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Abstract

BACKGROUND: Nicotine intake induces addiction through neuroplasticity of the reward
circuitry, altering the activity of dopaminergic neurons of the ventral tegmental area. Prior work
demonstrated that altered circuit activity can change neurotransmitter expression in the developing
and adult brain. Here we investigated the effects of neonatal nicotine exposure on the
dopaminergic system and nicotine consumption in adulthood.

METHODS: Male and female mice were used for two-bottle-choice test, progressive ratio
breakpoint test, immunohistochemistry, RNAscope, quantitative polymerase chain reaction,
calcium imaging, and DREADD (designer receptor exclusively activated by designer drugs)-
mediated chemogenic activation/inhibition experiments.

RESULTS: Neonatal nicotine exposure potentiates drug preference in adult mice, induces
alterations in calcium spike activity of midbrain neurons, and increases the number of dopamine-
expressing neurons in the ventral tegmental area. Specifically, glutamatergic neurons are first
primed to express transcription factor Nurrl, then acquire the dopaminergic phenotype following
nicotine re-exposure in adulthood. Enhanced neuronal activity combined with Nurrl expression is
both necessary and sufficient for the nicotine-mediated neurotransmitter plasticity to occur.

CONCLUSIONS: Our findings illuminate a new mechanism of neuroplasticity by which early
nicotine exposure primes the reward system to display increased susceptibility to drug
consumption in adulthood.
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Tobacco is one of the most abused drugs. Its main neuroactive component, nicotine, acts on
the brain through nicotinic acetylcholine receptors (nAChRs) (1). Chronic nicotine exposure
alters dopaminergic (DAergic) neuron activity in the ventral tegmental area (VTA) and
dopamine (DA) release in nucleus accumbens (NAc), a major reward center of the brain (2—
5) that is involved in addiction (6). Maternal smoking and early postnatal exposure to
nicotine have been associated with altered children’s behaviors (7) and increased propensity
for drug abuse (8) in humans. In rodents, maternal nicotine exposure during gestation and
lactation elicits long-term plasticity of the DA-mediated reward system, promoting drug-
induced reinforcement (9-13). Several nAChR subtypes, including a4p2 and homomeric a7
configurations expressed in the VTA, are permeable to Ca2* (14) and can enhance neuronal
excitability by triggering voltage-gated Ca2* channels (15-17). Chronic nicotine exposure
upregulates voltage-gated calcium channels (18), leading to long-term amplification of
intracellular Ca2* signaling through Ca2*-induced Ca?* release mechanisms (19). Such
nicotine-induced perturbation of neuronal calcium homeostasis has been shown to elicit
changes in gene transcription and neuronal activity (20-22).

Because changes in calcium signaling (23-25) and sustained circuit activation (26,27) have
been shown to induce a novel form of DA plasticity referred to as a neurotransmitter (NT)
switching, we hypothesized that neonatal nicotine (NN) exposure enhances drug preference
in the adult through a mechanism related to DA switching. Consistent with this, recent
studies have shown that the number of neurons expressing tyrosine hydroxylase (TH), the
DA-synthesizing enzyme, increases in the adult mouse substantia nigra compacta in
response to photoperiod (28) and in the VTA following deep brain stimulation (29), social
defeat (30), and chronic exposure to methamphetamine(31). Given that the transcription
factor Nurrl (32) is involved in the acquisition (33) and maintenance (34) of the DAergic
phenotype (35), and that its expression is activity dependent (36,37), we investigated
whether Nurrl and TH expression are affected by nicotine-mediated circuit activation during
development.

METHODS AND MATERIALS

Mice were housed in standard conditions in accordance with the guidelines of University of
California San Diego Institutional Animal Care and Use Committee. Neonatal mice were
exposed to nicotine from postnatal day 2 (P2) to P16 through lactation. RNAscope
(Advanced Cell Diagnostics, USA, Newark, CA) was performed following the
manufacturer’s instructions. Quantitative reverse transcriptase polymerase chain reaction,
calcium imaging, two-bottle-choice test, DAB staining, and fluorescent
immunocytochemistry were performed as previously described (38). Brain injections were
performed in a stereotaxic apparatus with a continuous flow of 1% isoflurane. Stereological
counts of DAB-stained neurons were obtained with Stereologer2000 software (Stereology
Resource Center, Tampa, FL). Data were analyzed with SPSS (version 24.0; IBM Corp.,
Armonk, NY).

Detailed methods are reported in the Supplement.
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RESULTS

NN-Treated Mice Display Enhanced Drug Preference as Adults

Minipumps (delivering 2 mg/kg/day nicotine for 15 days) were implanted into wild-type
dams with P2 litters (Figure 1A). This achieved a concentration of 25 ng/mL nicotine in the
dam’s blood, which is within the range (5-50 ng/mL) found in the blood of smokers and
nicotine replacement therapy users. High blood concentrations of nicotine and cotinine were
also detectable by high-pressure liquid chromatography (Supplemental Figure S1A) in pups.
Litter mortality (Supplemental Figure S1B) and pup weight (Supplemental Figure S1C)
were not affected by NN exposure.

