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Single-nucleus chromatin accessibility and RNA
sequencing reveal impaired brain development
in prenatally e-cigarette exposed neonatal rats

Zhong Chen,1,5 Wanqiu Chen,1,5 Yong Li,2,5 Malcolm Moos, Jr.,3 Daliao Xiao,2,* and Charles Wang1,4,6,*

SUMMARY

Although emerging evidence reveals that vaping alters the function of the central
nervous system, the effects of maternal vaping on offspring brain development
remain elusive. Using a well-established in utero exposure model, we performed
single-nucleus ATAC-seq (snATAC-seq) and RNA sequencing (snRNA-seq) on pre-
natally e-cigarette-exposed rat brains. We found that maternal vaping distorted
neuronal lineage differentiation in the neonatal brain by promoting excitatory
neurons and inhibiting lateral ganglionic eminence-derived inhibitory neuronal
differentiation. Moreover, maternal vaping disrupted calcium homeostasis,
induced microglia cell death, and elevated susceptibility to cerebral ischemic
injury in the developing brain of offspring. Our results suggest that the aberrant
calcium signaling, diminished microglial population, and impaired microglia-
neuron interactionmay all contribute to the underlyingmechanisms bywhich pre-
natal e-cigarette exposure impairs neonatal rat brain development. Our findings
raise the concern that maternal vaping may cause adverse long-term brain dam-
age to the offspring.

INTRODUCTION

Maternal smoking is a well-recognized public health concern associated with increased health risks in

offspring (Alkam et al., 2013; Visser et al., 2019). In addition to increased perinatal mortality and morbidity

and other severe obstetric complications, substantial evidence reveals various adverse effects of maternal

cigarette smoking, especially on brain development (Li et al., 2012; Ruszkiewicz et al., 2020; Sailer et al.,

2019; Schmidt, 2020; Zelikoff et al., 2018). Numerous studies have already documented diverse long-

term negative neuropsychiatric effects of prenatal/perinatal nicotine exposure in rodent offspring, such

as hyperactivity, reduced cognitive performance, increased anxiety and depression, and enhanced vulner-

ability to brain hypoxia-ischemia (HI) challenge, etc. (Alkam et al., 2013; Lacy et al., 2016; Lee et al., 2016; Li

et al., 2012, 2013; Newman et al., 1999; Pinheiro et al., 2015; Zhang et al., 2018, 2019).

Electronic cigarettes (E-cigarettes) serve as battery-powered nicotine delivery systems (ENDS), which came

into the US market in 2007 (Ruszkiewicz et al., 2020), proposed both for recreation and as an aid to smoking

cessation. Commonly being perceived as a safer alternative to conventional combustible smoking because

of their reportedly lower levels of nicotine and other toxic chemicals (Baeza-Loya et al., 2014; McCubbin

et al., 2017; Whittington et al., 2018), ENDS have become popular in the general population, especially

in pregnant women and adolescents (Ruszkiewicz et al., 2020; Schmidt, 2020). A recent survey reported

that up to 15% of pregnant women in the United States were using E-cigarettes (Whittington et al.,

2018). However, emerging evidence suggests potential health risks for ENDS. Compared with conventional

combustible cigarette smoking, ENDS contain other unique constituents beyond nicotine, such as propyl-

ene glycol (PG), vegetable glycerin (VG), formaldehyde, acrolein, flavoring chemicals, and other trace ele-

ments, some of which may be neurotoxic to the developing fetus and offspring (Ruszkiewicz et al., 2020).

Long-term effects of maternal e-cigarette exposure on brain development in offspring are not well defined;

however, increasing evidence from animal models suggests that such effects may also be of concern.

Recent rodent studies reported that maternal e-cigarette exposure may induce aberrant genetic and/or

epigenetic changes in the developing brain (Lauterstein et al., 2016), disruption of normal cortical neuronal

morphology and connectivity, disturbance of vital neurotransmitter circuits and brain cytokine signaling,

enhanced oxidative stress, abnormal neuroinflammation, and impaired autophagy as well as other aspects
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of the immune response (Chen et al., 2018a, 2018b; Dwyer et al., 2009; Hosseinzadeh et al., 2016; Mittleman

et al., 1997; Muhammad et al., 2012; Ruszkiewicz et al., 2020; Siniscalco et al., 2018; Smith et al., 2010). Even

in the absence of nicotine, ENDS usage during pregnancy is also likely deleterious to the fetus (Church

et al., 2020; Ruszkiewicz et al., 2020). Given the rapidly growing popularity of ENDS in pregnant women

and their potential detrimental effects on the fetus and offspring, it is urgent to understand the effects

of maternal e-cigarette exposure on brain development in detail and decipher the underlying mechanisms

of these processes at an advanced molecular and cellular level.

The brain is the most complex organ known, with unmatched cellular heterogeneity and functional

complexity. Previous transcriptomic studies evaluating the influence of nicotine exposure used aggregated

RNA from brain tissue containing diverse cell types (Lauterstein et al., 2016; Silva et al., 2018; Casserly et al.,

2020). This experimental design might mask major changes in specific cell populations due to dilution ef-

fects. Single-cell RNA sequencing (scRNA-seq) provides a powerful method to study the transcriptome at

single-cell resolution, allowing for characterization of various neuronal and non-neuronal cell types, iden-

tification of cell type specific transcriptomic changes, and projection of neuronal development (Lake et al.,

2016; Artegiani et al., 2017; Chen et al., 2017). Many brain-associated diseases and degenerative changes

associated with aging have been shown to manifest as cell type specific pathophysiology (Mathys et al.,

2019; Ximerakis et al., 2019a; Smaji�c et al., 2020). For example, scRNA-seq revealed that oligodendrocytes,

instead of neurons, exhibit the most robust morphine-dependent responses, hinting that more detailed

evaluation of myelination defects may contribute novel mechanistic insights into the understanding of

opioid addiction (Avey et al., 2018).

Accessibility of different promoters, enhancers, and other cis elements imposes important control over the

transcriptome. Measurements of chromatin state using the assay for transposase-accessible chromatin at

single-cell level (scATAC-seq) havemade tremendous progress in recent years (Sinha et al., 2021). scATAC-

seq reveals the progression of epigenetic landscape changes during cell differentiation at bifurcation

points and helps provide insights into a cell’s past (lineage) and future (terminal fate), which cannot be as-

certained by transcriptome assay alone. Integration of scRNA-seq and scATAC-seq data can aid in

revealing regulatory elements with respect to specific cell populations, providing deeper understanding

of the complex biological process in the brain (Lake et al., 2018).

Here, we performed single nucleus RNA sequencing (snRNA-seq) on over 54,000 cells and single nucleus

ATAC sequencing (snATAC-seq) on more than 30,000 cells from the brains of postnatal day 7 (P7) rats that

were exposed to e-cigarettes during gestational day 4 (E4) to E20. We found that prenatal e-cigarette

exposure caused aberrant neuron differentiation particularly resulting in an increased excitatory neuronal

composition and loss of lateral ganglionic eminence (LGE)-derived inhibitory neurons, disrupted calcium

signaling in the brain cells, markedly diminished numbers of microglia, and elevated susceptibility to ce-

rebral ischemic injury in the prenatal e-cigarette exposed neonate offspring brain. Overall, this study pro-

vides valuable insights into the effects of e-cigarettes on early central nervous system development.

RESULTS

Study design and data generation

Figure 1A illustrates the overall study design. We exposed pregnant rats to either e-cigarette vapor or control

air from E4 to E20 and harvested the brains from postnatal day 7 (P7) offspring. The neocortex and

hippocampus were dissected from four animals of the same gender and under the same conditions as for nu-

cleus isolation (16 pups derived from 4 dams in total) and pooled. Four single-nucleus RNA-seq (snRNA-seq)

libraries and four single-nucleus ATAC-seq (snATAC-seq) libraries (female control, female e-cig, male control,

andmale e-cig) were generated using 10x Genomics Droplet technology. Herein, the term ‘‘rat brain’’ denotes

the combined neocortex and hippocampus tissue only, instead of the whole brain.

In the snRNA-seq experiment, we obtained over 54,000 single-nucleus transcriptomes derived from the P7

brains of eight control (three males and five females) and eight (four males and four females) prenatally

e-cigarette exposed rat pups from four separate snRNA-seq libraries. These nuclei were sequenced to

an average depth of �19,000 reads/nucleus with a median UMI count of 2,429. Over 84% of all reads

weremapped to the Rn6.0 genome andmore than 56%weremapped to exons of the premature RNA refer-

ence, with an average of 1,503 genes/nucleus (Table S1). The R package Seurat (v. 3.2.2) was used for down-

stream analysis. The datasets generated from the four snRNA-seq libraries had similar features and were

ll
OPEN ACCESS

2 iScience 25, 104686, August 19, 2022

iScience
Article



combined for further analysis (Figure S1). Based on a filtering criterion of RNA features >1,000 and mito-

chondrial gene expression <8.5%, 15,234 nuclei from control and 14,083 nuclei from e-cigarette samples

were retained as the final snRNA-seq dataset for all downstream data analyses.

In the snATAC-seq experiment, we captured the chromatin accessibility of 32,000 single nuclei from the P7

brains of eight control (four male and four female pups, 15,834 nuclei) and eight prenatally e-cigarette

exposed rat pups (four males and four females, 14,388 nuclei) from four separate snATAC-seq libraries.

