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ABSTRACT 

The blood-brain barrier (BBB) is the regulated interface between the peripheral 

circulation and the central nervous system (CNS), formed primarily by the cerebral 

microvascular endothelium. Tight junctions (TJ) between BBB endothelial cells restrict 

paracellular diffusion from blood to brain. Expression and localization of TJ proteins are 

modulated by multiple pathways. Disruption of TJ by disease or drugs can impair BBB 

function and compromise the CNS. Therefore, understanding how BBB TJ are affected 

by various factors is useful for the prevention and treatment of neurological diseases. 

Smoking is associated with increased risk of disease, including neurological 

disease. The effects of nicotine on endothelial cells are profound, and nicotinic 

acetylcholine receptors (nAChR) have been characterized in peripheral endothelial cells. 

However, relatively little is known about the specific effect of nicotine on the BBB. The 

hypothesis of this study is that nicotine increases BBB permeability by alteration of 

TJ via a nAChR-mediated pathway. To test this hypothesis, studies were undertaken 

to 1) explore the effects of nicotine on the expression and distribution of TJ proteins in 

cerebral microvessels; 2) determine the effect of nicotine on BBB permeability in an 

intact animal model; and 3) investigate the role of nAChR in the effects of nicotine on the 

BBB. 

Rats were given nicotine at a dosage designed to mimic the exposure experienced 

by heavy smokers. While nicotine did not alter the expression of the TJ proteins 

investigated, changes in their distribution were observed. Nicotine was found to increase 

BBB permeability to sucrose without significant changes in its initial volume of 
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distribution. These data suggest that nicotine increases the permeability of the BBB via 

modulation of TJ proteins. 

Positive immunoreactivity was found for nAChR subunits a3, a5, a7, and P2, 

but not a4, p3, or p4. Nicotine was co-administered with the nicotinic antagonists 

mecamylamine, which readily crosses the BBB, and hexamethonium, which does not. 

Both of these antagonists attenuated the effect of nicotine on BBB permeability, 

indicating that this effect is receptor-mediated and that receptors within the CNS are 

probably not involved. Taken together, these data suggest a novel role for endothelial 

nAChR in regulation of BBB TJ and permeability. 
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CHAPTER 1: THE BLOOD-BRAIN BARRIER 
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1.1 The blood-brain barrier 

The central nervous system (CNS) is the most critical and sensitive system in the 

human body. Proper neuronal function necessitates a highly regulated extracellular 

environment, wherein the concentrations of ions such as Na"*", K"^, and Ca"^ must be 

maintained within very narrow ranges. Furthermore, the metabolic demands of nervous 

tissue are considerable, with the CNS accounting for approximately 20% of oxygen 

consumption in humans (Rolfe and Brown, 1997). The CNS is also extremely sensitive 

to a wide range of chemicals; many of the substances we consume in our diet, while 

readily metabolized and excreted without harm to peripheral organ systems, are in fact 

quite neurotoxic. 

It is therefore essential that the interface between the CNS and the peripheral 

circulator)' system functions as a dynamic regulator of ion balance, a facilitator of 

nutrient transport, and a barrier to potentially harmful molecules. This homeostatic 

aspect of the cerebral microcirculation, historically referred to as the "blood-brain 

barrier" (BBB), performs all of these functions. For reasons that will be made apparent 

in subsequent sections of this dissertation, the term "neurovascular unit" has been coined 

recently to reflect the dynamic interactions among the several cell types that compose the 

BBB. Thus, for the purposes of this dissertation, the terms BBB and neurovascular unit 

will be used interchangeably to refer to the regulated vascular interface between blood 

and brain. 
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History of the BBB 

The first experimental evidence of the BBB was described by Paul Ehrlich, who 

noted that water-soluble dyes injected into the circulator}' system stained all organs 

except the brain and spinal cord (Ehrlich. 1885). Ehrlich attributed this observation to a 

low affinity of nervous tissue to the dye (Ehrlich, 1904). Subsequent experiments by 

Ehrlich's student Edwin Goldman showed that this was not the case; injection of trypan 

blue directly into the cerebrospinal fluid (CSF) stained all cell types in the brain but 

failed to penetrate into the periphery (Goldmann, 1913). This suggested that there 

existed a barrier to the dye between the CNS and the peripheral circulation. 

Lewandowsky was the first to use the term bluthirnschranke (blood-brain barrier) while 

studying the limited permeation of potassium ferrocyanate into the brain (Lewandowsky, 

1900). 

Though Goldmann's work strongly suggested the existence of a physical barrier 

between the CNS and the circulation, the nature of this barrier—and indeed, its 

existence—were debated well into the 1960's. One criticism of Goldmann's experiment 

was that the compositions of blood and CSF were sufficiently different as to influence the 

diffusibility of dyes and/or their affinity for nervous tissue (Friedemann. 1942); thus, it 

was improper to compare injections into the bloodstream with injections into the CSF. 

The situation was further complicated by the observation that basic aniline dyes crossed 

the apparent BBB and stained the brain, though acidic aniline dyes did not (Friedemann, 

1942). In a review of the known permeabilities of a variety of substances, Friedemann 

(1942) concluded that: 
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"the ability of substances to pass the capillaries of the C-N-S is 
determined by their electrochemical properties. The cerebral capillaries 
are permeable to substances carrying a positive or no charge at the pH of 
blood while they are impermeable to those carrying a negative 
charge... the problem is only part of the more general problem of capillary 
permeability..." 

This hypothesis proved inadequate as the rates of exchange of more solutes 

between the blood and CNS were measured; subsequent attempts to describe the 

physiochemical properties of molecules that determined their rate of entry into the brain 

included hypotheses based on molecular weight, molecular size, binding affinities, 

dissociation constants, lipid solubility, as well as electric charge, and various 

combinations of all of these (Tschirgi, 1962). 

In addition to the perplexing apparent selectivity of the BBB, there was much 

controversy over the specific anatomical structure(s) that determined the rates of solute 

exchange. The advent of electron microscopy (EM) enabled more detailed anatomical 

studies of the brain and its vasculature. An early EM study by Maynard and colleagues 

(Maynard et al., 1957) seemed to indicate that the interstitial space of the brain was 

virtually non-existent, and therefore, the BBB was essentially an artifact: 

"The present authors believe that the 'blood-brain barrier' may be 
mainly an illusion. Physiologists have been led to postulate its existence 
on the assumption that there are considerable extracellular tissue spaces. 
Which would be in equilibrium with blood plasma if a barrier did not 
exist. We see, however, that the basic assumption is incorrect and that 
these tissue spaces simply do not exist. 

"When the physiologist quantitatively studies the penetration of 
ions, organic crystalloids, proteins, vital dyes, etc. into nervous tissue, he 
must actually be studying the penetration (or lack of it) into the glial 
nervous cells... Thus, we believe that the physiological data available 
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should be re-interpreted on the assumption that nearly all substances are 
within cytoplasmic compartments. Under these circumstances there 
would he no expectation of a simple correlation with their distribution into 
the blood plasma. The commonly accepted laws ofpermeability, which 
apply elsewhere in the body, may thus indeed apply in the brain without 
important exception and without invoking a specialized barrier. " 

Though a number of investigators supported the idea that the apparent barrier was 

merely a function of Umited or non-existent extracellular space in the brain, Dobbing 

(Dobbing, 1961) pointed out that this made no sense in light of the findings of Hodgkin 

(1951) and others regarding the electrolyte gradients necessary for neural function to 

occur. Hugh Davson argued (Davson and Spaziani, 1959) that if the slow passage of 

certain materials from the circulation into the brain were simply due to the necessity of 

penetrating parenchymal cells rather than a barrier at the level of the capillary 

endothelium or its basement membrane, then these materials would equilibrate at a 

similarly slow rate from a Ringer solution into excised brain tissue where the vasculature 

was no longer interposed. Furthermore, these materials would equilibrate quickly into 

excised skeletal muscle under the same conditions, due to the presence of an ample 

extracellular space. Testing this hypothesis with iodide, p-aminohippurate, and sucrose, 

they found that this was not the case. Penetration into the brain follow ing peripheral 

injection occurred at "barely measurable rates by contrast with their penetration into 

skeletal muscle" (Davson and Spaziani, 1959). However, when excised cerebral 

hemispheres were incubated in Ringer solution containing these substances, equilibration 

occurred at a rate and magnitude comparable to that of skeletal muscle, indicating an 

extracellular space in the brain similar to that in muscle (14-22%) that is blocked in vivo 
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by a barrier to diffusion from the vasculature (Davson and Spaziani, 1959). Further 

support for this idea was obtained in an elegant study by Hoffman and Olszewski 

(Hoffman and Olszewski, 1961), in which it was shown that sodium fluorescein diffused 

from the area postrema—a region of the brain that lacks BBB properties—into 

surrounding tissues. Since fluorescein was not confined to the "barrier-less" region of the 

brain, it was concluded that the barrier must be due to special properties of the vascular 

system rather than a lack of extracellular space in the brain. 

Another controversy was whether the anatomical structure forming the BBB was 

the capillary endothelium itself, the astrocytic processes that ensheathe the capillaries, or 

the basal lamina (with which the astrocyte endfeet are continuous.) The close apposition 

of astrocytic processes to capillaries as well as the large percentage of the capillar) 

surface covered by them certainly seemed to indicate that astrocytes were involved in the 

anatomical barrier, if not its sole constituent. Indeed, a number of experimental findings 

supported this idea as well (reviewed in de Robertis and Gerschenfeld, 1961). However, 

EM studies by Reese and Kamovsky (1967) at a resolution (100,000x) that could 

distinguish between the capillary lumen and the space between the endfeet/basal lamina 

and outer wall of the capillary demonstrated that horseradish peroxidase administered via 

the vasculature did not pass the lumen. Furthermore, the presence of epithelial-like "tight 

junctions" was reported in the interendothelial cleft. Thus, it was proposed that the 

capillary lumen bridged by tight junctions formed a continuous, impermeable membrane 

which constituted the primary anatomical substrate of the BBB (Reese and Kamovsky, 

1967). Later studies showed that horseradish peroxidase injected into the brain could 
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diffiise through the ~20-nm gaps between astrocyte endfeet to the abluminal sinface of 

the endothelium, indicating that astrocytes do not significantly contribute to the physical 

barrier (Brightman and Reese, 1969). 

Though the concept of the BBB has continued to be refined over the past few 

decades, the current understanding of its basic structure is built on the general framework 

established by the work of Reese, Kamovsky, and Brightman in the late 1960's. 

Specifically, the BBB exists primarily as a selective diffusion barrier at the level of the 

cerebral microvascular endothelium, characterized by the presence of tight cell-cell 

junctions and a lack of fenestrations. A detailed description of the cellular and molecular 

physiology of the BBB as it is currently understood v^ll be given in the following 

sections of this dissertation. 
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Microscopic anatomy of the BBB 

The anatomical site of the BBB was localized to the cerebral microvascular 

endothelium by the studies of Reese, Kamovsky, and Brightman (Reese and Karnovsky, 

1967; Brightman and Reese, 1969). Figure 1.1 shows a schematic cross-sectional 

representation of a typical cerebral capillary. The circumference of the capillary lumen is 

enclosed by a single endothelial cell. Anatomically, the endothelial cells of the BBB are 

distinguished from those in the periphery by increased mitochondrial content (Oldendorf 

et al., 1977), a lack of fenestrations (Fenstermacher et al., 1988), minimal pinocytotic 

activity (Sedlakova et al., 1999), and the presence of tight junctions (Kniesel and 

Wolburg, 2000). Attached at irregular intervals to the abluminal membrane of the 

endothelium are pericytes, often divided into granular and filamentous subtypes (Tagami 

et al., 1990). Pericytes and endothelial cells are ensheathed by the basal lamina, a 

membrane 30-40 nm thick composed of collagen type IV, heparin sulfate proteoglycans, 

laminin, fibronectin, and other extracellular matrix proteins (Farkas and Luiten, 2001). 

The basal lamina is contiguous with the plasma membranes of astrocyte endfeet, which 

ensheathe cerebral capillaries. 
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BL 

Figure 1.1 Schematic cross-sectional representation of a cerebral capillary. The 
circumference of the capillary lumen is completely surrounded by a single endothelial 
cell (EC), the apposing membranes of which are connected by tight junctions (TJ). 
Pericytes (PC) are attached to the abluminal surface of the EC, and these two cell types 
are surrounded by the basal lamina (BL) which is contiguous with the plasma membranes 
of astrocyte (AC) endfeet and ECs. 
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Physiology of the BBB: the '^neurovascular unit" 

The unique morphology and functionality of the cerebral microvascular 

endothelium suggests that cerebral endothelial cells are intrinsically unique or that the 

cellular milieu of the brain somehow induces BBB characteristics. Given the close 

anatomical association of astrocytes described in the previous section, it has long been 

thought that astrocytes are critical in the development and/or maintenance of BBB 

characteristics (Davson and Oldendorf, 1967). A number of ectopic grafting studies and 

in vitro experiments have supported this idea; however, recent discoveries have 

necessitated a broader view of the role of astrocytes at the BBB, as well as a 

reexamination of the roles of other parenchymal cells and the extracellular matrix. 