To investigate whether NN treatment promotes drug preference in these mice as adults, we
administered nicotine with the two-bottle-choice test to NN- and neonatal saline (NS)-
treated mice at P90 (Figure 1A). NN exposure enhanced preference for nicotine over water
(Figure 1B) at both 50 mg/L and 75 mg/L nicotine concentrations, without altering total
fluid intake (mean £ SD: NS = 35 £+ 8 mL/week, NN = 34.5 + 3.9 mL/week; nns = 24, INN
= 20). Weekly measurements of nicotine consumption revealed that mice displayed a
significant increase in nicotine intake by the fourth week of the experiment (Supplemental
Figure S1D). When a separate cohort of NN-treated mice (P90) was tested for ethanol
preference with the two-bottle-choice test, NN-treated mice, compared with NS-treated
control mice, displayed an increased consumption for 6% ethanol over time (Figure 1C).
Increased consumption for a drug to which the animals have not been neonatally exposed
and lack of preference for a bitter substance, such as quinine (#g = 21.72, p=.12; unpaired ¢
test) (Supplemental Figure S1E), excludes the possibility that the increased adult nicotine
preference observed in NN-treated mice is due to decreased sensitivity to aversive effects or
taste of nicotine.

To determine whether a general motivational component may have contributed to the
enhanced drug consumption observed in adult NN-treated mice, we performed the
progressive ratio breakpoint test following the two-bottle choice test (P120). We found that
the breakpoint at which NN-treated mice stopped pressing the lever to obtain a food pellet
reward did not differ from that of control mice (Figure 1D). This indicates that NN exposure
does not affect the overall motivation to obtain a reward, but rather increases drug preference
in the adult.

NN-Treated Mice Display an Increased Number of DAergic Neurons in Response to Adult
Nicotine Consumption

Because the VTA is key in mediating reward-seeking behaviors (39-41) and its neurons can
be induced to acquire a DAergic phenotype (23-25), we tested the hypothesis that NN
treatment induces an increase in the number of TH-expressing VTA neurons. We found that
NN-exposed mice (P120) showed a significant increase in the total number of TH+ neurons
in response to adult nicotine (AN) consumption (Figure 2A), in both the paranigral and
parabrachial pigmented subnuclei of the VTA. The increased number of DAergic cells was
not present before AN exposure (P90) and was not paralleled by an increase in the total
number of cells in the VTA (Supplemental Figure S2A, B). This indicates that newly TH-
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expressing neurons result from de novo acquisition of the DAergic phenotype in preexisting
non-DAergic neurons. Such TH plasticity appears to be VTA specific, given that we
observed no changes in the number of TH+ neurons in other DAergic nuclei such as the
substantia nigra compacta (Figure 2B) and paraventricular nucleus (Figure 2C). To
determine whether the increase in the number of TH1 neurons in the VTA is paralleled by an
increase in DA content in the VTA-target region NAc, we measured DA and its metabolites
in the NAc following AN exposure (Supplemental Figure S2E). Multivariate analysis
revealed an overall increase in the concentration of DA and its metabolites in NAc tissue of
NN+AN-treated mice, suggesting an increased DA release by VTA terminals in the NAc.
Highly significant (p=.001, post hoc pairwise comparison) was the increase of 3,4-
dihydroxyphenylacetic acid metabolite, a direct product of DA degradation.

To determine the NT identity of VTA non-DAergic neurons before their nicotine-induced
DA phenotype acquisition, we quantified TH expression in VGAT+ (gamma-aminobutyric
acidergic [GABAergic]) and VGLUT2+ (glutamatergic) neurons in NS- and NN-treated
VGAT-Cre and VGLUT2-Cre mice, respectively. A floxed green fluorescent protein (GFP)
viral vector was injected at P70 to visualize these cells following AN exposure (Figure 2D).
We found that the total number of VGAT+ and VGLUT2+ neurons did not change across
conditions (Supplemental Figure S2D), but a fraction of the VGLUT2+ VTA neurons
acquired the DAergic phenotype, as shown by their enhanced rates of TH coexpression
(Figure 2D, arrows). Almost no GABAergic neurons coexpressed TH, indicating that the
acquisition of the DA phenotype was confined to VGLUT2+ neurons.

NN Exposure Enhances Activity of Adult VTA Neurons

Increased neuronal activity can induce NT switching (23-27). Accordingly, we investigated
whether NN treatment induces increased activity levels in the VTA. NN induction of cFos
was observed in brain areas such as VTA, substantia nigra, nucleus accumbens, dorsal raphe,
lateral septum, cingulate, and auditory cortex at P90 (Supplemental Figure S2C). Because
Nurrl is a transcription factor that precedes and regulates the DAergic phenotype in the
midbrain (32-34), we focused on Nurrl-expressing neurons in the VTA (Figure 3A).
Quantification of the number of cFosl neurons in NS- and NN-exposed mice (P90) showed
that NN-exposed mice, compared with NS-treated control mice, displayed a significant
increase in cFos expression within the Nurrl+ neuronal pool of the VTA (Figure 3B). The
increase in cFos activity observed in NN- treated mice could be mediated by nAChRs
upregulation (42). Coherently, we found that NN significantly increased the level of NnAChR
transcripts of a4, a7, and b2 subunits in the VTA (Figure 3C) and the number of VGLUT2+
and VGAT+ neurons expressing a4 messenger RNA (Supplemental Figure S4D).