An average sequence depth of �71,000 reads and 18,063 fragments were generated per nucleus

(Table S1). A custom single-cell ATAC-seq indexed Rn6.0 reference genome (details in Methods) and

Cell Ranger ATAC package (version 1.1) were used for mapping and peak calling. In summary, over 65%

percent of all reads were confidently mapped to the Rn6.0 genome and over 14% overlapped with their

respective transcription start sites (TSS) (Figure S2A and Table S1). The R package Signac (v.1.0.0) was

used for cell clustering and differential peak analysis. After applying filtering for ATAC features >1,000,

TSS enrichment score >2, and nucleosome signal <1.0% (Figures S2B and S2C), we retained 13,279 nuclei

from control and 12,622 nuclei from the prenatally e-cigarette exposed groups, respectively, and merged

the data for clustering and downstream analysis. The data retained had a median TSS enrichment score >8,

suggesting high quality capture in chromatin regulatory regions (Figure S2C). Of those reads that passed

the filtering and mapped to genic regions, over 55% percent were annotated to promoters, 12–13% were

annotated to exons and introns, and about 30% were in intergenic regions (Figure S2D). Data from control

and prenatally e-cigarette treated groups showed similar sequencing and mapping quality, indicating that

minimal bias was introduced between groups during data collection.

A

E

F

G

B C

D

Figure 1. Study design and cell type identification in the neonatal rat brain exposed to prenatal e-cigarette vapor

(A) Overview of study design. Pregnant Sprague-Dawley rats were exposed to control air or e-cigarette from gestational E4 to E20. The brains of postnatal

day 7 (P7) rat pups were dissociated to obtain single nuclei for snRNA-seq and snATAC-seq. In some parallel animals, transient middle cerebral artery

occlusion (tMCAO) was conducted on postnatal day 9 (P9) rat pups, and the infarct size was evaluated 48h later.

(B) UMAP visualization of 29,317 single nucleus transcriptomes from postnatal day 7 rat brain revealed 21 groups colored by annotated cell type. OPCs,

oligodendrocyte progenitor cells; NPCs, neural progenitor cells; PSCs, perivascular stromal cells; EPSCs, ependymal cells; ECs, endothelial cells; CRs, Cajal-

Retzius cells.

(C) UMAP visualization of nine neuronal cell populations showing the expression of the representative excitatory neuron marker Arpp21 and (D). inhibitory

neuronal markers Erbb4 and Gad2.

(E) Dot plot showing representative marker gene expression across all 21 cell clusters derived from P7 neonatal rat brain cortex and hippocampus.

(F) Dot plot of representative marker gene expression in neuronal subpopulations.

(G) UMAP visualization of nine neuronal cell populations showing the annotation of each neuronal subtype.
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Identification of cell types in the developing rat brain

Though many single cell transcriptomic studies have been done on mouse and human brain (Lake et al.,

2016; Rosenberg et al., 2018; Fan et al., 2020), little has been done to profile the rat central nervous system

(CNS) at the single-cell level. Rats are a widely-accepted animal model for behavioral studies because of

their advanced cognition and memory (Iannaccone and Jacob, 2009). Because of the expression differ-

ences between rat and mouse genes and the fact that many mouse cell type marker genes are not well an-

notated in rats, brain cell markers derived from mice might not be useful to identify rat brain cells. This has

been a major drawback for researchers who use the rat model for studies of chemical addiction and neuro-

degenerative diseases, e.g., Parkinson’s and Alzheimer’s disease. Therefore, better understanding of rat

brain at single-cell resolution is needed. To fill this research gap, we characterized the transcriptomic pro-

files of 29,317 nuclei from control and prenatally e-cigarette exposed rat brains. Using Uniform Manifold

Approximation and Projection (UMAP) for dimension reduction and unbiased graph-based clustering,

we projected those nuclei into 21 different cell clusters (Figure 1B). We examined the expression of

many potential cell type markers extensively and identified each cell type from their distinct expression

profiles. Specifically, six clusters showed high-level expression of the excitatory neuron marker Arpp21

(Luo et al., 2017) (Figure 1C), and three clusters showed high-level expression of known inhibitory neuron

markers Erbb4 and Gad2 (Luo et al., 2017) (Figure 1D); consequently they were identified as excitatory

neuron subtype I-VI and inhibitory neuron subtype I-III, respectively (Figure 1B). We further annotated

the remaining clusters based on the expression patterns of well-established cell-specific markers (Ximera-

kis et al., 2019b; Polioudakis et al., 2019): 3 astrocyte subtype (markers: Aqp4 and Slc1a2), neuroblasts

(marker: Dlx1), Cajal-Retzius cells (CRs) (markers: Reln and Tp73), oligodendrocyte progenitor cells

(OPCs) (marker: Cspg4), microglia (markers: C1qb, Cx3cr1, Iba1, and Trem2), ependymal cells (EPSCs)

(markers: Dynlrb2 and Dnah12), perivascular stromal cells (PSCs) (marker: Col1a1), neural progenitor cells

(NPCs) (markers: Nusap1 and Top2a), and endothelial cells (ECs) (markers: Cldn5 and Flt1) (Figures 1B and

1E). It is worth noting that one cluster did not exhibit a characteristic gene expression pattern other than

weak expression for some excitatory and inhibitory neuron marker genes (Figure 1E). Considering the

immaturity of the P7 rat brain, we annotated this cluster as immature neurons. The transitional state of those

immature neurons was also suggested by their projected proximity to neuron progenitor cells (Figure 1B).

The cerebral cortex is made up of six-layers, from the outermost layer I to the innermost layer VI. The neu-

rons from different cortex layers are formed under strict regulation during embryonic development; these

layers exhibit different gene expression profiles (Lake et al., 2016). On the other hand, inhibitory interneu-

rons arise from different regions of the ventral telencephalon, designated as medial, lateral, and caudal

ganglionic eminences (MGE, LGE, and CGE, respectively), which display distinctive transcriptomic profiles.

To understand these neuronal subtypes better, we examined the gene expression profiles of the six excit-

atory and three inhibitory neuron clusters and their association with cortical layer position and develop-

mental origin (Figure 1F). Based on the well-known cortical layer (Lake et al., 2016; Luo et al., 2017) and

inhibitory interneuron markers (Lake et al., 2016; Polioudakis et al., 2019) (Figures 1F and S3), we annotated

the six excitatory neuron subtypes as exL2/3 (excitatory neuron layer 2/3, Cux1), exL4 (excitatory neuron

layer 4, Necab1), exL5 (excitatory neuron layer 5, Bcl11b and Deptor), exL6 (excitatory neuron layer 6,

Tle4, and Foxp2), exHPN1, and exHPN2 (excitatory neuron hippocampal pyramidal neuron 1 and 2,

Ndst4, Nr3c2, and Zbtb20) (Figures 1G and S3). The three inhibitory neuron clusters were annotated as in-

CGE (inhibitory CGE-derived interneuron, Adarb2), inMGE (inhibitory MGE-derived interneuron, Sox6 and

Kcnc2), and inLGE (inhibitory LGE-derived interneuron, Gnal and Dach1). Of note, after dimension reduc-

tion using UMAP, the six excitatory neuron clusters were adjacent to each other; similarly, the three inhib-

itory neuron clusters were also projected in close proximity (Figure 1G). In addition, the two clusters of

hippocampal pyramidal neurons (exHPN1 and exHPN2) were adjacent, whereas the other four clusters

of cortical layer projection neurons were contiguous, suggesting diversity of neurons and their interconnec-

tion at the transcriptomic level. Overall, the neural and non-neural cell types we uncovered here are highly

concordant with previous studies of cell diversity in the cortex and hippocampus (Avey et al., 2018; Arte-

giani et al., 2017; Zhu et al., 2019). These single-cell transcriptomic data describing the developing rat brain

will be an invaluable resource and greatly facilitate future studies of the CNS in the rat, e.g., drug response

and neurodegenerative diseases.

Differential gene expression in neonatal neurons after prenatal e-cigarette exposure

All the cell types identified were present with similar cell numbers and proportions in both control and pre-

natal e-cigarette exposed neonatal brains (Table S2). In addition, the quality of data generated from the

ll
OPEN ACCESS

4 iScience 25, 104686, August 19, 2022

iScience
Article



two groups was comparable, with similar numbers of total counts and genes detected per cell (Figures S1–

S4 and Table S1). After annotating all the cell types in the snRNA-seq dataset, we investigated the tran-

scriptional changes within the same cell type by performing differential gene expression analysis between

the control and e-cigarette groups. Out of �5,000 total genes detected from all the cell types, 295 unique

genes were affected significantly by prenatal e-cigarette exposure in at least one brain cell type [fold

change (FC) > 1.2, false-discovery rate (FDR) < 0.2] (Tables S2 and S3). Gene ontology (GO) enrichment re-

vealed that the majority of the 295 differentially expressed genes (DEGs) participated in nervous system

development and neuron differentiation, whereas the major cellular component involved was the synapse.

Several significant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified, such as

axon guidance, dopaminergic synapse, and glutamatergic synapse (Figure S5), hinting that prenatal

e-cigarette exposure imposed profound effects on central nervous system development involving

neuronal differentiation and synaptic communication.

Since prenatal e-cigarette exposure exerted only a mild influence on the neuronal transcriptome, we

grouped all the nine neuron clusters as excitatory neurons and inhibitory neurons, respectively. We then

performed differential expression analysis between prenatal e-cigarette exposed and control nuclei using

the combined neuron clusters to increase the statistical power and the number of DEGs. In this manner, we

detected 362 DEGs in excitatory neurons and 198 DEGs in inhibitory neurons with a more stringent

FDR (<0.1) (Table S5). It is worth noting that calmodulin-binding transcription activator, Camta1, was

significantly up-regulated in both excitatory and inhibitory neurons after prenatal e-cigarette exposure

(FDR = 5.71E-133 and FC = 1.20 in excitatory neurons; FDR = 4.99E-53 and FC = 1.18 in inhibitory neurons,

respectively. Figures 2A–2C and Table S5). Camta1 is known to play a critical role in regulating calmodulin

expression and, in turn, maintaining calcium homeostasis (Vuong-Brender et al., 2020). In fact, Camta1 was

significantly elevated in all nine neuron subtypes (Figures 2B, 3D and S6). The expression of another

calcium-related gene, the calcium-activated neutral proteinase 13 (Capn13), was also increased in inhibi-

tory neurons (FDR = 2.37E-32, FC = 1.17, Figures 2C–2D and Table S5). GO enrichment analyses revealed

that the 362 DEGs were enriched in the molecular function of ion or protein binding and were

involved in neuron differentiation and axon guidance (Figure 2E). Together, our results suggest that pre-

natal e-cigarette exposure may adversely affect early CNS development by altering calcium homeostasis

and/or calcium signaling pathways.