In a critical experiment by Stewart and Wiley (1981), grafts of immature, non-

vascularized brain tissue were transplanted from embryonic quails into the coelomic 

cavity of chick embryos; similarly, somite (dorsal mesoderm) grafts were transplanted 

from embryonic quails to the cerebral ventricles of chick embryos. The fact that the 

grafts were not yet vascularized coupled with the unique morphology of quail cell nuclei 

(Le Douarin, 1973) enabled the investigators to determine definitively the origin of 

vascular tissues invading the grafts. Both types of grafts were successful, and both were 

well-vascularized by the surrounding host tissue. It was found that brain tissue grafted 

into the coelomic cavity developed capillaries with "thick basement membranes, and 

endothelial cells with high mitochondrial densities but relatively few pinocytotic vesicles 

and linked by tight junctions,"" whereas the capillaries in the grafted somites "were found 

to have a low mitochondrial density but relatively large numbers of pinocytotic 
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vesicles ...tight junctions were... not a common occurrence" (Stewart and Wiley, 1981). 

Furthermore, trypan blue injected into the graft sites indicated that vessels invading brain 

grafts developed BBB-like restricted permeability, whereas brain vessels invading somite 

grafts were quite leaky. Thus, it was concluded that the interaction of developing 

vascular tissue with nervous tissue is critical in the development of the EBB. 

The potential role of astrocytes in this process was demonstrated by injection of 

purified neonatal astrocytes into the anterior chamber of the eye. Injected astrocytes 

formed aggregates that were quickly vascularized; intravenous injection of Evans blue 

showed that the new vessels excluded the dye from the sixrrounding astrocytes, similar to 

what is observed in the brain (Janzer and Raff, 1987). Similarly, culture of brain 

endothelial cells with astrocytes (Tao-Cheng et al., 1987; Neuhaus et al., 1991) or with 

astrocyte-conditioned media (Maxwell et al., 1987) has been shown to improve BBB 

characteristics in vitro. Nonetheless, experiments involving co-culture of brain 

endothelial cells with immature astrocytes have been criticized as inconclusive on 

methodological grounds, specifically, that astrocytes may merely help maintain BBB 

morphology in culture (Holash et al., 1993). Subsequent in vivo studies have indicated 

that cerebral microvessels can survive and maintain barrier integrity in areas of the brain 

which have experienced extensive astrocyte loss (Krum et al., 1997), though these results 

are in conflict with a more recent study that showed loss and restoration of barrier 

integrity in vivo following a temporary focal loss of astrocytes (Willis et al., 2004). It has 

also been speculated that astrocytes may act as intermediaries to or in conjunction with 

neurons in the moment-to-moment regulation of cerebral microvascular permeability 
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04-
(Ballabh et al., 2004), in particular via dynamic Ca signaling between astrocytes and the 

endothelium via gap junctions and purinergic transmission (Braet et al., 2001; Zonta et 

al., 2003). 

Less is known about the involvement of pericytes at the BBB. Contractile 

proteins have been found in cerebral pericytes, indicating that they may regulate capillar}' 

blood flow (Bandopadhyay et al., 2001). The addition of pericytes to co-cultures of 

endothelial cells and astrocytes appears to stabilize the formation of capillary-like 

structures (Ranisauer et al., 2002). Pericytes have also been shown to migrate away from 

brain microvessels in rapid response to hypoxia (Gonul et al., 2002) and traumatic brain 

injury (Dore-Duffy et al., 2000); both of these conditions are associated with increased 

BBB permeability. Whether pericyte migration plays a causative role in BBB failure has 

not yet been established. However, pericyte-derived angiopoetin can induce endothelial 

expression of occludin, a major constituent ofBBB tight junctions (see pp. 32-33) (Hon 

et al., 2004), indicating that pericytes, like glia, are involved in the induction and/or 

maintenance of barrier properties in the cerebral endothelium. 

Given the dynamic nature of neural activity and the considerable metabolic needs 

of nervous tissue, the microcirculation of the brain must be highly responsive to the tissue 

it supplies. Indeed, "metabolic coupling" of regional brain activity to blood flow is the 

basis of functional neuroimaging (Buxton and Frank, 1997), though the cellular 

mechanisms of this process are not well-established (Paemeleire, 2002). Interestingly, 

disruption of BBB integrity often accompanies pathological changes in cerebral blood 

flow and perfusion pressure (i.e., ischemia, hemorrhage, or traumatic injury) (Hatashita 
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and Hoff, 1990; Petty and Wettstein, 2001), and there is evidence that such BBB opening 

may be a selective, compensatory event rather than a simple anatomical disruption (Lee 

et al., 1999). This implies that communication between neurons and the vasculature may 

not simply regulate blood flow, but BBB permeability as well. Anatomical evidence has 

been found for direct innervation of the microvascular endothelium and/or associated 

astrocytic processes by noradrenergic (Ben-Menachem et al., 1982; Cohen et al., 1997), 

serotonergic (Cohen et al., 1996), cholinergic (Vaucher and Hamel, 1995; Tong and 

Hamel, 1999), and GABA-ergic (Vaucher et al., 2000) neurons, as well as others 

(Kobayashi et al., 1985). Chemical lesion of the locus coeruleus—from which the 

noradrenergic projections to the vasculature originate—^increases the vulnerability of the 

BBB to acute hypertension (Ben-Menachem et al., 1982). Also, significant loss of 

cholinergic innervation of cortical micro vessels has been observed in Alzheimer's disease 

(AD), which may lead to impaired cerebrovascular function in AD (Tong and Hamel, 

1999). Whether neurons are critical in the development of the BBB phenotype has not 

yet been demonstrated, but it is apparent that they can regulate some aspects of BBB 

function. 

In addition to astrocytes, pericytes, and neurons, the extracellular matrix of the 

basal lamina also interacts with the cerebral microvascular endothelium. Little is known 

about how the extracellular matrix contributes to the BBB under physiological 

conditions; however, disruption of the extracellular matrix is strongly associated with 

increased BBB permeability in pathological states (Rosenberg et al., 1993; Rascher et al., 

2002). The extracellular matrix appears to serve as an anchor for the endothelium via 
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interaction of larainin and other matrix proteins with endothelial integrin receptors 

(Hynes, 1992). Such cell-matrix interactions can stimulate a number of intracellular 

signaling pathways (reviewed in Tilling et al., 2002), though these remain to be 

characterized in the BBB specifically. Matrix proteins can influence the expression of 

endothelial tight junction proteins (Tilling et al., 1998; Savettieri et al., 2000), indicating 

that while the tight junctions constitute the primary impediment to paracellular diffusion, 

the proteins of the basal lamina are likely involved in their maintenance. 

In light of these discoveries, it has been proposed that the microvascular 

endothelium, astrocytes, pericytes, neurons, and extracellular matrix constitute a 

"neurovascular unit" and that this view of the BBB is critical to understanding its 

development and physiology (Cohen et al., 1996; Wang et al., 2004). Furthermore, the 

concept of the neurovascular unit establishes a framework for an integrative approach to 

understanding how the brain responds to cerebrovascular pathology (Lo et al., 2004). 

Finally, the neurovascular unit concept provides a basis for understanding the multiple 

pathways by which cerebral microvascular permeability could be regulated by drugs or 

disease (Figure 1.2). 
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Figure 1.2 The proposed neurovascular unit Shown are examples of how each of the 
various components of the neurovascular might contribute to the dynamic regulation of 
microvascular permeability. 
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Molecular organization of the BBB 

The BBB, therefore, is not merely a static difftision barrier but a highly regulated 

interface between the CNS and the peripheral circulation. At the level of the 

endothelium, the proteins directly involved in regulating the passage of materials from 

blood to brain essentially fall into to two general categories: transporters and junctional 

proteins. 

As paracellular diffusion across the BBB is severely limited by the junctional 

complex, molecules that enter the brain generally cross the endothelium via a 

transcellular route. For most water-soluble molecules this requires the aid of membrane 

transport proteins, acting by active transport or facilitated diffusion. For example, the 

concentrations of in brain interstitial fluid are maintained within a very narrow range 

even during severe fluctuations of their concentrations in the blood (as can occur with 

feeding, starvation, or prolonged exercise) (Stummer et al, 1994). This involves a 

system of ion transporters that includes Na^, ATPase (primary active transport) (Keep 

et al., 1999) and the Na^, K^, 2Cr cotransporter (secondary active transport) (Sun et al., 

1995). Glucose enters the brain via facilitated diffusion by GLUT-1 (Pardridge et al., 

1990) to meet the extensive metabolic needs of nervous tissue. Receptor-mediated 

endocytosis is another mechanism of transport, whereby molecules such as insulin (Duffy 

and Pardridge, 1987) and leptin (Banks et al., 1996) bind to receptors in clathrin-coated 

pits (Moore et al., 1987), which triggers the internalization of the ligand-receptor 

complex and subsequent dissociation within the cell. 
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In addition to membrane transport of water-soluble nutrients and hormones from 

blood to brain, the BBB also contains mechanisms to efflux potentially neurotoxic lipid-

soluble materials before they pass from endothelial cells into the parenchyma. The best 

characterized efflux transporter at the BBB is P-glycoprotein (Cordon-Cardo et al., 1989), 

an ATP binding cassette protein of the MDR (multidrug resistance) family. P-

glycoprotein and similar efflux transporters are generally located on the luminal 

membrane of cerebral endothelial cells and transport their substrates—usually large, 

planar, lipophillic molecules—into the blood (Begley and Brightman, 2003). Though this 

mechanism protects the brain, it also presents one of the greatest challenges to delivery of 

therapeutics to the CNS (Begley, 2004). 

The interendothelial space of the cerebral microvasculature is characterized by the 

presence of a j unctional complex that includes adherens junctions (AJ) (Schulze and 

Firth, 1993), tight junctions (TJ) (Kniesel and Wolburg, 2000; Wolburg and Lippoldt, 

2002; Vorbrodt and Dobrogowska, 2003), and possibly gap junctions (Tao-Cheng et al., 

1987; Braet et al., 2001; Kojima et al., 2003; Simard et al., 2003). Whereas gap junctions 

(if they are present at interendothelial junctions of the BBB) mediate intercellular 

communication, both AJ and TJ act to restrict permeability across the endothelium 

(Bazzoni and Dejana, 2004). 

AJ are ubiquitous in the vasculature and mediate the adhesion of endothelial cells 

to each other, contact inhibition during vascular growth and remodeling, initiation of cell 

polarity, and (in part) the regulation of paracellular permeability (Brown and Davis, 

2002; Bazzoni and Dejana, 2004). The primary component of AJ is vascular endothelial 
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n 1 

(VE)-cadherin, a Ca -regulated protein that mediates cell-cell adhesion via homophillic 

interactions between the extracellular domains of proteins expressed in adjacent cells 

(Vincent et al., 2004). The cytoplasmic tail of VE-cadherin binds to p-catenin and 

plakoglobin, which in turn bind via a-catenin, a-actinin, and vinculin to the actin 

cytoskeleton, stabilizing the AJ complex (Knudsen et al., 1995; Lampugnani et al., 1995; 

Watabe-Uchida et al., 1998). 

Though disruption of AJ at the BBB can lead to increased permeability 

(Abbruscato and Davis, 1999b), it is primarily the TJ that confers upon the low 

paracelMar permeability and high electrical resistance (Romero et al., 2003). TJ are 

elaborate structures that span the apical region of the intercellular cleft of epithelial and 

endothelial barrier tissues. They function both as a "zipper'" that effects separation of the 

apical and basolateral cell membranes, enabling asymmetric distribution of membrane 

constituents, and a "fence" that limits paracellular permeability. Much like AJ, TJ are 

composed of transmembrane proteins that form the primary seal linked via accessory 

proteins to the actin cytoskeleton (Vorbrodt and Dobrogowska, 2003) 

The transmembrane components of the TJ at the BBB include junctional adhesion 

molecule (JAM)-l (Del Maschio et ah, 1999), occludin, and the claudins. JAM-1 is a 40-

kD member of the IgG superfamily, and is believed to mediate the early attachment of 

adjacent cell membranes via homophillic interactions (Dejana et al., 2000). JAM-1 is 

composed of a single membrane-spanning chain with a large extracellular domain 

(Martin-Padura et al., 1998). Related proteins, JAM-2 and JAM-3, are also present in 

endothelial tissues and lymphatic cells, but not epithelia (Bauer et al., 2004). In addition 
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to their developmental roles, JAMs may regulate the transendothelial migration of 

leukocytes (Del MascMo et al., 1999), but their function in the mature BBB is still largely 

unknown. 