Because of the causal role of calcium spike activity in NT switching (23-25), we next tested
for NN-induced increases in calcium-mediated activity in VTA. We performed ex vivo
calcium imaging on VTA slices of adult mice (P90) previously injected with an adeno-
associated virus (AAV) vector carrying the calcium indicator GCaMP6f (Figure 3D,
Supplemental Video). The spontaneous calcium spike activity and nicotine-evoked responses
were measured in a total of 159 and 148 VTA neurons from 8 NS- and 6 NN-exposed mice,
respectively. Two-way analysis of variance revealed a major effect of NN exposure on the
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fraction of active neurons (Figure 3E), which was not altered by acute nicotine. While
baseline calcium-spiking frequency was not significantly altered in NN-treated animals,
VTA neurons did show significantly greater responses to nicotine perfusion (Figure 3F,
Supplemental Table S1). This enhancement persisted at washout, indicating a prolonged
nicotine-mediated activation of VTA neurons. We observed a similar effect on the average
duration of calcium spikes (Figure 3G, Supplemental Table S1). NN exposure did not alter
spontaneous calcium spike duration, though the duration did significantly increase during
nicotine stimulation, and this effect too persisted during washout. These findings indicate
that following NN exposure, adult VTA neurons display a significant boost in the fraction of
overall active neurons and in the nicotine-evoked calcium spiking activity. To investigate
potential changes in nNAChRs desensitization properties in NN-exposed mice, we measured
the effect of a longer nicotine bath application (15 minutes) on calcium spiking. Again, NN-
treated mice showed an increase in calcium spike frequency and longer calcium spike
duration (Supplemental Figure S6F). However, a longer nicotine bath application seemed to
increase the fraction of spiking neurons in control animals to a level comparable to that of
the NN-exposed mice.

To further characterize the priming mechanism of enhanced calcium signaling in non-
DAergic neurons of NN-exposed mice, we performed calcium imaging in both VGLUT2-
Cre and VGAT-Cre mice injected with a floxed GCaMP6f vector. We found that NN
treatment affects calcium spike dynamics of VTA glutamatergic and GABAergic neurons in
a cell-type—specific manner. Although both primed glutamatergic and GABAergic neurons
display increased baseline calcium spike frequency (Supplemental Figure S3B, E), they
showed opposite changes in terms of spike duration in NN-treated mice compared with
control mice (Supplemental Figure S3C, F). Moreover, in NN-exposed mice, acute nicotine
application increased the number of spiking glutamatergic neurons and reduced the number
of spiking GABAergic neurons (Supplemental Figure S3A, D).

Another difference was their baseline calcium spike frequency (Supplemental Figure S3B,
E), with GABAergic neurons displaying higher frequency (mean + SD: 0.19 + 0.2 spike/
min, n= 97 cells) of spontaneous calcium spikes than glutamatergic neurons (mean * SD:
0.12 + 0.02 spike/min, n=104 cells). Such difference (p=.0011, Mann-Whitney Utest)
might contribute to the activity-dependent threshold required for TH induction within
specific subpopulations of VTA neurons.

NN Exposure Induces De Novo Nurrl Expression in Non-DAergic Neurons

To investigate the mechanism underlying the acquisition of the DAergic phenotype in non-
DAergic neurons, we monitored the expression of transcription factor Nurrl in the VTA.
Adult NN-exposed mice (P90), compared with control mice (NS), showed a significantly
higher number of Nurrl+ TH- neurons (Figure 4A, arrows) in both paranigral and
parabrachial pigmented subnuclei of the VTA (Figure 4B), but this was not paralleled by an
increase in total TH+ neurons (Figure 4C). We confirmed the transcriptional regulation of
Nurrl by quantitative RNAscope in situ hybridization (ISH) (Figure 4D). We found a 60%
increase in the number of Nurrl-ISH+ neurons in NN-exposed mice (P90) (Figure 4E) and
no difference in the number of TH-ISH+ neurons across groups. Quantification of Nurrl+
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TH- neurons and total TH expression at P16 revealed that enhanced Nurrl expression in
non-DAergic neurons was already detectable shortly after completion of NN exposure
(Supplemental Figure S4A, B) without affecting TH expression (Supplemental Figure S4C).

In addition to the DAergic population, VTA contains both GABAergic and glutamatergic
NAc-projecting neurons (43). To determine the NT identity of the newly expressing Nurrl
neurons in response to NN, VTA Nurrl+ neurons were colabeled with TH by
immunohistochemistry (IHC) in either VGAT-Cre or VGLUT2-Cre mice injected with a
reporter viral vector carrying a floxed GFP construct (Figure 4F). We found that Nurrl is
expressed in a fraction of both VGAT+ TH- and VGLUT2+ TH- neurons, but NN exposure
induced a selective increase of Nurrl expression in the glutamatergic subpopulation (Figure
4G).

