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Abstract: Smoking is a preventable risk factor for stroke and smoking-derived nicotine exacerbates
post-ischemic damage via inhibition of estrogen receptor beta (ER-β) signaling in the brain of female
rats. ER-β regulates inflammasome activation in the brain. Therefore, we hypothesized that chronic
nicotine exposure activates the inflammasome in the brain, thus exacerbating ischemic brain damage
in female rats. To test this hypothesis, adult female Sprague-Dawley rats (6–7 months old) were
exposed to nicotine (4.5 mg/kg/day) or saline for 16 days. Subsequently, brain tissue was collected
for immunoblot analysis. In addition, another set of rats underwent transient middle cerebral
artery occlusion (tMCAO; 90 min) with or without nicotine exposure. One month after tMCAO,
histopathological analysis revealed a significant increase in infarct volume in the nicotine-treated
group (64.24 ± 7.3 mm3; mean ± SEM; n = 6) compared to the saline-treated group (37.12 ± 7.37 mm3;
n = 7, p < 0.05). Immunoblot analysis indicated that nicotine increased cortical protein levels of
caspase-1, apoptosis-associated speck-like protein containing a CARD (ASC) and pro-inflammatory
cytokines interleukin (IL)-1β by 88% (p < 0.05), 48% (p < 0.05) and 149% (p < 0.05), respectively, when
compared to the saline-treated group. Next, using an in vitro model of ischemia in organotypic
slice cultures, we tested the hypothesis that inhibition of nicotine-induced inflammasome activation
improves post-ischemic neuronal survival. Accordingly, slices were exposed to nicotine (100 ng/mL;
14–16 days) or saline, followed by treatment with the inflammasome inhibitor isoliquiritigenin
(ILG; 24 h) prior to oxygen-glucose deprivation (OGD; 45 min). Quantification of neuronal death
demonstrated that inflammasome inhibition significantly decreased nicotine-induced ischemic
neuronal death. Overall, this study shows that chronic nicotine exposure exacerbates ischemic
brain damage via activation of the inflammasome in the brain of female rats.
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1. Introduction

Cigarette smoking is a preventable risk factor for stroke, and smoking-ingested nicotine
exacerbates post-stroke brain damage [1,2]. Stroke disproportionately kills more women than men
and remains one of the leading causes of death and disability in the U.S. Women have a higher risk
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of stroke, as well as a higher mortality rate associated with stroke, and a higher tendency for more
frequent recurrent strokes than men [3–5].

Although we know that women are more susceptible to stroke, we have a limited understanding
of the underlying mechanisms for increased stroke severity and possible sex-specific prevention and
treatment of stroke. Sex differences in stroke are highly complicated, and sex-specific risk factors in
part account for epidemiological findings in stroke incidence, prevalence, and mortality. As stated
in a review by Girijala et al., there are a number of modifiable risk factors such as cardiac conditions,
hypertension, diabetes mellitus type 2, metabolic syndrome, alcohol consumption, physical inactivity,
and cigarette smoke exposure, which are common for both sexes [4,6,7]. At the same time, there are
female specific risk factors, such as pregnancy, pre-eclampsia, gestational diabetes, migraine with aura
during pregnancy, oral contraceptive (OC) use, menopause, and hormone replacement therapy (HRT),
which make women more susceptible to stroke [4,8]. What is more striking is that even among women
there are studies that clearly link more damaging effects of stroke in women who combine OC/HRT
and cigarette smoking. This also points to the facts that: (1) OC/HRT and cigarette smoking/tobacco
use have synergistic deleterious effects on a woman’s brain and (2) a gender non-specific risk factor
of cigarette smoking has unique effects on the female brain that need to be identified and targeted to
reduce consequences of stroke in women. Cigarette smoking, however, is an important modifiable risk
factor that an individual does have control over. Nicotine, the main active ingredient in tobacco, has
been shown to aggravate ischemic brain damage [9], and the mechanism by which nicotine contributes
to poor outcomes after cerebral ischemia is yet to be fully elucidated.

Smoking-attributed nicotine is known to inhibit aromatase enzyme activity, which catalyzes the
conversion of androgens into estrogens [10]. Consequently, nicotine reduces circulating estrogen
levels and leads to early onset of menopause in women [11–19]. In laboratory studies on female rats,
we confirmed the aforementioned epidemiological findings that chronic nicotine exposure reduced
endogenous 17β-estradiol (E2; a potent estrogen) levels [9]. Estrogen-mediated neuroprotection
requires activation of estrogen receptor-alpha (ER-α) and beta (ER-β). Silencing of hippocampal
ER-β but not ER-α, abolishes E2-induced ischemic protection, suggesting a key role of ER-α and/or
ER-β-activation [20–22]. Our study demonstrated that ER-β activation regulates inflammasome
activation. The inflammasome is an arm of the innate immune response involved in the activation of
the pro-inflammatory cytokines interleukin (IL)-1β and IL-18 through the processing of caspase-1 [23].
The inflammasome is comprised of the signaling proteins caspase-1 and apoptosis-associated speck-like
protein containing a CARD (ASC) [23]. In a published study, we demonstrated that silencing of
ER-β attenuated E2-mediated decrease in caspase-1, ASC and IL-1β [24]. On the other hand, ER-β
agonist treatment reduces inflammasome activation and ischemic damage in reproductively senescent
female rats. ER-β agonist treatment significantly decreased inflammasome activation and increased
post-ischemic neuronal counts by 32% (p < 0.05), as compared to the vehicle-treated, reproductively
senescent rats [24]. Studies from our laboratory also showed that chronic nicotine exposure decreased
membrane-bound and mitochondrial ER-β, but not ER-α protein levels in the brain [9,25]. Therefore,
in the current study, we hypothesized that chronic nicotine exposure activates the inflammasome in
the brain, thus exacerbating ischemic brain damage in female rats.