Occludin, a 60-65 kD protein, has four transmembrane domains with the carboxyl 

and amino terminals oriented to the cytoplasm and two extracellular loops that span the 

intercellular cleft (Furuse et al., 1993). It is highly expressed and consistently stains in a 

distinct, continuous pattern along the cell margins in the cerebral endothelium, whereas it 

is much more sparsely distributed in non-neural endothelia (Hirase et al., 1997). 

Occludin increases electrical resistance in TJ-containing tissues (McCarthy et al., 1996), 

a property mediated by the second extracellular loop domain (Wong and Gumbiner, 

1997). Occludin has multiple sites for phosphorylation on serine and threonine residues; 

the phosphorylation state of occludin appears to be involved in the regulation of its 

association with the cell membrane, though the precise mechanisms vary among tissues 

and species (Sakakibara et al., 1997; Wachtel et al., 1999; Clarke et al., 2000; Andreeva 

et al., 2001; Hirase et al., 2001; Rao et al., 2002; Kale et al., 2003). The cytoplasmic C-

terminal domain is likely involved in the association of occludin with the cytoskeleton 

via accessory proteins (such as ZO-1 and ZO-2) (Furuse et al., 1994; Fanning et al., 

1998). Expression of C-terminal truncated versions of occludin leads to increased 

paracellular permeability to low molecular weight molecules (Balda et al., 1996). 

Interestingly, results of several knock-out and knock-down experiments indicate that 

occludin is not essential for the formation of TJ, despite the fact that decreased 
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expression of occludin is associated with disrupted barrier ftmction in a number of 

disease states (Bauer et al., 2004). 

Claudins have a similar membrane topography to occludin but no sequence 

homology (Furase et al, 1998). Claudins are 20-24 kD proteins, at least 24 of which 

have been identified in mammals (Bauer et al., 2004). All claudins have similar 

predicted folding and high sequence homology among themselves in the first and fourth 

transmembrane domains and extracellular loops (Heiskala et al., 2001). The extracellular 

loops of claudins interact via homophillic and heterophillic interactions between cells 

(Furuse et al., 1999). Overexpression of claudin species in fibroblasts can induce cell 

aggregation and formation of TJ-like strands. Conversely, expression of occludin does 

not lead to formation of TJ, rather, occludin only localizes to TJ in cells that have already 

been transfected with claudins (Kubota et al., 1999). Thus, it is hypothesized that 

claudins form the primary "seal" of the TJ, and occludin acts as an additional support 

structure. The expression patterns of claudins vary among different tissues; in the 

cerebral microvascular endothelium, claudin-1, -3, and -5 have been detected, though the 

expression of claudin-1 at the BBB has been called into question (Morcos et al., 2001; 

Nitta et al., 2003; Witt et al., 2003; Wolburg et al., 2003). 

In addition to the transmembrane components of the TJ, there are several 

accessory proteins that associate with them in the cytoplasm. These include members of 

the membrane-associated guanylate kinase-like homologues (MAGUK) family. 

MAGUKs are characterized by multiple PSD-95/DLG/ZO-1 (PDZ) binding domains, a 

Src homolog (SH)3 domain, and a guanylate kinase-like domain. These domains enable 
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multiple protein-protein interactions (Shin et al., 2000). MAGUKs appear to be involved 

in the coordination and clustering of protein complexes to the cell membrane and in the 

establishment of specialized domains within the membrane (Gonzalez-Mariscal et al., 

2000). Three MAGUKs have been identified at the TJ; zonula occludens (ZO)-l, ZO-2, 

and ZO-3. 

ZO-1 was the first protein positively associated with the TJ (Stevenson et al., 

1986). It is a 220-kD phosphoprotein expressed in endothelial and epithelial cells as well 

as in many cell types that do not have TJ (Howarth et al., 1992). In addition to its 

association with TJ, it has been found associated with adherens (Itoh et al., 1993) and gap 

junction (Toyofuku et al., 1998) proteins. ZO-1 links the transmembrane components of 

the TJ (occludin and claudin) to the actin cytoskeleton (Fanning et ai., 1998). This 

interaction is likely critical to the stability and function of the TJ, as dissociation of ZO-1 

firom the junctional complex is often associated with increased permeability (Abbruscato 

et al., 2002; Fischer et al., 2002; Mark and Davis, 2002). ZO-1 may also act as a 

signaling molecule communicating the state of the TJ to the interior of the cell or vice-

versa. ZO-1 has been shown to localize to the nucleus under conditions of proliferation 

and injury (Gottardi et al., 1996). It has also been colocalized with transcription factors 

(Balda and Matter, 2000) and G-proteins (Meyer et al., 2002). 

ZO-2, a 160-kD phosphoprotein with a high sequence homology to ZO-1, 

coprecipitates with ZO-1 (Gumbiner et al., 1991). Less is known about the function of 

ZO-2, though like ZO-1, it binds to both structural constituents of the TJ and signaling 

molecules such as transcription factors (Betanzos et al., 2004). It has also been found in 
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non-TJ containing tissues (Itoh et al., 1999). ZO-3 is a 130-kD homoiog that has been 

fonnd in some TJ-containing tissues, but to date, not at the BBB (Inoko et ai., 2003). 

Other accessory proteins of the BBB include cingulin, AF-6, and 7H6. Cingulin 

is a 140-160kD protein that associates with ZOs, JAM-1, and myosin (Citi et al., 1989), 

and is hypothesized to mediate interactions between the cytoskeleton and the TJ via force 

transduction (Bauer et al., 2004). AF-6, a 180-kD protein with two Ras-associating 

domains, interacts with ZO-1. This interaction is inhibited by Ras activation, indicating 

that disruption of the ZO-1/AF-6 complex may be critical in the modulation of TJ via 

pathways that involve Ras (Yamamoto et al., 1999). The fiinction of 7H6 is not known, 

but this 155-kD protein reversibly dissociates from the TJ complex under conditions of 

ATP depletion (Zhong et al., 1994). In addition to these, some recently identified 

proteins associated with the TJ (none characterized at the BBB to date) are listed in Table 

l . l .  
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protein tissue homology fiinction reference 
LYRIC epithelial none Unknown; associates 

w/ occludin and ZO-1 
(Britt et al, 
2004) 

JACOP epithelial and 
endothelial 

cingulin Possible link bt. TJ 
and cytoskeleton 

(Ohnishi et al., 
2004) 

Moe retinal epithelium ? Necessary for TJ 
formation in the 
retina 

(Jensen and 
Westerfield, 
2004) 

CLMP epithelial cell lines CTX family Cell adhesion, 
increases electrical 
resistance 

(Raschperger et 
al., 2004) 

JAM-4 kidney IgG superfemily Cell adhesion, 
regulates 
permeability 

(Hirabayashi et 
al., 2003) 

JEAP exocrine cells ? Unknown; associates 
with TJ in exocrine 
cells 

(Nishimura et al., 
2002) 

R4.1 MDCK cells ? Possible link bt. TJ 
and cytoskeleton 

(Mattagajasingh 
et al., 2000) 

Table 1.1 Recently identified TJ-associated proteins 
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Figure 1.3 Basic molecular organization of blood-brain barrier tight junctions 
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1.2 Physiology and pathophysiology of BBB tight junctions 

Intracellular signaling pathways involved in TJ organization andfunction 

TJ are dynamic structures. The proteins of the TJ are subject to changes in 

expression, subcellular localization, posttranslational modification, and protein-protein 

interactions under both physiological and pathophysiological conditions (Huber et al., 

2001a). The intracellular signaling pathways that regulate these processes are only 

beginning to be elucidated, with most of the work being done in epithelial tissues. 

Even before specific proteins of the TJ were well-characterized, it was known that 

both extracellular Ca^^ depletion and increased intracellular [Ca^^] could lead to 

disruption of BBB TJ (Nagy et al., 1985; Abbott and Revest, 1991). Epithelia cultured in 

Ca'^-deficient media demonstrate a loss of ZO-1, ZO-2, and occludin from the cell 

membrane and an associated increase in paracellular permeability; these effects are 

attenuated by PKA inhibitors (Klingler et al., 2000). PKC activation can also overcome 

• '?-4- • • • o I 
the deleterious effect of low extracellular [Ca ], indicating that PKC is involved in Ca -

dependent regulation of TJ (Balda et al, 1993). Interestingly, both abnormally high 

(Stuart et al., 1996) and abnormally low (Ye et al., 1999) intracellular [Ca^^] can disrupt 

the TJ via decreased expression and/or disrupted protein-protein interactions, indicating a 

role for intracellular stores in the regulation of TJ. In addition to PKC, Ca^^ influx or 

release from intracellular stores can activate any number of kinase signaling cascades 

leading to activation of transcription factors (NF-KB, CREB, c-fos, etc.) regulating TJ 

protein expression (Brown and Davis, 2002). 
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Phosphorylation is a major regulatory mechanism of both transmembrane and 

accessory proteins at the TJ (Staddon et al., 1995; Sakakibara et al., 1997). For example, 

serine phosphorylation regulates the subcellular localization of occludin (Andreeva et al., 

2001), and both serine and threonine phosphorylation of occludin are highly correlated 

with the TJ reassembly following disruption (Farshori and Kachar, 1999; Tsukamoto and 

Nigam, 1999). cAMP treatment of cultured brain endothelial cells leads to enhanced 

immunoreactivity of claudin-5 at the junctional complex via a PKA-dependent 

mechanism (Ishizaki et al., 2003). Early evidence suggested that junctional permeability 

was correlated with the phosphate content of ZO-1 (Stevenson et al., 1989), though 

subsequent studies have indicated that phosphorylation of ZO-1 is critical to its 

membrane targeting during the development of TJ (Kurihara et al., 1995). Given the 

multiple sites for phosphorylation on TJ proteins, and in particular on occludin and ZO-1 

(Sakakibara et al., 1997), it is highly unlikely that any clear, one-to-one correspondence 

exists between phosphorylation and TJ formation and function. It is possible that 

phosphorylation of distinct serine, tyrosine, and threonine residues can have distinct 

effects. 

G proteins are also involved in the development and modulation of TJ (Balda et 

al., 1991; Hopkins et al., 2000). The Rho family of GTPases has been implicated in 

alteration of TJ permeability via interactions with the actin cytoskeleton, acting 

downstream of G-protein coupled receptors for lysophosphatidic acid (Schulze et al., 

1997) and prostaglandin Ej (Hasegawa et al., 1999). Rab proteins, primarily known as 

regulators of vesicle trafficking, have been implicated in targeting TJ proteins such as 
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ZO-1 to the junctional complex (Stevenson and Keon, 1998). The TJ accessory protein 

AF6 interacts with ZO-1, and is a target for Ras (Yamamoto et al., 1999). Activation of 

Ras is associated with disruption of cell-cell contacts, loss of ZO-1 from the junctional 

complex, and increased permeability. 

These are but a few of the intracellular signaling cascades likely involved in the 

regulation of TJ. It is becoming clear that responses of BBB TJ to various stimuli can in 

fact be mediated by multiple pathways simultaneously (Fischer et al., 2004). In a recent 

review, Bazzoni and Dejana (2004) concluded: 

" ...complexity not only stems from the ever increasing number o/TJ 
components, but also from the complex manner in which these components 
interact with each other and with other molecules in the cell. A further, 
and intellectually demanding, level of complexity consists in 
understanding how individual TJ components and their molecular 
interactions may account for the functional role ofTJ, as well as for its 
regulation and assembly. Integrated knowledge of the molecular basis of 
TJ function and regulation is still in its infancy. " 
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Alteration of BBB TJ in disease states 

Fai lure of the BBB is a critical event in the development and progression of 

several diseases that affect the CNS. In some cases, increased BBB permeability is a 

consequence of the pathology, such as with ischemic stroke (Ilzecka, 1996) and traumatic 

brain injiuy (Morganti-Kossmann et al., 2002), while in other cases BBB opening may be 

a precipitating event, such as with multiple sclerosis (MS) (de Vries and Dijkstra, 2004). 

In yet other conditions in which cerebrovascular abnormalities have been noted, such as 

Alzheimer's disease, the relationship between BBB breakdown and pathology is not clear 

(Wardlaw et al., 2003). Moreover, the contribution of specific BBB TJ alterations to 

neurological conditions is a rapidly developing area of inquiry. 