To determine whether non-DAergic Nurrl+ neurons share the same target area with VTA
DAergic neurons, fluorescent retrobeads were injected into the NAc and 10 days later were
visualized in the cell body of VTA-to-NAc projection neurons (Supplemental Figure S5A).
Retrobeads were localized in Nurrl+ TH- VTA somata (Supplemental Figure S5C, circles)
in addition to expected Nurrl+ TH+ projection neurons (Supplemental Figure S5C, arrows).
This indicates that a fraction of non-DAergic Nurrl-expressing neurons exhibits direct
connectivity with the NAc. Retrograde bead labeling performed in either VGAT-zsGreen or
VGLUT2-Cre mice injected with a GFP reporter virus revealed both VGAT+ TH- and
VGLUT2+ TH- VTA-to-NAc projecting neurons (Supplemental Figure S5D, circles), with
a higher Nurrl colabeling (Supplemental Figure S5E, arrows) in the VGLUT2+ pool
(Supplemental Figure S5F).

Increased Neuronal Activity Induces Nurrl Expression in the VTA

Previous studies have reported that chronic alteration of neuronal activity is sufficient to
elicit the acquisition of a different NT phenotype (23,24). We used a chemogenetic approach
(Figure 5) to test whether a chronic increase of neuronal activity in selected classes of NN-
primed non-DAergic neurons is sufficient to induce DAergic switching. We injected a viral
vector carrying a floxed excitatory mCherry-DREADD (designer receptor exclusively
activated by designer drugs) (Gq) construct in the VTA of NS- and NN-exposed VGLUT2-
Cre and VGAT-Cre mice (P70). At P90, mice were treated twice a day with either 0.01
mg/kg clozapine (CLZ) or vehicle (saline) for 2 weeks. We validated the excitatory effect of
CLZ-mediated DREADD activation in the VTA by ex vivo calcium imaging of mCherry-
labeled neurons (Supplemental Figure S6A-C). Following CLZ treatment, mice were first
tested with the open-field paradigm (Supplemental Figure S6D), then processed for IHC
analysis with Nurrl and TH markers. Both control and CLZ-treated NS- and NN-exposed
VGLUT2-Cre mice showed a major increase in the time (%) spent in the center of the arena
(Supplemental Figure S6D) in the second half (10-20 minutes), when challenged with a
single CLZ injection. This supports an effect of chemogenetic excitation of glutamatergic
VTA cells on increasing exploratory behavior.

Chronic CLZ treatment had a major effect on the number of Nurrl-expressing VGLUT2-
mCherry+ neurons (Figure 5A), indicating that DREADD-mediated activation of VGLUT2
neurons further induces Nurrl expression. This suggests an activity-dependent multistep
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priming mechanism of glutamatergic neurons. Two-way analysis of variance showed no
effects of adult DREADD-mediated activation on the total number of TH+ neurons (Figure
5A). In summary, chronic activation of VTA glutamatergic neurons boosts Nurrl expression
but is not sufficient to induce the DAergic phenotype observed in NN1AN-treated mice.
DREADD-mediated activation of VGAT-expressing neurons did not elicit enhancement of
either Nurrl or TH expression within VGAT-mCherry neurons in the VTA (Figure 5B).
Similarly, CLZ treatment performed in mice injected with a control virus carrying GFP did
not affect the number of Nurrl- and TH- expressing neurons (Supplemental Figure S6E).

Concomitant Enhancement of Nurrl Expression and Activity Are Sufficient Priming Steps
for DA Acquisition in Response to AN Exposure

Our results suggest that NN exposure primes non-DAergic neurons of the VTA, resulting in
acquisition of DAergic phenotype after AN challenge. We tested whether Nurrl expression
alone, increased neuronal activity alone, or both are sufficient priming steps for non-DAergic
neurons to acquire the DAergic phenotype in response to AN consumption. We injected a
Nurrl-overexpressing viral vector (AAV.Nurrl) alone or in combination with a pan-neuronal
excitatory DREADD (Gq) into the VTA of adult (P70) mice that did not receive NN
treatment. Control mice were injected with a viral vector expressing GFP (AAV.ctl) in lieu of
AAV.Nurrl (Figure 6A). Animals were then given the nicotine two-bottle choice test for 4
weeks while being treated daily with CLZ (0.01 mg/kg) or vehicle. Efficacy of transduction
and Nurrl overexpression in the VTA were confirmed by IHC with Nurrl and TH markers at
P90 (Figure 6B, Supplemental Figure S7A). As expected, AAV.Nurrl-injected mice
displayed an increase in the number of Nurrl+ neurons in the VTA (Supplemental Figure
S7A). Nurrl overexpression alone did not affect the total number of TH+ neurons either
before (P90) (Supplemental Figure S7A) or after AN exposure (P120) (Supplemental Figure
S7B). This shows that ectopic Nurrl expression alone in non-DAergic neurons is not
sufficient to induce a TH phenotype even in combination with AN induction.

Our data showed that neither Nurrl overexpression alone nor enhanced VTA activity alone
was sufficient to increase AN preference (Figure 6C) or TH expression (Figure 6D).
Concomitant Nurrl overexpression and DREADD-enhanced VTA activity elicited a
significant increase of both AN preference and the number of TH+ neurons in the VTA
(Figure 6C, D). These findings indicate that concomitant Nurrl expression and enhanced
neuronal activity are sufficient to mimic the NN-mediated priming mechanism through
which VTA neurons become responsive to AN and are recruited to a DAergic phenotype.

