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Abstract

The blood–brain barrier (BBB) is critical to the health of the central nervous system. The BBB is formed primarily by the presence of tight

junctions (TJ) between cerebral microvessel endothelial cells. In light of the known effects of nicotine on endothelial cell biology, the specific

effects of nicotine on the in vivo BBB were examined. Using in situ brain perfusion, it was found that continuous administration of nicotine

(4.5 mg free based kg�1d day�1) for 1 and 7 days led to increased permeability of the BBB to [14C]-sucrose without significant changes in its

initial volume of distribution. The expression and distribution of the TJ-associated proteins actin, occludin, claudin-1, -3, and -5, and ZO-1

and -2 were analyzed by Western blot and immunofluorescence microscopy. Though no changes in total protein expression were observed,

nicotine treatment was associated with altered cellular distribution of ZO-1 and diminished junctional immunoreactivity of claudin-3. It is

proposed that nicotine leads to changes in BBB permeability via the modulation of TJ proteins.
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1. Introduction

The blood–brain barrier (BBB) is a vascular system that

regulates the passage of materials between the peripheral

circulation and the central nervous system (CNS). The BBB

is essential for maintaining brain homeostasis and enabling

proper neuronal function [32,53] but makes the non-

invasive delivery of therapeutics to the brain problematic
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[48]. Situated at the level of the cerebral microvascular

endothelium [44], the BBB presents a diffusion barrier to

most non-lipophillic molecules [33]. The barrier is estab-

lished by a lack of fenestrations [13] and the presence of

tight junctions (TJ) in the apical region of the interendo-

thelial cleft. TJ are elaborate, interconnected membrane-

spanning structures composed of transmembrane proteins

linked via accessory proteins to the actin cytoskeleton [59]

found in epithelial and endothelial barrier tissues through-

out the body. Once thought to be static structures, TJ are in

fact regulated in both physiological and pathological states

[25], and changes in TJ protein expression and/or organ-

ization have been associated with altered permeability

[4,15,27,37,46,62].
(2004) 48–58
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Approximately 23% of people in the United States

smoke cigarettes [5]. Cigarette smoking is associated with

increased risk of cancer, lung disease, and cardiovascular

disease including cerebrovascular disease [19]. Though

cigarette smoke contains more than 4000 chemical constit-

uents [22], the alkaloid nicotine merits special consideration

with regard to vascular disease. In addition to being the

primary mediator of the subjective and potentially addictive

effects of tobacco [42], nicotine has profound effects on

vascular tissues including stimulation of abnormal DNA

synthesis in endothelial cells [58], increased expression of

atherogenic genes [65], altered expression of signal trans-

duction and transcription factor genes [66], and angio-

genesis [20,21].

The effect of nicotine on the BBB is controversial. One

study found that acute nicotine at non-toxic concentrations

had no effect on the permeability of large molecular weight

markers at the BBB [49], though this finding did not rule out

the possibility that nicotine may disrupt the BBB to passage

of smaller molecules [31]. In subsequent chronic studies,

non-toxic doses of nicotine altered both the expression and

function of ion [2,60] and glucose transporters [9,10] in

cerebral microvessels. Additionally, we have reported that

nicotine and its major metabolite cotinine increase the

permeability of an in vitro model of the BBB, and that this

change is associated with diminished expression and altered

distribution of the TJ protein ZO-1 mediated by endothelial

nicotinic acetylcholine receptors [1].

In the current study, nicotine was infused via subcuta-

neous osmotic pumps into Sprague–Dawley rats in a dosing

regimen designed to sustain plasma nicotine and cotinine

concentrations comparable to those found in human

smokers. Using modifications of the in situ brain perfusion

method of Takasato [55], we investigated the effects of

nicotine on in vivo BBB permeability. Expression and

distribution of the TJ-associated proteins ZO-1, ZO-2,

occludin, claudin-1, -3, and -5, and the cytoskeletal protein

actin were examined using Western blot analysis and

fluorescent immunohistochemistry.
2. Materials and methods

2.1. Radioisotopes, antibodies, and chemicals

[14C]-Sucrose was purchased from ICN Pharmaceuticals

(specific activity, 462 mCidmol�1; Irvine, CA). Mouse

monoclonal anti-actin was purchased from Sigma (St. Louis,

MO). Rabbit polyclonal anti-ZO-1 and -2, rabbit polyclonal

anti-claudin-1 and -3, mouse monoclonal anti-claudin-5 and

anti-occludin were purchased from Zymed (San Francisco,

CA). Conjugated anti-mouse and anti-rabbit IgG-horse-

radish peroxidase were obtained from Amersham (Spring-

field, IL). Alexafluork 488-conjugated phalloidin and

Alexafluork 488-conjugated anti-rabbit and anti-mouse

IgG were obtained from Molecular Probes (Eugene, OR).
All other reagents, unless otherwise stated, were purchased

from Sigma.