2. Results

2.1. Nicotine Reduces ER-β Protein Levels in the Brain of Female Rats

Because our previous results demonstrated that nicotine reduced the level of membrane-bound
and mitochondrial ER-β in the hippocampus, in this study, we investigated protein expression of ER-β
in the cortex, the main brain area vulnerable after transient middle cerebral artery occlusion (tMCAO).
Our results demonstrated that nicotine significantly reduced cortical ER-β protein levels as compared
with the saline group (Figure 1). ER-β protein levels after nicotine showed a 30% (n = 8; p < 0.05)
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and 31% (n = 8; p < 0.05) reduction in cortex and hippocampus, respectively, as compared with saline
(100%; n = 8).
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Figure 1. Nicotine decreases estrogen receptor beta (ER-β) protein expression in the hippocampus 
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obtained protein lysates from the cortex of female rats exposed to nicotine and resolved them by 
immunoblot analysis for the expression of active caspase-1, ASC and IL-1β. Our findings indicate a 
significant increase in these inflammasome proteins (Figure 2). Accordingly, nicotine increased 
protein levels of caspase-1, ASC and IL-1β by 88% (p < 0.05), 48% (p < 0.05) and 149% (p < 0.05) 
respectively in the cortex, as compared to the saline-treated group (Figure 2). 

 
Figure 2. Nicotine increases inflammasome protein expression in the cortex of female rats. 
Immunoblot analyses show an increase in the inflammasome proteins (A) Caspase-1 (B) apoptosis-
associated speck-like protein containing a CARD (ASC), and (C) IL-1β when compared to the saline 
group. Data are presented mean ± SEM (* p < 0.05), n = 8. 

Figure 1. Nicotine decreases estrogen receptor beta (ER-β) protein expression in the hippocampus and
cortex of female rats. Immunoblot analyses show significant reduction in the ER-β proteins of nicotine
treated (A) hippocampus and (B) cortex when compared to the saline group. Data are presented mean
± SEM (* p < 0.05), n = 8.

2.2. Nicotine Increases Inflammasome Activation in the Brain of Female Rats

Since nicotine is an immunomodulatory agent and inflammasome activation plays a key role
in ischemic brain damage, we then tested whether nicotine alters inflammasome protein expression.
We obtained protein lysates from the cortex of female rats exposed to nicotine and resolved them by
immunoblot analysis for the expression of active caspase-1, ASC and IL-1β. Our findings indicate a
significant increase in these inflammasome proteins (Figure 2). Accordingly, nicotine increased protein
levels of caspase-1, ASC and IL-1β by 88% (p < 0.05), 48% (p < 0.05) and 149% (p < 0.05) respectively in
the cortex, as compared to the saline-treated group (Figure 2).
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Figure 2. Nicotine increases inflammasome protein expression in the cortex of female rats. Immunoblot
analyses show an increase in the inflammasome proteins (A) Caspase-1 (B) apoptosis-associated
speck-like protein containing a CARD (ASC), and (C) IL-1β when compared to the saline group.
Data are presented mean ± SEM (* p < 0.05), n = 8.
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2.3. Nicotine Worsens Infarct Volume and Neurodeficit Score after tMCAO

Since inflammasome increase in the brain can exacerbate post-stroke outcomes, we tested the
hypothesis that chronic nicotine exposure exacerbates stroke outcomes. Rats exposed to nicotine or
saline for 16 days underwent tMCAO and were allowed to recover for 30 days before histological
analysis. Our data demonstrated significantly higher mean infarct volume in the nicotine-treated
group (64.24 ± 7.3 mm3; n = 6) compared to the saline-treated group (37.12 ± 7.37 mm3; Mean ± SEM;
n = 7, p < 0.05) (Figure 3A). Histological analysis of nicotine- or saline-treated rat brains that underwent
sham surgery did not show any infarct. Figure 3B shows that the neurodeficit score in each group
was more than 10 when tested at 1 h after tMCAO. Neurodeficit scores 1 h, 1, 7, 15 and 30 days
after tMCAO are shown in Figure 3B. The neurodeficit score remained unchanged in nicotine-treated
animals. These results indicate that nicotine worsens outcome after stroke.
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Figure 3. Nicotine increases infarct volume after tMCAO. (A) Infarct volume was measured by
analyzing lesions after rats were subjected to 90 min of tMCAO. Volume was measured in mm3.
(B) Neurodeficit score was measured in rats post tMCAO. Higher scores represent a greater neurodeficit.
Nicotine-treated rats showed significantly higher neurodeficit scores after ischemia when compared to
control. Data presented are mean ± SEM (* p < 0.05)

2.4. Inhibition of Inflammasome Activation Decreases Neuronal Cell Death in an In Vitro Model of Stroke

Since chronic nicotine exposure increases inflammasome proteins in the brain of female rats, as a
proof-of-principle, we tested the hypothesis that the inhibition of nicotine-induced inflammasome
activation improves post-ischemic neuronal survival using our well-established in vitro model of
cerebral ischemia. We tested this hypothesis in organotypic cultures by exposing slices to saline or
nicotine for 14–19 days. We found that nicotine significantly increased ischemic neuronal death in the
Cornu Ammonis area 1 (CA1) region of the hippocampus as compared to saline. The propidium iodide
(PI) fluorescence values were 56 ± 5.5% (n = 10) and 70 ± 1.2% (n = 10) in the saline and nicotine +
vehicle-control groups respectively (p < 0.01). Nicotine and saline exposed slices were treated with the
inflammasome inhibitor isoliquiritigenin (ILG; 1, 10, and 40 µM). Inflammasome inhibition at 10 µM
ILG concentration showed a significant decrease in nicotine-induced ischemic neuronal death when
compared to the nicotine + vehicle group. The PI fluorescence values of the saline + ILG, nicotine +
ILG, and vehicle treated nicotine groups were 44 ± 6.2% (n = 8), 27 ± 1.5% (n = 8), and 70 ± 1.2%
(n = 10; p < 0.05), respectively. The PI fluorescence values of the nicotine + 1 µM ILG and nicotine +
40 µM ILG were 55 ± 5.3% (n = 8) and 61 ± 2.5% (n = 8), which were not significantly different as
compared to PI values of saline + 1 µM ILG and saline + 40 µM ILG groups (Figure 4).
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deprivation (OGD). PI fluorescence, which represents cell death, was measured in organotypic brain
slices exposed to nicotine or saline treatment, then ILG at varying concentrations 24 h before OGD. Data
shown represent cell death normalized to the respective saline groups. To normalize data, the mean
of the subgroup was divided by its respective control. PI fluorescence was significantly stronger in
the nicotine group than the saline group. PI fluorescence significantly decreased nicotine induced cell
death in the nicotine group treated with 10 µM ILG, as compared to the nicotine control. Data are
presented mean ± SEM (* p < 0.01, § p < 0.05). n = 4 to 11 per group.