Prenatal e-cigarette exposure reduced the number of microglia and resulted in glutamate-

dependent excitotoxicity

Microglia play a pivotal role in modulating CNS development and maintaining brain (Lenz and Nelson,

2018) function. As the resident immune cells in brain, microglia respond quickly to injury, pathogens, or

drugs in a process termed ‘‘activation’’, which results in biochemical and morphological changes away

from the homeostatic state. Based on the differential expression analysis, we noticed that more than

one-third of all DEGs in the brain induced by prenatal e-cigarette exposure were found in microglia

(132 out of total 295 genes) (Table S3). The unusually high number of DEGs observed in microglia was

not the result of compromised statistical stringency due to small sample size, since microglia account

for about 4.79% of the cell population in our snRNA-seq dataset and its sample size is about the average

of all the cell types compared during DEG analysis (4.76% G 2.9, Table S2). We speculated that microglia

comprised one of the major cell types affected profoundly by prenatal e-cigarette exposure. Therefore,

we first examined its population change. We found it striking that prenatal e-cigarette exposure reduced

microglial cell number by � 22.6%, without changing the cluster projection (Figure 3A and Table S2). To

verify this effect, we examined the putative microglia population change in bulk RNA-seq data (collected

in a separate but repeated experiment), by using the expression of microglia-specific markers Trem2 and

Cx3cr1 as indicators of cell population (cell number). The rationale was that the expressions of Trem2 and

Cx3cr1 are specific to microglia (Figures 1E, 3B, and 3C), and their expression levels per cell are indepen-

dent of e-cigarette simulation as shown in Figure 3D. Therefore, these markers can be used to reflect the

microglia population. In line with the reduction of microglia observed in the snRNA-seq dataset, the

expression of Trem2 and Cx3cr1 was reduced by 18 and 10%, respectively, at bulk gene expression level

after prenatal e-cigarette exposure, with marginal statistical significance (p = 0.0586 for Trem2, p =

0.0558 for Cx3cr1) (Figure 3E). This further supports the notion that prenatal e-cigarette exposure re-

duces the microglia population in early CNS development. We examined the level of another microglial

protein, IBA1 (ionized calcium-binding adapter molecule), in P7 whole brain exposed prenatally to e-cig-

arettes and found it to be significantly down-regulated (Figure 3F) (two-tailed student’s t-test, p = 0.0025,
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n = 10). We speculate that this reduction was due either to microglial death or inhibited microglial

proliferation.

Numerous types of neurotransmitter receptors are expressed on microglia, including glutamatergic recep-

tors, GABAergic receptors, and acetylcholine receptors. These receptors allow microglia to communicate

with their adjacent neurons. Notably, among the 132 microglia DEGs induced by prenatal e-cigarette

exposure (FDR <0.2 and FC > 1.2) (Figure 3G and Table S2), many were glutamate receptors. For instance,

the glutamate metabotropic receptor genes,Grm3 andGrm7, as well as the glutamate ionotropic receptor

genes, Grik2 and Grid2, were significantly downregulated after prenatal e-cigarette exposure (Figures 3H

A

C

E

B

D

Figure 2. Differential gene expression in excitatory and inhibitory neurons after prenatal e-cigarette exposure

(A and C) Volcano plots showing differentially expressed genes (DE-Gs) in all the excitatory neurons (A) or inhibitory neurons (C) collected from control or

maternal e-cigarette exposed P7 rat brains. Blue and red lines indicate log2FoldChange of G0.2.

(B) Violin plots showing the expression of Camta1in six excitatory neuronal subtypes.

(D) Violin plots showing the expression of Camta1 and Capn13 in three inhibitory neuronal subtypes.

(E) Manhattan plot showing the top Gene Ontology (GO) terms (MF, molecular function; CC, cellular component; BP, biological process), and Kyoto

Encyclopedia of Genes and Genomes (KEGG), enriched from the DE-Gs identified in all neurons between control and e-cigarette exposed P7 rat brains.
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and 3I). In addition, some other ion channel-associated genes, including Cacna2d1, Nkain2, Scn8a, Scn2a,

and Kcnd3, known to contribute to synaptic communication between neurons and microglia, were also

markedly downregulated in the microglia of the neonatal brain following prenatal e-cigarette exposure

(Figure 3I and Table S3). Meanwhile, the expressions of many chemokines/cytokines and their receptor

genes, such as Ccr5, Ifngr1, Il6r, Itga9, and Csf1r, were increased by 15–24% at cell level in the brains of

e-cigarette stimulated rat pups, suggesting elevated neuroinflammation in the developing brain after pre-

natal e-cigarette exposure (Figure 3K). Overall, our results indicate that prenatal e-cigarette exposure led

to glutamate-dependent excitotoxicity followed by inflammatory response in the developing brain. The

concerted upregulation ofCsf1r, an essential indicator for microglial survival, as well as the downregulation

of glutamate receptors, might be a homeostatic response, i.e., de-sensitization, of the microglia to pro-

longed nicotine exposure.

snATAC-seq recapitulates cell identities in the developing rat brain

After QC filtering, a total of 25,901 nuclei from both control and prenatally e-cigarette exposed brains were

clustered into 17 different groups based on chromatin accessibility using Latent Semantic Indexing (LSI)

(Papadimitriou et al., 2000) dimension reduction techniques (Figure 4A). As there is no chromatin accessi-

bility reference available for the rat to identify brain cells, we relied on the Signac function

FindTransferAnchors to generate a set of anchors between our snRNA-seq data (reference) and the

A

F
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B D E
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K
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Figure 3. Prenatal e-cigarette exposure reduced the number of microglia and resulted in glutamate-dependent excitotoxicity in the developing

brain

(A-C) UMAP plots showing the microglia population in the control and prenatally e-cigarette exposed P7 rat brains, respectively. The specific expressions of

microglia markers Trem2 and Cx3cr1 are shown in (B) and (C), respectively.

(D) Violin plots with boxplots overlaid showing the expression of Trem2 and Cx3cr1 at single-cell level. ns: not significant.

(E) Expressions of Trem2 and Cx3cr1 at bulk RNA-seq level shown as normalized RNA-seq counts (trimmed mean of M values normalization, TMM). Control

group: n = 9. E-cigarette group: n = 10.

(F) Westernblot of microglia marker IBA1 (also known as AIF1). The relative IBA1 protein level was normalized against internal control protein GAPDH.

(G) Volcano plot showing microglia DE-Gs induced by prenatal e-cigarette exposure. Significantly upregulated genes are highlighted in red and

downregulated genes are highlighted in blue. Blue and red lines indicate log2FoldChange of 0.25.

(H–K) Violin plots with boxplots overlaid showing the single-cell level expressions of genes related to (H) glutamate metabotropic receptors, (I) glutamate

ionotropic receptors, (J) ion channels, and (K) inflammatory responses from our snRNA-seq dataset. *padj <0.1, **padj <0.01, ***padj <0.001.

Error bars in E and F represent the standard deviations. P values were calculated using two-tailed Student’s t-test.
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snATAC-seq data (query), then used TransferData to transfer the cluster identifications onto snATAC-seq

clusters. After identification transfer, most of the snATAC-seq clusters were annotated successfully,

including six excitatory neuron clusters, three inhibitory neuron clusters, two astrocyte clusters, microglia

(MG), neuroblasts (NBs), oligodendrocyte progenitor cells (OPCs), neural progenitor cells (NPCs), Cajal-

Retzius cells (CRs), and an unknown cluster (Figure 4A). For the unknown cluster, we tentatively annotated

it as exVII based on its similarity with other excitatory neuron types (Figure 4A), and by comparing its chro-

matin accessibility data with the neighboring clusters and the neuron marker expressions predicted by the

Signac GeneActivity function from chromatin accessibility data.

To validate the cell type assignment in our snATAC-seq dataset, we examined the accessibility of selected

marker genes from our snRNA-seq data. In line with the prediction, all six excitatory neuron clusters as well

as the exVII cluster showed high accessibility at excitatory neuron marker genes Neurod6 and Arpp21 (Fig-

ure 4B), confirming their excitatory neuron identities. The three inhibitory neuron clusters showed distinctive

accessibility at inhibitory neuron marker gene Gad1 whereas the two astrocyte clusters showed the highest

accessibility at the Aqp4 promoter region. As expected, the C1qb promoter region was highly accessible in

the microglia cluster, while the OPC marker gene Cspg4 showed the highest accessibility in OPC cells (Fig-

ure 4B). These data not only confirmed the cell identifications in our snATAC-seq dataset, but also demon-

strated high concordance between the snRNA-seq and snATAC-seq data. We further compared the major

cell type composition in the snATAC-seq data with that in the snRNA-seq data. The snATAC-seq analysis as-

signed 47.4% of the cells as excitatory neurons, 18.1% as inhibitory neurons, 14.5% as astrocytes, 2% as

A

C D
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B

Figure 4. snATAC-seq recapitulates cell identities in the developing rat brain

(A) UMAP showing clusters based on the snATAC-seq dataset of 25,901 nuclei derived from control and prenatally e-cigarette exposed P7 rat brains. Cell

type identifications were determined based on snRNA-seq data using cell markers as described in Methods, which were then transferred onto the snATAC

clusters using the FindTransferAnchorsfunction in the Signac package. exVII cells were identified manually as there were no counterparts in the snRNA-seq

dataset.

