was triggered with a
Master-9 stimulator (AMPI), driven by Demon Voltammetry soft-
ware. Voltage was swept from −0.4 to 1.2 mV (20 Hz) using a VA-10
voltammeter (NPI electronic GmbH) and controlled with Demon
Voltammetry software. Commercial FSCV electrodes were used
(CFE-2, NPI electronic GmbH) to interface with the VA-10 head-
stage. FSCV electrodes were calibrated using 0.1, 1, 10, and 100 µM
dopamine standard solutions.

Confocal microscopy. Following EVSA assays, α4-mCherryα6-GFP
mice were culled and brains were extracted and quickly frozen on a slurry
of dry ice and acetone. Brains were frozen for ≥24 h and then sectioned at
20 μm using a cryostat (Leica CM1950). We collected brain sections that
contain the VTA (target bregma, −3.1; AP limits, −3.4 → −2.9). VTA
cells were imaged using an Olympus FV3000. Calculations of raw inte-
grated density (RID) were completed using previously established
methods23,41.

Statistics and reproducibility. Experimenters for electrophysiology,
FSCV, and confocal assays were blind to experimental conditions.
Electrophysiological and confocal correlations were analyzed via simple
linear regression. For electrophysiological measurements (rheobase or
maximum spikes during current steps), 2–3 cells were recorded for each
brain regions for every mouse. Electrophysiological metrics for indivi-
dual cells were averaged to provide intrinsic excitability metrics for each
mouse. For confocal imaging, two independent brain slices were imaged
by two distinct experimenters. Values for each brain slice were averaged
to provide fluorescence intensity values for each mouse. Additional
analysis of self-administration data by linear regression is provided in the
supplemental material. Data were determined to follow a non-normal
distribution (see individual data points in Figs. 2 and 5). For this reason,
we used a nonparametric test (Mann–Whitney U Test). Statistical ana-
lyses were conducted using GraphPad Prism. Power analyses were con-
ducted using G*Power (v. 3.1.9.4, See Table S2 for G*Power parameters
used for sample size determination).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data supporting the findings within this study are available in Supple-
mentary Information. All source data for graphs are provided in the ‘Sup-
plementary Data 1’ file. All original data in this study are also available from
the corresponding author upon reasonable request. The unique mouse
strain used in for this study is available from theMutantMouse Resource &
Research Centers and are available for general use (MMRRC 068051-MU,
https://www.mmrrc.org/catalog/sds.php?mmrrc_id=68051). Mice are also
available from the investigator upon request.
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