3. Discussion

This study revealed for the first time that chronic nicotine exposure increases inflammasome
activation in the brain and exacerbates post-ischemic damage in the brain of female rats. Our study
also demonstrated that inhibition of inflammasome activation specifically attenuates nicotine-induced
ischemic cell death in an in vitro model of ischemia. Inhibition of inflammasome activation
was achieved with ILG, which is a chalconoid found in licorice. Studies have found that ILG
inhibits inflammasome activation via the inhibition of ASC oligomerization and the inhibition of
nucleotide-binding oligomerization domain (NOD)-like receptor 3 (NLRP3) activation [26,27]. In our
study, nicotine-exposed hippocampal slice-cultures were treated with ILG, one day prior to the
induction of OGD. Therefore, the observed neuroprotective effect of ILG in our study suggests the
suppression of nicotine-induced inflammasome activation in the brain. In vivo the half-life on ILG has
been identified to be around 4 h [28]. In this study, ILG was added before and during OGD. In vitro,
when ILG was applied to liver microsomes, the half-life was found to be 25.3 min. Since brain cells
do not have the clearance capacity of liver cells, we estimate that the half-life of ILG in the brain
slices is greater. Importantly, since OGD in our study was done in the presence of ILG for 45 min,
we anticipate that for all or most of the duration of the experiment, ILG was present. At the low dose,
the concentration of 1 µM ILG was not enough to prevent cell death. However, at the middle dose of
10 µM we found the concentration optimum at which ILG can prevent cell death in both the saline
as well as the nicotine groups. The ILG treatment showed more rigorous neuroprotection in nicotine
treated group as compared to saline group, which suggests that effects of ILG might wean off prior to
post-OGD inflammasome activation and observed effects of ILG in nicotine group could be outcome
of pre-OGD inhibition of ASC. Although the mechanism of action of how ILG inhibits inflammasome
activation remains unknown, it has been shown that this inhibition occurs between 1 and 10 µM [29],
and that at the higher dosages of even 30 µM ILG does not inhibit the inflammasome. Thus, it is
possible that at the 40 µM the effects of ILG on inflammasome inhibition are absent, resulting in greater
cell death in the 40 µM similar to the 1 µM group.
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It has been shown that inflammasome activation in the brain is regulated by sex hormones [24].
In a previous study from our laboratory, we reported that ER-β attenuates inflammasome activation
in the brain of female rats. Specifically, silencing of hippocampal ER-β increased caspase-1, ASC,
and the pro-inflammatory cytokine interleukin-1β (IL-1β) in the hippocampus of ovariectomized
rats. Conversely, periodic activation of ER-β significantly decreased inflammasome activation and
reduced post-ischemic neuronal death in the hippocampus of reproductively senescent female rats.
It has been shown that aging as well as long-term nicotine usage reduces ER-β availability in the
brain [30,31]. Therefore, nicotine-induced inflammasome activation in the brain could be due to the
direct immunomodulatory nature of nicotine or the loss of ER-β following long-term nicotine exposure
in the brain. The latter scenario is consistent with females having a higher risk from nicotine toxicity.
This notion is supported by a study showing that hippocampal neuronal damage is greater in female
rats following chronic nicotine exposure [27].

Inflammasome activation occurs after the detection of pro-inflammatory molecules by pattern
recognition receptors, such as a toll-like receptor or a NOD-like receptor (NLR) [32]. The mechanisms
of inflammasome activation include the generation of mitochondrial reactive oxygen species (ROS)
and the translocation of NLRP3 to the mitochondria [33]. Interestingly, the nicotinic acetylcholine
receptor (7α-nAChR) has been found in neuronal mitochondria [34] and its physiological significance
remains unknown. However, it is likely that it is involved in buffering cytoplasmic calcium [35,36].
It is through the mechanism of calcium buffering in which one study found that 7α-nAChRs located in
the mitochondria regulates inflammasome activation in peritoneal mouse macrophages [37]. It is well
documented that calcium overload can trigger mitochondrial dysfunction, promote the production of
reactive oxygen species (ROS), and disrupt the mitochondrial permeability transition pore, eventually
leading to neuronal death [38–40]. Therefore, nicotine-induced mitochondrial dysfunction, which has
been described in several studies [41–43], may be responsible for the increase in stroke volume in female
rats. However, studies are needed to understand the upstream mechanisms leading to mitochondrial
dysfunction that increases the susceptibility to ischemia.

Finally, relinquishing the smoking habit reduces the risk for stroke; however, impact of smoking
cessation on stroke outcome remains unknown. Because it is difficult to stop smoking, more tobacco
users have switched to the “fashionable” e-Cigarette (electronic nicotine delivery systems) as an
alternative to tobacco smoking or even as an aid for smoking cessation. However, the safety of
e-Cigarettes remains questionable and as demonstrated in the current study, negative effects of nicotine
on brain will persist, which makes current research in this area timely and of a high impact.

4. Materials and Methods

4.1. Animals

All animal procedures were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. Public Health and procedures involving animal subjects
and were approved by the Animal Care and Use Committee (#A-3224-01, effective 24 November 2015)
of the University of Miami.

4.2. In Vivo

Adult female Sprague–Dawley rats (290 ± 20 g; 6–7 months old) were used for this study.
The stages of estrous cycle were monitored as described [44] and only rats showing at least three
consecutive normal (4 day) estrous cycles were used for our experiments.

4.3. Nicotine or Saline Treatment

To obtain sustained nicotine delivery, osmotic pumps (type 2ML2, Alzet Corp., Palo Alto, CA,
USA) containing nicotine or saline were implanted in rats for 16–21 days as described [30]. The pump
delivered a fixed and continuous dose of nicotine hydrogen tartrate (4.5 mg/kg/day, equivalent to
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1.5 mg/kg/day free base) throughout the 16–21 days. Rats exposed to nicotine (n = 21) or saline (n = 20)
were divided into two groups. One group of eight rats treated with either nicotine or saline was used
for brain tissue collection, while the remaining rats in both treatment groups underwent transient
middle cerebral artery occlusion (tMCAO) or sham surgery. Since we have previously demonstrated
that the higher endogenous estrogen levels seen during proestrus protect CA1 neurons against cerebral
ischemia [45], tMCAO or tissue collection was performed only when nicotine/saline treated rats were
in proestrus stage. In those instances where rats were not in the proestrus stage on the last scheduled
day of treatment, we extended the treatment by 1 or 2 days.