(B) Genomic regions showing the snATAC-seq tracks of aggregate chromatin accessibility of representative markers in the major cell types.

(C) Donut plot showing the percentage of major cell types in the snATAC-seq and snRNA-seq datasets.

(D) Dot plot showing the promoter accessibility of representative markers across all 17 clusters in the snATAC-seq data. The accessibility of each gene

(column) was scaled from 0 to 100.

(E) Representative genomic regions showing snATAC-seq tracks of aggregate chromatin accessibility across three inhibitory neuronal subtypes.
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microglia, 4.7% as neuroblasts, and 13.3% as OPCs and other cells (Figure 4C). On the other hand, in our

snRNA-seq dataset, 48.7% were assigned as excitatory neurons, � 17.9% as inhibitory neurons, and �14.6%

as astrocytes. The cellular composition in the snATAC-seq dataset was highly concordant with that in the

snRNA-seq dataset (Figure 4C), which further validated our snATAC-seq cell type assignment, and provided

support for subsequent downstream analysis, such as trajectory identification.

To establish a set of chromatin accessibility reference markers for neonatal rat brain cell identification, we

compared the accessibility of many candidate genes in each cluster extensively and proposed a set of

markers with reasonable specificity (Figure 4D). In doing so, we first calculated the means of the normalized

promoter accessibilities of the candidate genes in all cells within each cluster, then scaled the data from

zero (least accessible) to 100 (most accessible) to enhance the visualization. In general, more specific

markers were apparent in glial cells; examples include Aqp4 and Sfxn5 for astrocytes, Nfe2l2 and C1qb

for microglia, and Fam89a and Gpr17 for OPCs, etc. The markers were less specific and distinctive in neu-

rons due to their closely similar lineages as well as the fact that many neurons were in transition stages in P7

brains. Nevertheless, we were able to identify a few specific chromatin accessibility markers for inhibitory

neurons, which included Lhx6 for MGE-derived inhibitory neurons, Adarb2 for CGE-derived inhibitory neu-

rons, and Ppp1r1b for LGE-derived inhibitory neurons (Figurs 4D and 4E). In addition, we also identified

Arrdc4 and Dlx1as unique markers for neuroblasts and Kcnj10 for neuron progenitor cells (Figure 4D).

For certain marker genes that were observed in our snRNA-seq data, such as the pan-inhibitory neuron

marker Erbb4 and the excitatory neuron subtype marker genes Cux1, Il1rapl2, Tle4, Zbtb20, and Tox, we

did not observe noticeable chromatin accessibility changes in the corresponding clusters. Possible expla-

nations were that the gene expression did not always mirror its chromatin accessibility and the turnover of

mRNA is likely regulated independently after transcription in different neuron subtypes. In summary, we

proposed and presented a set of cell-type specific genes that can be used as chromatin accessibility

markers to identify rat brain cells in this study. By combining chromatin markers with expression markers,

we propose a convenient yet powerful tool that can be used to profile rat brain cells.

Prenatal e-cigarette exposure promoted neonatal excitatory neural differentiation

After identifying cell types in both snRNA-seq and snATAC-seq datasets with high confidence, we were

able to investigate the influence of prenatal e-cigarette exposure on CNS development in a cell type-spe-

cific manner. We first investigated the abundance of each cell type and the cellular composition changes

between the control and prenatal e-cigarette group using snATAC-seq data, as chromatin accessibility has

been demonstrated to bemore cell type specific in some instances and thus could capture cell identity bet-

ter than mRNA expression (Corces et al., 2016; Zamanighomi et al., 2018). In doing so, we calculated the

proportion of each major cell type in the control and prenatal e-cigarette groups, respectively (Figure 5A).

We found that the microglia in the neonatal brain were reduced by �40% after prenatal e-cigarette expo-

sure (control: 2.4 G 0.03%, e-cigarette exposure: 1.5 G 0.05%, p = 0.005, Figure 5A). Astrocytes, another

major non-neuron cell type, were also reduced significantly after prenatal e-cigarette exposure (control:

15.9 G 0.7%, e-cigarette exposure:13.1 G 0.4%, p = 0.027, Figure 5A). Meanwhile, excitatory neurons

and neuroblast cells showed interesting population shifts, with a �20% increase of excitatory neurons

and �50% reduction of neuroblast cells (Figure 5A). At the neuron subtype level, the fractions of excitatory

neurons L2/3 and CGE-derived inhibitory neurons were significantly increased (p < 0.05, Figure 5B),

whereas the LGE-derived inhibitory neurons were significantly decreased (control: 6.97 G 1.98%; e-ciga-

rette exposure:1.09 G 2.25%, p = 0.014, Figure 5B) after prenatal e-cigarette exposure. For the other

neuronal subtypes, except for the excitatory neuron L6, prenatal e-cigarette exposure seemed to increase

their population (Figure 5B). Our results unequivocally revealed an extensive effect of prenatal e-cigarette

exposure on both neuronal and non-neuronal cells in early CNS development.

To investigate how prenatal e-cigarette exposure affected chromatin accessibility in neonatal brain cells,

we performed differential accessibility analysis for each cell type between the control and e-cigarette

groups. In neonatal brains, prenatal e-cigarette exposure resulted in the greatest chromatin accessibility

changes in the excitatory neurons, with 978 differentially accessible regions (DARs) (FC > 1.2 and

p < 0.001) detected; the vast majority were prone to more openness (Figure 5C). Similar patterns were

observed in inhibitory neurons, astrocytes, OPCs, and neuron progenitor cells. Chromatin accessibility

analysis suggested that prenatal e-cigarette exposure had long-lasting, broad effects on CNS transcription

in many types of cells, particularly on promoting transcription, e.g., e-cigarette exposure promoted more

chromatin opening than closing. This was in line with our snRNA-seq results, which showed that the
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expressions of many genes were elevated in those types of cells (Table S3). Interestingly, prenatal e-ciga-

rette exposure seemed to have the opposite effect on chromatin accessibility in microglia and neuroblasts

compared with other types of cells, i.e., e-cigarette exposure induced more chromatin closing. Chromatin

closing (216 closed vs. 45 open) in microglia supports the view that nicotine inhibits microglia activation and

brain inflammation (Noda and Kobayashi, 2017). Prenatal e-cigarette exposure induced promoter closing

at a significant number of genes in neuroblasts (710 closed vs. 45 open) suggesting a strong effect on

neuron differentiation, which might lead to the cell population changes observed earlier.

Next, we focused on the differences in chromatin accessibility in excitatory neurons since they are the most

abundant cell type in the brain and had the most DARs induced by prenatal e-cigarette exposure. To un-

derstand the biological significance of those DARs, we first annotated the DARs to rn6.0 genes using the

A
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Figure 5. Prenatal e-cigarette exposure promoted neonatal neuronal differentiation

(A and B) Bar plot showing the cell composition of (A) major cell types and (B) neuronal subtypes in both control and prenatal e-cigarette exposed P7 rat

brains. Data were calculated from the snATAC-seq dataset and presented as mean G SD (*p < 0.05 by one-tailed t-test).

(C) Number of differential accessible chromatin regions (DARs) in the major cell types. Blue: chromatin regions with significantly reduced accessibilities after

prenatal e-cigarette exposure; green: chromatin regions with significantly increased accessibilities after prenatal e-cigarette exposure.

(D) Dot plot showing the top Gene Ontology (GO) biological process (BP) terms enriched from genes with DARs in excitatory neurons.

(E) Heatmap of promoter accessibility of genes enriched in neuron differentiation and synaptic signaling processes in six excitatory neuron subtypes. The

relative chromatin accessibility at promoter regions were row scaled and clustered by the ‘‘median’’ method.

(F-H) Trajectory of neuron differentiation in control (top) and prenatal e-cigarette exposed (bottom) samples. The dynamic changes of promoter accessibility

of genes involved in (G) excitatory and (H) inhibitory neuronal differentiation according to pseudotime. Cells on each differentiation trajectory were divided

into ten quantiles according to their trajectory pseudotime as calculated from Slingshot. DARs were determined from cells between the starting point

(neuroblasts) and the endpoints (exL4 and exVII for excitatory neurons, and inLGE for inhibitory neurons). The assignment of DARs to their promoters was

visualized by a row scaled heatmap.

(I–L) Scatterplots showing the trend of promoter accessibility change over neuronal differentiation. The DARs were determined as described in G and H, and

those annotated to gene promoters are shown on plots. Locally weighted smoothing (LOESS) was used to reveal the trend in the accessibility over pseu-

dotime.
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R package ‘annotatr’ (v1.10.0), then conducted gene ontology (GO) analysis on those genes. In agreement

with the snRNA-seq data, GO enrichment of DAR linked genes showed that neuron differentiation, synaptic

signaling, and neuron projection development were the biological processes most influenced by e-ciga-

rette exposure in the excitatory neurons (Figure 5D). This agreed well with functions enriched by DEGs (Fig-

ure 2E) and further corroborated our findings from the snRNA-seq data. In fact, enhanced chromatin acces-

sibility for the genes involved in neuron differentiation and synaptic signaling was observed in all excitatory

neuron subtypes in the prenatal e-cigarette exposure group; these genes were consequently very likely to

promote excitatory neuron differentiation. A few examples of such genes include Camsap3, Stmn1, Dlx1,

Camk2n2, Ly6h, etc. (Figure 5E). Two examples were the promoter region of Camsap3 (calmodulin-regu-

lated spectrin-associated protein 3), which plays a key role in maintaining neuronal polarity and was signif-

icantly more accessible in the exL2/3 cluster, and the promoter accessibility of Camk2n2, another calmod-

ulin-dependent gene, which was significantly increased in the exL6 cluster after prenatal e-cigarette

exposure. Camk2n2 not only regulates neuronal synaptic plasticity, but also may act to inhibit the phos-

phorylation of AMPA receptors. These data suggest strongly that prenatal e-cigarette exposure may accel-

erate neuronal differentiation and maturation in the neonatal brain.