2.2. Animals and treatments

All animal protocols used in this study were approved by

the University of Arizona Institutional Animal Care and Use

Committee and conform to National Institutes of Health

(NIH) guidelines. Female Sprague–Dawley rats (Harlan

Sprague–Dawley, Indianapolis, IN) weighing 240–300 g

were housed under standard 12:12-h light/dark conditions

and received food and water ad libitum. Animals were

implanted with Alzet 2ML4 osmotic pumps (Alza, Palo Alto,

CA) for continuous subcutaneous delivery of nicotine at 4.5

mg free based kg�1d day�1 (nicotine hydrogen tartrate dis-

solved in 0.9% saline) or 0.9% saline alone as a time-

matched control. Animals were anesthetized with 1 mld kg�1

of a cocktail containing ketamine (78.3 mgdml�1), acepro-

mazine (0.6 mgd ml�1), and xylazine (3.1 mgdml�1). A 1-cm

transverse incision was made between the scapula, and the

pump was inserted under the skin posterior to the incision,

which was closed with wound clips. The animals were

treated with gentamycin (0.1 mgd kg�1) to prevent infection,

and allowed to recover in individual cages for the duration of

their treatment. At 1 or 7 days post-implantation, animals

underwent in situ brain perfusion or the brain was harvested

for cerebral microvessel isolation.

2.3. HPLC analysis of plasma nicotine and cotinine

Whole blood was extracted from the tail vein prior to

sacrifice. Nicotine and cotinine were extracted from rat

plasma and HPLC analysis performed based on the methods

of Dawson [8]. Plasma (500 Al) was added to a 1.5-ml

centrifuge tube containing 10 Al 2-phenylimidizole (15

ngd Al�1), 20 Al 5% antifoam/phenol red solution, 50 Al
30%NH4OH, and 500 Al dichloroethane andmixed by gentle

inversion for 1 min. The solution was centrifuged 15 min

using a Beckman Microfuge 11 (12,000 rpm). The super-

natant was discarded and 400 Al of the clear bottom layer was

placed into a 1.5-ml tube and dried under N2. HPLC buffer

(300 Al; 30 mM citric acid, 30 mM KH2PO4, 3.65 gd L�1

triethylamine, 0.6 gd L�1 1-heptanesulfonic acid, 90 mld L�1

acetonitrile, pH 4.8) was added to the tube. A standard curve

was generated using rat plasma extractions of 0, 12.5, 25, 50,

100, and 200 ngd ml�1 of nicotine and cotinine and 150 ng of

2-phenylimidizole added as an internal standard.

HPLC analysis of plasma nicotine and cotinine was

performed on a 0.46�15 cm Inertsilk ODS-2 column

(MetaChem Technologies, Torrance, CA) at a flow rate of

1.0 mldmin�1 at 378C for 7.5 min and then increased to 1.5

mldmin�1 for 8 min. All samples were injected using a

Waters Associates WISPk 712B autoinjector. Separations

were achieved using an isocratic mobile phase (HPLC

buffer). Nicotine, cotinine, and 2-phenylimidizole were

detected by a Shimadzu SDP-6A UV spectrophotometric



Fig. 1. In situ brain perfusion with [14C]-sucrose: (A) 1-day treatment; (B)

7-day treatment. Rbr are meansFS.E.M., n=5–11 per time point. Nicotine

significantly increases the rate of [14C]-sucrose uptake into the brain (Kin),

without a significant change in vascular volume (VD). Significance was

determined by comparison of the regression coefficients as described by

Glantz [16].

Table 1

Analysis of multiple-time uptake regression coefficients

1-day 7-day

Saline Nicotine Saline Nicotine

K in (Ald g
�1d min�1) 0.6F0.2 2.0F0.3a 0.3F0.1 1.2F0.3b,c

VD (Ald g�1) 3.6F2.5 4.2F3.6 7.0F1.7 1.0F4.2

Data are the regression coefficients of the plots shown in Fig. 1 FS.E.