4.4. Transient Middle Cerebral Artery Occlusion (tMCAO) and Infarct Volume

Nicotine or saline treated rats were exposed to ischemic stroke (90 min) using an occluding
intraluminal suture inserted past the internal carotid artery to occlude the middle cerebral artery
as described previously [46,47]. In parallel, we also performed sham surgery on nicotine or saline
treated rats. During this sham procedure rats were exposed to anesthesia for a period similar to that
of the tMCAO group. During the surgical procedure of tMCAO or sham, physiological parameters
including pCO2, pO2, pH, HCO3 and arterial blood pressure were maintained within normal limits
prior to and after tMCAO (data presented as Table 1). Body and head temperatures were maintained
at 37 ± 0.2 ◦C throughout the experiment with assistance of lamps placed above the animal’s body
and head. One month after tMCAO surgery, rats were perfused with saline, then with FAM (a mixture
of formaldehyde, glacial acetic acid, and methanol; 10:10:80), and brains were prepared, sectioned, and
stained to obtain infarct volumes. The sample preparations and procedures are described in more detail
in our previous publication [48]. Brains were then embedded with paraffin and 10 µm thick sections
were obtained. Infarct volume measurements were adapted from previous publications [49,50]. Briefly,
the same nine coronal sections were selected for every animal (Bregma levels 5.2, 2.7, 1.2, −0.3, −1.3,
−1.8, −3.8, −5, −7.3). Infarcted area was then measured on each section using MCID software (version,
Manufacturer, City, US State abbrev. if applicable, Country). Infarct volume was then determined
similar to previously used methods [49,50].

Table 1. Physiological variable. Physiological variables were recorded during the period when the
animal was under anesthesia. Rows with bold background denote values after tMCAO. Mean arterial
blood pressure (MABP).

Groups Glucose pH pCO2 pO2 MABP Post-tMCAO
Mortality

Saline + Sham
(n = 4) 131.0 ± 7.4

7.39 ± 0.5 36.3 ± 2.3 135 ± 35 132.4 ± 6
07.39 ± 0.4 36.0 ± 4.1 133 ± 15 134 ± 11.7

Nicotine + Sham
(n = 5) 126.4 ± 2.8

7.36 ± 0.4 34 ± 7.2 133 ± 37 135 ± 3
07.37 ± 0.04 38.0 ± 3.4 127 ± 28 135 ± 11.4

Saline + tMCAO
(n = 8) 130.3 ± 8.7

7.36 ± 0.4 35.3 ± 2.3 134 ± 39 131 ± 7.7
17.37 ± 0.05 34.3 ± 5.2 140 ± 15 134 ± 9.3

Nicotine +
tMCAO (n = 8) 127.4 ± 6.8

7.4 ± 0.2 38.08±4.5 130 ± 35 129 ± 7.8
27.39 ± 0.04 35.8 ± 3.9 138 ± 25 132 ± 5.3

4.5. Neurodeficit Scoring

The neurological score was monitored at an hour, 1, 7, 15 and 30 days after tMCAO. A standardized
neurobehavioral test battery was conducted as described previously [51], which includes tests for
postural reflex, sensorimotor integration, and proprioception. Total neurological score ranged from a
normal score of 0 to a maximal possible score of 12.
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4.6. Western Blotting

Rats exposed to nicotine (16–21 days) or saline were anesthetized using 5% isoflurane, decapitated,
and the hippocampal and cortical tissues were collected, flash frozen, and stored at −80 ◦C. At the
time of immunoblotting, hippocampal and cortical tissues were homogenized, protein content was
analyzed, and proteins were separated by 12% SDS-PAGE as described [47]. Proteins were transferred
to Immobilon-P (Millipore, Burlington, MA, USA) membrane and incubated with primary antibodies
against rabbit polyclonal anti-ER-β (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), IL-1β (1:1000;
Cell Signaling, Danvers, MA, USA), ASC (1:1000; Santa Cruz Biotechnology), Caspase-1 (1:1000; Novus
Biologicals, Littleton, CO, USA), and β-Actin (1:5000; Sigma, St. Louis, MO, USA). All data were
normalized to β-Actin (monoclonal; 1:1000; Sigma). Immunoblot images were digitized and subjected
to densitometric analysis [45].

4.7. In Vitro Organotypic Slice Cultures and Oxygen-Glucose Deprivation

Hippocampal organotypic slice cultures were prepared from female neonatal (9–11 days old)
Sprague–Dawley rats and the details of slice culture are as described previously [46,52–54]. Briefly,
hippocampal slices were cultured for 14–20 days followed by exposure to nicotine (100 ng/mL) or
saline (vehicle) for 14–16 days. At the end of the treatment period (~29–37 days), a subgroup of slices
(either treated with nicotine or saline) were exposed to the inflammasome inhibitor isoliquiritigenin
(ILG; Invivogen, San Diego, CA, USA) at different concentrations (1, 10, or 40 µM) dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) or vehicle control DMSO (1 µL/mL
of medium) for 24 h. After inhibitor/control treatment, each subgroup was exposed to OGD (45 min)
as described [46,52–54]. To determine the extent of neuronal damage following OGD, we used
the propidium iodide (PI) method [46,52–54]. Briefly, slices were incubated in culture medium
supplemented with 2 µg/mL PI (Sigma, St. Louis, MO, USA) for 1 h. Images were taken using
an inverted fluorescence microscope. Images of the cultured slices were taken (1) at baseline prior
to the ‘test’ ischemia procedure; (2) 24 h after the ‘test’ ischemic insult to assess ischemic damage;
and (3) 24 h after N-methyl-D-aspartate (NMDA) treatment to assess maximum damage to neuronal
cells. The hippocampal CA1 subfield was chosen as the region of interest, and quantification was
performed using Scion Image software [46,52–54]. The percentage of relative optical intensity (ROI)
served as an index of neuronal cell death [46,52–54].

