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ABSTRACT

Recent epidemiological data indicate that the popularity of electronic cigarettes (e-cigarettes), and consequently nicotine
use, is rising in both adolescent and adult populations. As nicotine is a known developmental neurotoxin, these products
present a potential threat for those exposed during early life stages. Despite this, few studies have evaluated the toxicity of
e-cigarettes on the developing central nervous system. The goal of this study was to assess neurotoxicity resulting from
early-life exposure to electronic cigarette aerosols in an in vivo model. Specifically, studies here focused on neuro-
parameters related to neuroinflammation and neurotrophins. To accomplish this, pregnant and neonatal C57BL/6 mice
were exposed to aerosols produced from classic tobacco flavor e-cigarette cartridges (with [13 mg/ml] and without nicotine)
during gestation (�3 weeks) and lactation (�3 weeks) via whole-body inhalation. Exposure to e-cigarette aerosols with and
without nicotine caused significant reductions in hippocampal gene expression of Ngfr and Bdnf, as well as in serum levels
of cytokines IL-1b, IL-2, and IL-6. Exposure to e-cigarette aerosols without nicotine enhanced expression of Iba-1, a specific
marker of microglia, in the cornus ammonis 1 region of the hippocampus. Overall, our novel results indicate that exposure
to e-cigarette aerosols, with and without nicotine, poses a considerable risk to the developing central nervous system.
Consequently, e-cigarettes should be considered a potential public health threat, especially early in life, requiring further
research and policy considerations.
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Electronic cigarettes (e-cigarettes), nicotine delivery products
whose potential health effects are poorly defined, have had a
controversial reception from both the public and scientific
communities around the world. Typically, e-cigarette liquid is
a mixture of propylene glycol, glycerol, nicotine, flavorants,
and other additives (Farsalinos et al., 2014). Although there is
some consensus that e-cigarettes could reduce harm and de-
pendency for conventional cigarette smokers, they also create
a potential threat for those exposed during early life stages

(Farsalinos et al., 2015; Gostin and Glasner, 2014). The conse-
quences of consumption of these products by adolescents and
young adults remain a public health question, partly due to
nicotine’s previously identified negative impacts on the devel-
oping brain (Centers for Disease Control and Prevention, 2013;
Dwyer et al., 2009; Schraufnagel, 2015). Moreover, early toxico-
logical evaluations of e-cigarette devices have shown their ca-
pability of producing cellular damage and behavioral
alterations (Bahl et al., 2012; Hom et al. 2016; Hwang et al., 2016;
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Martin et al., 2016; Ponzoni et al., 2015; Shen et al., 2016; Smith
et al., 2015).

A limited number of studies exist pertaining to the usage
and/or effects of e-cigarette use during pregnancy, or its impact
on the mother and/or unborn child. A study by Wagner et al.
(2017) reported that e-cigarette usage among pregnant women
was approximately as prevalent as tobacco cigarette usage, but
that e-cigarettes were considered to be safer, with that perceep-
tion possibly resulting from the influence of advertising. A pre-
vious study (Kahr et al., 2015) examined attitudes among
women of reproductive age surrounding e-cigarette and hookah
use, given that use of both products is on the rise in that demo-
graphic. Although hookah use during pregnancy was viewed
negatively, the study elicited mixed responses toward e-ciga-
rette use during pregnancy. E-cigarettes were viewed positively
when used as a smoking cessation device during pregnancy, but
was viewed negatively overall. However, e-cigarette use during
pregnancy was not met with the same stigma as tobacco ciga-
rette use during pregnancy. Oncken et al. (2017) found that 53%
of pregnant smokers had tried e-cigarettes in an effort to quit
smoking (Oncken et al., 2017). However, Suter et al. (2015) consid-
ered the subject from a different standpoint, looking at existing
data on nicotine delivery in animal models in the absence of
cigarette smoke. This group noted numerous deleterious effects
on the fetus resulting from nicotine exposure absent cigarette
smoke, concluding that e-cigarettes with nicotine have the ca-
pacity to harm the developing fetus even in the absence of to-
bacco smoke (Suter et al., 2015). This does not, however, address
the issue of potential harm from the e-cigarette vehicle solu-
tion, which will be addressed in this paper. This critical issue
needs to be more thoroughly investigated, because cigarette
smoke and thus, nicotine delivery during critical windows of
brain development, is thought to lead to functionality deficits
(Arrazola et al., 2015; England et al., 2015).

Cigarette smoke has been shown to directly and indirectly
induce neuroinflammation, which can lead to neurodevelop-
mental damage and lasting effects. In a recent study, rats were
exposed to cigarette smoke throughout gestation and after birth
cerebral hemispheres were collected to develop astrocyte cul-
tures. Cultures were incubated with hydrogen peroxide for 1
h and the astroglial cells from rats that were exposed prenatally
to cigarette smoke had significantly reduced antioxidant levels
and cell survival (Hamdi et al., 2016). As astrocytes are integral
in maintaining central nervous system (CNS) homeostasis,
astroglial cell loss could result in impairment of the antioxidant
response leading to oxidative stress in the brain. In addition,
cigarette smoke has been found to pose a direct risk for the de-
velopment of Alzheimer’s disease (Durazzo et al., 2015; Giunta
et al., 2012). This association is thought to involve decreases in
microglial phagocytosis and/or an increased proinflammatory
profile instigated by microglia (Giunta et al., 2012).