The specific effects of cerebral ischemia on TJ protein expression and cellular 

localization in the cerebral microvascular endothelium remain to be characterized; 

however, a number of studies using in vitro models of the BBB have indicated that 

hypoxia and hypoxia/reoxygenation lead to increased permeability and disruption of BBB 

TJ. In particular, the continuous junctional immunoreactivity of ZO-1, ZO-2, and 

occludin have all been shown to be disrupted by hypoxia. (Kondo et al., 1996; 

Abbruscato and Davis, 1999a; Fischer et al., 2000; Abbruscato et al., 2002; Fischer et al., 

2002; Mark and Davis, 2002; Fischer et al., 2004). Furthermore, in vivo 

hypoxia/reoxygenation treatment was associated with decreased expression of occludin 

(Witt et al., 2003). Hypoxic reorganization of BBB TJ appears to be mediated in part by 

vascular endothelial growth factor (VEGF) (Fischer et al., 1999), and VEGF antagonism 

reduces post-ischemic edema and injury in vivo (van Bruggen et al, 1999), indicating that 
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TJ disruption is likely involved in the progression of ischemic brain injury. Interestingly, 

diabetes, a well-established risk factor for ischemic stroke (Goldstein et al., 2001), is also 

associated with increased vascular permeability and reduced occludin content in the 

retinal microvasculature (Antonetti et al., 1998) and in the brain (Chehade et al., 2002). 

Inflammatory mediators are knovm modulators of BBB permeability (Abbott, 

2000). As such, compromised BBB TJ are a hallmark of neuroinflammatory disease 

states (Petty and Lo, 2002). BBB disruption is well-established as an early event in the 

progression of MS, with MRI studies indicating a compromised barrier preceding clinical 

symptoms (de Vries and Dijkstra, 2004). In experimental models of MS, BBB disruption 

is induced by T-cells (Seeldrayers et al., 1993) and monocytes (Morrissey et al., 1996). 

MS lesions are associated with loss of occludin and ZO-1 in the microvasculature (Bolton 

et al., 1998; McQuaid et al., 2002; Kirk et al., 2003), likely mediated by cytokines such 

as monocyte chemoattractant protein-1 (Song and Pachter, 2004), TNF-a, IL-IB, and 

IFN-y (Minagar and Alexander, 2003). Similar observations have been made in 

postmortem examinations of brains from HIV encephalitis (Dallasta et al., 1999) and 

Alzheimer's disease (Fiala et al., 2002) patients. 

Interestingly, inflammation occurring in the periphery (i.e., away from the brain) 

also has profound effects on BBB TJ proteins. Huber and colleagues showed that 

inflammatory pain induced by three mechanistically distinct agents (formalin, complete 

Freund's adj uvant, and X-carrageenan) injected into the hind paw of a rat increased BBB 

permeability to sucrose (Huber et al., 2001b). These permeability changes were 

associated with decreased expression of occludin and increased expression of ZO-1 
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(Ruber et al., 2001b). A more detailed time course study of the X-carrageenan model 

revealed that BBB opening is biphasic, with the increase in ZO-1 corresponding only to 

the early phase and the loss of occludin corresponding to both phases (Ruber et al., 

2002). Additionally, immunoprecipitation indicated that ZO-1 became less associated 

with actin and more associated with ZO-2, suggesting a disruption of the interaction 

between the TJ complex and the cytoskeleton (Ruber et al., 2002). It is unclear what the 

mechanism(s) for TJ alterations following peripheral inflammation might be; though the 

possibility exists that cytokines circulating from the site of inflammation to the brain may 

be involved, acute sxirgical pain stress has also been shown to increase BBB permeability 

(Oztas et al., 2004). Also, cortical spreading depression, a phenomenon associated with 

migraine, upregulates matrix metalloproteases which increase BBB permeability via 

proteolysis of the basal lamina and disruption of the TJ (Sanchez-del-Rio and Reuter, 

2004), including a specific loss of ZO-1 in the area of affected cortex (Gursoy-Ozdemir 

et al., 2004). These studies suggest that BBB TJ might be subject to modulation via 

centrally-mediated responses to nociceptive stimuli. 

The functions of the BBB/neurovascular unit in neuropathology—both as a 

contributing factor to the development and progression of disease, and in its responses to 

disease—indicate that neurovascular unit is a therapeutic target unto itself (Neuwelt, 

2004), and not merely an obstacle to CNS drug delivery. The numerous pathways by 

which specific TJ proteins are regulated and the specific effects of certain pathologies on 

TJ proteins suggest that therapies targeted to individual components of the TJ complex 
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and its modulators may hold great promise for the treatment and prevention of 

neurological diseases. 
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CHAPTER 2: NICOTINE AND THE BBB 
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2.1 Vascular effects of nicotine 

Epidemiological links between tobacco me and disease 

Tobacco use is regarded as a major public health problem, with approximately 

23% of people in the United States identified as smokers (CDC, 2004). Cigarette 

smoking is associated with increased risk of atherosclerosis (Howard et al., 1998), 

diabetes (Eliasson, 2003) and ischemic stroke (Wolf et al., 1988; Shinton and Beevers, 

1989). In addition to cerebral ischemia, which is primarily a vascular disorder that 

affects the brain, smoking may also be associated with increased risk of some 

neurodegenerative diseases in which failure of the BBB plays a role, including multiple 

sclerosis (Heman et al., 2001; Riise et al., 2003) and amyotrophic lateral sclerosis (Kanel 

et al., 1999). Some investigators have proposed that BBB dysfunction contributes to the 

pathogenesis of Alzheimer's disease as well (Jellinger, 2002; Zlokovic, 2002). 

Interestingly, there is some controversy over the impact of smoking on AD, with some 

studies suggesting a decreased risk of Alzheimer's disease among smokers (Graves et al., 

1991; Lee, 1994; Van Duijn et al., 1994), others an increased risk (Ott et al., 1998; 

Launer et al., 1999; Merchant et al., 1999), and others no relationship at all (Wang et al., 

1999; Doll et al., 2000). 
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Effects of nicotine on endothelial cell biology 

Another area of controversy is the extent to which nicotine—the component of 

tobacco smoke responsible for the psychopharmacological and possibly addictive effects 

of tobacco—contributes to the increased risk of various diseases associated with smoking 

(Haustein, 1999; Hawkins et al., 2002). This is of particular interest in light of the use of 

nicotine replacement therapy to aid in smoking cessation and the possibility of 

therapeutic applications of nicotine. In the context of vascular physiology and 

pathophysiology, the effects of nicotine alone are significant and often similar to the 

effects of tobacco smoke. 

High chronic doses of nicotine in drinking water led to increased endothelial 

mitotic activity and turnover in mouse aorta (Zimmerman and McGeachie, 1985) as well 

as a decreased complexity of the interendothelial clefts (Zimmerman and McGeachie, 

1987), an indicator of increased permeability. Nicotine was found to inhibit apoptosis in 

cultured human coronary artery endothelial cells (Hakki et al., 2002). Nicotine treatment 

has also been shown to elicit the expression of various signaling proteins in endothelial 

cells, including tumor necrosis factor- a (TNF-a) (Albaugh et al., 2001), basic 

fibroblastic growth factor (bFGF) (Cucina et al., 1999), platelet-derived growth factor BB 

(PDGF BB) (Cucina et al., 2000), VEGF (Conklin et al., 2002), and endothelin-1 (Lee 

and Wright, 1999). All of these substances have the potential to alter the growth and 

function of endothelial tissues as is seen in peripheral vascular disease associated with 

smoking. 
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Abnormal endothelial proliferation induced by nicotine can contribute to 

atherosclerosis (Glass and Witztum, 2001) and increased transendothelial permeability 

(Verrier and Boyle, 1996). Nicotine stimulates abnormal DNA synthesis and 

proliferation in endothelial cells in vitro (Villablanca, 1998). Gene array analysis of 

coronary artery endothelial cells exposed to nicotine indicated increases in atherogenic 

genes (Zhang et al., 2001b) and numerous changes in signal transduction and 

transcription factor genes (Zhang et al., 2001a). Recently, nicotine has also been shown 

to stimulate angiogenesis (Heeschen et al., 2001). This was shown in the ability of 

nicotine to stimulate formation of capillary-like tube structures in cultured endothelial 

cells, identical to those formed in response to VEGF. This effect was blocked by the 

nAChR antagonist hexamethonium. Experiments in mice showed that both local and 

systemic nicotine could enhance the angiogenic response to peripheral ischemia, a 

process that was blocked by co-administration of nAChR antagonists (hexamethonium 

and mecamylaniine) as well as 1-nitroarginine and indomethacin, indicating that the in 

vivo effects were mediated by nAChR and dependent on nitric oxide and prostacyclin, 

respectively. Functional assessment of blood flow in a previously ischemic hindlimb 

showed that nicotine-induced-angiogenesis led to a nearly complete restoration of blood 

flow. Thus, collateral vessels formed in response to nicotine were functional. Further in 

vitro work described an endogenous cholinergic pathway for the regulation of 

physiological and pathological angiogenesis (Heeschen et al., 2002). 

Subsequent studies have confirmed the angiogenic effects of nicotine in a number 

of systems (Cooke and Bitterman, 2004). Nicotine and the nicotinic agonist epibatidine 
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were found to accelerate wound healing via angiogenic effects in genetically diabetic 

mice (Jacobi et a!., 2002). Sidestream (or "second-hand") cigarette smoke was also 

found to increase the number of circulating endothelial progenitor cells, capillary density, 

and growth of tumors in mice injected with Lewis lung cancer cells (Zhu et aL, 2003). 

These effects were also blocked with nAChR antagonists. Thus, there is a mounting 

body of evidence that endothelial cells in numerous tissues respond to nicotine (and other 

nicotinic agonists) by accelerated growth, proliferation, and formation of new blood 

vessels. Such a pathway has numerous implications; in addition to the potential use of 

nicotinic antagonists as an adjunct cancer therapy to reduce tumor angiogenesis, there 

also exists the possibility of using nicotine or another nicotinic agonist to promote 

angiogenesis in ischemic tissue. This would be of particular utility in the treatment of 

ischemic stroke, in which angiogenesis might reduce infarct size (Sun et aL, 2003; 

Shimamura et aL, 2004). To date, the angiogenic effect of nicotine has not been 

demonstrated in the brain. 



Effects of nicotine on the BBB 

A relatively unexplored area of inquiry is the specific effect of nicotine on the 

structure and function of the cerebral microvascular endothelium that composes the BBB. 

An early study by Schilling and colleagues (1992) examined the hypothesis that nicotine 

could influence the cerebral microcirculation either through direct actions on the vessel 

walls, via the vascular nerves, or by way of effects on the parenchyma. The passage of 

FITC-labeled 70-kD dextran from blood to brain was monitored in cats with intravital 

fluorescence microscopy, and nicotine was applied via cortical superfusion. Changes in 

permeability to 70-kD dextran were only observed at extremely high (10"^ M or greater) 

concentrations of nicotine, leading the investigators to conclude that nicotine at 

7 ^ concentrations comparable to those found in smokers (10' to 10" M) had no effect on 

BBB function. 

It is important to note the limitations of this study. First, the protocol was limited 

to an acute response to nicotine in animals that had not previously been exposed to it. 

Thus, it did not address the possibility of long-term effects of chronic nicotine exposure. 

Second, the permeability marker used was extremely large. Other investigators have 

found that the permeability of the BBB to small molecules (ions, sucrose) can be 

increased without gross disruption of the BBB (JuhJer et al., 1984; Menzies et al., 1993). 

Thus, the possibility of changes in permeability to smaller molecules could not be ruled 

out. Finally, because nicotine was administered directly to the parenchyma, access to 

potential targets on the luminal side of the BBB was limited by the rate at which nicotine 

could diffuse from brain to blood. 
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Subsequent studies found that nicotine administered peripherally via 

subcutaneous infusion for 14 d downregulated the al subunit of Na,K-ATPase at the 

BBB (Wang et al., 1994) and depleted cerebral microvascular pools of tissue 

plasminogen activator (Wang et al., 1997) in the rat. A similar treatment was also found 

to increase the expression of the glucose transporter GLUTl in brain capillaries (Duelli et 

al., 1998b). While none of these reports addressed the issue of BBB permeability per se, 

they did demonstrate that nicotine administered in the periphery for an extended period of 

time can have profound effects on the biology of cerebral microvascular endothelial cells 

in vivo. 

Using a primary culture of bovine brain microvessel endothelial cells (BBMEC) 

as a model of the BBB, Abbruscato and colleagues (Abbruscato et al., 2002) 

demonstrated that nicotine and its major metabolite cotinine increased paracellular 

permeability to ['"*€]-sucrose without any cytotoxic effects on endothelial cells. 