Significance was determined by the methods for comparing linear

regressions described by Glantz [16].
a pb0.01 vs. time-matched saline control.
b pb0.05 vs. time-matched saline control.
c pb0.05 vs. 1-day nicotine.
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detector (254 nm) and peaks were integrated with a Hewlett

Packard 3396A integrator.

2.4. In situ brain perfusion

Animals were anesthetized as above and heparinized by

i.p. injection (10,000 Ud kg�1). A ventral midline incision

was made at the neck, and the common carotid arteries were

exposed. The arteries were cannulated with silicone tubing

and the jugular veins were cut. The perfusion medium

consisted of a mammalian Ringer’s solution (117 mM NaCl,

4.7 mM KCl, 0.8 mM MgSO4, 24.8 mM NaHCO3, 1.2 mM

KH2PO4, 2.5 mM CaCl2, 10 mM d-glucose, 39 gd L�1

dextran (MW 70 kDa), 10 gd L�1 BSA, pH 7.4) containing

Evans blue-labeled albumin. The medium was oxygenated

with 95% O2 and 5% CO2. The perfusate was passed via

peristaltic pump through a heating coil (378C) and a bubble

trap. Once the desired perfusion pressure and rate were

achieved (approximately 100 mm Hg and 3.1 mld min�1),

[14C]-sucrose (10 ACi per 20 ml Ringer) was infused (0.5

mldmin�1 per hemisphere) using a slow-drive syringe pump
(model 22; Harvard Apparatus, South Natick, MA). The

animal was perfused for 5–20 min, after which the animal

was decapitated and the brain removed. Samples of the

radioactive perfusate were collected from each carotid

cannula as a reference. The choroid plexuses were excised

and the meninges removed, and the cerebral hemispheres

were sectioned and homogenized. Brain tissue and 100-Al
samples of perfusate were prepared for liquid scintillation

counting by incubation in 1-ml tissue solubilizer (TS-2,

Research Products, Mount Pleasant, IL) for 2 days. Prior to

counting, 100 Al 30% acetic acid and 4 ml Budget-Solve

Liquid Scintillation Cocktail (Research Products) were

added, and the samples were measured for radioactivity

(model LS 5000 TD Counter; Beckman Instruments, Full-

erton, CA). Results are reported as the ratio of radioactivity

in the brain to that in the perfusate (Rbr):

Rbr ll g�1
�
¼ Cbrain dpm g�1

� �
=Cperfusate dpm ll�1

� ��
:

��

ð1Þ

A least-squares regression of Rbr vs. perfusion time was

performed for each experimental and control group:

Rbr Tð Þ ¼ VD þ KinT ð2Þ

where VD is the initial volume of distribution of [14C]-

sucrose, Kin is the unidirectional transfer coefficient, and T

is the perfusion time in minutes.

2.5. Cerebral microvessel isolation

Animals were anesthetized as described above and

decapitated. The brain was removed from the skull, the

meninges and choroid plexuses were removed, and the

brainstem and cerebellum were dissected away from the

cerebral hemispheres. The hemispheres were homogenized

in a fivefold volume of buffer (103 mM NaCl, 4.7 mM KCl,

2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 15 mM

HEPES, 25 mM NaHCO3, 10 mM glucose, 1 mM sodium

pyruvate, 10 gd L�1 64 K dextran), suspended in an equal

volume of 26% dextran, and centrifuged for 10 min at

5800�g at 4 8C. The pellet was resuspended and passed

through a 100-Am mesh. The filtrate was centrifuged for 10

min at 1500 rpm at 4 8C, and the resulting pellet was

resuspended in 0.25 ml buffer.
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2.6. Western blot

Protein was extracted from brain microvessels by

incubating overnight in 6 M urea buffer (6 M urea, 10

mM Tris, 1 mM dithiothreitol, 5 mM MgCl2, 5 mM EGTA,

150 mM NaCl, pH 8.0, 1 tablet Complete mini EDTA-free

protease inhibitor per 10 ml (Roche, Mannheim, Germany))

at 4 8C. Protein was quantified using the bicinchoninic acid

method (Pierce, Indianapolis, IN) with BSA as a standard.