Both microglia and astrocytes play vital roles in neuroin-
flammation and dysfunction of either cell type is associated
with neurodevelopmental disorders and neurodegenerative dis-
eases (Floyd and Hensley, 2002; Guizzetti et al., 2014). Activation
of astrocytes and microglia with concomitant morphological
and signaling changes is an intrinsic part of neuroinflamma-
tion. The role of reactive glia, including both astrocytes and
microglia, in neuroinflammation and neurodegenerative dis-
ease was reviewed by Ben Haim et al. (2015) with emphasis on
glial fibrillary acidic protein (GFAP) as a marker for activated
astrocytes (Ben Haim et al., 2015). Microglia are resident
macrophage-like innate immune cells in the CNS that work to
maintain homeostasis, and compose about 10% of the CNS

population (DiSabato et al., 2016; Norden et al., 2015). Upon acti-
vation, microglia have morphological changes that can be
detected using ionized calcium-binding adaptor molecule 1
(Iba-1); Iba-1 is a macrophage/microglia-specific calcium-bind-
ing protein that is involved in membrane ruffling and phagocy-
tosis (Kanazawa et al., 2002; Ohsawa et al., 2000, 2004).
Astrocytes, the most abundant cell type in the CNS, are a het-
erogeneous population involved in variety of processes includ-
ing blood-brain barrier formation and maintenance, CNS
metabolism, and neurotransmission (Chaboub and Deneen,
2012; Hu et al., 2016). Astrocyte dysfunction due to chronic stress
or trauma can lead to the release of pro-inflammatory cells, loss
of white matter, inhibition of axonal regeneration, formation of
glial scarring, and inhibition of neurogenesis (Hu et al., 2016).
Many studies have found that mature fibrous astrocytes and re-
active astrocytes express the cytoskeletal component, GFAP,
and up-regulation of GFAP occurs with aging, trauma, and dis-
ease (Chaboub and Deneen, 2012; Hu et al., 2016; Norden et al.,
2015).

Micoglia and astrocytes are well known to be important in
the homeostasis of the adult brain, and their activation is impli-
cated in neurodegenerative disease. It is becoming increasingly
clear that these cells also play an active role in the developing
brain, thus, activation of glia during development as a result of
e-cigarette exposure could have profound developmental con-
sequences. Glia actively signal with neurons and disruption in
this signaling may contribute to defects in synapse formation,
pruning, and ultimately to cognitive impairment and neurode-
generative disease (Chung et al., 2015). Synaptic pruning is a
part of the normal developmental process of the brain, occur-
ring at high levels in the first weeks after birth. Microglia are
constantly scanning neurons by extending and retracting pro-
cesses, all the while signaling with neurons and actively main-
taining the health of synapses.

Microglia are known to be active in brain remodeling at post-
natal and perinatal stages; however, microglia are present in
the brain at mid-embryogenesis and may play a role in earlier
brain development. Microglia associate with dopaminergic
axons and enter the cortical plate in a coordinated fashion, sug-
gesting a role in patterning the neocortex (Squarzoni et al.,
2014). Inhibition or absence of microglia in this region resulted
in altered patterning of subsets of cortical interneurons, sug-
gesting an active role for microglia in the wiring of the forebrain
(Squarzoni et al., 2014).

A role for activated microglia has also been noted in white
matter injury (WMI) of the brain associated with preterm birth.
White matter injury is a leading cause of neurological morbidity
due to cerebral palsy and other neurological damage (Back,
2017). White matter injury occurs during the maturation pro-
cess of the oligodendrocyte lineage as a result of oxidative
stress or other insult, and is accompanied by gliosis and disrup-
tion of the extracellular matrix, mediated by reactive astrocytes.
It is unclear in the case of WMI to what degree glial cells are
passive responders to injury, versus active participants in caus-
ing damage, but it is observed that microglia and activated
astrocytes surround focal regions of necrosis in WMI.

This study aimed to assess the in vivo effects of e-cigarettes
on neuroinflammation (ie, expression of Iba-1 and GFAP) in ju-
venile C57BL/6 offspring exposed during critical early life stages.
The frontal cortex and hippocampus were selected as the major
regions in the brain for investigating neuroinflammation. The
frontal cortex, thought to be responsible for executive function,
comprises many higher order cognitive processes (eg, impulse
control, attention, working memory, planning, and decision
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making) and abilities that allow individuals to demonstrate
goal-oriented behavior and self-control (Logue and Gould, 2014).
The hippocampus was also selected for study as it plays a key
role in spatial navigation, learning, and memory (Buzs�aki and
Moser, 2013; Eichenbaum and Cohen, 2014; Gruart et al., 2015).
Studies using a rodent model have shown that the frontal cor-
tex and hippocampus are susceptible to early-life damage, with
prenatal stress leading to significant genomic alterations
(Mychasiuk et al., 2011a,b).

The present study also assessed peripheral inflammatory
markers (ie, IL-6, TNFa, IL-1b, IFNc, IL-2, and MCP-1) in the se-
rum of offspring to evaluate whether inflammation was local-
ized in the CNS or if e-cigarettes induced a systemic
inflammatory response. Although conventional cigarettes are
known to cause low-grade systemic inflammation and have
been linked to chronic inflammatory conditions (Rohleder and
Kirschbaum, 2006), the inflammatory potential of e-cigarettes
are not well known, though recent in vitro studies have shown
that e-cigarette aerosols can elicit inflammation in lung epithe-
lial cells (Hom et al., 2016; Scheffler et al., 2015; Schweitzer et al.,
2015). In addition, this study assessed gene expression levels of
neurotrophins (ie, Nerve Growth Factor Receptor [Ngfr], Brain
Derived Neurotrophic Factor [Bdnf], and Glial Cell-Line Derived
Neurotrophic Factor [Gdnf]) in the hippocampus of offspring (gene
expression for these genes in the frontal cortex have been previ-
ously published [Lauterstein et al., 2016]). The CNS requires ade-
quate levels of such trophic factors for proper development and
function (Berry et al., 2012). Results from this investigation con-
tribute to the limited toxicological database regarding develop-
mental exposure to e-cigarettes, and emphasizes their potential
to cause damage to the CNS during early life stages.