Recruitment of VTA Neurons to the DAergic Phenotype Affects Nicotine Preference

To investigate the contribution of newly expressing DAergic neurons on enhanced nicotine
preference displayed by adult NN-treated mice, we downregulated Nurrl expression in
VGLUT2+ neurons to selectively abolish their ability to acquire a TH phenotype during AN
exposure. NN-treated mice were injected with a viral vector (AAV.FLEX.FmiR.GFP)
carrying a floxed version of a microRNA targeting Nurrl messenger RNA (or a scrambled
control microRNA) into the VTA of NS- and NN-exposed VGLUT2-Cre mice (P70).
Knockdown of Nurrl was validated using IHC against the transduction marker GFP and
Nurrl (Figure 6B, Supplemental Figure S7C). Mice were then given the two-bottle-choice
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test (P90-P120) to measure AN consumption (Figure 6A). We found that Nurrl
downregulation in VGLUT2+ VTA neurons abolished the increase in AN preference (Figure
6E) as well as the acquisition of the TH phenotype (Supplemental Figure S7D) that is
typically observed in NN+AN-exposed mice.

To inhibit circuit activity in the VTA during AN consumption, we injected a pan-neuronal
viral vector carrying an inhibitory DREADD-mCherry (Gi) construct into the VTA of P70
NN- or NS-treated mice (Supplemental Figure S7E, arrows) and then treated them twice a
day with 0.01 mg/kg CLZ (or vehicle) from P90 to P120 while testing for AN or ethanol
preference. We found that silencing VTA neurons during AN consumption abolished the
increase in nicotine (Figure 6F) as well as ethanol (Supplemental Figure S1F) preference
and reduced the number of TH+ neurons in the VTA (Supplemental Figure S7E), indicating
that increased acquisition of the TH phenotype by VTA neurons no longer occurred. The
reduction in TH+ neurons in NN-treated mice indicates that NN priming made VTA neurons
more responsive to both excitatory and inhibitory changes in neuronal activity.

DISCUSSION

Our results demonstrate that early NN exposure primes the reward neurocircuit through a
novel form of neuroplasticity that leads to an increase in the number of VTA DAergic
neurons following nicotine re-exposure in adult mice. Newly converted DAergic neurons are
recruited from a non-DAergic pool that begins to express the DAergic determinant Nurrl
and display enhanced calcium spike activity and nicotine-mediated responses (Figure 7) at
P16 throughout adulthood (P90). Remarkably, adult NN-primed mice display a higher
preference for nicotine and other drugs of abuse (such as alcohol). During adult drug
exposure, NN-primed glutamatergic neurons of the VTA are recruited to acquire a DAergic
phenotype, thus increasing the total number of DAergic neurons via activity-dependent NT
switching (24-27).

Previous work (26) has shown that prolonged changes in circuitry activation in the mature
brain can induce NT plasticity affecting behavior. Similarly, we identified a neuronal
population of glutamatergic Nurrl-expressing neurons of the VTA that project to the NAc
and affect drug preference. The developmental priming of the “switching™ neuronal pool
does not implicate TH acquisition at P16 or P90 but rather induces expression of the
transcription factor Nurrl. Thus, NN exposure appears to have primed a reserve pool of
resident neurons to a fate (44) that they would not normally have taken on, namely the
ability to express a DAergic phenotype when properly induced with AN exposure. The
priming effects observed following NN exposure, which include Nurrl over-expression,
enhanced calcium signaling, and increased nAChR expression, are also developmentally
regulated to finely tune DAergic phenotype (37,45,46). Calcium-mediated activity has been
shown to affect Nurrl expression (37) and membrane depolarization to promote DA neuron
differentiation. This allows transcriptional activators, such as Nurrl, to access promoter
regions of relevant genes associated with DA differentiation (45). DAergic transcription
factors, such as Nurrl and Pitx3, regulate the expression of specific NAChR subunits in the
developing midbrain (47), therefore affecting basal responsiveness of VTA neurons to
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nicotine. NN-induced priming recruits these developmental mechanisms to alter nicotine
preference via DA plasticity.

Nurrl expression was also observed in VTA GABAergic neurons, but the glutamatergic
population is the reserve pool undergoing DA plasticity after AN exposure. This is
consistent with the established role of glutamatergic transmission on drug reward and
addiction (48). Despite NAChRs being expressed in both GABA (49) and glutamate (45)
neurons of the VTA, differences in subunit expression, subcellular localization, and
sensitization to nicotine might explain the differential NN effect on calcium dynamics and
the selective NN-induced recruitment of glutamatergic versus GABAergic neurons.

Because control mice display a cell-type—specific baseline of spontaneous calcium spike
frequency, VTA GABAergic and glutamatergic neurons might be differentially prone to
respond to activity manipulations. This is in agreement with previous developmental studies
showing that spontaneous calcium signatures determine the signaling threshold that different
cell types need to reach to be recruited to the DA phenotype (46) or other homeostatic forms
of NT plasticity (23).

The functional potential of DA acquisition by VTA glutamatergic neurons is corroborated by
previous studies showing that a fraction of them express TH and corelease dopamine in
relevant target areas (41) and that their activity is regulated by cholinergic signaling through
nAChRs (45). Recent findings showing that DA injury provokes an upregulation of a
glutamatergic coidentity in substantia nigra compacta DA neurons(50) suggest that NT
plasticity could go both ways in these classes of neurons. Downregulation of Nurrl
expression in VTA glutamatergic neurons of NN-exposed mice abolished both DA switching
and enhancement in AN preference, indicating that this reserve pool of neurons plays a
critical role in the acquired NN-induced susceptibility to drug consumption in adulthood.