Protein samples (50 Ag) were separated using an

electrophoretic field on Novex 4–12% Tris–glycine gels
Fig. 2. Western blot analysis of TJ proteins in brain microvessels. (A) Summary of

of 7-day treatment; (D) representative blots from 7-day treatment. Total protein w

the mean density of saline bands and expressed as % relative content. Gel staining

n=6 for each group. Significance was determined by Student’s t test, nicotine vs
(Invitrogen, Carlsbad, CA) at 100 V for 120 min. Proteins

were transferred to polyvinylidene fluoride membranes with

240 mAmp at 4 8C for 45 min. The membranes were

blocked using 5% non-fat milk/Tris-buffered saline (TBS)

(20 mM Tris base, 137 mM NaCl, pH 7.6) with 0.1%

Tween-20. Following blocking, membranes were incubated

with primary antibody (anti-actin, 1:1000, anti-occludin,

1:500, anti-ZO-1, 1:1000, anti-ZO-2, 1:1000, anti-claudin-1,

1:1000, anti-claudin-3, 1:500, or anti-claudin-5, 1:1000) 1 h

at RT. Membranes were washed with 5% non-fat milk/TBS

buffer prior to incubation with the appropriate secondary
1-day treatment; (B) representative blots from 1-day treatment; (C) summary

as extracted from rat brain microvessels. Band densities were normalized to

was used as a loading control. Bars are mean % relative contentFS.E.M.

. time-matched control; pN0.05 for all comparisons. NE=not expressed.
,



Fig. 2 (continued ).
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antibody (anti-mouse, 1:3000 or anti-rabbit, 1:2000) for 30

min at room temperature. Membranes were developed using

the enzyme chemiluminescence method (ECLplus; Amer-

sham) and protein bands were visualized on X-ray film.

Semi-quantitation of protein was performed with a Kodak

Image Station. Gel staining (Gelcode; Pierce, Rockford, IL)

was used as a loading control. Results are reported as

percent expression of control.

2.7. Immunofluorescence microscopy

Microvessels isolated as described above were smeared

onto microscope slides and heat-fixed at 95 8C, 10 min. The
vessels were fixed with 3.7% formaldehyde in PBS,

permeabalized with 0.1% Triton X-100 in PBS, and blocked

for 1 h in 1% BSA in PBS. To visualize actin, slides were

incubated with Alexafluork 488-conjugated phalloidin

(reconstituted in 1% BSA in PBS, 5 Ud ml�1) for 30 min.

To visualize the other proteins, slides were incubated with

primary antibody (mouse anti-occludin, 1:100, mouse anti-

claudin-1, 1:100, rabbit anti-claudin-3, 1:200, mouse anti-

claudin-5, 1:100, rabbit anti-ZO-1, 1:200, or rabbit anti-ZO-

2, 1:100) diluted in 1% BSA in PBS for 30 min, rinsed with

1% BSA in PBS, and incubated with Alexafluork 488-

conjugated anti-rabbit or anti-mouse IgG (2 Agdml�1) for 30

min. Vessels from nicotine-treated animals were always
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stained alongside vessels from a time-matched control for

the same protein. After placement and sealing of coverslips,

photographs were taken with 100� oil immersion objectives

on a Nikon TE300 fluorescent microscope with a fluo-

rescein filter.

The distribution of tight junction proteins in isolated

cerebral microvessels was assessed according to the method

of Song [52] using Metamorphk. Briefly, the mean pixel

intensity was measured within ten 49-pixel (7�7) areas

selected at random along the margins of cell–cell contact

when visible, or along the length of a vessel when the

cellular margins were not clearly stained. Measured mean

pixel intensities were normalized to background levels

within each image. Measurements were taken by an

investigator blinded to both the target protein and treatment

group. Results are reported as percentage of control.
Fig. 3. Representative micrographs of BBB TJ proteins in brain microvessels.

Alexaflourk-488-conjugated secondary antibody. Secondary antibodies alone did

1-day nicotine, 7-day saline, 7-day nicotine. a–d: actin, e–h: occludin, i–l: claudin

areas of marginal distribution. All images are 100�. Scale bar=1 Am.
2.8. Data analysis