METERIALS AND METHODS

Animal care and exposures. C57BL/6 male and female mice (The
Jackson Laboratory, Bar Harbor, ME) were maintained, paired,
and exposed by inhalation to e-cigarette aerosols in polycarbon-
ate cages as previously described in Lauterstein et al. (2016).
Briefly, animals 8–9 week-of-age were paired for four nights (2
F/1 M per cage). Following pairing, males were removed and
females (two/cage) were exposed to e-cigarette aerosols with or
without nicotine or filtered air for 3 h/day, 5 days/week via
whole-body inhalation in separate 1-m3 flow-through exposure
chambers. Each day, mice were removed from their housing
cages and placed in separate polycarbonate cages for exposures
to minimize possible second- and/or third-hand exposures. No
food or water was available in the exposure cages in order to
prevent potential contamination by ingestion of the mice.
Control mice exposed to filtered air underwent the same daily
procedure (i.e., cage change, placement in 1-m3 flow-through
exposure chamber, and food and water withdrawal for the
same period of time) to those exposed to e-cigarette aerosols. At
approximately day 15 of gestation, dams were separated and
housed in individual cages, and exposures continued to parturi-
tion (�3 weeks). Subsequently, lactating dams and their pups
were exposed together via whole-body inhalation starting on
postnatal days 4–6, and exposures continued throughout the
lactation period (for a total of �3 weeks). Approximately 4 days
following exposure cessation, mice were euthanized by intra-
peritoneal injection of 120 mg/kg pentobarbital sodium
(Sleepaway; Fort Dodge Laboratories, Fort Dodge, IA) when the
offspring were 1-month-old. All animal procedures were con-
ducted under New York University Institutional Animal Care
and Use Committee (IACUC) approval. Animals were housed

and treated in the NYU Animal Exposure Facility of the NYU
NIEHS Center.

E-cigarette exposures. E-cigarette aerosols were generated from
blu classic tobacco flavor cartridges with (13 mg/ml) or without
nicotine as previously described in Lauterstein et al. (2016).
Briefly, an automated 3-port e-cigarette aerosol generator
(e�Aerosols, LLC, Central Valley, NY) was used to produce aero-
sols from the heating of e-cigarette cartridges. The puff regime
consisted of 35 ml puff volumes of 4-s duration at 30-s intervals.
Mean chamber levels of total suspended particulates for e-ciga-
rette aerosols with and without nicotine were 25.6 and 30.7 mg/m3,
respectively. Reported concentrations were measured using a
portable DataRAM 4TM (Thermo Scientific, Waltham, MA).

Tissue processing, immuno-staining, and analysis for Iba-1 and GFAP.
Following removal, whole brains were fixed for 48 h in 4% para-
formaldehyde (Sigma, St. Louis, MO) and then placed in 30% su-
crose/PBS solution (Sigma, St. Louis, MO) until they were no
longer able to float. Samples (n¼ 6 [3 M and 3 F] offspring per
treatment group) were brought (on ice) to Albert Einstein School
of Medicine Histology Core for embedding, sectioning, staining
and slide preparation. Brains were cut sagittally and processed
routinely for paraffin embedding. Samples were sectioned to
the area of hippocampus and frontal cortex, and five sections
(10mm thick) were collected at intervals separated by a distance
of 40 mm. Each section was deparaffinized in xylene followed by
graded alcohol treatment, and then samples were rehydrated in
water. Antigen retrieval was performed in 10 mM sodium citrate
buffer at pH 6.0 (Vector Labs, Burlingame, CA) at 96�C for 20 min.
Slides were then placed into a Dako Cytomation Autostainer
Plus (Dako North America, Inc., Carpinteria, CA) for staining.
Blocking was performed by incubating tissue sections in 5% nor-
mal donkey serum with 2% BSA for 30 min.

The primary antibody to rabbit Iba-1 (#019-19741, Wako
Chemicals USA, Inc., Richmond, VA) was used at a 1:500 dilu-
tion, and monoclonal antibody for GFAP (#835301, BioLegend,
San Diego, CA) was also used at a 1:500 dilution; tissues and
their respective primary antibodies were incubated for 1 h at
room temperature. Tissue sections were then incubated for
30 min with biotinylated goat anti-rabbit IgG (#E0432, Dako
North America, Inc., Carpinteria, CA), prepared at a 1:250 dilu-
tion. Following incubation with the secondary antibody, tissue
sections were incubated for 1 h (at room temperature) with a
1:200 dilution of Streptavidin Alexa Fluor 555 and anti-mouse
Alexa Fluor 488 (#S32355 and #A21202, Invitrogen, Carlsbad,
CA). Slides were mounted with Prolong Gold Anti-fade reagent
with DAPI (Invitrogen, Carlsbad, CA) and then stored in the dark
at –4�C until microscopy analysis.