Nicotine can cause prolonged increase of DA release by direct activation of nAChRs onto
VTA DAergic neurons (51), long-term potentiation of excitatory inputs to brain reward areas
(5), enhanced burst DA release from synaptic terminals (52), increased expression of TH
messenger RNA in the VTA (53), and increased DA receptors in the NAc (54). Here we
show how nicotine consumption can also modulate the number of DA-expressing neurons in
the adult VTA of NN-exposed animals. Given the involvement of DA release in the
reinforcing effect of nicotine and other drugs (55), the appearance of new DAergic neurons
is a novel form of plasticity that may contribute to the life-long propensity toward nicotine
dependence by increasing the magnitude of the DA response to a rewarding stimulus.

DA neurons of the VTA display a heightened affinity for nicotine binding in the early
postnatal period (56) in rodents, which corresponds to the third trimester of human
pregnancy(57). Pregnant smokers are often offered nicotine replacement therapy in the form
of nicotine patches, electronic cigarettes, or mouth sprays (58). Maternal smoking is linked
to increased rates of adolescent smoking (59). Behavioral alterations induced by gestational
exposure to nicotine have been recapitulated in animal models. Rodents perinatally exposed
to nicotine show altered locomotor activity (9), spatial learning and memory deficits (10),
anxiety (11), and nicotine sensitivity (12). In addition to alterations in neuronal proliferation
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and differentiation (13), the effects of early exposure to nicotine on behavior have been
linked to long-term effects on cholinergic and catecholaminergic NT systems. Examples
include abundance of nAChRs and upregulation of DA receptors (60).

The effects of developmental NN-induced plasticity on other drug preferences may be
pertinent to the increase in prevalence of substance abuse such as alcohol abuse (61)
observed in human subjects gestationally exposed to nicotine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Neonatal nicotine (NN) exposure increases drug preference in adult mice. (A) Experimental

timeline: mice were neonatally exposed to nicotine (or saline [NS]) from postnatal day 2
(P2) to P16 through lactation, then raised in standard conditions until adults (P17-P89). At
P90, they underwent 4 weeks of two-bottle-choice test for (50, 75, or 100 mg/L) nicotine or
6% ethanol (EtOH). At P120, mice performed the progressive ratio breakpoint (PRB) test.
(B) NN treatment significantly increases nicotine (50-75 mg/L) preference over water (/iys
=24, nyn = 20; 50 mg/L, 4y = 2.64, p, .01; 75 mg/L, 4 = 5.86, p, .001). Graph shows all
data points (fourth week) with medians and interquartile range. **p, .01, ***p, .001. (C)
Quantification of 6% ethanol consumption over 4 weeks (/7= 6 per group, repeated measures
analysis of variance /3 g = 0.7, p, .05). Graph shows mean + SE. *p, .05. (D) NN exposure
does not alter motivation to drug seeking measured by PRB test to compare NS- and NN-
treated mice. Graph shows all data points with medians and interquartile ranges.
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Figure 2.
Neonatal nicotine (NN)-treated mice display an increased number of tyrosine hydroxylase

(TH)1 neurons in the ventral tegmental area (VTA) after adult nicotine (AN) consumption.
(A) Representative image of DAB immunoreactivity of the VTA labeled with TH marker
after AN exposure. DAB stereological quantification shows that after AN exposure, the
number of TH+ neurons per VTA section (30 um) in paranigral (PN) (r7= 6 mice per group,
to=3.71, p, .01) and parabrachial pigmented (PBP) (r7= 6 mice per group, &g = 3.39,

p, .01) subnuclei of the VTA is significantly increased in NN-treated mice compared with
control mice (neonatal saline [NS]). Graph shows mean 6 SE. **p, .01. Scale bar = 100 mm.
(B, C) Representative images of TH-DAB immunostaining performed on the substantia
nigra compacta (SNc) (B) and paraventricular nuclei (PaVN) (C) after AN exposure.
Stereological quantification of DAB TH-immunoreactivity (graphs) shows that NN
treatment does not affect the number of TH1 neurons in other dopaminergic regions of the
brain. Graph shows mean 6 SE. Scale bars = 100 mm. (D) Confocal images showing TH and
green fluorescent protein (GFP) immunofluorescence in the VTA of NN/AN-treated VGAT-
Cre (left) and VGLUT2-Cre (right) mice injected with Cre-dependent green fluorescent
protein—adeno-associated virus reporter. Epifluorescence quantification (%) of TH1/GFP1
neurons following AN exposure shows a significant increase in TH expression within
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glutamatergic neurons (arrows) in NN-treated mice (/7= 6 mice per group, 4o = 25.43,
p, .01). Graph shows means 6 SE. **p, .05. Scale bars = 50 mm. IPN, interpeduncular
nucleus; PVN, periventricular nucleus; RN, red nucleus; SNr, substantia nigra reticulata.
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Figure 3.
Neonatal nicotine (NN) exposure alters activity of adult ventral tegmental area (VTA)