4.8. Statistical Analysis

The data are presented as mean value ± SEM and results were analyzed by a two-tailed Student’s
t test and p < 0.05 was considered statistically significant.
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ASC Apoptosis associated speck-like protein containing a caspase recruitment domain
BBB Blood brain barrier
DMSO Dimethyl sulfoxide
e-Cigarette Electronic cigarettes
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ER-β Estrogen receptor subtype beta
FAM Formaldehyde, glacial acetic acid, and methanol
IL-1β Interleukin-1β
ILG Isoliquiritigenin
nAChR Nicotinic acetylcholine receptor
NLR NOD-like receptor
NMDA N-methyl-D-aspartate
OGD Oxygen-glucose deprivation
PI Propidium iodide
tMCAO Transient middle cerebral artery occlusion
TNF Tumor necrosis factor

References

1. Boehme, A.K.; Esenwa, C.; Elkind, M.S. Stroke Risk Factors, Genetics, and Prevention. Circ. Res. 2017, 120,
472–495. [CrossRef] [PubMed]

2. Peters, S.A.; Huxley, R.R.; Woodward, M. Smoking as a risk factor for stroke in women compared with men:
A systematic review and meta-analysis of 81 cohorts, including 3,980,359 individuals and 42,401 strokes.
Stroke 2013, 44, 2821–2828. [CrossRef] [PubMed]

3. Loraine, A.; West, S.C.; Goodkind, D.; He, W. 65+ in the United States: 2010. Curr. Popul. Rep. 2014, 23–212.
4. Girijala, R.L.; Sohrabji, F.; Bush, R.L. Sex differences in stroke: Review of current knowledge and evidence.

Vasc. Med. 2017, 22, 135–145. [CrossRef] [PubMed]
5. Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; Das, S.R.; de Ferranti, S.;

Després, J.P.; Fullerton, H.J.; et al. Heart Disease and Stroke Statistics-2016 Update: A Report From the
American Heart Association. Circulation 2016, 133, e38–e360. [CrossRef] [PubMed]

6. Romero, J.R.; Morris, J.; Pikula, A. Stroke prevention: Modifying risk factors. Ther. Adv. Cardiovasc. Dis. 2008,
2, 287–303. [CrossRef] [PubMed]

7. Aoki, J.; Uchino, K. Treatment of risk factors to prevent stroke. Neurotherapeutics 2011, 8, 463–474. [CrossRef]
[PubMed]

8. Di Carlo, A.; Lamassa, M.; Baldereschi, M.; Pracucci, G.; Basile, A.M.; Wolfe, C.D.; Giroud, M.; Rudd, A.;
Ghetti, A.; Inzitari, D. Sex differences in the clinical presentation, resource use, and 3-month outcome of acute
stroke in Europe: Data from a multicenter multinational hospital-based registry. Stroke 2003, 34, 1114–1119.
[CrossRef] [PubMed]

9. Raval, A.P.; Hirsch, N.; Dave, K.R.; Yavagal, D.R.; Bramlett, H.; Saul, I. Nicotine and estrogen synergistically
exacerbate cerebral ischemic injury. Neuroscience 2011, 181, 216–225. [CrossRef] [PubMed]

10. Rune, G.M.; Frotscher, M. Neurosteroid synthesis in the hippocampus: Role in synaptic plasticity.
Neuroscience 2005, 136, 833–842. [CrossRef] [PubMed]

11. Barbieri, R.L.; Gochberg, J.; Ryan, K.J. Nicotine, cotinine, and anabasine inhibit aromatase in human
trophoblast in vitro. J. Clin. Investig. 1986, 77, 1727–1733. [CrossRef] [PubMed]

12. Cassidenti, D.L.; Vijod, A.G.; Vijod, M.A.; Stanczyk, F.Z.; Lobo, R.A. Short-term effects of smoking on the
pharmacokinetic profiles of micronized estradiol in postmenopausal women. Am. J. Obstet. Gynecol. 1990,
163, 1953–1960. [CrossRef]

13. Cramer, D.W.; Harlow, B.L.; Xu, H.; Fraer, C.; Barbieri, R. Cross-sectional and case-controlled analyses of the
association between smoking and early menopause. Maturitas 1995, 22, 79–87. [CrossRef]

14. Grainge, M.J.; Coupland, C.A.C.; Cliffe, S.J.; Chilvers, C.E.D.; Hosking, D.J.; Nottingham EPIC Study Group.
Cigarette smoking, alcohol and caffeine consumption, and bone mineral density in postmenopausal women.
Osteoporos. Int. 1998, 8, 355–363. [CrossRef] [PubMed]

15. Greenberg, G.; Thompson, S.G.; Meade, T.W. Relation between cigarette smoking and use of hormonal replacement
therapy for menopausal symptoms. J. Epidemiol. Community Health 1987, 41, 26–29. [CrossRef] [PubMed]

16. Jensen, J.; Christiansen, C.; Rodbro, P. Cigarette smoking, serum estrogens, and bone loss during
hormone-replacement therapy early after menopause. N. Engl. J. Med. 1985, 313, 973–975. [CrossRef] [PubMed]

17. Michnovicz, J.J.; Naganuma, H.; Hershcopf, R.J.; Bradlow, H.L.; Fishman, J. Increased urinary catechol
estrogen excretion in female smokers. Steroids 1988, 52, 69–83. [CrossRef]

http://dx.doi.org/10.1161/CIRCRESAHA.116.308398
http://www.ncbi.nlm.nih.gov/pubmed/28154098
http://dx.doi.org/10.1161/STROKEAHA.113.002342
http://www.ncbi.nlm.nih.gov/pubmed/23970792
http://dx.doi.org/10.1177/1358863X16668263
http://www.ncbi.nlm.nih.gov/pubmed/27815349
http://dx.doi.org/10.1161/CIR.0000000000000350
http://www.ncbi.nlm.nih.gov/pubmed/26673558
http://dx.doi.org/10.1177/1753944708093847
http://www.ncbi.nlm.nih.gov/pubmed/19124428
http://dx.doi.org/10.1007/s13311-011-0054-0
http://www.ncbi.nlm.nih.gov/pubmed/21713592
http://dx.doi.org/10.1161/01.STR.0000068410.07397.D7
http://www.ncbi.nlm.nih.gov/pubmed/12690218
http://dx.doi.org/10.1016/j.neuroscience.2011.02.036
http://www.ncbi.nlm.nih.gov/pubmed/21334425
http://dx.doi.org/10.1016/j.neuroscience.2005.03.056
http://www.ncbi.nlm.nih.gov/pubmed/16344155
http://dx.doi.org/10.1172/JCI112494
http://www.ncbi.nlm.nih.gov/pubmed/3711333
http://dx.doi.org/10.1016/0002-9378(90)90780-B
http://dx.doi.org/10.1016/0378-5122(95)00928-E
http://dx.doi.org/10.1007/s001980050075
http://www.ncbi.nlm.nih.gov/pubmed/10024906
http://dx.doi.org/10.1136/jech.41.1.26
http://www.ncbi.nlm.nih.gov/pubmed/3668456
http://dx.doi.org/10.1056/NEJM198510173131602
http://www.ncbi.nlm.nih.gov/pubmed/4047104
http://dx.doi.org/10.1016/0039-128X(88)90218-8