Whole sagittal slice images were captured at �20 magnifica-
tion using a PerkinElmer P250 High Capacity Slide Scanner
(Fig. 1, example of image produced from slide scanner) and
imported into Pannoramic Viewer imaging software. Using
Pannoramic Viewer imaging software, images of the cornus
ammonis 1 (CA1), cornus ammonis 3 (CA3), and dentate gyrus
(DG) regions of the hippocampus, and frontal cortex region of
each sagittal slice, were captured. Images for each brain region
were imported into Volocity 6.3, the RGB channels split, and the
three resultant images (channels) were combined into a three-
channel image sequence for measurement. A standardized
measurement protocol for each cell population (microglia, Iba-1
and astrocytes, GFAP) was created and used for each area of the
brain, and the same measurements applied to all slides from
that area. As fluorescence intensities for Iba-1 and GFAP were
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different in each brain area, a different measurement protocol
was developed for each (with the exception of CA1 and CA3). To
control for differences in background staining protocols were
established in Velocity to filter the size of the object recognized
for measurement. This has led to reduction in the overall
brightness in slides with higher background staining. The goal
of this procedure was to normalize background intensities and
reduce variance related to differences in staining intensities.
For each brain region sample imaged and analyzed in Volocity
6.3, summary data were exported and the mean intensity values
for Iba-1 and GFAP were analyzed.

Quantitative real time RT-PCR analyses. After mice were eutha-
nized with pentobarbital, brains were removed, the hippocam-
pus section recovered and stored at –80 �C until RNA was
extracted from the samples. A standard protocol for RNA isola-
tion using TRIzol Reagent (Invitrogen, Carlsbad, CA) was used,
and the RNA samples were subsequently purified using a
RNeasy Mini Kit (Qiagen, Valencia, CA). RNA was quantified us-
ing a NanoDrop ND-1000 fluorospectrometer (Thermo
Scientific, Waltham, MA). Gene expression levels for neurotro-
phins were assessed in offspring hippocampus samples using
qRT-PCR. The genes selected for follow-up evaluation included:
Ngfr, Bdnf, and Gdnf (Table 1). Commercially available TaqMan
gene expression assays (Table 1) for mice (Life Technologies,
Grand Island, NY) were used to prepare samples, which were
processed using a QuantStudio 6K Flex Real Time PCR System
(Applied Biosystems, Foster City, CA). Quantified mRNA expres-
sion levels were calculated using the DDCT method and normal-
ized to the reference gene, glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).

Serum cytokine/chemokine analysis. Blood from the torso was col-
lected from mice at the time of sacrifice, and serum was stored
at –20�C until analysis. Samples were sent on dry ice to the

Immune Monitoring Core at NYU Langone Medical Center,
where they were analyzed for levels of IL-6, TNFa, IL-1b, IFNc,
IL-2, and MCP-1. Serum analytes were measured using Milliplex
mouse cytokine/chemokine magnetic bead panel MCYTOMAG-
70K (Millipore, Billerica, MA) 96-well plate assay. The plate was
scanned on a Luminex 200 instrument, where the Median
Fluorescent Intensity data were analyzed using a five-parame-
ter logistic curve-fitting method for calculating cytokine/che-
mokines concentrations in samples.

Ingenuity pathway analysis of genes associated with CNS
inflammation using frontal cortex transcriptome data. The analysis
of the frontal cortex transcriptome in offspring after early-life
exposure to e-cigarette aerosols was completed in this labora-
tory and has been previously published (Lauterstein et al., 2016).
The RNA-Seq data are available in the Gene Expression
Omnibus, and can be retrieved through series accession number
GSE75858 (Lauterstein et al., 2016). Previously published frontal
cortex RNA-Seq data were reanalyzed here to identify genes re-
lated to CNS inflammation using Ingenuity Pathway Analysis
(IPA). The process used to identify genes related to CNS inflam-
mation in the frontal cortex from RNA-Seq data is summarized
in Figure 2. Briefly, a comparison analysis between IPA Diseases
and Functions molecule/gene list “Affects Inflammation of the
CNS,” and molecules/genes found to be directly affected for
each treatment group and sex was completed. Overlapping
genes between “Affects Inflammation of the CNS” molecule list
and individual treatment/sex groups affected molecules were
identified.

Statistics. Mean intensity values for Iba-1 and GFAP and data
from qRT-PCR were analyzed using a two-way ANOVA and
Bonferroni post hoc testing. Cytokine/chemokine data were ana-
lyzed using a Student’s t-test. Statistical analyses were per-
formed using GraphPad Prism 4 (GraphPad Software, Inc., San
Diego, CA), and the differences were considered significant
when p-values were �0.05. All data are shown as the
mean 6 SEM.

Differential statistical gene analysis was conducted using
the DESeq2 R/Bioconductor package in the R statistical program.
Alterations in gene expression were studied by comparing fe-
male and male frontal cortex samples from e-cigarette groups
to their sex-matched filtered air control counterparts. The
Benjamini-Hochberg procedure (used R function p.adjust) for
multiple testing, which controls false discovery rate, was used
to determine adjusted p-values. For each treatment, group/sex
dataset which included: (1) female offspring exposed to e-ciga-
rettes with nicotine; (2) female offspring exposed to e-cigarettes
without nicotine; (3) male offspring exposed to e-cigarettes with
nicotine; and (4) male offspring exposed to e-cigarettes without
nicotine, fold changes of genes with an adjusted p-value of
<0.01 were imported into IPA software to examine biological
effects and disease pathway outcomes associated with the gene
expression data.

Figure 1. Example of whole sagittal slide image produced from PerkinElmer P250

high capacity slide scanner.