Furthermore, nicotine/cotinine treatment exacerbated a previously characterized 

permeability increase in response to hypoxia (Abbruscato and Davis, 1999a; Fischer et 

al., 1999; Fischer et al., 2002; Mark and Davis, 2002). These changes were associated 

with decreased expression and junctional immunoreactivity of the TJ-associated protein 

ZO-1 in BBMEC. Finally, it was demonstrated that pre-treatment with the al nAChR 

antagonist a-bungarotoxin attenuated these effects, indicating that the effects of nicotine 

were mediated by nAChR expressed on BBMEC. This led to the hypothesis that nicotine 

could modulate BBB permeability to small molecules by alteration of the TJ via a non-

neuronal nAChR-mediated mechanism. Additionally, this study raised the possibility 



51 

that nicotine could create a compromised state in which the BBB is more vulnerable to 

ischemic damage, as suggested by in vivo experiments (Wang et ai., 1997). Further 

investigation in this model system found that nicotine also downregulated the abluminal 

activity of Na,K,2Cl cotransporter, a transporter involved in the clearance of excess 

ions from the brain under ischemic conditions (Abbruscato et al., 2004). Thus, data from 

in vitro studies indicate that nicotine compromises both barrier and regulator)' aspccts of 

the BBB. These effects remain to be described in vivo. 
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2.2 Nicotinic acetylcholine receptors 

Overview of nAChR 

Acetylcholine (ACh) was the first neurotransmitter discovered, following Otto 

Loewi's observation that the effect of vagus stimulation on the heart was mediated by a 

chemical messenger rather than by direct electrical impulses (Loewi, 1921). 

Acetylcholine is synthesized in cell types throughout the body, and is involved in the 

regulation of numerous physiological processes (Klapproth et al., 1997). The receptors 

for acetylcholine can be divided into two main groups: muscarinic receptors, which are 

G-protein-coupled (metabotropic) receptors, and nicotinic receptors, which are ligand-

gated ion channels. Nicotinic receptors are so named because they respond to nicotine, 

and as such are likely the primary mediators of nicotine's physiological effects. 

The nicotinic acetylcholine receptor (nAChR) consists of five subunits (Figure 

2.1), of which 17 different types have been identified in vertebrates 

(al-10, pi-4, y, 5, and s). nAChR are present at the vertebrate neuromuscular junction, 

where they consist of (al)2P15y/s stoichiometry and enable the contraction of skeletal 

muscle. nAChR in the central and peripheral nervous systems consist of a and 

p subunits only, and in some cases, only a subunits (Lukas et al., 1999). Nicotinic 

subunits are 45-55-kD proteins with four ~20 amino acid transmembrane domains (Ml-

4) and the carboxyl and amino terminals oriented to the outside of the cell membrane 

(Figure 2.1). The extracellular amino terminal is long, as is the cytoplasmic loop 

between M3 and M4. Subunits are generally distinguished by sequence differences in the 
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M3-M4 cytoplasmic loop. The M2 domain on each of the five subunits is oriented to the 

center of the pentameric complex, forming the pore through which ions travel (Figure 

2.1). Rings of negatively-charged amino acids flank the M2 domain, making the ion 

channel selective for cations, including Na"^, K^, and sometimes Ca^"^. The ACh-binding 

site is formed by an a subunit and an adjacent (a or other) subunit. Most functional 

nAChR require the binding of two ACh molecules (one on each a subunit) for the ion 

channel to be opened (Figure 2.1). Binding of ACh induces a rotation of the subunits, 

which is transmitted to the helices that line the pore, causing them to shift into an "open" 

conformation (Unwin, 2003). 

Influx of cations in response to ACh binding can lead to membrane 

depolarization, which can in turn lead to activation of voltage-gated cation channels and 

possibly the triggering of an action potential in neurons or other excitable cells, such as 

muscle cells. Additionally, stimulation of nAChR can increase intracellular [Ca^^], either 

through voltage-gated Ca^^ channels or through nAChR that are permeable to Ca^^ 

(Rogers et al., 1997; Michelmore et al., 2002), triggering Ca^^-related second messenger 

systems which can have more prolonged effects on the expression and/or 

posttranslational modification of other proteins. Activation of nAChR has been 

associated with increased expression of c-fos (Greenberg et al, 1986), activation of the 

transcription factor CREB (Hu et al., 2002), and activation of the mitogen-activated 

protein kinase pathway (Trombino et al., 2004). It is therefore possible that abnormal, 

prolonged stimulation of nAChR by chronic nicotine could lead to long-term changes in 

protein expression in cells that express nAChR. Indeed, this may be the mechanism by 
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which long-term exposure to nicotine upregulates the expression of nAChR themselves 

(Gentry and Lukas, 2002). 
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Figure 2.1 Basic structure of nicotinic acetylcholine receptor subunits and 

pentamers. Shown are the secondary structure (top left), orientation of transmembrane 

domains (top right), and the structure of the ion channel in the cell membrane (bottom). 
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Neuronal-type nAChR in non-neuronal tissues 

It has long been known that the synthesis of ACh is not limited to neurons 

(Wessler et al., 2001). Choline acetyltransferase (the enzyme that synthesizes ACh from 

choline and acetyl co-A) activity has been identified in niraierous tissues, including 

surface epithelial cells of placenta, bronchi, skin, intestines, and cornea, as well as in rat 

cortical capillaries (Gonzalez and Santo-Benito, 1987). Recently, functional nAChR 

have been identified in several types of non-excitable cells (Sharma and Vijayaraghavan, 

2002), suggesting novel roles for nicotinic cholinergic signaling. Among the cells knovm 

to contain functional nAChR are lymphocytes (Kawashima and Fujii, 2004), cutaneous 

keratinocytes (Arredondo et al., 2003), and airway epithelial cells (Zia et al., 1997; 

Sekhon et al., 1999). 

Functional nAChR have also been found in vascular endothelial cells (Macklin et 

al., 1998), including cultured cerebral endothelial cells (Abbruscato et al., 2002). It has 

been suggested that "non-neuronal" nAChR in surface tissues (i.e., endothelia and 

epithelia) are involved in the maintenance of cell shape and barrier integrity, responding 

to ACh as an endocrine/autocrine factor (Conti-Fine et al., 2000). This appears to be the 

case in cerebral endothelial cells, as nicotine-induced increases in monolayer 

permeability were blocked with the nAChR al antagonist a-bungarotoxin (Abbruscato et 

al., 2002). Endothelial nAChR are also implicated in the angiogenic effects of nicotine 

(Heeschen et al., 2001; Heeschen et al., 2002), suggesting that nAChR activation in 

endothelial cells could have prolonged and profound structural and functional effects. 
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CHAPTER 3: OVERVIEW, HYPOTHESIS, AND SPECIFIC AIMS OF THE 

PRESENT STUDY 
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The overall hypothesis of this dissertation is that nicotine increases paracellular 

permeability of the BBB by alteration of the TJ via a novel nAChR-mediated 

pathway. Specifically, nAChR expressed at the cerebral capillary endothelium act 

as modulators of TJ protein expression and/or organization. To address this 

hypothesis, subcutaneous osmotic pumps were implanted into Sprague Dawley rats for 

constant delivery of nicotine using a dosing regimen designed to mimic the plasma levels 

of nicotine found in heavy smokers. A brief physiological and pharmacological 

characterization of this model system is presented in Chapter 5. The specific aims were: 

1) to characterize the effects of nicotine on BBB TJ proteins in isolated cerebral 

microvessels; 2) to determine the effect of nicotine on BBB permeability in an intact 

animal; 3) to investigate the role of endothelial nAChR in the effect of nicotine on the 

BBB. 

Specific Aim 1: Characterize the effects of nicotine on the expression and 

organization of tight junction proteins in cerebral microvessels 

At the microscopic level, TJ consist of interconnected strands between the plasma 

membranes of adjacent cells in barrier tissues (Vorbrodt and Dobrogowska, 2003). TJ 

are found in epithelial as well as endothelial tissues and in epithelia form the most apical 

element of a junctional complex that also includes adherens junctions and/or gap 

junctions (Kojima et al., 2003). In the case of the BBB, TJ are both necessary and 

sufficient to establish a high transendothelial electrical resistance and low paracellular 
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pemeability (Rubin and Staddon, 1999). Thus, alteration of TJ protein expression and/or 

cellular distribution can lead to increases in permeability. 

To address this specific aim, rats were implanted with subcutaneous osmotic 

pumps for the delivery of nicotine (4.5 mg kg'^ d'^) or saline for 1 and 7 d. The 

expression of the TJ-associated proteins in cerebral microvessels from nicotine-treated 

animals was compared to those treated with saline using standard immunochemical 

techniques (western blot). Furthermore, the cellular distribution of these proteins was 

examined in cerebral microvessels with fluorescent immunohistochemistry. These 

studies are presented in Chapter 6. 

Specific Aim 2: Determine the effects of nicotine on BBB permeability in an intact 

animal model 

Nicotine increases the permeability of an in vitro model of the BBB (Abbruscato 

et al., 2002), which is associated with alterations of the TJ protein ZO-1. However, these 

findings have yet to be replicated in an intact animal. Though the physical barrier 

between the peripheral circulation and the central nervous system exists at the level of the 

cerebral microvascular endothelium (Reese and Kamovsky, 1967), the BBB can also be 

thought of as a functional unit that includes pericytes, glia, and neurons in addition to 

endothelial cells (i.e., the "neurovascular unit") (Neuwelt, 2004). In fact, the specialized 

phenotype of BBB endothelial cells is dependent on factors from the parenchyma 

(Abbott, 2002). Thus, any effort to understand the effect of a drug or other insult on the 

physiology of the BBB must ultimately be undertaken in an animal model. 



60 

To address this specific aim, BBB function was assessed by in situ brain perfusion 

with [''*C]-sucrose, a low molecular weight permeability marker (Rapoport et al., 1978; 

Juhler et al., 1984; Hom et al., 2001) in nicotine-treated and control rats. This technique 

allows for a controlled, kinetic analysis of tracer permeation into the brain (Takasato et 

al., 1984; Williams et al., 1996). This study is presented in Chapter 7. 

Specific Aim 3: Investigate the role of endothelial nicotinic acetylcholine receptors 

in the effects of nicotine on the BBB 

nAChR are pentameric, ligand-gated ion channels that mediate fast cholinergic 

transmission at the neuromuscular jimction, autonomic ganglia, and in sites throughout 

the CNS (Lukas et al., 1999). In addition to depolarization, nAChR activation can 

increase the intracellular concentration of Ca^"^, enabling the receptor to interface with 

diverse intracellular signaling pathways (Rathouz and Berg, 1994; Michelmore et al., 

2002). Recently, functional nAChR have been identified on non-neuronai cell types 

including endothelial cells (Conti-Fine et al., 2000). Positive immunoreactivity for 

nAChR subunits has been observed on cultured BBB endothelial cells (Abbruscato et al., 

2002), and acetylcholine binding associated with mammalian cerebral microvessels has 

been described (Kalaria et al., 1994). Thus, it is possible that the effects of nicotine on 

BBB structure and function are mediated by nAChR expressed on the endothelium of the 

BBB itself. This would present a novel pathway for modulation of the BBB and a 

potential therapeutic target. 
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To address this specific aim, the expression of neuronal-type nAChR subunits 

(a3, a4, a5, al, p2, P3, P4) in cerebral microvessels was investigated by 

immunofluorescence microscopy. Additionally, the nicotinic antagonist mecamylamine, 

which acts at most neuronal-type nAChR and crosses the BBB (Young et al., 2001) was 

co-administered with nicotine to establish whether the effect of nicotine on BBB 

permeability is nAChR-mediated. Hexamethonium. a non-specific nAChR antagonist 

that does not cross the BBB under normal circumstances (Malin et al., 1997) was co

administered in a separate set of experiments to determine whether the effect of nicotine 

on BBB permeability is mediated by nAChR in the CNS or in the periphery. These 

studies are presented in Chapter 8. Finally, an integrated discussion of these studies is 

presented in Chapter 9. 
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CHAPTER 4: EXPERIMENTAL METHODS 

All of the following experimental protocols have been approved by the University 

of Arizona Institutional Animal Care and Use Committee (lACUC) and the University of 

Arizona Radiation Control Office. 
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4.1 Osmotic pump implantation 

Osmotic pumps (Alza, 2ML2 or 2ML4) were loaded with sterile 0.9% saline or 

drug solution (nicotine, 4.5 mg kg"' d"'; nicotine and mecamylamine, 4.5 mg kg"' d"'; or 

nicotine and hexamethonium, 3 mg kg"' d"') and incubated for 4 h in sterile saline at 

37°C. Drug concentrations were determined by the following calculation: 

[drug] (mg ml"') = DmtA'' (1) 

where D is dosage (mg kg"' d"'), m is mass of the animal (kg), t is the time of treatment 

(d), and V is the mean fill volume of the osmotic pump (ml). 