To study the influence of e-cigarette exposure on neuronal differentiation dynamics and lineage progres-

sions, we applied the Slingshot algorithm (Street et al., 2018) to infer cellular trajectory and pseudotime

from our snATAC-seq data. All ten neuronal subtypes and neuroblasts were included for the analysis. In

brief, the number of cell lineages, bifurcation points, and the pseudotime of each cell on the lineage tra-

jectory were calculated with the Slingshot function using neuroblasts as the starting point. Multiple line-

ages from neuroblasts to potential endpoints were predicted. Despite the similarity of the predicted tra-

jectories in control and exposure groups, the cellular trajectories bifurcated into excitatory or inhibitory

destinations earlier in the control group (Figure 5F), and those trajectories were more widely separated

in excitatory neurons, i.e., the more differentiated state. On the other hand, the inhibitory neuron trajectory

was shifted to an excitatory neurogenesis destination in the exposure group (Figure 5F). These data sug-

gested that prenatal e-cigarette exposure might promote excitatory neuron differentiation or hinder inhib-

itory neuron differentiation, which was consistent with the larger proportion of excitatory neurons observed

in the prenatal e-cigarette exposed neonatal brain (Figure 5A).

Knowing that prenatal e-cigarette exposure influences neuronal differentiation, we next examined the temporal

dynamics of chromatin accessibility for neuronal differentiation genes. First, we identified all geneswith differen-

tial promoter accessibility in the excitatory neuron trajectory (start point: neuroblasts, endpoint: exVII, 807 genes,

Figure 5G) and the inhibitory neuron trajectory (start point: neuroblasts, endpoint: inLGE, 603 genes, Figure 5H).

Second, we grouped the neurons into 10 quantiles based on their pseudotime as calculated from trajectory pre-

diction. Finally, we calculated the average promoter accessibility for each gene from all cells within a given quan-

tile and visualized the accessibility changes according to their pseudotime.We found that duringboth excitatory

and inhibitoryneurondifferentiation, therewasa rapidchromatin closing (accessibility of promoters fromopen to

closed, Figure5I), aswell as sloweropeningofcertainchromatin regions (accessibility ofpromoters fromclosedto

open, Figure 5J). For excitatory neuron differentiation, the opening of the promoters’ accessibility occurred

earlier in the e-cigarette cells, and the openness was greater compared with control cells (Figures 5G–5J). For

example,Neurod2, knowntoplaya role inneuronaldifferentiationandwhich isexpressed inmatureneurons (Pre-

issl et al., 2018), showed increased accessibility in cells from the e-cigarette group. Othermature neuron specific

genes, includingNeurod6, Arpp21, and certain glutamate receptor related genes such as Grin1,Grin2a,Grm3,

showed greater accessibility at promoter regions in the e-cigarette group. In contrast, we did not observemuch

difference in the dynamic process of chromatin closing between control ande-cigarettegroups in inhibitory neu-

rons (Figure 5H). During the inhibitory neuron differentiation, promoters opened at similar stages in control and

e-cigarette groups, although greater openness was seen in cells from the prenatal e-cigarette exposure group

(Figure 5L). Of note, chromatin closing during inhibitory neuron differentiation was delayed in the e-cigarette

group (Figure 5K) at certain promoter regions, such asHat1 andCited2; this may be related to delayed differen-

tiation in affected subpopulations. Altogether, our study showed that prenatal e-cigarette exposure promotes

neonatal excitatory neuron differentiation while slowing the generation of LGE-derived inhibitory neurons.

Prenatal e-cigarette exposure induced microglial cell death and elevated susceptibility to

cerebral ischemic injury

Reduction of the microglia population by prenatal e-cigarette exposure was observed in both our snRNA-

seq data and snATAC-seq data. However, the underlying mechanism is not known. Previous studies
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indicated that nicotine inhibits microglial proliferation (Guan et al., 2015). To understand how e-cigarette

exposure affected themicroglia population, we used our snRNA-seq data to analyze the cell cycle in micro-

glia. In brief, each microglial cell was assigned to a cell cycle state based on the expression of cell cycle

transcripts using Seurat function CellCycleScoring and the list of cell cycle markers proposed by Tirosh (Tir-

osh et al., 2016). We then applied Fisher’s exact test to the number of microglia at each cell cycle between

the control and e-cigarette groups to determine whether prenatal e-cigarettes affected microglial prolif-

eration in the developing brain. We found that there was no statistically significant difference in the

microglial cell cycle stages between the control and e-cigarette groups (p = 0.835 for G1; p = 0.616 for

G2M; p = 0.937 for S, Figure S7). Microglial cells in the P7 rat brains were predominantly in G1, �50% in

control and �52.8% in the e-cigarette group. Microglia in S were slightly reduced in the prenatal e-ciga-

rette exposed brain, but the difference was not statistically significant (control versus e-cigarette:

28.9 vs. 25.9%, Figure S7). Next, to determine the biological functions associated with the chromatin acces-

sibility changes induced by prenatal e-cigarette exposure in microglia, we annotated the DARs in microglia

followed by gene ontology (GO) analysis. Interestingly, response to stress (GO:0033554 and GO:0006950)

and cellular response to DNA damage stimulus (GO:0006974) were enriched in microglia (Figure 6A). Inge-

nuity Pathway Analysis (IPA) further revealed reduced synaptogenesis signaling and glutamate receptor

signaling, as well as increased NFAT regulated immune response (Figure 6B).

We also examined transcription factor binding motifs from DNA sequences in DARs induced in neurons

and microglia due to prenatal e-cigarette exposure. We identified all six transcription factor binding motifs

(jaspar 2020 database) in neurons and microglia from the DARs induced by prenatal e-cigarette exposure

(Table S6). Biological functions of those motif binding transcription factors all correlated well with e-ciga-

rette induced changes. For instance,Nfatc2 (nuclear factor 2 of activated T cells), which plays a central role

in inducing gene transcription during the immune response, is dependent on calcium-dependent activa-

tion of calcineurin signaling. Nfatcs is involved in numerous cellular functions such as apoptosis and the

cell cycle (Mognol et al., 2016). This is consistent with the observation of the alteration of cell population

and cell communication in microglia in prenatal e-cigarette exposed brains (Figures 5A and 6). Another

example is Nr4a2, nuclear receptor subfamily 4 group A member 2 (also called Nurr1) (Figure 6C). Nr4a2

is known to regulate cellular proliferation and apoptosis, as well as help maintain the dopaminergic system

in the brain. Mutations in this gene have been associated with disorders related to dopaminergic dysfunc-

tion, including Parkinson’s disease and schizophrenia (Singh et al., 2020).

Previous studies suggested that microglia protect the CNS against injury. For example, elimination of mi-

croglia increased inflammation and superoxide production and exacerbated post-ischemic brain injury

(Szalay et al., 2016; Jin et al., 2017; Faustino et al., 2011). To determine whether the reduction of microglia

caused by prenatal e-cigarette exposure would enhance the susceptibility of neonates to cerebral ischemic

injury, we performed a transient middle cerebral artery occlusion (tMCAO) experiment in the P9 rats that

were subject to prenatal e-cigarette exposure. Strikingly, we observed a more than 70% increase in

infarct size in the neonatal brains with prenatal e-cigarette exposure compared to the air exposure control

(13.8 G 3.9% relative infarct area in the control brains vs. 23.8 G 1.9% in brains prenatally exposed to

e-cigarette vapor, two-tailed t-test, p < 0.001, Figure 6D). Sham controls showed that the surgery itself

did not cause cerebral ischemic injury (Figure S8).

DISCUSSION

Here we provided comprehensive single-cell transcriptome and chromatin accessibility analysis of the

developing rat brain (combined neocortex and hippocampus regions) with and without prenatal e-ciga-

rette exposure. Numerous studies have established that in utero nicotine exposure may impact brain

development and consequently result in neuro-developmental abnormalities, including increments in

cell density in the hippocampus (Roy et al., 2002) and reduced volumes of cortical gray matter in offspring

(El Marroun et al., 2014). Offspring exposed to smoking after birth do not exhibit the same adverse trajec-

tories (Wakschlag et al., 2002), suggesting different biologically mediated mechanisms during gestation. In

this study, we provided in vivo evidence that prenatal e-cigarette exposure promoted excitatory neuronal

differentiation and increased excitatory neuronal cell composition in the developing rat brain. Exploiting

single-cell ATAC-seq and single-cell transcriptome analysis, we identified changes in different neuronal

subtypes after prenatal e-cigarette exposure in great detail. Specifically, we found that after prenatal

e-cigarette exposure, most of the excitatory neuron subtypes as well as MGE- and CGE-derived inhibitory

neurons were increased in number, except for LGE-derived inhibitory neurons, which were decreased. In
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search for an explanation, we discovered that the neuronal differentiation lineage trajectory shifted from

inLGE towards excitatory neurons in the prenatal e-cigarette exposed offspring (Figure 5F). Consistent

with shifting neuronal trajectory, prenatal e-cigarette exposure altered the promoter accessibility of

many genes involved in neuronal differentiation over pseudotime. When neuroblasts were used as the

neuronal differentiation start point, the opening of chromatin loci at endpoint genes (expressed in differ-

entiated neurons) occurred earlier and faster (Figure 5G) in the cells from the e-cigarette exposure group.