Table 1. Taqman Gene Expression Assays Used in RT-qPCR

Gene Gene Symbol Assay ID Amplicon Length Reference Sequence

Nerve growth factor receptor Ngfr Mm00446296_m1 77 NM_033217.3
Brain derived neurotrophic factor Bdnf Mm04230607_s1 92 NM_007540.4
Glial cell line derived neurotrophic factor Gdnf Mm00599849_m1 101 NM_010275.2
Glyceraldehyde-3-phosphate dehydrogenase Gapdh Mm99999915_g1 109 NM_001289726.1
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RESULTS

Iba-1 and GFAP Expression in the Frontal Cortex and Hippocampus
From Offspring
Fluorescent microscopy images for frontal cortex, CA1, CA3, and
DG brain regions taken in Pannoramic Viewer software were
imported into Volocity 6.3, where the mean intensity for slides
stained with Iba-1 and GFAP antibodies were determined. No
expression changes of GFAP were observed as a result of ear-
ly-life exposure to e-cigarettes with or without nicotine
(Figs. 3A–D). Alternatively, a significant increase in mean inten-
sity for Iba-1 was observed in the CA1 region of male and female
offspring exposed early in life to e-cigarette aerosols without
nicotine; similar effects were not observed in male or female
offspring exposed to e-cigarettes with nicotine (Figure 3A).
Additionally, Iba-1 mean intensity tends to be increased in the
frontal cortex region of offspring exposed to e-cigarettes with-
out nicotine, but again not in those exposed to e-cigarettes with
nicotine (Figure 3B). Iba-1 expression was not altered in the CA3
and DG regions of the hippocampus for either e-cigarette treat-
ment group (Figs. 3C and 3D, respectively). Representative
images for CA1 region from each treatment group are shown in
Figure 4.

qRT-PCR Analysis of Neurotrophins in the Hippocampus of Offspring
Significant (p< .001) decreases in gene expression levels of Ngfr
and Bdnf were observed in sex-pooled hippocampus samples
from offspring exposed early in life to both e-cigarette aerosols
with and without nicotine when compared with sex-pooled fil-
tered air controls (Figure 5). No significant differences were ob-
served for Gdnf (data not shown).

Serum Cytokine/Chemokine Analysis in Offspring
A Milliplex mouse cytokine/chemokine magnetic bead panel
was used to measure serum levels of IL-6, TNFa, IL-1b, IFNc,

IL-2, MCP-1 in 1-month-old offspring. Significant decreases in
serum levels of IL-1b were observed for both sexes of offspring
exposed to e-cigarettes with and without nicotine when com-
pared with sex-pooled filtered air controls (Figure 6A).
Moreover, a significant decrease in serum levels of IL-2 was ob-
served for offspring exposed to e-cigarette aerosols with nico-
tine; offspring exposed to e-cigarette aerosols without nicotine
were modestly (albeit, not significantly) reduced compared with
sex-pooled filtered air controls (Figure 6B). Serum levels of IL-6
tend to be decreased in offspring exposed to e-cigarette aerosols
with and without nicotine compared with sex-pooled filtered air
controls (Figure 6C). No effects on serum levels of TNFa, MCP-1,
or IFNc were observed compared with controls (data not shown).

Analysis of Genes Associated With CNS Inflammation in Offspring
Using Frontal Cortex Transcriptome Data
Results from these analyses revealed that male offspring ex-
posed early in life to e-cigarette aerosols without nicotine had
27 altered genes that overlapped (genes in common) with the
IPA “affects inflammation of the CNS” molecule list (Table 2A).
Female offspring exposed early in life to e-cigarette aerosols
without nicotine had 24 altered genes that overlapped with IPA

Figure 2. Process used to identify genes related to central nervous system

inflammation.

A

B

C

D

Figure 3. Expression of ionized calcium-binding adaptor molecule 1 (Iba-1) and

glial fibrillary acidic protein (GFAP) in the hippocampus of offspring exposed to

e-cigarette aerosols with and without nicotine early in life. A, Expression of Iba-

1 and GFAP in the CA1 region of the hippocampus. B, Expression of Iba-1 and

GFAP in the frontal cortex. C, Expression of Iba-1 and GFAP in the CA3 region of

the hippocampus. D, Expression of Iba-1 and GFAP in the DG region of the hip-

pocampus. All data are represented as mean values (n¼3 M and 3 F) 6 SEM; for

each individual sample three to six slide replicates were analyzed. *Significantly

different from filtered air control p< .01.
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“affects inflammation of the CNS” molecule list (Table 2B).
Whereas, male offspring exposed early in life to e-cigarette
aerosols containing nicotine only had six altered genes that
overlapped with IPA “affects inflammation of the CNS” mole-
cule list (Table 2C); and, female offspring exposed early in life to
e-cigarette aerosols with nicotine had 13 altered genes that
overlapped with IPA “affects inflammation of the CNS” mole-
cule list (Table 2D).

DISCUSSION

In this study, a significant increase in Iba-1 expression was ob-
served in the CA1 hippocampal region of 1-month-old offspring
exposed to e-cigarette aerosols without nicotine (compared
with controls). This result suggests that e-cigarette components
other than nicotine are capable of causing localized inflamma-
tion in the hippocampus, an area of the brain that plays an es-
sential role in long-term memory and learning (Lazarov and
Hollands, 2016). In support of this finding, the IPA analysis of
genes associated with CNS inflammation in offspring using
frontal cortex transcriptome data revealed a greater number of
overlapping molecules that affect CNS inflammation for off-
spring exposed to e-cigarettes without nicotine, compared with
the number of overlapping genes in offspring exposed to e-ciga-
rettes with nicotine. Prolonged activation of proinflammatory
microglia can lead to neurotoxicity, neurological deficits and
neurodegeneration, indicating that e-cigarette components
other than nicotine pose a sizable threat to the developing CNS.
Based on the results from this study (i.e., that Iba-1 expression
was elevated in offspring exposed to e-cigarette aerosols with-
out nicotine, but was not altered in offspring exposed to

e-cigarette aerosols with nicotine), and published literature in-
dicating that nicotine has the potential to be neuroprotective
(Huang et al., 2007; Opanashuk et al., 2001; Wielgus et al., 2004), it
is possible that nicotine exerts some degree of neuroprotection
by preventing/mitigating the activation of microglia, as
reviewed later.