Int. J. Mol. Sci. 2018, 19, 1330 10 of 11

18. Mueck, A.O.; Seeger, H. Smoking, estradiol metabolism and hormone replacement therapy. Curr. Med. Chem.
Cardiovasc. Hematol. Agents 2005, 3, 45–54. [CrossRef] [PubMed]

19. Windham, G.C.; Elkin, E.P.; Swan, S.H.; Waller, K.O.; Fenster, L. Cigarette smoking and effects on menstrual
function. Obstet. Gynecol. 1999, 93, 59–65. [PubMed]

20. Zhang, Q.G.; Raz, L.; Wang, R.; Han, D.; De Sevilla, L.; Yang, F.; Vadlamudi, R.K.; Brann, D.W. Estrogen
attenuates ischemic oxidative damage via an estrogen receptor α-mediated inhibition of NADPH oxidase
activation. J. Neurosci. 2009, 29, 13823–13836. [CrossRef] [PubMed]

21. Dubal, D.B.; Rau, S.W.; Shughrue, P.J.; Zhu, H.; Yu, J.; Cashion, A.B.; Suzuki, S.; Gerhold, L.M.; Bottner, M.B.;
Dubal, S.B. Differential modulation of estrogen receptors (ERs) in ischemic brain injury: A role for ER-α in
estradiol-mediated protection against delayed cell death. Endocrinology 2006, 147, 3076–3084. [CrossRef]
[PubMed]

22. Lebesgue, D.; Chevaleyre, V.; Zukin, R.S.; Etgen, A.M. Estradiol rescues neurons from global ischemia-induced
cell death: Multiple cellular pathways of neuroprotection. Steroids 2009, 74, 555–561. [CrossRef] [PubMed]

23. De Rivero Vaccari, J.P.; Dietrich, W.D.; Keane, R.W. Activation and regulation of cellular inflammasomes:
Gaps in our knowledge for central nervous system injury. J. Cereb. Blood Flow Metab. 2014, 34, 369–375.
[CrossRef] [PubMed]

24. de Rivero Vaccari, J.P.; Patel, H.H.; Brand, F.J.; Perez-Pinzon, M.A.; Bramlett, H.M.; Raval, A.P. Estrogen
receptor β signaling alters cellular inflammasomes activity after global cerebral ischemia in reproductively
senescence female rats. J. Neurochem. 2016, 136, 492–496. [CrossRef] [PubMed]

25. Raval, A.P.; Dave, K.R.; Saul, I.; Gonzalez, G.J.; Diaz, F. Synergistic inhibitory effect of nicotine plus oral
contraceptive on mitochondrial complex-IV is mediated by estrogen receptor β in female rats. J. Neurochem.
2012, 121, 157–167. [CrossRef] [PubMed]

26. Zeng, J.; Chen, Y.; Ding, R.; Feng, L.; Fu, Z.; Yang, S.; Deng, X.; Xie, Z.; Zheng, S. Isoliquiritigenin alleviates
early brain injury after experimental intracerebral hemorrhage via suppressing ROS- and/or NF-κB-mediated
NLRP3 inflammasome activation by promoting Nrf2 antioxidant pathway. J. Neuroinflammation 2017, 14, 119.
[CrossRef] [PubMed]

27. Gomes, P.X.; de Oliveira, G.V.; de Araújo, F.Y.R.; de Barros Viana, G.S.; de Sousa, F.C.F.; Hyphantis, T.N.;
Grunberg, N.E.; Carvalho, A.F.; Macêdo, D.S. Differences in vulnerability to nicotine-induced kindling
between female and male periadolescent rats. Psychopharmacology 2013, 225, 115–126. [CrossRef] [PubMed]

28. Qiao, H.; Zhang, X.; Wang, T.; Liang, L.; Chang, W.; Xia, H. Pharmacokinetics, biodistribution and bioavailability
of isoliquiritigenin after intravenous and oral administration. Pharm. Biol. 2014, 52, 228–236. [CrossRef] [PubMed]

29. Honda, H.; Nagai, Y.; Matsunaga, T.; Okamoto, N.; Watanabe, Y.; Tsuneyama, K.; Hayashi, H.; Fujii, I.;
Ikutani, M.; Hirai, Y.; et al. Isoliquiritigenin is a potent inhibitor of NLRP3 inflammasome activation and
diet-induced adipose tissue inflammation. J. Leukoc. Biol. 2014, 96, 1087–1100. [CrossRef] [PubMed]

30. Raval, A.P.; Sick, J.T.; Gonzalez, G.J.; DeFazio, R.A.; Dong, C.; Sick, T.J. Chronic nicotine exposure inhibits
estrogen-mediated synaptic functions in hippocampus of female rats. Neurosci. Lett. 2012, 517, 41–46.
[CrossRef] [PubMed]

31. Waters, E.M.; Yildirim, M.; Janssen, W.G.; Lou, W.W.; McEwen, B.S.; Morrison, J.H.; Milner, T.A. Estrogen
and aging affect the synaptic distribution of estrogen receptor beta-immunoreactivity in the CA1 region of
female rat hippocampus. Brain Res. 2011, 1379, 86–97. [CrossRef] [PubMed]

32. Hauenstein, A.V.; Zhang, L.; Wu, H. The hierarchical structural architecture of inflammasomes,
supramolecular inflammatory machines. Curr. Opin. Struct. Biol. 2015, 31, 75–83. [CrossRef] [PubMed]