For in situ brain perfusion experiments, statistical com-

parisons of the regression coefficients Kin and VD were

performed according to the methods of Glantz [16]. Analysis

of all other data was performed by Student’s t test for com-

parison of two means (nicotine vs. time-matched control).
3. Results

3.1. HPLC analysis of plasma nicotine and cotinine

To confirm the osmotic pump delivery of nicotine,

plasma levels of nicotine and cotinine were measured by

HPLC in blood samples collected from the tail vein prior to
All proteins were visualized with mouse or rabbit primary antibody and

not stain microvessels (data not shown). Each row, left to right: 1-day saline,

-1, m–p: claudin-3, q–t: claudin-5, u–x: ZO-1, y–bb: ZO-2. Arrows indicate



Table 2

Semiquantitative analysis of cerebral microvascular TJ proteins

1-day 7-day

Saline Nicotine Saline Nicotine

Actin 100.0F4.6 111.7F3.3* 100.0F3.6 98.3F4.2

Occludin 100.0F5.3 100.8F6.2 100.0F2.5 95.5F3.0

Claudin-1 100.0F6.4 111.7F5.1 100.0F6.0 131.7F8.1**

Claudin-3 100.0F3.5 35.9F3.7*** 100.0F6.1 84.1F5.1*

Claudin-5 100.0F4.6 154.7F7.8*** 100.0F2.6 104.6F3.0

ZO-1 100.0F6.6 110.2F4.7 100.0F5.7 79.4F5.5*

ZO-2 100.0F10.2 75.9F7.3 100.0F6.7 149.9F5.5***

Cerebral microvessels isolated from animals treated for 1 or 7 days with

saline or nicotine were stained for tight junction-associated proteins. Images

were captured and analyzed with Metamorphk. Mean pixel intensity was

measured at randomly selected points along the margins of cell–cell contact

(when visible) or at randomly selected points along each vessel in the

absence of clear marginal distribution. Data are average corrected mean

pixel intensity expressed as percentage of time-matched controls FS.E.M.

n=10–33 vessels for each group.

* pb0.05.

** pb0.005.

*** pb0.0005 vs. time-matched control.
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sacrifice. Nicotine eluted at a retention time of 4 min,

cotinine at 5.5 min, and 2-phenylimidizole at 10 min.

Nicotine and cotinine were not detected in naRve animals or

in saline-treated controls. In the 1-day nicotine group,

nicotine and cotinine plasma levels were 45.0F20.3 and

269.2F74.6 ngdml�1 (n=3), respectively, and in the 7-day

nicotine group, nicotine and cotinine levels were 71.7F37.3

and 261.6F35.5 ngdml�1 (n=4), respectively. There was no

statistically significant change in plasma nicotine or cotinine

concentrations between 1 and 7 days.

3.2. Changes in BBB permeability

The effect of nicotine on BBB permeability was deter-

mined using in situ brain perfusion with [14C]-sucrose (Fig.

1), a tracer that does not normally cross the BBB. Whole-

brain visualization immediately following perfusion showed

no appreciable leakage of Evans blue albumin into the

parenchyma. Both 1- and 7-day nicotine treatments signifi-

cantly increased the unidirectional transfer coefficients for

sucrose from blood to brain (Kin) without a significant change

in initial volume of distribution (VD) relative to their time-

matched controls (Table 1), indicating increased BBB

permeability to sucrose. One-day nicotine treatment led to a

3.3-fold increase in K in, from 0.6F0.2 to 2.0F0.3

Ald g�1d min�1. Seven-day nicotine treatment led to a four-

fold increase inKin, from 0.3F0.1 to 1.2F0.3 Ald g�1d min�1.

Estimated VD ranged from 1.0 to 7.0 Ald g�1, which are

comparable to previously published measurements [51]. No

difference in Kin was observed between the 1- and 7-day

saline-treated groups; however, a significant ( pb0.05) de-

crease in Kin was detected in the 7-day nicotine treated group

as compared to the 1-day nicotine treated group (Table 1).

3.3. Cerebral microvascular TJ protein expression

To determine if increased brain distribution of sucrose

was due to an alteration of cerebral microvascular TJ, the

expression of TJ-associated proteins occludin, claudin-1, -3,

and -5, and ZO-1 and -2, and cytoskeletal actin in cerebral

microvessels was assessed by semiquantitative Western blot

analyses (Fig. 2). All antibodies recognized bands at or near

the expected molecular weights of the target proteins in

extracts from cerebral microvessels, with the exception of

claudin-1 (Fig. 2B and D). Though trends towards decreased

expression of claudin-3 following 1-day nicotine treatment

(Fig. 2A) and ZO-1 following 7-day treatment (Fig. 2C) and

increased actin expression following 7-day nicotine treat-

ment (Fig. 2C) were noted, none of these changes were

statistically significant in this analysis. No other changes in

the expression of the proteins examined were observed.