While this was true for both excitatory and inhibitory neurons, the change was more pronounced in excit-

atory neurons (Figure 5H), resulting in stronger influence on neuronal differentiation genes in the excitatory

neurons over pseudotime. As nicotine’s effect on shifting neuronal proliferation to differentiation was

observed both in in vivo (Dwyer et al., 2008) and in vitro (Lee et al., 2014) studies, we assume that nicotine

is the active ingredient in e-cigarette that influences neuronal differentiation in our study. In summary, we

found that prenatal e-cigarette exposure affects neuronal differentiation, which may result in loss of LGE-

derived inhibitory neurons and excitatory-inhibitory imbalance in certain brain regions.

In addition to promoting excitatory neuron differentiation, our data also indicated that prenatal e-cigarette

exposure accelerated maturation of neuronal synaptic function in the immature brain. Early CNS develop-

ment involves neuronal differentiation and neural circuitry maturation. Many critical developmental events

occur during the 22 days of gestation in rats, including early synaptogenesis. In the immature brain,
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Figure 6. Prenatal e-cigarette exposure induced microglial cell death and elevated susceptibility to cerebral ischemic injury

(A) Manhattan plot showing the top Gene Ontology (GO) terms (MF, molecular function; CC, cellular component; BP, biological process), Kyoto

Encyclopedia of Genes and Genomes (KEGG), and Reactome, enriched from the genes within DARs in microglia between control and e-cigarette exposed

P7 rat brains.

(B) IPA using DE-Gs determined in microglia (snRNA-seq dataset) between control and e-cigarette exposed P7 rat brains.

(C) Enrichment of the transcription factor binding motifs from microglia differential peaks. The height of the letters was scaled to the frequency of each base

at a given position.

(D) Prenatal e-cigarette exposure aggravated neonatal cerebral ischemic injury. Transient Middle Cerebral Artery Occlusion (tMCAO) was conducted on the

postnatal day 9 rat pups of both genders with or without prenatal e-cigarette exposure. The brain infarct size was determined by TTC staining 48 h after

tMCAO. The Relative infarct areas (calculated as the ratio of infarct area to the total brain area studied) were shown as Means G SD in the barplot.

***p < 0.001, e-cigarette exposure versus control. Control group: n = 5 male and 5 female pups. E-cigarette group: n = 4 male and 5 female pups. P values

were calculated using two-tailed Student’s t-test.
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connectivity between many neurons has not been established. Many immature synapses are ‘‘silent’’ and

do not produce AMPA-mediated excitatory postsynaptic potentials (EPSPs). Previous reports suggested

that a single exposure to nicotine causes persistent changes in synaptic efficacy in immature glutamatergic

synapses (Maggi et al., 2003). In the neonatal rat hippocampus, nicotine-mediated glutamate release can

produce EPSPs in immature synapses, which converts ‘silent’ synapses to functional synapses (McKay et al.,

2007). In our study, both snRNA-seq and snATAC-seq data showed that glutamatergic synapses and syn-

aptic signaling were highly enriched in GO analysis. The accessibility of synaptic signaling associated loci

such as Nsmf, Ly6h, and Plcl2 were increased after prenatal e-cigarette exposure, suggesting accelerated

synaptic maturation.

Calcium is a ubiquitous key signaling element in neurons. It regulates diverse physiological processes in the

brain, including cell differentiation, proliferation, apoptosis, excitation, and neuronal plasticity. By integra-

tive analysis of the single-cell transcriptome and chromatin accessibility of neonatal rat brain cells exposed

to prenatal e-cigarette vapor, we delineated differential gene expression and the corresponding chromatin

accessibility changes in each specific cell type/neuronal subtype. Single-cell level DEG and DAR analysis

pointed to differential genes linked to calcium signaling in many cell types, including neuron and microglia

(Table S3, S4 and S7).

We proposed that interruption of calcium signaling plays a central role in the adverse biological responses

induced by prenatal e-cigarette exposure in early CNS development. This concept is supported by many

lines of evidence. First, nicotine, the major addictive substance in e-cigarette vapor, structurally resembles

the neurotransmitter acetylcholine and binds to nicotinic acetylcholine receptors (nAChRs). Neuronal

nAChRs start to appear early in gestation (Zoli et al., 1995; Adams et al., 2002; Hellstrom-Lindahl et al.,

1998) and are abundant in the CNS. Second, stimulation of presynaptic nAChRs by nicotine results in cal-

cium influx through nAChRs or voltage-dependent calcium channels (VDCCs). Influx of calcium modulates

synapse signaling and calcium-dependent transcription (Greenberg et al., 1986) through calcium/calmod-

ulin signaling. Third, we found that Camta1 (Calmodulin-binding transcription activator 1) was the most

highly elevated DEG in all nine neuron subtypes in the offspring of the e-cigarette-exposed brains (Fig-

ure 2). Camta1 is regulated by calcium/calmodulin-dependent kinase (CaMK) (Vuong-Brender et al.,

2020). We reasoned that the influx of calcium mediated by nAChRs is sensed by calmodulin, which subse-

quently activates CaMK signaling and promotes Camta1 expression. Camta1 functions as a transcription

activator and co-activator involved in cell growth suppression, neuronal differentiation (Henrich et al.,

2011), regulation of calmodulin abundance and control of Ca2+ homeostasis, stress response etc. Finally,

besides Camta1, other calcium/calmodulin dependent genes were also differentially expressed, including

Capn13, Camk2a, Camk2b, Camk2d, Camk1, etc. (Table S3). Some key elements in calmodulin signaling

pathways, such as the Campasp3 and Camk2n2 genes, were also identified in neurons by independent

DAR analysis from snATAC-seq data (Table S4). Because calcium influx into neurons enhances neurotrans-

mitter release (such as dopamine, glutamate, etc.) and activates CREB, this explains the observed enrich-

ment in those processes (Figure S4). In summary, our study strongly supports the view that prenatal e-ciga-

rette exposure causes calcium influx and overload in the developing neurons, alters calcium/calmodulin

signaling, and subsequently changes the neuronal differentiation trajectory in neonatal rat brain. Future

study is needed to identify the Camta1 downstream target genes in the developing brain in response to

prenatal e-cigarette exposure.

Another important finding in our study was that the microglial population was reduced in the developing

brains of offspring after prenatal e-cigarette exposure. Previous studies suggested that nicotine inhibits

microglial proliferation in vitro in an a7 nAChR-dependent manner (Guan et al., 2015). This suggests the

interesting possibility that the reduction of microglia we observed resulted from nicotine inhibition of mi-

croglial proliferation through the a7 nAChR. Since we did not find any difference in the expression of

Chrna7 (a7 nAChR encoding gene) at the single-cell level between control and e-cigarette exposure

groups, we concluded that prenatal e-cigarette exposure does not inhibit the expression of a7 nAChR.

In addition, there was no statistical difference between the microglial cell cycle states in the brains between

control and prenatal e-cigarette exposure groups, suggesting that other mechanisms are involved instead

of direct inhibition of microglial proliferation. IPA using DEGs from microglia showed that canonical im-

mune pathways were upregulated in microglia after prenatal e-cigarette exposure (Figure 6B), indicating

the activation of microglia in response to e-cigarette exposure. In addition, the enrichment analysis from

DAR linked genes showed that the responses to stress and DNA damage were the primary biological
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responses (Figure 6A). Based on these observations we believed that prenatal e-cigarette exposure acti-

vates microglia in the neonatal rat brain, which might lead to DNA damage to microglia, and consequently

cell death. This was further supported by the TP53 signaling pathway identified by Reactome (REAC)

enrichment analysis (Figure 6A), hinting that the apoptotic pathway was likely activated in microglia after

prenatal e-cigarette exposure.

Recent studies have revealed exciting functional diversity of microglia during brain development. In addition to

the well-known immunological functions, microglia also guide neural development and help shape neuronal

circuits, in part by sensing local changes in the brainmicroenvironment and by interactingwith developing neu-

rons (Schafer and Stevens, 2015). In this study, we found that the expression of many glutamate receptors such

as Grm3, Grm7, Grm8, Grik2, and Grid2 was downregulated in microglia after prenatal e-cigarette exposure,

which could be due to excessive glutamate released from presynaptic termini in response to nicotine stimula-

tion, possibly associated with impairedmicroglia-neuron communication. The compromisedmicroglia-neuron

interactions may also prevent the microglia from acting against excitotoxic neuronal injury, since microglia are

known as endogenous brain defenders after brain injury (Faustino et al., 2011; Jin et al., 2017; Szalay et al., 2016).

Depletion of microglia exacerbates inflammatory responses, leukocyte infiltration, and cell death during brain

ischemia (Jin et al., 2017). Moreover, microglia are reported to modulate intracellular calcium load in neurons

(Cserép et al., 2020), whereas absenceofmicroglia was shown to dysregulate neuronal calcium responses, lead-

ing to calcium overload (Szalay et al., 2016). In our study, the reducedmicroglia population, impairedmicroglia-

neuron interactions, and aberrant calcium signaling following prenatal e-cigarette exposure all could

contribute to increased susceptibility to brain injury. This is in line with recent observations reported in a

neonatal hypoxia-ischemiamousemodel, in which a worse brain injury outcome was observed in the prenatally

e-cigarette exposed offspring as a result of reduced brain glucose utilization (Sifat et al., 2020). How e-cigarette

vapor affects microglial sensing and regulation of neuronal activity is presently unclear. Whether reduced mi-

croglia after prenatal e-cigarette exposure will affect long-term functional synaptic formation and neural cir-

cuitry needs to be determined in future studies.