In support of the proposed hypothesis that nicotine expo-
sure during early life resulted in some level of neuroprotection,
Huang et al. (2007) demonstrated that treatment from PND 1-7
with nicotine (via oral gastric intubation, total daily dose of
6 mg/kg/day) decreased the number of dying cells in hippocam-
pal CA3 areas (i.e., in the CA3 strata oriens and radiatu areas).
In another study, Wielgus et al. (2004) showed that embryonic
chick yolks exposed (embryonic days 1–7) to low doses of

Figure 4. Representative images of the cornus ammonis 1 (CA1) hippocampal region from each treatment group. Immunofluorescence staining for Iba-1 (red), GFAP

(green), and DAPI (blue) was identified using a PerkinElmer P250 high capacity slide scanner. A, CA1 region from a mouse treated with e-cigarette aerosols with no nico-

tine. B, CA1 region from a mouse treated with e-cigarette aerosols with nicotine. C, CA1 region from control mouse treated with filtered-air.

Figure 5. Decreases in hippocampal expression levels for Ngfr and Bdnf after

early-life exposure to e-cigarette aerosols with and without nicotine. All data

are represented as mean values (n¼ 6–10) 6 SEM. *Significantly different from fil-

tered air control p< .001. Results were calculated using the 2̂ (–DDCT) method.

Figure 6. Early-life exposure to e-cigarette aerosols with nicotine decreases se-

rum cytokine levels. A, Serum levels of IL-1b. B, Serum levels of IL-2. C, Serum

levels of IL-6. All data are represented as mean values (n¼3–9) 6 SEM.

*Significantly different from filtered air control p< .05. $Difference from filtered

air control (p< .1).
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Table 2. Overlapping Molecules (Genes in Common) That Affect CNS Inflammation in Juvenile Offspring Exposed Early in Life to E-Cigarette
Aerosols

Symbol Entrez Gene Name Type(s) Entrez Gene
ID for Mouse

(A) Males exposed to e-cigarette aerosols without nicotine
CST3 Cystatin C Other 13010
CYP51A1 Cytochrome P450 family 51 subfamily A member 1 Enzyme 13121
DHFR Dihydrofolate reductase Enzyme 13361
ESR2 Estrogen receptor 2 (ER beta) Ligand-dependent nuclear

receptor
13983

GRIA3 Glutamate receptor, ionotropic, ampa 3 Ion channel 53623
HIF1A Hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix

transcription factor)
Transcription regulator 15251

Igh (family) — Group
ITGA4 Integrin subunit alpha 4 Transmembrane receptor 16401
LGALS1 Lectin, galactoside-binding, soluble, 1 Other 16852
LGI1 Leucine-rich, glioma inactivated 1 Other 56839
MAPK11 Mitogen-activated protein kinase 11 Kinase 19094
MAPK14 Mitogen-activated protein kinase 14 Kinase 26416
MBP Myelin basic protein Other 17196
MOG Myelin oligodendrocyte glycoprotein Other 17441
NFATC2 Nuclear factor of activated t-cells, cytoplasmic, calcineurin-dependent

2
Transcription regulator 18019

NGFR Nerve growth factor receptor Transmembrane receptor 18053
NR3C1 Nuclear receptor subfamily 3 group c member 1 Ligand-dependent nuclear

receptor
14815

PLAT Plasminogen activator, tissue type Peptidase 18791
PLP1 Proteolipid protein 1 Other 18823
PPP3CB Protein phosphatase 3, catalytic subunit, beta isozyme Phosphatase 19056
PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin g/h synthase

and cyclooxygenase)
Enzyme 19225

RORA Rar-related orphan receptor a Ligand-dependent nuclear
receptor

19883

SCN1B Sodium channel, voltage gated, type i beta subunit Ion channel 20266
SCN5A Sodium channel, voltage gated, type v alpha subunit Ion channel 20271
SERPINE1 Serpin peptidase inhibitor, clade e (nexin, plasminogen activator

inhibitor type 1), member 1
Other 18787

SOD1 Superoxide dismutase 1, soluble Enzyme 20655
Thymidine

kinase
— Group

(B) Females exposed to e-cigarette aerosols without nicotine
APP Amyloid beta precursor protein Other 11820
C4A/C4B Complement component 4B (Chido blood group) Other 625018j12268
ESR2 Estrogen receptor 2 (ER beta) Ligand-dependent nuclear

receptor
13983

GRIA3 Glutamate receptor, ionotropic, AMPA 3 Ion channel 53623
ITGA4 Integrin subunit alpha 4 Transmembrane receptor 16401
LGI1 Leucine-rich, glioma inactivated 1 Other 56839
LRRK2 Leucine-rich repeat kinase 2 Kinase 66725
MAPK11 Mitogen-activated protein kinase 11 Kinase 19094
MAPK14 Mitogen-activated protein kinase 14 Kinase 26416
MBP Myelin basic protein Other 17196
MOG Myelin oligodendrocyte glycoprotein Other 17441
NFATC2 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-

dependent 2
Transcription regulator 18019

NGFR Nerve growth factor receptor Transmembrane receptor 18053
NR3C1 Nuclear receptor subfamily 3 group C member 1 Ligand-dependent nuclear