3.4. Cerebral microvascular TJ protein distribution

To further investigate the possibility that alterations in

BBB TJ were associated with the observed increase in BBB
permeability, isolated cerebral microvessels were stained for

the same proteins as above and visualized by immuno-

fluorescence microscopy. In vessels from control animals,

actin, occludin, claudin-3, claudin-5, and ZO-1 showed a

predominant pattern of continuous staining along the

margins of cell–cell contact (Fig. 3). ZO-2 showed strong

immunoreactivity in cerebral microvessels, but with a much

more diffuse pattern of staining (Fig. 3). Vessels stained for

claudin-1 showed only very weak and diffuse immunor-

eactivity (Fig. 3). Alexfluork 488-conjugated anti-rabbit or

anti-mouse IgG did not stain cerebral microvessels in the

absence of a primary antibody (data not shown).

Changes in mean pixel intensity for each protein

following nicotine treatment are summarized in Table 2.

Vessels from animals treated with nicotine for 1 day showed

a significant increase in staining for claudin-5, and a

significant decrease in staining for claudin-3. A slight but

statistically significant increase was also noted in actin

staining in this group. Vessels from animals treated with

nicotine for 7 days also showed a significant decrease in

staining for claudin-3, but did not show any changes in actin

or claudin-5. However, vessels from this group were also

characterized by decreased mean pixel intensity of ZO-1 and

increased mean pixel intensity of claudin-1 and ZO-2.

Qualitative examination of brain microvessels yielded

the following observations. (1) In both 1- and 7-day

nicotine-treated animals, the intensity of claudin-3 staining

is greatly diminished throughout each vessel (Fig. 3n and p).

(2) Vessels from 7-day nicotine-treated animals tend to have

more continuous staining for ZO-2 than vessels from time-

matched control animals (Fig. 3bb). (3) In vessels from 7-

day nicotine-treated animals, the change in mean pixel

intensity reflects an alteration in the cellular distribution of

ZO-1. Specifically, there is a greater prevalence of a more



Fig. 4. Nuclear staining of ZO-1. A subset (~15%) of cerebral microvessels

stained for ZO-1 in the 7-day nicotine group displayed large globular

staining in the nuclear/perinuclear region of the endothelial cells, indicated

by arrows. This was not observed in any other treatment group or naRve
animals. (A) Fluorescent image, (B) phase contrast image of the same

vessel. Images are 100�. Scale bar=1 Am.
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diffuse, bpunctuateQ staining for ZO-1 and a loss of the clear

marginal distribution observed in control animals (Fig. 3x).

(4) In a subset of vessels harvested from 7-day nicotine-

treated animals, there is intense globular staining for ZO-1

in what appears to be the nuclear/perinuclear region of

cerebral microvascular endothelial cells, as confirmed by

phase contrast visualization (Fig. 4). This was not observed

in any vessels from any other group or naRve animals.
4. Discussion

4.1. Nicotine increases BBB permeability

In the current study, smoking was modeled by continuous

subcutaneous administration of nicotine via an osmotic

pump at 4.5 mgd kg�1d day�1. HPLC analysis confirmed

that this regimen sustains nicotine and cotinine plasma levels

comparable to those observed in chronic heavy smokers

[39,61]. This is a useful criterion for evaluating the relevance

of a nicotine treatment in light of the observation that

habitual smokers regulate their smoking behavior to sustain a

certain level of nicotine in their blood [30]. Moreover, rats

trained to self-administer nicotine sustain plasma nicotine

and cotinine levels in this range [50].

Though cigarette smoke contains many chemicals other

than nicotine, nicotine administration imitates many of the

vascular effects of smoking [28,47]. Furthermore, nicotine

increases the volume of tissue damage in focal brain

ischemia, depletes stores of tissue plasminogen activator
(tPA) [61], increases levels of the endogenous inhibitor of

tPA in the brain [67], and attenuates BBB Na,K,2Cl-

cotransporter function under ischemic conditions [2]. Thus,

nicotine is sufficient for producing a compromised state

wherein the brain is potentially more vulnerable to

cerebrovascular disease.

In this study, we investigated the effects of nicotine on

BBB permeability using a modification of the Takasato in

situ perfusion model [55]. This dual perfusion model has

been well-characterized, and has been used to investigate

drug delivery to the brain [40,56] and the effect of various

pathologies [24,26,54] on the permeability of the BBB.