In summary, we used single-cell RNA-seq and ATAC-seq to provide a comprehensive landscape of cellular

and molecular alterations of neonatal rat brains that were exposed to e-cigarette vapor in utero. We

showed that prenatal e-cigarette exposure distorted neuronal lineage differentiation, resulting in an

increased excitatory neuronal composition. Furthermore, prenatal e-cigarette exposure disrupted calcium

signaling and calcium homeostasis, diminished the number of microglia in the developing brain, and

importantly, elevated susceptibility to neonatal cerebral ischemic injury as demonstrated by the tMCAO

results in Figure 6D. Due to the different development stage of neocortex and hippocampus, and their

possible divergent responses to e-cigarette exposure, future study is needed to delineate the impact on

each specific brain region. We believe these findings provide important new insight into the mechanisms

responsible for abnormal brain development in offspring of animals exposed to e-cigarette vapor, which

will help explore promising molecular and cellular therapeutic targets for treating nicotine-induced brain

damage.

Limitations of the study

Due to the heterogeneity and complexity of brain cells, we only included prefrontal cortex and hippocam-

pus in this study. Therefore, the influence of prenatal e-cigarette exposure on brain development, i.e.,

neuronal development, was limited to these regions. In addition, single nucleus transcriptome analysis de-

tects limited numbers of genes, thus fewer cell markers were available when snRNA-seq was used to profile

brain cells.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Charles Wang (chwang@llu.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Pregnant Sprague-Dawley rats Charles River Laboratory

(Portage, MI)

RRID:RGD_10395233

Critical Commercial Assays

BluePlus Cig (2.4% nicotine) blu.com NA

10x Genomics Chromium Next GEM Single

Cell 3ʹ Reagent Kits v3.1.

10x Genomics 1000128

10x Genomics Chromium Single Cell ATAC

Reagent Kits v1.1

10x Genomics 1000164

KAPA library quantification Roche KK4873

Protector RNase inhibitor Sigma Aldrich 03335402001

PBS Gibco 10010-023

Nuclei PURE lysis buffer Sigma Aldrich L9286-180ML

Nuclei PURE sucrose cushion solution Sigma Aldrich S9058-120ML

Nuclei PURE storage buffer Sigma Aldrich S9183-30ML

Isoflurane PubChem 3763

IBA1 antibody Cell Signaling Technology Cat# 17198S; RRID: AB_2820254

Secondary antibody EMD Millipore Cat# 401393; RRID: AB_437797

Deposited Data

All sequencing fastq files generated in this

project

Gene Expression Omnibus GEO:GSE185538

Software and Algorithms

CellRanger 10x Genomics V3.1.0

CellRanger-atac 10x Genomics V1.2.0

Seurat satijalab.org/Seurat/ V3.0

Signac satijalab.org/signac/ V1.4.0

rGADEM Droit et al., 2021 V2.40.0

TFBSTools Tan G, Lenhard B. 2016 V1.30.0

JASPAR database jaspar.genereg.net V2020

Slingshot Street K et al., 2018 V1.2.0

ShinyGo bioinformatics.sdstate.edu/go V0.66

Fastqc Andrew S, 2010 V0.11.4

Other

QuantStudio 7 Flex Real-Time PCR System Applied Biosystems Cat No.44-856-98

NextSeq 550 Sequencing System Illumina https://www.illumina.com/systems/

sequencing-platforms/nextseq.html

HiSeq 4000 System Illumina https://www.illumina.com/systems/

sequencing-platforms/hiseq.html
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Material availability

This study did not generate new unique reagents and animal strain.

Data and code availability

d The sequencing data generated in this study are deposited to the NCBI GEO (accession number:

GSE185538) and are publicly available.

d We used many publicly available algorithms and packages for the rat snRNA-seq and snATAC-seq map-

ping, genome annotation, differential analysis, lineage predication, etc., which were cited properly in the

manuscript. This paper did not produce original code.

d Any additional information required for reanalyzing the reported data is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments involving animal care, surgery, and sample preparation were approved by the

Institutional Animal Care and Use Committee of Loma Linda University and followed the guidelines by

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were

made to minimize animal suffering and the number of animals used. Pregnant Sprague-Dawley rats

were purchased from Charles River Laboratories (Portage, MI) and were housed under controlled temper-

ature (22�C) and photoperiod (12-h light and 12-h dark cycle) with food and water ad libitum.

METHOD DETAILS

Prenatal e-cigarette exposure

We developed a chronic intermittent e-cigarette (CIEC) exposure model in pregnant rats which was slightly

modified from previous studies (Espinoza-Derout et al., 2019; Shao et al., 2019). The e-cigarette rodent

exposure system was manufactured by AutoMate Scientific, Inc (Berkeley, CA). This system contains air

pressure and flow rate control as well as hardware and software that allow experimenters to control the

timing, duration, and times/day for CIEC aerosol generation/exposure and attaches a free-moving rodent

exposure chamber. Briefly, the pregnant Sprague-Dawley rats were randomly divided into two groups: the

first group was exposed to e-cigarette aerosol; the 2nd group was exposed to air in the same type of cham-

ber. Commercial (BluPlus Cig) e-cigarettes (2.4% nicotine) were used for this project to reflect what real-

world e-cigarette users are experiencing. In order to mimic the phenomenon of chronic intermittent

e-cigarette exposure in human vaporizers, we optimized the system to deliver e-cigarette aerosol with a

puff duration of 4 s, 3 puffs in an inter-puff interval of 30 s per vaping episode, and one episode per 1 h

in the dark phase of 12 h each day, which generates similar nicotine blood pharmacokinetics in the preg-

nant rats to those observed in human e-cigarette users (Lopez et al., 2016; St. Helen et al., 2016). The dams

were exposed to e-cigarette for a total of 17 days from gestational day 4 (E4) to E20. The rationale for start-

ing on E4 is that this is the period just before embryo implantation on the uterine wall in rat.

Brain tissue dissection, single nucleus isolation, and capture

Four male and four female P7 neonatal rats from either prenatal e-cigarette exposure or control were

selected for this experiment (2 pups per dam). Briefly, rat pups or adult rats were euthanized by decapita-

tion under deep isoflurane anesthesia. The prefrontal cortex and hippocampus were isolated on ice from

the whole brain as previously described (Li et al., 2017). In each sample, four prefrontal cortexes and hippo-

campi were pooled for single nucleus isolation. All steps were carried out in the cold and the environment

was sprayed with RNase inhibitor. We chose prefrontal cortex and hippocampus because 1) these regions

are involved in higher-order brain functions such as cognition, learning, memory, and generation of motor

commands; 2) these regions are plastic and vulnerable to a variety of stimuli. For single-nucleus RNA-seq

(snRNA-seq), single nuclei were isolated following 10x Genomics protocol ‘‘Isolation of Nuclei for Single

Cell RNA Sequencing’’ (CG000124). snRNA-seq library preparation was performed following the manual

for the 10x Genomics Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1. Briefly, based on the cell sus-

pension volume calculator table supplied by 10X Genomics, 10,000 nuclei and barcode-beads as well as RT

reagents were loaded into the Chromium Controller to generate single nucleus Gel Bead-in-Emulsions

(GEMs). cDNAs were generated after GEM-RT incubation at 53�C for 45 min and 85�C for 5 min. cDNA

amplification was performed for 11 PCR cycles following GEM cleanup. After size selection with

SPRIselect Reagent, cDNA was incubated for fragmentation, end repair & A-tailing, adapter ligation,
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and finally library amplification. For single-nucleus ATAC-seq (snATAC-seq), single nuclei were isolated

following the 10x Genomics protocol ‘‘Nuclei isolation from Mouse Brain Tissue for Single Cell ATAC

sequencing’’ (CG000212). snATAC-seq library preparation was performed following the manual for the

Chromium Single Cell ATAC Reagent Kits v1.1. Briefly, suspensions of single nuclei were first incubated

in a transposition mix at 37�C for 60 min. Based on the nucleus concentration guidelines and calculation

formula from 10X Genomics, 10,000 nuclei were loaded into the Chromium Controller to generate single

nucleus GEMs & barcoding. After post GEM cleanup, Illumina P7 indices and a sample index were added

for final library construction.

Library sequencing

The final library was quantified using the KAPA library quantification kit for Illumina platforms (KK4873,

Roche, Indianapolis, IN). For gene expression libraries, sequencing was performed on a NextSeq 550 using

high output kit or a HiSeq 4000 using SBS reagents (Illumina, Inc., San Diego, CA), with the following set-

tings: Read 1 28 cycles, I7 index 8 cycles, Read 2 91 cycles. FASTQ files were generated from the Illumina

sequencer Base Call files (bcl files) using 10x Genomics CellRanger mkfastq (version 3.1.0) software. Gene

expression counts were generated by aligning reads to the Rnor 6.0 genome (NCBI: GCA_000001895.4)

using CellRanger count software (v.3.1.0) (10x Genomics). After quality trimming, all fastq files belonging

to a single GEM well but from different sequencing runs were pooled and counted together. As nuclear

transcripts were unspliced, only reads mapped to pre-mRNA were counted. For snATAC-seq libraries,

sequencing was performed on an Illumina NextSeq 550 using high output kit (150 cycles) (Illumina, Inc.,

San Diego, CA), with the following settings: Read 1 50 cycles, I7 index 8 cycles, I5 index 16 cycles, Read

2 50 cycles. FASTQ files were generated from bcl files using 10x Genomics CellRanger-atac mkfastq

(version 1.2.0) software.

snRNA-seq data analysis

Cells with fewer than 200 genes, fewer than 1000 transcripts (UMIs), or those withmore than 8.5%mitochon-

drial gene transcripts were filtered out. The four datasets (female control: 10,356 nuclei, female E-Cig: 9,403

nuclei, male control: 4,878 nuclei, and male E-Cig: 4,680 nuclei) were merged to generate a single dataset

for downstream data analysis. We used Seurat (version 3.0) to perform dimension reduction and graph-

based unbiased clustering (Butler et al., 2018) (Butler et al., 2018). In brief, we identified the top 2000

most highly variable genes in each dataset and used these to compute principal components. The top

30 variables were used for either UMAP (Uniform Manifold Approximation and Projection) or t-SNE (t-

distributed stochastic neighbor embedding) dimension reduction. Molecularly distinct clusters were iden-

tified using the FindClusters function with the original Louvain algorithm. This allowed us to identify 21 cell

types in the combined dataset. Cluster marker genes were identified using the FindConservedMarkers

function, and those marker genes were cross-referenced with known cell markers to identify cell types.