Rats were anaesthetized with 1 ml kg"' of rat cocktail (acepromazine 0.6 mg ml ', 

ketamine 78.3 mg ml"', and xylazine 3.1 mg ml"'). The incision area was shaved and 

scrubbed with iodine and 70% ethanol. A 1-cm transverse incision was made between 

the scapulae, and the pump inserted under the skin posterior to the incision, which was 

closed with wound clips. Animals were allowed to recover in isolation for the duration 

of their treatment. 
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4.2 HPLC assessment of plasma nicotine and cotinine 

Whole blood was extracted from the tail vein prior to sacrifice. Nicotine and 

cotinine were extracted from rat plasma where 500 |il plasma was added to a 1.5-ml 

centrifuge tube containing 10 ^12-phenylimidizole (15 ng lal"'), 20 {.il 5 % 

antifoam/phenol red solution, 50 }il 30 % NH4OH, and 500 |al dichloroethane and mixed 

by gentle inversion for 1 min. The solution was centrifuged 15 min using a Beckman 

Microfuge 11 (12,000 rpm). The supernatant was discarded and 400 {j,l of the clear 

bottom layer was placed into a 1.5-ml tube and dried under N2. To the dried material, 

300 nl HPLC buffer (30 mM citric acid, 30 mM KH2PO4, 3.65 g L'^ triethylamine, 0.6 g 

L"' 1 -heptanesulfonic acid, 90 ml L'" acetonitrile, pH 4.8) was added. A standard curve 

was generated using rat plasma extractions of 0,12.5,25, 50,100, and 200 ng ml"' 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 x 15 cm 

Inertsil™ ODS-2 column (MetaChem Technologies Inc., Torrance, CA) at a flow rate of 

1.0 ml min"' at 37°C for 7.5 min and then increased to 1.5 ml min"^ for 8 min. All 

samples were injected using a Waters Associates WISP™ 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 detector 

(254 nm) and peaks were integrated with a Hewlett Packard 3396A integrator. 
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4.3 Blood pressure measurements 

Blood pressure (BP) and heart rate (HR) were measured using a non-invasive tail 

cuff monitor (Columbus Instruments, NIBP-8) prior to implantation and on day 7 of 

treatment. Animals were habituated to handling and the measurement apparatus during at 

least three separate sessions the week prior to implantation. Animals were placed in a 

holding tube for at least 5 minutes but no more than 15 minutes prior to the beginning of 

measurement. All measurements were performed between 12:00 and 15:00 to minimize 

any circadian changes in BP or HR. Measurements from the final pre-implant session 

were used as baseline. 
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4.4 Cerebral microvessel isolation 

Animals were anesthetized as described previously and decapitated. The brain 

was removed from the skull, the meninges and choroid plexuses removed, and the 

brainstem and cerebellum were dissected away from the cerebral hemispheres. The 

hemispheres were homogenized in a five-fold volume of buffer (103 mM NaCl, 4.7mM 

KCl, 2.5 mM CaCb, 1.2 mM KH2PO4,1.2 mM MgS04, 15 mM HEPES, 25 mM 

NaHCOs, 10 mM glucose, 1 mM sodium pyruvate, 10 g L"' 64K dextran), suspended in 

an equal volume of 26% dextran, and centrifiiged 10 min, 5,800 g, 4°C. The pellet was 

resuspended and passed through a 100-|j,m mesh. The filtrate was centrifuged 10 min, 

1,500 rpm, 4°C, and the resulting pellet was resuspended in 0.25 ml buffer. 
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4,5 Western blot 

Protein was extracted from brain microvessels by incubating overnight in 6M urea 

buffer (6M urea, 10 mM Tris, 1 mM dithiothreitol, 5 mM MgC12, 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°C. Protein was quantified using the bicinchoninic acid 

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

Protein samples (50 pg) for TJ studies were separated using an electrophoretic 

field on Novex 4-12% Tris-glycine gels (Invitrogen; Carlsbad, CA) at lOOV for 120 min. 

Proteins were transferred to polyvinylidene fluoride (PVDF) membranes with 240 mAmp 

at 4°C for 45 min. The membranes were blocked using 5% non-fat milk/Tris-buffered 

saline (TBS) (20 mM Tris base, 137 mM NaCi, 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. Actin antibody was obtained 

from Sigma; all others were obtained from Zymed, San Francisco, CA. Membranes were 

washed with 5% non-fat milk/TBS buffer prior to incubation with the appropriate 

secondary antibody (anti-mouse, 1:3000 or anti-rabbit, 1:2000, Amersham. Springfield, 

IL) for 30 min at room temperature. Membranes were developed using the enzyme 

chemiluminescence method (ECL'''"®; Amersham) 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. 
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4.6 Immunofluorescence microscopy 

Microvessels isolated as described above were smeared onto microscope slides 

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

permeabalized with 0.1% Triton-X-lOO in PBS, and blocked for 1 h in 1% BSA in PBS. 

To visualize actin, slides were incubated with Alexafluor^" 488-conjugated phalloidin 

(reconstituted in 1% BSA in PBS, 5 U ml"') for 30 min. To visualize the other TJ 

proteins, slides were incubated with primary antibody (mouse anti-occludin, 1:100; rabbit 

anti-claudin-l, 1:100; rabbit anli-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 Alexafluor™ 488-conjugated anti-rabbit 

or anti-mouse IgG (2 }.ig ml"') for 30 min. Vessels from nicotine-treated animals were 

always stained alongside vessels fi*om a time-matched control for the same protein. After 

placement and sealing of coverslips, digital photographs were taken with lOOx oil 

immersion objectives on a Nikon TE300 fluorescent microscope with a fluorescein filter. 

The distribution of tight junction proteins in isolated cerebral microvessels was 

assessed according to the method of Song and Pachter (2004) using Metamorph™. 

Briefly, the mean pixel intensity was measured within 10 49-pixel (7x7) 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. 
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Visualization of nAChR subunits was performed by the same protocol except that 

4% paraformaldehyde was used as the fixative, and rabbit polyclonal antisera against 

nAChR subunits a3, a4, a5, al, p2-4 (Research and Diagnostics, Benicia, CA) diluted 

1:10 in PBS with 1% normal goat serum were used for primary staining. Both brightfield 

and fluorescence images were taken of each vessel in these experiments to confirm the 

presence or absence of positive immunoreactivity. Pre-incubation (1 h, 4°C) of anti-sera 

with specific blocking peptides (0.3 ^iM) for each subunit was used to test for antibody 

specificity. 

nAChR subunit blocking peptide sequence 

a3 NH2-Ty'-Gln-Pro-Leu-Met-Ala-Arg-Glu-Asp-Ala''"'-COOH 

a4 NH2-Cys®'®-Pro-Pro-Trp-Leu-Ala-Gly-Met-Ile®^-COOH 

aS NHz-Cys'^^-Pro-Val-His-Ile-Gly-Asn-Ala-Asn-Lys'^-COOH 

al NHj-Cys^'^-Phe-Val-Glu-Ala-Val-Ser-Lys-Asp-Phe-Ala^^-COOH 

P2 NH2-Cys^'^-His-Ser-Asp-His-Ser-Ala-Pro-Ser-Ser-Lys'°^-COOH 

P3 NH2-Cys'^'-Leu-Lys-Met-Trp-Leu-His-Ser-Tyr-His'*^*-COOH 

P4 NH2-Cys'"^'-Glu-Gly-Pro-Tyr-Ala-Ala-Gln-Arg-Asp'''^-COOH 

Table 4.1 Amino acid sequences of nAChR blocking peptides 
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4.7 In situ brain perfusion 

Animals were anesthetized as above and heparinized by i.p. injection (10,000 U 

kg'^). 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 MgS04, 24.8 mM NaHCOs, 1.2 mM KH2PO4, 2.5 mM 

CaCh, 10 mM D-glucose, 39 g L ' dextran (MW 70 kD), 10 g L ' BSA, pH 7.4) with 

Evans blue which was oxygenated with 95% O2 and 5% CO2. The perfusate was passed 

via peristaltic pump through a heating coil (37°C) and a bubble trap. Once the desired 

perfusion pressure and rate were achieved (approximately 100 mm Hg and 3.1 ml min"'). 

[''*C]-sucrose (10 ^Ci/20 ml Ringer) was infused using a slow-drive syringe pump (0.5 

ml min"' per hemisphere, 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-^1 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 d. 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, Fullerton, CA). Results are reported as the ratio of 

radioactivity in the brain to that in the perfusate (Rbr): 
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Rbr (P-l g ) (Cbrain(dpm g ) / Cperfusate (dpiTl (J.1 )) (2) 

A least-squares regression of Rbr vs. perfusion time was performed for each experimental 

and control group; 

RbXT) = VD + Ki„T (3) 

where VD is the initial volume of distribution of ['''C]-sucrose, Km is the unidirectional 

transfer coefficient, and T is the perfusion time in minutes. VD was determined by the 

standard equation for the intercept of a linear regression (Glantz, 2002): 

VD = [(IRbr)(ST') - (ST)(i:RbrT)] / [n(ET') - (ST)'] (4) 

for n data points (T,Rbr). Similarly, Kin was determined by: 

Kin = WSRbrT) - (ST)(ERbr)] / [n(IT') - (ST)'] (5) 



4.8 Cerebral blood flow measurements 

Cerebral blood flow was measured according to a modification of the treatment of 

Gjedde (1980). Rats are perfused as described above (see section 4.7). [ H]-butanol 

(ARC, St. Louis, MO) is added to perfusion medium and infused via slow-drive syringe 

for the final 10 s of the 20-min perfusion. Flow was determined using Zlokovic's (1986) 

derivation of Gjedde's equation: 

F = -X ln(l-Cbr(rACa)/T ml g' (6) 

where F is the rate of blood flow per unit brain mass, Ca is the activity per unit volume 

(density assumed to be 1) of [^H]-butanol in the arterial inflow, Cbr(T) is the activity per 

unit mass of [^H]-butanol in brain tissue, T is the time of the perfusion with [^H]-butanol 

(10 s), and X is the partition coefficient of [ H]-butanol between the brain and perfusion 

medium in the steady state. 

The steady-state partition coefficient X was determined in a separate group of 

experiments. Rats (n - 3 for each condition) were perfused with ["^H]-butanol infused 

throughout a 20-min perfusion. X was calculated as the ratio of the activity per unit mass 

of brain to the activity per unit volume of the perfusate. 
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4.9 Statistical analysis 

For in situ brain perfusion experiments, statistical comparisons of the regression 

coefficients Kin and VD were performed according to the methods of Giantz (2002). The 

standard error of the regression (SRbr-x) was computed from the standard deviations of Rbr 

and T (sRbr and sj, respectively): 

SRbr-T = V [(n-l)/(n-2)] ( SRbr' - KinW) (7) 

This value was used to calculate the standard errors of VD and Km (svd and SKin): 

SVD SRbr-T V[(l/n)+[(2:T/nf/(n-l)ST"]] (8) 

SKin == (SRbr-T / Sj) / V(n-l) (9) 

For statistical comparison of Kin and VD between two treatment groups, the pooled 

estimate of variation around the regression lines (s\brTp) was determined by the 

following; 

S^Rbr- l p - [(ni-2) s\brTi + (n2-2) S^br-Ti] / (Hl + "2 - 4) (10) 

This value was used to calculate t for comparison of Km and VD: 
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t = (Kin 1 - Kin2) / V [( S'Rbr Tp / (s\l (ill -1))) + ( S^Rbr-Tp / (S^T2(n2-1))) (11) 

^=(VD1-VD2)/V (S^VDI - S^VDI) (12) 

Significance (p < 0.05) was determined by comparison of the calculated value for t with 

the critical value of t for ni + ni - 4 degrees of freedom. 

Cerebral blood flow data was analyzed by two-way analysis of variance with a 

Newman-Keuls post-hoc test. Analysis of all other data was performed by Student's t-

test for comparison of two means (nicotine vs. time-matched control). 



75 

CHAPTER 5; CHARACTERIZATION OF CHRONIC SUBCUTANEOUS 

NICOTINE INFUSION IN THE RAT 
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5.1 Introduction 

Pharmacological studies with nicotine have generally been conducted with an 

emphasis on modeling the physiological effects of tobacco smoking. Due to both safety 

and practical concerns, however, administration of cigarette smoke to laboratory animals 

is generally not feasible. Moreover, it is difficult to attribute a specific effect to nicotine 

(or any other tobacco component) when it is being administered with approximately 4000 

other compounds found in cigarette smoke (Hoffmann and Hoffmann, 1997). Thus, even 

studies that use measured amounts of tobacco smoke condensate are limited in their 

utility. 