Sucrose was chosen as a permeability marker because it has

limited distribution to the brain parenchyma in naRve rats.

Multiple-time uptake analysis (Fig. 1) was utilized allowing

for analysis of the rate of sucrose uptake (Kin) and initial

volume of distribution (VD). In this study, the measured

control values of Kin for sucrose were 0.6F0.2 and 0.3F0.1

Ald g�1dmin�1 (1- and 7-day groups, respectively), similar

to previously measured values [12]. One- and seven-day

treatment with nicotine significantly increased the Kin for

sucrose to 2.0F0.3 and 1.2F0.3 Ald g�1d min�1, respec-

tively. Furthermore, nicotine did not significantly alter VD in

either group (Table 1). Thus, the increased uptake of sucrose

into the brain following nicotine treatment likely reflects

increased permeability of the BBB to sucrose rather than a

change in VD caused by nicotine.

Whereas Schilling et al. [49] only observed an increase in

BBB permeability at toxic doses of nicotine, we have shown

an increase in BBB permeability to sucrose (Fig. 1; Table 1)

with nicotine plasma levels comparable to those seen in

heavy smokers [39]. Sucrose, a smaller permeability marker,

likely serves as amore sensitive indicator of TJ integrity at the

BBB than the 70-kDa dextran used in the previous study [31].

Additionally, the route of administration in this study allows

nicotine to be circulated rather than topically applied to the

abluminal side of vessels in the brain. Finally, the previous

study was limited to an acute effect of nicotine, while the

current study evaluated the effects of constant nicotine

infusion for up to a week. Thus, the current study is actually

addressing a more chronic effect of nicotine on the BBB.

4.2. Nicotine alters BBB tight junctions

We hypothesized that nicotine-induced increases in BBB

permeability to sucrose are due to an opening of the BBB

mediated by alterations in the TJ. A number of conditions

are known to increase the permeability of the BBB,

including hypoxia and stroke, diabetes, multiple sclerosis,

HIV, brain tumors, and peripheral inflammation; changes in

the expression and/or organization of TJ proteins have been

associated with increased permeability in all of these disease

states [4,6,15,24,41,43]. Western blot analyses of the BBB

TJ-associated proteins actin, occludin, claudin-1, -3, and -5,

and ZO-1 and ZO-2 did not show a statistically significant

change in the expression of any of these proteins in
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microvessels from treated animals. These data suggest that

the changes in BBB permeability may be due to changes in

the organization of TJ proteins rather than changes in their

expression.

An immunofluorescence staining protocol previously

used on cultured brain microvessel endothelial cells

(BMEC) [37] was adapted to probe for changes in TJ

protein distribution in isolated microvessels. Representative

photomicrographs of vessels stained for each of the proteins

studied are shown in Fig. 3, in which the continuous

marginal cellular distributions of occludin, claudin-3,

claudin-5, and ZO-1 are apparent. Strong but discontinuous

staining is observed for ZO-2, and weak diffuse staining is

noted for claudin-1. These observations are in agreement

with previous studies on brain microvessels [34]. Actin

appears to be distributed at the margins and in the cytosol,

as observed in BMEC cultures [37].

A semiquantitative technique was used to evaluate the

continuity and/or strength of staining in cerebral micro-

vessels. This approach has been used to demonstrate

discontinuity of ZO-1 immunoreactivity in cerebral micro-

vessels following treatment with monocyte chemoattractant

protein-1 [52]. Among the TJ proteins that showed a

consistent pattern of staining at the endothelial cell margins

in control animals (ZO-1, occludin, claudin-3, and claudin-

5), only ZO-1 showed a marked change in continuity of

staining following nicotine treatment, and only in the 7-day

treatment group (Fig. 3x). This was reflected in a significant

decrease in mean pixel intensity for ZO-1 in this group

(Table 2). Furthermore, a subset of vessels (~15%) from the

7-day nicotine-treated group stained strongly for ZO-1 at

what appears to be the nucleus of cerebral microvessel

endothelial cells (Fig. 4).

ZO-1 is regarded as a major regulatory component of the

TJ. It is a member of the membrane-associated guanylate

kinase (MAGUK) family of signaling proteins, and has

multiple binding sites for protein–protein interactions [17].