33. Yang, C.S.; Kim, J.J.; Kim, T.S.; Lee, P.Y.; Kim, S.Y.; Lee, H.M.; Shin, D.M.; Nguyen, L.T.; Lee, M.S.; Jin, H.S.;
et al. Small heterodimer partner interacts with NLRP3 and negatively regulates activation of the NLRP3
inflammasome. Nat. Commun. 2015, 6, 6115. [CrossRef] [PubMed]

34. Gergalova, G.; Lykhmus, O.; Kalashnyk, O.; Koval, L.; Chernyshov, V.; Kryukova, E.; Tsetlin, V.;
Komisarenko, S.; Skok, M. Mitochondria express α7 nicotinic acetylcholine receptors to regulate Ca2+

accumulation and cytochrome c release: Study on isolated mitochondria. PLoS ONE 2012, 7, e31361.
[CrossRef] [PubMed]

35. Picciotto, M.R.; Zoli, M. Neuroprotection via nAChRs: The role of nAChRs in neurodegenerative disorders
such as Alzheimer’s and Parkinson’s disease. Front. Biosci. 2008, 13, 492–504. [CrossRef] [PubMed]

36. Slotkin, T.A. Nicotine and the adolescent brain: Insights from an animal model. Neurotoxicol. Teratol. 2002,
24, 369–384. [CrossRef]

http://dx.doi.org/10.2174/1568016052773270
http://www.ncbi.nlm.nih.gov/pubmed/15638743
http://www.ncbi.nlm.nih.gov/pubmed/9916957
http://dx.doi.org/10.1523/JNEUROSCI.3574-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19889994
http://dx.doi.org/10.1210/en.2005-1177
http://www.ncbi.nlm.nih.gov/pubmed/16527848
http://dx.doi.org/10.1016/j.steroids.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19428444
http://dx.doi.org/10.1038/jcbfm.2013.227
http://www.ncbi.nlm.nih.gov/pubmed/24398940
http://dx.doi.org/10.1111/jnc.13404
http://www.ncbi.nlm.nih.gov/pubmed/26490364
http://dx.doi.org/10.1111/j.1471-4159.2012.07661.x
http://www.ncbi.nlm.nih.gov/pubmed/22248091
http://dx.doi.org/10.1186/s12974-017-0895-5
http://www.ncbi.nlm.nih.gov/pubmed/28610608
http://dx.doi.org/10.1007/s00213-012-2799-5
http://www.ncbi.nlm.nih.gov/pubmed/22782460
http://dx.doi.org/10.3109/13880209.2013.832334
http://www.ncbi.nlm.nih.gov/pubmed/24102672
http://dx.doi.org/10.1189/jlb.3A0114-005RR
http://www.ncbi.nlm.nih.gov/pubmed/25210146
http://dx.doi.org/10.1016/j.neulet.2012.04.015
http://www.ncbi.nlm.nih.gov/pubmed/22521583
http://dx.doi.org/10.1016/j.brainres.2010.09.069
http://www.ncbi.nlm.nih.gov/pubmed/20875808
http://dx.doi.org/10.1016/j.sbi.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25881155
http://dx.doi.org/10.1038/ncomms7115
http://www.ncbi.nlm.nih.gov/pubmed/25655831
http://dx.doi.org/10.1371/journal.pone.0031361
http://www.ncbi.nlm.nih.gov/pubmed/22359587
http://dx.doi.org/10.2741/2695
http://www.ncbi.nlm.nih.gov/pubmed/17981563
http://dx.doi.org/10.1016/S0892-0362(02)00199-X


Int. J. Mol. Sci. 2018, 19, 1330 11 of 11

37. Lu, B.; Kwan, K.; Levine, Y.A.; Olofsson, P.S.; Yang, H.; Li, J.; Joshi, S.; Wang, H.; Andersson, U.;
Chavan, S.S.; et al. α7 nicotinic acetylcholine receptor signaling inhibits inflammasome activation by
preventing mitochondrial DNA release. Mol. Med. 2014, 20, 350–358. [CrossRef] [PubMed]

38. Duchen, M.R. Mitochondria, calcium-dependent neuronal death and neurodegenerative disease.
Pflügers Arch. Eur. J. Physiol. 2012, 464, 111–121. [CrossRef] [PubMed]

39. Barsukova, A.G.; Bourdette, D.; Forte, M. Mitochondrial calcium and its regulation in neurodegeneration
induced by oxidative stress. Eur. J. Neurosci. 2011, 34, 437–447. [CrossRef] [PubMed]

40. Toman, J.; Fiskum, G. Influence of aging on membrane permeability transition in brain mitochondria.
J. Bioenerg. Biomembr. 2011, 43, 3–10. [CrossRef] [PubMed]

41. Zanetti, F.; Giacomello, M.; Donati, Y.; Carnesecchi, S.; Frieden, M.; Barazzone-Argiroffo, C. Nicotine
mediates oxidative stress and apoptosis through cross talk between NOX1 and Bcl-2 in lung epithelial cells.
Free Radic. Biol. Med. 2014, 76, 173–184. [CrossRef] [PubMed]

42. Arany, I.; Clark, J.; Reed, D.K.; Juncos, L.A. Chronic nicotine exposure augments renal oxidative stress and injury
through transcriptional activation of p66shc. Nephrol. Dial. Transplant. 2013, 28, 1417–1425. [CrossRef] [PubMed]

43. Bhagwat, S.V.; Vijayasarathy, C.; Raza, H.; Mullick, J.; Avadhani, N.G. Preferential effects of nicotine and
4-(N-methyl-N-nitrosamine)-1-(3-pyridyl)-1-butanone on mitochondrial glutathione S-transferase A4-4
induction and increased oxidative stress in the rat brain. Biochem. Pharmacol. 1998, 56, 831–839. [CrossRef]

44. Marcondes, F.K.; Bianchi, F.J.; Tanno, A.P. Determination of the estrous cycle phases of rats: Some helpful
considerations. Braz. J. Biol. 2002, 62, 609–614. [CrossRef] [PubMed]

45. Raval, A.P.; Saul, I.; Dave, K.R.; DeFazio, R.A.; Perez-Pinzon, M.A.; Bramlett, H. Pretreatment with a single
estradiol-17β bolus activates cyclic-AMP response element binding protein and protects CA1 neurons
against global cerebral ischemia. Neuroscience 2009, 160, 307–318. [CrossRef] [PubMed]