Nicotine can be administered by a number of routes, including orally in drinking 

water (Murrin et al., 1987), via inhalation (Waldum et al., 1996), intravenous or 

subcutaneous injection (Ulrich et al., 1997), or via intracerebroventricular caimula 

(Sopori et al., 1998). One of the goals of the present study was to mimic the chronic 

exposure to nicotine of the cerebral raicrovasculature that a heavy (2-3 pack/day) smoker 

could experience over a relatively extended period of time (Wewers et al., 2000; Guthrie 

et al., 2004). It is difficult to regulate the dosage of oral or inhaled nicotine. Repeated 

injections of nicotine would not be practical for an extended experiment and would 

introduce a persistent and potentially confounding stress to the experimental animals. 

Intracerebroventricular administration would bypass the vasculature completely, and thus 

not be appropriate. 

Therefore, nicotine was administered via subcutaneous osmotic pumps (OP) 

(Murrin et al., 1987). The implantation of OP is a minimally invasive procedure from 
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which the animals can quickly (<12 hours) recover. It enables consistent, well-regulated, 

and continuous administration of a drug at a predetermined dosage. Finally, it has been 

previously established by other investigators that nicotine administered via subcutaneous 

OP at 4.5 mg kg"' d"' reliably produces plasma nicotine concentrations comparable to 

those seen in heavy smokers (Murrin et al., 1987; Wang et al., 1994; Wang et al., 1997). 

To characterize this model, plasma levels of nicotine and its major metabolite 

cotinine were analyzed by high performance liquid chromatography (Dawson et al., 

2002). Blood pressure (BP) and heart rate (HR) were measured using a non-invasive tail 

cuff method. Global cerebral blood flow (CBF) was estimated by in situ brain perfusion 

with [^H]-butanol (Gjedde et al., 1980). 
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5.2 Results 

HPLC analysis of plasma nicotine and cotinine 

To confirm OP delivery of nicotine, plasma levels of nicotine and cotinine were 

measured by HPLC in blood samples collected from the tail vein prior to sacrifice. 

Nicotine eluted at a retention time of 4 min, cotinine at 6 min, and the internal standard 2-

phenylimidizole at 12 min (Figure 5.1). Nicotine and cotinine were not detected in naive 

animals or in saline-treated controls. In the 1 -d nicotine group, nicotine and cotinine 

plasma levels were 45.0 ± 20.3 and 269.2 ± 74.6 ng ml"' (n = 3), respectively, and in the 

7-d nicotine group, nicotine and cotinine levels were 71.7 ± 37.3 and 261.6 ± 35.5 ng ml*' 

(n = 4), respectively. There was no statistically significant change in plasma nicotine or 

cotinine concentrations between 1 and 7 d. 
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Figure 5.1 Representative chromatogram for analysis of plasma nicotine and 

cotinine. 
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Blood pressure measurements 

systolic BP diastolic BP mean BP HR 

saline (7d) pre 147 ±3 89 ±7 108 ±5 434 ±7 

post 145 ±5 97 ±3 112±2 473 ± 11 

nicotine (7d) pre 156 ±4 97± 10 116±8 477 ± 17 

post 147 ±5 100 ±3 115±3 466 ± 13 

Table 5.1 Blood pressure and heart rate measurements. Results are mean BP (mm 
Hg) or HR (beats min"') ± S.E.M., n = 6 per group, 4 measurements taken per animal per 
session. All parameters were measured simultaneously via tail cuff. Pre = last 
measurement session prior to pximp implantation, post = 7 d after implant. All 
measurement sessions were performed between 12:00 and 15:00. No significant changes 
in BP or HR were observed following OP administration of saline or nicotine. 
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Cerebral bloodflow measurements 

Global CBF for 0- (naiVe), 1-, and 7-d nicotine-treated rats was estimated using in 

situ perfusion with [ H]-butanol. Blood flow (F) was calculated at T = 10 seconds, 

following a 20-min perfasion (see Chapter 2 for details). Results indicate that global 

CBF was significantly (p < 0.01) reduced by both 1- and 7-d nicotine treatments (Figure 

5.2). 
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Figure 5.2 Effect of nicotine on global cerebral blood flow. Global cerebral blood 
flow (CBF) determined by in situ brain perfusion with [^H]-butanol. Results indicate that 
this nicotine treatment paradigm significantly lowers global CBF. Data are shown as 
mean CBF ± S.E.M. (n = 4). Significance was determined by two-way ANOVA with a 
Newman-Keuls post-hoc test. ** = p < 0.01. 
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5.3 Discussion 

In the current study, smoking was modeled by continuous subcutaneous 

administration of nicotine via an osmotic pump at 4.5 mg-kg'l •d"\ HPLC analysis 

(Figure 5.1) confirmed that this regimen sustains nicotine and cotinine plasma levels 

comparable to those observed in chronic heavy smokers: approximately 50 ng/ml for 

nicotine (Guthrie et al., 2004) and 260 ng/ml for cotinine (Wewers et al., 2000). 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 (Jarvik et al., 2000). Moreover, rats trained to self-

administer nicotine sustain plasma nicotine and cotinine levels in this range (Shoaib and 

Stolerman, 1999). 

Nicotine administered via continuous infusion did not alter BP or HR within the 

timeframe of this study (1 week. Table 5.1). This was not surprising though nicotine 

acutely increases BP (Robertson et al., 1988). Incidence of hypertension is reported as 

being lower or no different in smokers compared to non-smokers (Okubo et al., 2004) 

when confounding variables such as weight, diet, sex, and age are taken into account. 

The apparent effect of nicotine on global CBF, however, was striking (Figure 

5.2). Global CBF was determined by measuring the influx of butanol into the brain via in 

situ brain perfiision (Gjedde et al., 1980). This method has particular utility in this study 

because it provides a global measurement of CBF, rather than other methods (e.g., laser 

Doppler flowimetry) that measure the perfusion of a particular area of tissue. 

Furthermore, this treatment measures CBF under the same conditions in which 
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permeability of sucrose was measured for permeability experiments (see Chapters 7 and 

8) (i.e., under anesthesia and during a bilateral brain perfusion.) Interestingly, global 

CBF was significantly lowered by nicotine treatment at both time points measured 

(Figure 5.2). Though previous studies have shown nicotine acutely increases CBF 

(Boyajian and Otis, 2000), chronic smoking has been associated with a depression in 

baseline CBF (Kubota et al., 1983; Rogers et al., 1983). Thus, this observation suggests 

that this model imitates the effects of chronic smoking on CBF. 

Taken together, these data confirm that delivery of nicotine (4.5 mg kg"' d"') via 

subcutaneous OP infosion over 7 d is a valid model for human smoking, in that it sustains 

plasma levels of nicotine and its major metabolite comparable to what is seen in heavy 

smokers, and mimics the effect of chronic smoking on baseline CBF without altering BP 

or HR. 
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CHAPTER 6: ALTERATION OF CEREBROVASCULAR TIGHT JUNCTIONS 

BY NICOTINE 

Taken in part from the manuscript "Nicotine increases in vivo blood-brain barrier 

permeability and alters cerebral microvascular tight junction protein distribution " by 

Hawkins et al. (2004) Brain Res 1027:48-58. 
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6.1 Introduction 

Situated at the level of the cerebral microvascular endothelium (Reese and 

Kamovsky, 1967), the BBB presents a diffusion barrier to most non-lipophillic molecules 

(Kniesel and Wolburg, 2000). This barrier is established by a lack of fenestrations 

(Fensterraacher et al., 1988) and the presence of tight junctions (TJ) in the apical region 

of the interendothelial cleft. TJ are elaborate, interconnected membrane-spanning 

structures composed of transmembrane proteins linked via accessory proteins to the actin 

cytoskeleton (Vorbrodt and Dobrogowska, 2003) found in epithelial and endothelial 

barrier tissues throughout the body. Once thought to be static structures, TJ are in fact 

regulated in both physiological and pathological states (Huber et al., 2001a). Decreased 

expression and/or translocation of TJ proteins away from the TJ complex is associated 

with increased in vitro BBB permeability (Wang et al., 2001a; Fischer et al., 2002; Mark 

and Davis, 2002). Conversely, increased expression of certain TJ proteins is associated 

with decreased permeability in vitro (Romero et al., 2003). Alterations of BBB TJ 

concurrent with increased in vivo BBB permeability have also been observed in HIV-

associated dementia (Boven et al., 2000), peripheral inflammation (Huber et al., 2002), 

and with aging (Mooradian et al., 2003). Increased BBB permeability is also critical in 

the progression of ischemic stroke (del Zoppo and Hallenbeck, 2000; Petty and Wettstein, 

2001). Though multiple mechanisms are likely involved in the loss of BBB integrity 

following an ischemic event, in vitro modeling of ischemia has correlated alterations of 

BBB TJ with increased permeability (Fischer et al., 2002; Mark and Davis, 2002). 
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In addition to being the primary mediator of the subjective and potentially 

addictive effects of tobacco (Perkins et al., 1994), nicotine has profound effects on 

vascular tissues. Nicotine stimulates abnormal DNA synthesis in endothelial cells in 

vitro, (Villablanca, 1998), which may contribute to the progression of atherosclerosis 

(Glass and Witztum, 2001). Gene array analysis of coronary artery endothelial cells 

exposed to nicotine indicated increases in atherogenic genes (Zhang et al., 2001b) and 

numerous changes in signal transduction and transcription factor genes (Zhang et al., 

2001a). Nicotine has also been shown to stimulate angiogenesis (Heeschen et al., 2001), 

and further in vitro work has described a cholinergic pathway for the regulation of 

physiological and pathological angiogenesis (Heeschen et al., 2002). 

Though one study found that acute nicotine at non-toxic concentrations had no 

effect on the permeability of large molecular weight markers at the BBB (Schilling et al., 

1992), this finding did not rule out the possibility that nicotine may disrupt the BBB to 

passage of smaller molecules (Juhler et al., 1984), as is often seen under conditions in 

which the TJ are disrupted. In subsequent chronic studies, non-toxic doses of nicotine 

altered both the expression and function of ion (Wang et al., 1994; Abbruscato et al., 

2004) and glucose transporters (Duelli et al., 1998b; Duelli et al., 1998a) in cerebral 

microvessels. Furthermore, nicotine and its major metabolite cotinine increase 

permeability of an in vitro model of the BBB, and this change is associated with 

diminished expression and altered distribution of the TJ protein ZO-1 (Abbruscato et al., 

2002). These studies indicate that nicotine could have profound effects on BBB 
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endothelial cell fimction, and in particular, the expression and/or organization of TJ 

proteins. To date, this has not been examined in a whole-animal model. 

In the current study, the expression and distribution of the TJ-associated proteins 

ZO-1, ZO-2, occludin, claudin-1, -3, and -5, and the cytoskeletal protein actin were 

investigated following nicotine treatment using Western blot analysis and fluorescent 

immunohistochemistry, respectively. 
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6.2 Results 

Cerebral microvascular TJprotein expression is not altered by nicotine 

To determine the effects of nicotine on cerebral microvascular TJ, the expression 

of TJ-associated proteins occludin, claudin-1, -3 and -5, ZO-1 and -2, and cytoskeletal 

actin in cerebral microvessels was assessed by semiquantitative Western blot analyses 

(Figure 6.1). 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-l (Figure 6.1). Though trends towards decreased expression of claudin-3 

following 1-d nicotine treatment (Figure 6.2A) and ZO-1 following 7-d treatment (Figure 

4.2B) and increased actin expression following 7-d nicotine treatment (Figure 6.2B) were 

noted, none of these changes were statistically significant (p > 0.05). No other changes in 

the expression of the proteins examined were observed. 



Figure 6.1 Representative Western blots of TJ proteins in isolated cerebral microvessels. Proteins were 
loaded at 50 ^ig/well, separated by 120-min, 100-V electropheresis on 4-12% Tris-glycine gels, and transferred 
onto PVDF membranes 45 min at 240 mA. After incubation with primary antibodies and HRP-conjugated 
secondary antibody, bands were visualized by chemiluminescence on X-ray film. Films were scanned and 
quantified with a Kodak Image Station. 