ZO-1 links the transmembrane TJ protein occludin with the

actin cytoskeleton [11]. Redistribution of ZO-1 away from

the TJ has been observed in response to bacterial toxins [7],

drugs [35], growth factors [23], cytokines [3], and hypoxia

[14,15] and correlated with increased permeability and/or

decreased electrical resistance.

An unexpected result was the apparent localization of

ZO-1 at the endothelial nuclei of brain microvessels from

the 7-day nicotine group. Though only a small proportion

(15%) of the vessels observed showed ZO-1 at the nucleus,

this is nonetheless important given that no vessels in any of

the other treatment groups were observed to do so. Nuclear

localization of ZO-1 has been observed in vitro, in

subconfluent cells and near sites of wounding in confluent

cultures [18], as well as following long-term calcium

depletion [45]. In both studies, localization of ZO-1 to the

nucleus was strongly associated with limited contact

between cells and was reversible upon establishment of

cell–cell contact. It is therefore unclear whether nuclear
localization of ZO-1 in this case is associated with abnormal

proliferation of cerebral microvessels in response to nicotine

[20] or reflects a loss of cell–cell contacts mediated via

another constituent of the TJ.

Another surprising observation was the apparent trans-

location of ZO-2 to the cellular margins in the 7-day

nicotine-treated group (Fig. 3bb). ZO-2 has been found at

the TJ of epithelial cells under normal conditions, and

localizes to the nucleus under certain conditions of stress

and growth [29,57]. The normal localization of ZO-2 in

cerebral microvessels has not been characterized previously.

In vessels from control animals in this study, ZO-2

displayed diffuse immunoreactivity throughout the endo-

thelial cells, indicating that it may not play an important role

in BBB TJ under normal circumstances. Interestingly, Huber

et al. [27] noted an increased association between ZO-1 and

ZO-2 under conditions of increased permeability. However,

ZO-1 immunoreactivity at the cellular margins is decreased

by nicotine in this study. It is therefore difficult to discern

what increased immunoreactivity of ZO-2 at the cell

margins signifies in this case, though it may reflect

increased association with one of the more stable compo-

nents of the TJ such as occludin or claudin-5 enabled by the

dissociation of ZO-1 from the junctional complex.

The intensity of claudin-3 staining was diminished in

both 1- and 7-day nicotine-treated groups (Table 2),

although this does not appear to involve the same

redistribution away from the cellular margins observed with

ZO-1 (Fig. 3n and p). Why this apparent decrease in the

amount of claudin-3 expressed in cerebral microvessels

would not be reflected in Western blot analysis is unclear;

however, it is important to note that the molecular environ-

ment in which the antibody binds claudin-3 is very different

in the two experiments (i.e., fixed, permeabalized tissue vs.

protein extracts in SDS), and this may contribute to the

difference in results. Claudin-3 has only recently been

identified as a key component of BBB TJ, and the selective

loss of claudin-3 is associated with increased permeability

[64]. We observed diminished immunoreactivity of claudin-

3 while claudin-5 remained relatively constant (Fig. 3m–t,

claudin-5 intensity was increased in 1-day treated animals

relative to control). Furthermore, using a newer antibody

that does not cross-react with claudin-3, claudin-1 immu-

noreactivity was weak in cerebral microvessels and not

associated with the margins of cell–cell contact nor

observed on Western blots, as previously reported [63].

Thus, the current study is consistent with the hypothesis

proposed by Wolburg et al. [64] that claudin-3 is a major

determinant of in vivo BBB permeability independent of

claudin-5 and occludin.

4.3. Conclusion

This is the first study to report a significant increase in

the basal permeability of the BBB induced by nicotine at a

pharmacologically relevant dose in vivo. This is also the
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first report of nuclear localization of ZO-1 at the cerebral

microvascular endothelium, as well as the first reported

observation of this phenomenon in a native tissue. Whether

translocation of ZO-1 is indicative of abnormal proliferation

of cerebral microvessels or reflects a loss of cell–cell

contacts associated with diminished immunoreactivity for

claudin-3 is not certain, as either situation could be

associated with increased BBB permeability. These cellular

responses to nicotine suggest a role for nicotinic acetylcho-

line receptors, possibly expressed on the vascular endothe-

lium itself [1,36,38], in the regulation of BBB TJ and

permeability. Further attention to the complex interactions

of TJ proteins at the BBB is warranted to discern the

mechanisms by which nicotine compromises the BBB, and

how this phenomenon may impact the development and

progression of neurological diseases in which diminished

BBB function is critical.
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