neurons. (A) Representative image of tyrosine hydroxylase (TH)/Nurrl immunoreactivity in
the VTA of adult mouse (postnatal day 90 [P90]). Scale bar = 60 um. (B) Nurrl and cFos
epifluorescence immunoreactivity staining (left panels) in neonatal saline (NS)- exposed
(top) and NN-exposed (bottom) mouse VTA. NN increases cFos immunoreactivity (arrows)
in Nurrll VTA neurons (graph, 7= 6 mice per group, g = 3.59, p, .01). Graph shows mean
+ SE. **p, .01. (C) NN exposure upregulates the messenger RNAs (MRNASs) of specific
nicotinic acetylcholine receptor (nAChR) subunits in the VTA. Quantification shows a
significant relative increase of a4 (g = 2.7, p, .05), a7 (fp = 2.74, p, .05), and b2 transcripts
(o =2.94, p, .05) in NN-exposed mice (1= 6 mice per group). Graph shows mean 6 SE.
*p, .05. (D) Calcium indicator GCaMP6f was expressed in VTA neurons via adeno-
associated virus (AAV) injections (left). Ca2! activity (middle panels) was recorded during
artificial cerebrospinal fluid (ACSF), 1 mM nicotine, or 1 mM KCI perfusion. Changes in
fluorescence (F) were analyzed for individual neurons (region of interest [ROI]) to generate
calcium spike traces (cell 1, cell 2, right). Dashed circles show two representative VTA
neurons responding to 1 mM nicotine perfusion. Scale bar = 100 mm. (E) NN-treated mice
display an overall increase of active (spiking) neurons (%) (/1 39 = 4.35, p, .05). #Main
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effect: pyn, -05. (F) NN-treated mice display enhanced CaZ*spike frequency during nicotine
perfusion (U= 6364, p, .001, Mann-Whitney U'test) that persists during washout (U= 1185,
p, .0001, Mann-Whitney Utest). (G) NN exposure increases average Ca?! spike duration
during (U= 1462, p, .0001, Mann-Whitney U'test) and after (U= 1257, p, .001, Mann-
Whitney U'test) nicotine perfusion. Graphs (E-G) show all data points with medians and
interquartile ranges. ***p, .001, ****p, .0001. Additional statistics are presented in
Supplemental Table S1. IPN, interpeduncular nucleus; ml, medial lemniscus; n.s., not
significant; PBP, parabrachial pigmented area; PN, paranigral nucleus; RN, red nucleus;
SNc, substantia nigra compacta.
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Figure 4.
Neonatal nicotine (NN) exposure increases Nurrl expression in nondopaminergic ventral

tegmental area (VTA) neurons. (A) Nurrl and tyrosine hydroxylase (TH)
immmunoreactivity of the VTA in neonatal saline (NS)-treated (left) and NN-treated (right)
adult (postnatal day 90) mice. Arrows indicate Nurrll TH2 neurons. Scale bars = 50 mm.
(B, C) Epifluorescence quantification indicates that NN exposure increases the number of
Nurrll neurons in both paranigral nucleus (PN) (/7= 6 mice per group, 4o = 4.41, p, .001)
and parabrachial pigmented area (PBP) (7= 6 mice per group, £ = 4.37, p, .01) subnuclei
of the VTA (B), without affecting the total number of TH1 neurons (C). Graph shows mean
+ SE. **p, .01. (D) Nurrl/TH in situ hybridization (ISH) in the VTA of NN-treated adult
(postnatal day 90) mice (left). Inset is shown at a higher magnification (right) to indicate
nondopaminergic (TH-ISH2) Nurrl-1SH1 neurons (dashed circles). Scale bar = 50 mm. (E)
Epifluorescence quantification shows that NN exposure induces an increase in the number of
Nurrl-1SH1 neurons (/7= 8 sections per group, 4 = 23.27, p, .01), while the number of TH-
ISH1 neurons remains constant. Graph shows mean 6 SE. *p, .05. (F) Nurrl, TH, and green
fluorescent protein immune reactivity in the VTA of NN-treated VGAT-Cre (left) and
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VGLUT2-Cre (right) mice injected with a Cre-dependent adeno-associated virus—green
fluorescent protein reporter. Arrows indicate nondopaminergic (TH2) gamma-aminobutyric
acidergic or glutamatergic neurons expressing Nurrl. Scale bars = 50 mm. (G)
Epifluorescence quantification (%) of Nurrll neurons coexpressing VGAT1 or VGLUT21
in the VTA. NN treatment induces a significant increase in the percentage of Nurrl-
expressing glutamatergic neurons (/7= 6 mice per group, &g = 25.8, p, .001). Graph shows
mean 6 SE. ***p, .001. IPN, interpeduncular nucleus.
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Figure 5.
Increased neuronal activity is not sufficient to induce tyrosine hydroxylase (TH) expression