receptor
14815

PLP1 Proteolipid protein 1 Other 18823
PPP3CA Protein phosphatase 3, catalytic subunit, alpha isozyme Phosphatase 19055
PPP3CB Protein phosphatase 3, catalytic subunit, beta isozyme Phosphatase 19056
PPP3CC Protein phosphatase 3, catalytic subunit, gamma isozyme Phosphatase 19057
PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase

and cyclooxygenase)
Enzyme 19225
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nicotine (daily doses of 100 ng nicotine) produced nicotine-
induced inhibition of motor neuron apoptosis and enhanced
neuronal growth (Wielgus et al., 2004). In addition, Opanashuk
et al. (2001) found that nicotine (1 lM treatment for 7 days) in-
creased proliferation and survival of cerebellar neuronal precur-
sors purified from 5-day-old mice (Opanashuk et al., 2001).
Taken together, these studies suggest that exposure to low
doses of nicotine during early life may have a neuroprotective
effect by restricting developmental cell death, and promoting
neurogenesis in certain neuronal populations (Huang et al.,
2007; Opanashuk et al., 2001; Wielgus et al., 2004).

Meanwhile, another e-cigarette constituent propylene glycol
has been shown to have pro-apoptotic effects. Lau et al. (2012)
reported that a single intraperitoneal injection of propylene gly-
col (doses as low as 2 ml/kg)-induced widespread apoptosis in
the developing mouse brain (Lau et al., 2012). The observed de-
generation was similar to that which followed injection with
ethanol. Although Lau et al. (2012) did not investigate the role of
glial cell activation in propylene glycol-induced apoptosis ob-
served in their study, aberrant microglia activation has been as-
sociated with neuronal cell death (Cotman et al., 1996; Floyd and
Hensley, 2002). It is possible that exposure to propylene glycol
in this study brought about increases in Iba-1 expression in off-
spring exposed to e-cigarette aerosols without nicotine.
Although these deductions are currently speculative in nature,

and suffer from a lack of literature evaluating the toxicity of
propylene glycol in the brain, they outline the importance of
further studies needed to evaluate the potential of propylene
glycol to bring about such effects.

The aforementioned studies have shown potential neuro-
protective effects from early-life exposure to nicotine, and nico-
tine is known to have neuroprotective effects in adults.
However, reports indicating that early-life exposure to nicotine
can inhibit or drive damaging neurogenesis and induce neuro-
inflammation are contradictory. Chang et al. (2013) reported
that rats exposed to nicotine via osmotic pumps (1.5 mg/kg/day)
during gestation exhibited increased neurogenesis of orexigenic
peptide-expressing neurons in the hypothalamus and amygdala
(Chang et al., 2013). The aforementioned changes were associ-
ated with increased vulnerability to consummatory behavior
(ie, increased consumption of nicotine, ethanol, and a fat-rich
diet in rats prenatally exposed to nicotine) later in life. However,
no changes were observed in the gliogenesis markers, GFAP,
and Iba-1 (Chang et al., 2013). A study by Orellana et al. (2014)
demonstrated that prenatal nicotine exposure via osmotic
pumps (60 mg/kg/day) combined with a postnatal high-fat/
cholesterol-rich diet enhanced release of gliotransmitters in
mice (Orellana et al., 2014). Another study using a rat model,
found that gestational exposure to nicotine via osmotic pumps
(3.3 mg/kg/day) resulted in decreases in surviving neurons, and

Table 2. (continued)

Symbol Entrez Gene Name Type(s) Entrez Gene
ID for Mouse

RORA RAR-related orphan receptor A Ligand-dependent nuclear
receptor

19883

SCN1B Sodium channel, voltage gated, type I beta subunit Ion channel 20266
SCN5A Sodium channel, voltage gated, type V alpha subunit Ion channel 20271
SOD1 Superoxide dismutase 1, soluble Enzyme 20655
TH2 Cytokine — group

(C) Males exposed to e-cigarette aerosols with nicotine
APP Amyloid beta precursor protein Other 11820
MAPK11 Mitogen-activated protein kinase 11 Kinase 19094
NGFR Nerve growth factor receptor Transmembrane receptor 18053
NOS2 Nitric oxide synthase 2 Enzyme 18126
NR3C1 Nuclear receptor subfamily 3 group C member 1 Ligand-dependent nuclear

receptor
14815

XBP1 X-box binding protein 1 Transcription regulator 22433
(D) Females exposed to e-cigarette aerosols with nicotine

ESR2 Estrogen receptor 2 (ER beta) Ligand-dependent nuclear
receptor

13983

ITGA4 Integrin subunit alpha 4 Transmembrane receptor 16401
KIT KIT proto-oncogene receptor tyrosine kinase Transmembrane receptor 16590
LGI1 Leucine-rich, glioma inactivated 1 Other 56839
MBP Myelin basic protein Other 17196
MOG Myelin oligodendrocyte glycoprotein Other 17441
NFATC2 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-

dependent 2
Transcription regulator 18019

NGFR Nerve growth factor receptor Transmembrane receptor 18053
NR3C1 Nuclear receptor subfamily 3 group C member 1 Ligand-dependent nuclear

receptor
14815

PLP1 Proteolipid protein 1 Other 18823
PPP3CB protein phosphatase 3, catalytic subunit, beta isozyme Phosphatase 19056
RORA RAR-related orphan receptor A Ligand-dependent nuclear

receptor
19883

Thymidine
kinase

— Group
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increases in GFAP in the cerebellum and CA1 region of the hip-
pocampus at PND 30 and 60 (Abdel-Rahman et al., 2005).

Thus, the literature concerning the effects of nicotine expo-
sure during early life stages are divergent, with findings demon-
strating that nicotine is both a developmental neuroprotectant
and neurotoxin. Conflicts between the studies are likely due, at
least in part, to differences between exposure route, nicotine
dose, and experimental design used in each study.