46. Bright, R.; Raval, A.P.; Dembner, J.M.; Pérez-Pinzón, M.A.; Steinberg, G.K.; Yenari, M.A.; Mochly-Rosen, D.
Protein kinase C delta mediates cerebral reperfusion injury in vivo. J. Neurosci. 2004, 24, 6880–6888.
[CrossRef] [PubMed]

47. Maier, C.M.; Sun, G.H.; Kunis, D.; Yenari, M.A.; Steinberg, G.K. Delayed induction and long-term effects of
mild hypothermia in a focal model of transient cerebral ischemia: Neurological outcome and infarct size.
J. Neurosurg. 2001, 94, 90–96. [CrossRef] [PubMed]

48. Lin, B.; Ginsberg, M.D. Quantitative assessment of the normal cerebral microvasculature by endothelial
barrier antigen (EBA) immunohistochemistry: Application to focal cerebral ischemia. Brain Res. 2000, 865,
237–244. [CrossRef]

49. Zhang, Y.; Belayev, L.; Zhao, W.; Irving, E.A.; Busto, R.; Ginsberg, M.D. A selective endothelin ETA receptor
antagonist, SB 234551, improves cerebral perfusion following permanent focal cerebral ischemia in rats.
Brain Res. 2005, 1045, 150–156. [CrossRef] [PubMed]

50. Belayev, L.; Khoutorova, L.; Zhao, W.; Vigdorchik, A.; Belayev, A.; Busto, R.; Magal, E.; Ginsberg, M.D.
Neuroprotective effect of darbepoetin alfa, a novel recombinant erythropoietic protein, in focal cerebral
ischemia in rats. Stroke 2005, 36, 1071–1076. [CrossRef] [PubMed]

51. Ley, J.J.; Vigdorchik, A.; Belayev, L.; Zhao, W.; Busto, R.; Khoutorova, L.; Becker, D.A.; Ginsberg, M.D.
Stilbazulenyl nitrone, a second-generation azulenyl nitrone antioxidant, confers enduring neuroprotection
in experimental focal cerebral ischemia in the rat: Neurobehavior, histopathology, and pharmacokinetics.
J. Pharmacol. Exp. Ther. 2005, 313, 1090–1100. [CrossRef] [PubMed]

52. Xu, G.P.; Dave, K.R.; Vivero, R.; Schmidt-Kastner, R.; Sick, T.J.; Pérez-Pinzón, M.A. Improvement in neuronal
survival after ischemic preconditioning in hippocampal slice cultures. Brain Res. 2002, 952, 153–158. [CrossRef]

53. Raval, A.P.; Dave, K.R.; Mochly-Rosen, D.; Sick, T.J.; Pérez-Pinzón, M.A. Epsilon PKC is required for the
induction of tolerance by ischemic and NMDA-mediated preconditioning in the organotypic hippocampal
slice. J. Neurosci. 2003, 23, 384–391. [CrossRef] [PubMed]

54. Lange-Asschenfeldt, C.; Raval, A.P.; Dave, K.R.; Mochly-Rosen, D.; Sick, T.J.; Pérez-Pinzón, M.A. Epsilon
protein kinase C mediated ischemic tolerance requires activation of the extracellular regulated kinase pathway
in the organotypic hippocampal slice. J. Cereb. Blood Flow Metab. 2004, 24, 636–645. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2119/molmed.2013.00117
http://www.ncbi.nlm.nih.gov/pubmed/24849809
http://dx.doi.org/10.1007/s00424-012-1112-0
http://www.ncbi.nlm.nih.gov/pubmed/22615071
http://dx.doi.org/10.1111/j.1460-9568.2011.07760.x
http://www.ncbi.nlm.nih.gov/pubmed/21722208
http://dx.doi.org/10.1007/s10863-011-9337-8
http://www.ncbi.nlm.nih.gov/pubmed/21311961
http://dx.doi.org/10.1016/j.freeradbiomed.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25151121
http://dx.doi.org/10.1093/ndt/gfs596
http://www.ncbi.nlm.nih.gov/pubmed/23328708
http://dx.doi.org/10.1016/S0006-2952(98)00228-7
http://dx.doi.org/10.1590/S1519-69842002000400008
http://www.ncbi.nlm.nih.gov/pubmed/12659010
http://dx.doi.org/10.1016/j.neuroscience.2009.02.065
http://www.ncbi.nlm.nih.gov/pubmed/19272413
http://dx.doi.org/10.1523/JNEUROSCI.4474-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15295022
http://dx.doi.org/10.3171/jns.2001.94.1.0090
http://www.ncbi.nlm.nih.gov/pubmed/11147904
http://dx.doi.org/10.1016/S0006-8993(00)02228-9
http://dx.doi.org/10.1016/j.brainres.2005.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15910773
http://dx.doi.org/10.1161/01.STR.0000160753.36093.da
http://www.ncbi.nlm.nih.gov/pubmed/15790949
http://dx.doi.org/10.1124/jpet.105.083386
http://www.ncbi.nlm.nih.gov/pubmed/15716383
http://dx.doi.org/10.1016/S0006-8993(02)02988-8
http://dx.doi.org/10.1523/JNEUROSCI.23-02-00384.2003
http://www.ncbi.nlm.nih.gov/pubmed/12533598
http://dx.doi.org/10.1097/01.WCB.0000121235.42748.BF
http://www.ncbi.nlm.nih.gov/pubmed/15181371
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Nicotine Reduces ER- Protein Levels in the Brain of Female Rats 
	Nicotine Increases Inflammasome Activation in the Brain of Female Rats 
	Nicotine Worsens Infarct Volume and Neurodeficit Score after tMCAO 
	Inhibition of Inflammasome Activation Decreases Neuronal Cell Death in an In Vitro Model of Stroke 

	Discussion 
	Materials and Methods 
	Animals 
	In Vivo 
	Nicotine or Saline Treatment 
	Transient Middle Cerebral Artery Occlusion (tMCAO) and Infarct Volume 
	Neurodeficit Scoring 
	Western Blotting 
	In Vitro Organotypic Slice Cultures and Oxygen-Glucose Deprivation 
	Statistical Analysis 

	References