in neonatal nicotine (NN)-exposed mice. (A) Colocalization of TH and Nurrl
immunoreactivity in the ventral tegmental area (VTA) of NN-exposed VGLUT2-Cre mice
injected with a Cre-dependent DREADD (designer receptor exclusively activated by
designer drugs) (Gqg)-mCherry adeno-associated virus (arrows, left). Chronic depolarization
of VGLUT2-expressing neurons induces them to acquire Nurrl (middle) (7= 8 mice per
group, £y 16 = 8.97, p, .01), without affecting the total number of TH1 neurons (right) in the
VTA. Graph shows mean 6 SE. **p, .01. Scale bar = 50 mm. (B) Colocalization of TH and
Nurrl immunoreactivity in the VTA of NN-exposed VGAT-Cre mice injected with a Cre-
dependent DREADD (Gq)-mCherry adeno-associated virus (arrows, left). Chronic
depolarization of VGAT-expressing neurons does not affect Nurrl (middle) or TH (right)
expression in gamma-aminobutyric acidergic neurons of the VTA. Graph shows mean 6 SE.
Scale bar = 50 mm. CLZ, clozapine; NS, neonatal saline; SAL, saline vehicle.
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Figure 6.
Concomitant Nurrl overexpression and increased neuronal activity are sufficient to induce

tyrosine hydroxylase (TH) expression affecting nicotine (NIC) preference. (A) Diagram of
experimental design. The ventral tegmental area (VTA) of postnatal day 70 (P70) C57BL/6
mice (top, left) or neonatal nicotine (NN)-treated VGLUT2-Cre mice (bottom, left) was
injected with a combination of viruses to either overexpress Nurrl and DREADD (designer
receptor exclusively activated by designer drugs) or selectively downregulate Nurrl in
glutamatergic neurons. At P90, animals underwent nicotine two-bottle choice test (middle).
At P121, brains were processed for immunohistochemistry (IHC) and neuronal
quantification (right). (B) Representative confocal images of the VTA showing Nurrl and
TH immunoreactivity in mice injected with AAV.ctl (adeno-associated virus control),
AAV.Nurrl, AAV.Nurrl1AAV.hM3Dq, or Cre-dependent AAV.Nurrl microRNA
(AAV.FmIR. - Nurrl), or a scrambled FmiR control. Scale bars = 60 mm. Insets (dashed
box) are shown at higher magnification on the right top corner of each image. (C, D)
Concomitant Nurrl overexpression and DREADD-mediated depolarization in the VTA
increases nicotine preference measured as the change (D) in preference between the first and
last weeks of the experiment (one-way analysis of variance [ANOVA]: A3, = 6.18, p, .01;
Tukey’s multiple comparison: Nurrl/clozapine [clz] vs. ctl/saline [sal], p, .01; Nurrl/clz vs.
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Nurrl/sal p, .01; Nurrl/clz vs. ctl/clz, p, .05) (C) and induces a significant increase in the
number of 3,3- diaminobenzidine-TH1 neurons in the VTA (one-way ANOVA: 3y = 5.53,
p, .01; Tukey’s multiple comparison: Nurrl/clz vs. ctl/sal, p, .01; Nurrl/clz vs. Nurrl/sal,

P, .01; Nurrl/clz vs. ctl/clz, p, .05)(D). Graphs show all data points with medians and
interquartile ranges. The number of animals is annotated in parenthesis for each condition.
*p, .05, **p, .01. (E) Selective Nurrl downregulation in VTA glutamatergic neurons
abolishes the increase in adult nicotine preference displayed by NN-treated mice (one-way
ANOVA: Fg =8.05, p, .01; Tukey’s multiple comparison: NN/FmiR.ctl vs. NS/FmiR.ctl,

P, .05; NN/FmiR.ctl vs. NS/FmiR.- Nurrl, p, .01; NN/FmiR.ctl vs. NN/FmiR.Nurr1l,

p, .0001). Graph shows all data points with medians and interquartile ranges. The number of
animals is annotated in parenthesis for each condition. **p, .01, ***p, .0001. (F) NN-treated
mice no longer display enhanced adult nicotine preference when VTA neurons are
chronically hyperpolarized during the nicotine two-bottle choice test (one-way ANOVA: F5
=8.62, p, .01; Tukey’s multiple comparison: NN/sal vs. neonatal saline [NS]/sal, p, .0001,
NN/sal vs. NS/clz, p, .05; NN/sal vs. NN/clz, p, .05). Graph shows all data points with
medians and interquartile ranges. The number of animals is annotated in parenthesis for each
condition. *p, .05, ***p, .0001. FmIR, Nurrl microRNA; hM3Dq, human M3 muscarinic
excitatory Gg-coupled DREADD receptor.
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Figure 7.
Neonatal nicotine primes ventral tegmental area (VTA) glutamatergic neurons to express

tyrosine hydroxylase (TH) following nicotine exposure in adulthood. Illustration showing
neonatal nicotine priming and subsequent dopamine induction affecting nicotine preference
in adulthood. (A) Pups are exposed to nicotine through lactation during a critical window
(postnatal days 2—-16 [P2—P16]) for neurotransmitter specification. The VTA is a
heterogeneous nucleus composed of different neuronal classes (dopaminergic [DAergic],
gamma-aminobutyric acidergic [GABAergic], and glutamatergic). (B) Neonatal exposure to
nicotine “primes” VTA neurons by inducing an increase in calcium spike activity and in the
expression of DAergic transcription factor Nurrl in non-DAergic neurons (arrows). (C)
Adult exposure (P90-P120) to nicotine recruits Nurrl-expressing glutamatergic neurons to
acquire the DAergic phenotype affecting drug preference. IPN, interpeduncular nucleus.
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