Although enhanced expression of Iba-1 was only observed in
offspring exposed to e-cigarette aerosols without nicotine, ear-
ly-life exposure to both e-cigarettes with and without nicotine-
induced alterations in the other biological parameters (ie, gene
expression of neurotrophins in the hippocampus, and serum
levels of cytokines) examined in this study. During early postna-
tal development, the CNS is sensitive to external stimuli and
neurotrophins, and nerve growth factor (NGF) and Brain-
Derived Neurotrophic factor (BDNF) modulate brain plasticity to
adapt to the environment (Berry et al., 2012). Several studies
suggest that reduced NGF and BDNF are associated with the
pathophysiology of psychiatric disorders (Altar, 1999; Castrén,
2004; Cirulli and Alleva, 2009; Sen et al., 2008). In this study, the
reductions seen in Ngfr and Bdnf in the hippocampus could indi-
cate decreased synaptic plasticity, and/or impair development
of coping responses to new or stressful situations in offspring
exposed to e-cigarettes (with and without nicotine) early in life.
Moreover, reductions in these two neurotrophins could increase
the susceptibility of the CNS to damage arising from oxidative
stress and inflammation.

A significant decrease in serum levels of IL-1b and IL-2 was
observed following exposure to e-cigarette aerosols containing
nicotine in both sexes; serum levels of IL-6 were modestly re-
duced in both treatment groups compared with pooled controls.
Serum levels of IL-1b and IL-2 were modestly reduced in mice
following exposure to e-cigarette aerosols without nicotine, but
levels failed to reach statistical significance compared with
pooled control values. In support of these toxicological studies,
prospective birth cohorts have been reported to exhibit de-
creased cytokine levels in cord blood from infants whose moth-
ers smoked cigarettes. In prospective studies, Noakes et al.
(2006) reported significantly decreased cord blood serum levels
of IL-6, IL-10, and TNFa, and Macaubas et al. (2003) found signifi-
cantly decreased cord blood serum levels of IL-4 and IFNc in
infants whose mothers smoked compared with cord blood sam-
ples from infants whose mothers did not smoke (Macaubas
et al., 2003; Noakes et al., 2006).

In vivo studies have demonstrated varying inflammatory
outcomes from gestational nicotine exposure. Mohsenzadeh
et al. (2014) reported that prenatal exposure to various doses of
nicotine leads to significant dose-dependent increases in serum
levels of acute phase reactant hs-CRP, and proinflammatory
cytokines IL-6 and TNFa in newborn rats (Mohsenzadeh et al.,
2014). In contrast to these findings, Yang et al. (2014) demon-
strated that pregnant rats first injected with lipopolysaccharide
(LPS) and subsequently treated with nicotine exhibited reduc-
tions in LPS-induced inflammatory responses (ie, serum levels
of IL-6 and TNFa), as well as increased viability of the fetus
(Yang et al., 2014).

Although the observed decreases in peripheral cytokines
that were seen herein are consistent with published literature
for cigarette smoke and nicotine exposures, the effects on cyto-
kine levels seen in our studies without nicotine are likely due to
other e-cigarette constituent(s). The e-cigarette-induced
decreases in peripheral cytokines observed here suggest that
early-life exposure to e-cigarette aerosols may modulate

immunity compromising the ability of offspring to mount an ef-
fective immune response. In support of our findings presented
here, other recent studies have observed immune-suppression
resulting from e-cigarette exposure in humans and animals. For
example, a recent study by Martin et al. (2016) examined
immune-related gene changes in the nasal mucosa of e-cigarette
(various brands, containing nicotine) and conventional cigarette
users. Results from that study revealed that e-cigarette users
had a higher quantity of gene expression alterations, as well as
greater levels of immune-suppression compared with conven-
tional cigarette users (Martin et al., 2016). In addition, animal
studies have shown that inhalation of e-cigarette aerosols that
contained nicotine (aerosols that did not contain nicotine were
not examined) compromised host resistance to viral and bacte-
rial infections in mice (Hwang et al., 2016; Sussan et al., 2015).

CONCLUSIONS

To our knowledge, this is the first study to examine e-cigarette
aerosol-induced effects on activation of astrocytes and micro-
glia in the developing brain. Results from this study revealed
that only offspring exposed early in life to e-cigarette aerosols
without nicotine-induced microglia activation. This effect could
arise as a result of the dual function of nicotine as both a devel-
opmental neurotoxicant and neuroprotectant. On the other
hand, offspring exposed during early life to both e-cigarette
aerosols with and without nicotine exhibited reductions in gene
expression levels of neurotrophins and serum levels of cyto-
kines. Findings from this study indicate that e-cigarette constit-
uents other than nicotine, such as flavorings, propylene glycol
or glycerin, could induce biological disruptions in the develop-
ing CNS. Prior studies investigating propylene glycol and glyc-
erin have demonstrated that these compounds are relatively
harmless when ingested, and thus have been designated as
“generally regarded as safe.” However, studies concerning the
potential toxicity of propylene glycol and glycerin when in-
haled, rather than ingested, are scarce (Farsalinos et al., 2015;
Tayyarah and Long, 2014).

The present study highlights the need for increased investi-
gations on e-cigarette constituents, including nicotine, using a
relevant exposure route. In conclusion, although e-cigarettes
are often viewed as “safe,” our data reveal a substantial threat
to the developing CNS. Thus, considering their public health
risk potential, particularly during susceptible life stages, e-ciga-
rettes require additional study and appropriate policy
considerations.
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