To further resolve cell subtypes, target cell clusters were extracted from the combined dataset using the

Subset function and cluster ID. The subset was subjected to a new round of normalization, dimension

reduction, and clustering to identify subtypes. Differentially expressed genes (DEGs) between prenatal

e-cigarette exposure and control groups were determined using the FindMarkers function. All Seurat-

generated clusters containing >50 cells were included. DEGs were reported as FDR<0.2 and fold change

>1.25. Conserved cell type markers were determined by differential gene expression analysis of cells in

each cluster against the remaining cells of the whole dataset using FindConservedMarkers function. Signif-

icantly overexpressed genes were defined by the Wilcoxon rank-sum test in Seurat (version 3.0) with FDR<

0.01 and fold change of >1.25.

snATAC-seq data analysis

Chromatin accessibility counts were generated by mapping reads to Rnor 6.0 and counting the number of

reads from individual cells that overlaid the union peaks using CellRanger-atac count (version 1.2.0). We

used Signac (Stuart et al., 2020) to analyze the snATAC-seq peak count data generated by 10x

CellRanger-atac count. Peak counts from four datasets (female control, femalee-cig, male control, and

male e-cig) were merged from common peak regions for analysis. Low quality cells with fewer than 200

genes and TSS enrichment scores less than 2 were removed from the dataset. To reduce dimensions,

term frequency and smoothed inverse document frequency (TF-IDF) were used as a weighting scheme

to transform peak counts into binary data. Weighted data were reduced to 50 dimensions using the

RunSVD function. The first SVD (singular value decomposition) component was identified as being strongly

correlated with read depth; therefore, it was excluded from the subsequent UMAP projection. Differential
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accessibility regions (DARs) between prenatal e-cigarette exposure and control were identified using the

FindMarkers function with logistic regression. DNA regions were visualized using the CoveragePlot

function.

To discover transcription factor binding motifs from the DARs, we performed motif analysis using the R

package ‘‘rGADEM’’ (v 2.40.0) (Droit et al., 2021) and BSgenome.Rnorvegicus.UCSC.rn6. The Frequency

matrix generated from ‘‘rGADEM’’ was used to compare the unknown sequence patterns with the tran-

scription factor database (‘‘JASPAR2020’’, downloaded from http://jaspar.genereg.net/), using the R pack-

age ‘‘TFBSTools’’ (Tan and Lenhard, 2016) (v 1.30.0).

snRNA-seq and snATAC-seq integration analysis

To examine the regulatory role of chromatin opening in gene expression, we combined the snATAC-seq

data with the snRNA-seq data. In brief, we performed canonical correlation analysis (CCA) between

snRNA-seq gene expression and snATAC-seq chromatin accessibility, using the FindTransferAnchors func-

tion. CCA captures the common variances between the two datasets and projects them into two-dimen-

sional space as anchored cell pairs. Next, cell type labels from snRNA-seq were transferred to the scA-

TAC-seq datasets using the TransferData function. For visualization, normalized gene expression values

from snRNA-seq and chromatin accessibility from snATAC-seq were extracted across clusters and cells.

Cell lineage and neuron differentiation in pseudotime

We used the R package Slingshot (Fletcher et al., 2017) (https://github.com/kstreet13/slingshot, version

1.2.0) to reconstruct the pseudotime trajectory and to infer cell lineage from either snRNA-seq or snA-

TAC-seq cell clusters. To order neurons based on snATAC data in pseudotime, we selected neuroblasts

as the starting points and either inLGE cells (inhibitory neurons trajectory) or exL4 and exVII cells (excitatory

neurons trajectory) as the endpoint, respectively. Cells on each trajectory were divided into ten quantiles

according to their trajectory pseudotime calculated from Slingshot. DARs were determined between the

starting points and the endpoints. The dynamic promoter accessibilities of those genes involved in neuron

differentiation were visualized by row scaled DARs heatmaps over pseudotime.

Custom indexed reference genomes for rat single nucleus RNA-seq and ATAC-seq

Cellranger mkgtf tool was used to prepare a custom rat pre-mRNA gtf (General Transfer Format) from

Rnor6.0.94.gtf (downloaded from http://ftp.ensembl.org/pub/release-104/gtf/rattus_norvegicus/), with

attributes including protein coding, lincRNA, antisense, and all immunoglobulin genes that undergo so-

matic recombination. The Cellranger mkref tool was used to build an indexed rat pre-mRNA reference

genome from the pre-mRNA gtf and rat Rnor6.0 genome (http://ftp.ensembl.org/pub/release-104/fasta/

rattus_norvegicus/dna/). The Cellranger-atac mkref tool was used to prepare a rat single cell ATAC-seq

reference package from Rnor6.0 genome, annotation gtf, and a transcription factor motif file downloaded

from http://jaspar2018.genereg.net/downloads/.

Canonical pathway and molecular function analysis

Analyses of the gene networks, canonical, and bio-functional pathways were performed using the Ingenuity

Pathway Analysis (IPA, Qiagen) and Gene Ontology Enrichment Analysis tools (ShinyGo v0.66, http://

bioinformatics.sdstate.edu/go/). For IPA, the sets of all DEGs were input into the IPA database to discover

canonical pathways regulated by e-cigarette exposure. We also applied the ShinyGO enrichment tool to

the lists of DEGs and DAR linked genes to identify the molecular functions and biological processes that

might be regulated by maternal e-cigarette exposure at the transcriptome and/or chromatin accessibility

level.

Transient middle cerebral artery occlusion (tMCAO)

tMCAO was conducted on postnatal day 9 rat pups of both sexes as described previously (Huang et al.,

2018; Li et al., 2018). Briefly, rat pups were anesthetized with isoflurane (4–5% for induction and 2% for main-

tenance) using a face mask. The left common carotid artery and external carotid artery were exposed

through a midline neck incision. A 6-0 nylon monofilament coated with silicone rubber (Doccol) was intro-

duced into the left internal carotid artery through the external carotid stump to occlude the origin of the

middle cerebral artery and block blood flow to the striatum and cortex. After 3 h of occlusion, reperfusion

was introduced by filament withdrawal, and the incision was sutured. During the whole procedure, the pup
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body temperature was maintained at 37G 0.5�C. Sham-operated rat pups underwent a similar surgery but

the filament was removed immediately after insertion (no occlusion, no reperfusion). No animal died during

the MCAO procedure.

Measurement of infarct size

48 h after the MCAO treatment, rat pups were euthanized with isoflurane. Whole brain was isolated. Brain

infarct size was evaluated by 2,3,5-triphenyltetrazolium chloride monohydrate (TTC) staining as previously

described (Huang et al., 2018; Li et al., 2018). Briefly, coronal slices of the brain (2 mm thick) were cut and

immersed in a pre-warmed, 2% solution of 2,3,5-triphenyltetrazolium chloride monohydrate (TTC) for

10 min at 37�C followed by fixation with 10% formaldehyde overnight. Both sides of each slice were photo-

graphed separately. The infarct area was analyzed by the ImageJ software (Version 1.40; National Institutes

of Health, Bethesda, Maryland, MD, USA), summed for each brain, and expressed as a percentage of the

whole brain.

Western blotting analysis

Brain samples were isolated from P9 rat pups of both sexes and were homogenized with a lysis buffer con-

taining 150 mmol/L NaCl, 50 mmol/L Tris HCl, 10 mmol/L EDTA, 0.1% Tween 20, 1% Triton X-100, 0.1% b-

mercaptoethanol, 0.1 mmol/L phenylmethylsulfonyl fluoride, 5 mg/mL leupeptin, and 5 mg/mL aprotinin,

pH 7.4. Homogenates were centrifuged at 4�C for 15 min at 14,000 g. The supernatants were then

collected, and protein concentrations were determined via a protein assay kit (Bio-Rad, Hercules, CA).

Samples with equal amounts of protein (30 mg) were loaded onto 12% polyacrylamide gels with 0.1% so-

dium dodecyl sulfate in the running buffer and separated by sodium dodecyl sulfate polyacrylamide gel

electrophoresis. Proteins were then transferred onto nitrocellulose membranes. Nonspecific binding sites

were blocked for 3 to 4 h at room temperature in a Tris-buffered saline solution containing 5% non-fat dry

milk. The membranes were probed with primary antibodies against IBA1 (1:1000, Cell Signaling Technol-

ogy, Danvers, MA). After washing, membranes were incubated with secondary antibodies conjugated with

horseradish peroxidase. Proteins were visualized with enhanced chemiluminescence reagents and blots

were exposed to Hyperfilm. The results were analyzed with Kodak ID image analysis software. Band inten-

sities were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the MeanG SD. In bulk RNA-seq, Western-blot, and ischemic injury experiments,

five animals were used in each group. Cell proportion was calculated by combining the two subgroups

(female and male) in each treatment group (e-cigarette and control), respectively. To compare the differ-

ence, p values were calculated from two-tailed Student’s t test with a significance level of 95%. For single

nucleus RNA-seq and ATAC-seq data, four animals were pooled in each group (female control, male con-

trol, female e-cigarette, and male e-cigarette). The differential expression or accessibility was determined

by the non-parametric Wilcoxon rank-sum test as part of the Seurat package. Both the p values and the

adjusted p values were reported in the single nucleus sequencing data.
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