'vO 
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Figure 6.2 Semiquantitative analysis of BBB TJ protein expression following 
nicotine treatment. A: 1-d sal/nic; B; 7-d sal/nic. Blots were visualized on X-ray film 
and analyzed with a Kodak Image Station. Band intensities were normalized to total 
protein content estimated by gel staining. Results are expressed as percent relative 
expression of control. Bars are mean ± SEM, n = 6 for each. No statistically significant 
differences (nicotine vs. time-matched control) were observed in the expression of these 
proteins (p > 0.05 for all comparisons). NE = not expressed. 
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Nicotine alters cerebral microvascular TJprotein distribution 

To investigate the possibility that nicotine could lead to alterations in BBB TJ 

protein distribution, isolated cerebral microvessels from treated rats were stained for the 

same proteins as above and visualized by immunofluorescence 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 (Figure 

6.3). ZO-2 showed strong immunoreactivity in cerebral microvessels, but with a much 

more diffuse pattern of staining (Figure 6.3). Vessels stained for claudin-1 showed only 

very weak and diffuse immunoreactivity (Figure 6.3). Alexfluor™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 6.1. Cerebral microvessels from animals treated with nicotine for 1 

d 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 d 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-d nicotine treated rats, the intensity of claudin-3 staining is greatly 
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diminished throughout each vessel (Figure 6.3n and 6.3p). 2) Vessels from 7-d nicotine-

treated rats tend to have more continuous staining for ZO-2 than vessels from time-

matched controls (Figure 6.3bb). 3) In vessels from 7-d 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 diffuse, "punctuate" staining for ZO-

1 and a loss of the clear marginal distribution observed in controls (Figure 6.3x). 4) In a 

subset of vessels harvested from 7-d 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 (Figure 6.4). 

This was not observed in any vessels from any other group or naive animals. 
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Figure 6.3 Representative micrographs of BBB TJ proteins in brain microvessels. 
All proteins were visualized with mouse or rabbit primary antibody and Alexaflour™-
488-conjugated secondary antibody. Secondary antibodies alone did not stain 
microvessels (data not shown). Each row, left to right: 1-d saline, 1-d nicotine, 7-d 
saline, 7-d nicotine, a-d: actin, e-h: occludin, i-1: claudin-1, m-p: claudin-3, q-t: claudin-
5, u-x: ZO-1, y-bb: ZO-2. Arrows indicate areas of marginal distribution. All images are 
lOOx. Scale bar = 1 |am. 



ZO-2 ZO-1 claudin-5 claudin-3 claudin-1 occludin actin 
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Figure 6.4 Nuclear staining of ZO-1. A subset (-15%) of cerebral microvessels 
stained for ZO-1 in the 7-d 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 naive animals. A; fluorescent image, B: phase 
contrast image of the same vessel. Images are lOOx. Scale bar = 1 |am. 
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l-d 7-d 

saline nicotine saline nicotine 

actin 100.0 ± 4.6 111.7 ±3.3* 100.0 ± 3.6 98.3 ± 4.2 

occludin 100.0 ± 5.3 100.8 ± 6.2 100.0 ± 2.5 95.5 ± 3.0 

claudin-1 100.0 ± 6.4 111.7±5.1 100.0 ± 6.0 131.7 ±8.1" 

claudin-3 100.0 ± 3.5 35.9 ± 3.7*" 100.0 ±6.1 84.1 ±5.1* 

claudin-5 100.0 ± 4.6 154.7 ± 7.8*** 100.0 ± 2.6 104.6 ±3.0 

ZO-1 100.0 ± 6.6 110.2 ±4.7 100.0 ± 5.7 79.4 ± 5.5* 

ZO-2 100.0 ± 10.2 75.9 ± 7.3 100.0 ± 6.7 149.9 ± 5.5*" 

Table 6.1 Semiquantitative analysis of cerebral microvascular TJ proteins. Cerebral 
microvessels isolated from animals treated for 1 or 7 d with saline or nicotine were 
stained for tight junction-associated proteins. Images were captured and analyzed with 
Metamorph™. 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 ± SEM. N - 10-33 
vessels for each group. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 vs. time-matched 
control. 
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6.3 Discussion 

In this study, it was hypothesized that nicotine could lead to alterations in TJ 

proteins at the BBB. 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 

(Boven et al., 2000; Horn et al., 2001; Papadopoulos et al, 2001; Chehade et al., 2002; 

Fischer et al., 2002; Plumb et al., 2002). Western blot analyses of the BBB TJ-associated 

proteins actin, occludin, claudin-1, -3, and -5, ZO-1 and ZO-2 did not show a statistically 

significant change in the expression of these proteins in microvessels isolated from 

treated animals (Figure 6.2). These data suggest that the changes in BBB permeabiUty 

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) (Mark and Davis, 2002) was adapted to probe for 

changes in TJ protein distribution in isolated microvessels from treated rats. 

Representative photomicrographs of vessels stained for each of the proteins studied are 

shown in Figure 6.3, 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-l. These observations 

are in agreement with previous studies on brain microvessels (Lippoldt et al., 2000). 
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Actin appears to be distributed at the margins and in the cytosol, as observed in BMEC 

cultures (Mark and Davis, 2002). 

A semiquantitative technique was adopted to evaluate the continuity and/or 

strength of staining in cerebral microvesseis harvested from animals treated with saline or 

nicotine for 1 or 7 d. This approach has previously been used to demonstrate 

discontinuity of ZO-1 immunoreactivity in cerebral microvesseis induced by treatment 

with monocyte chemoattractant protein-1 (Song and Pachter, 2004). 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-d 

treatment group (Figure 6.3x). This was reflected in a significant decrease in mean pixel 

intensity for ZO-1 in this group (Table 6.1). Furthermore, a subset of vessels (-15%) 

from the 7-d nicotine-treated group stained strongly for ZO-1 at what appears to be the 

nucleus of cerebral microvessel endothelial cells (Figure 6.4). 

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 (Gonzalez-Mariscal et al., 

2000). ZO-1 links the transmembrane TJ protein occludin with the actin cytoskeleton 

(Fanning et al., 1998). Redistribution of ZO-1 away from the TJ has been observed in 

response to bacterial toxins (Chen et al., 2002), drugs (Liu et al., 1999), growth factors 

(Hollande et al., 2001), cytokines (Blum et al., 1997), and hypoxia (Fischer et al., 1999; 
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Fischer et al., 2002) 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-d nicotine group (Figure 6.4). Though only a 

small proportion (15 %) of the vessels observed showed ZO-1 at the nucleus, this is 

nonetheless important given that no microvessels in any of the other treatment groups 

were observed to do so. Nuclear localization of ZO-1 has been observed in cultures of 

epithelial cells. In one study, nuclear localization of ZO-1 occurred in recently plated 

cells and diminished as the cells reached confluency. The same was observed near sites 

of wounding in confluent cultures (Gottardi et al., 1996). Another group observed 

nuclear localization and a lack of marginal staining for ZO-1 resulting from long-term 

calcium depletion (Riesen et al., 2002). 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 an abnormal proliferation of cerebral 

microvessels in response to nicotine (Heeschen et al., 2001) or reflects a loss of cell-cell 

contacts mediated via another constituent of the TJ . 

Another surprising observation was the apparent translocation of ZO-2 to the 

cellular margins in the 7-d nicotine-treated group (Figure 6.3bb). 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 (Islas et al., 2002; Traweger et al., 2002). The 

normal localization of ZO-2 in cerebral microvessels has not been characterized 
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previously. In vessels from control subjects in this study, ZO-2 displayed diffuse 

immunoreactivity throughout the endothelial cells, indicating that it may not play an 

important role in BBB TJ under normal circumstances. Interestingly, Huber and 

colleagues (2002) 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 components of the TJ such 

as occludin or claudin-5 enabled by the dissociation of ZO-1 from the junctional 

complex. A recent study also showed that ZO-1 and ZO-2 have some redundant 

function, with increased localization of ZO-2 to the TJ complex in epithelial cells lacking 

ZO-1 (Umeda et al., 2004). 

The intensity of claudin-3 staining was diminished in both 1- and 7-d nicotine-

treated groups (Table 6.1), although this does not appear to involve the same 

redistribution away from the cellular margins observed with ZO-1 (Figure 6.3n and 6.3p). 

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 environment 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 (Wolburg et al., 2003). Consistent with that 
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study, we observed diminished immunoreactivity of claudin-3 while claudin-5 remained 

relatively constant (Figure 6.3m-t, claudin-5 intensity was increased in 1-d treated 

animals relative to control). Furthermore, using a newer antibody that does not cross-

react with claudin-3, claudin-1 immunoreactivity was weak in cerebral microvessels and 

not associated with the margins of cell-cell contact nor observed on Western blots, as 

previously reported (Witt et al., 2003). Thus, the current study is consistent with the 

hypothesis proposed by Wolburg and colleagues (Wolburg et al., 2003) that claudin-3 is 

major determinant of in vivo BBB permeability independent of claudin-5 and occludin. 

This is the 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 (i.e., non-cultured) 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; however, either 

situation could be associated with increased BBB permeability. Further attention to the 

complex interactions of TJ proteins at the BBB is warranted to discern the mechanisms 

by which nicotine might compromise the BBB, and how this phenomenon may impact 

the development and progression of neurological diseases in which alteration of BBB TJ 

leads to a loss of BBB integrity. 
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CHAPTER 7: EFFECTS OF NICOTINE ON IN VIVO CEREBRAL 

MICROVASCULAR FUNCTION IN THE RAT 

Taken in part from the manuscript "Nicotine increases in vivo blood-brain barrier 

permeability and alters cerebral microvascular tight junction protein distribution " by 

Hawkins et al. (2004) Brain Res 1027:48-58. 



7.1 Introduction 

To determine whether nicotine-associated disruption of TJ proteins in cerebral 

microvessels (Chapter 6) is associated with a physiologically relevant alteration of the 

BBB, an assessment of the effect of nicotine on EBB permeability is warranted. Though 

a previous study found that an acute, non-toxic nicotine treatment had no effect on the 

permeability of large molecular weight markers at the BBB (Schilling et al., 1992), this 

finding did not rule out the possibility that nicotine may disrupt the BBB to passage of 

smaller molecules (Juhler et al., 1984), or that a longer exposure to nicotine (more like 

what is experienced in chronic smoking) might have an effect. Non-toxic doses of 

nicotine have been demonstrated to alter both the expression and function of ion (Wang 

et al., 1994; Abbruscato et al., 2004) and glucose transporters (Duelli et al., 1998b; Duelli 

et al., 1998a) in cerebral microvessels. Furthermore, nicotine and its major metabolite 

cotinine increase BBB permeability in vitro (Abbruscato et al., 2002). These studies 

indicate that nicotine could have a significant effect on BBB permeability in vivo, though 

this has not yet been demonstrated. 

Functional analysis of the BBB in an intact animal has been a technical challenge 

to many investigators. Though microscopic studies have been used to reveal the cellular 

and anatomical correlates of the BBB (Maynard et al., 1957; Reese and Kamovsky, 1967; 

Brightman and Reese, 1969), and modifications of these approaches have been used to 

visualize extravasation of permeability markers (Dallasta et al., 1999; Sedlakova et al.. 
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1999) under certain pathological conditions, such techniques are generally inadequate for 

quantitatively measuring the passage of substances across the BBB. 

The general approach to quantitative measurement of BBB permeability is to 

introduce a tracer molecule into the peripheral circulation. This can be either a dye that is 

measured spectrophotometrically, such as Evans blue (Brown et al., 2004), or a 

radioisotope, which is generally more sensitive. Among the first techniques to use this 

approach was the intracarotid bolus method (Oldendorf, 1970). This involves 

introduction of a buffered solution containing a ['"^CJ-labeled test compound and [^H]-

labeled water (as an internal standard) into the carotid. The bolus is allowed to clear the 

cerebral circulation (~5-15 s) and the animal is immediately decapitated. The [^H]/['''C] 

ratios are measured in the brain and test solution and used to calculate a brain uptake 

index (BUI), a measure of the test compound "lost" to the brain in a single pass. The 

disadvantages of this technique are that the short exposure of the brain to the test 

compound increases experimental variability and that the carotid circulation is arrested 

immediately prior to introduction of the bolus. 

Bolus injection into a peripheral vein has the advantage of circulating a tracer 

under more physiological conditions (Ohno et al., 1978). However, accurate kinetic data 

becomes difficult to obtain as the tracer passes through the brain multiple times. 

Furthermore, the concentration of the tracer in the blood is not constant as it is 

metabolized and/or excreted by other systems in the body. When one wishes to measure 

the effect of a disease state or drug on the passage of a tracer molecule into the brain, the 

confounding influence of these factors cannot be completely ruled out. 
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For these reasons, the in situ brain perfusion technique was developed (Takasato 

et al., 1984; Zlokovic et al, 1986). This technique involves the ligation and cannulation 

of an artery or arteries supplying the brain (generally the common carotid or internal 

carotid) and the delivery of the tracer molecule in an oxygenated perfusion medium at a 

constant rate. The jugular veins are sectioned, allowing for outflow of the perfusion 

medium after a single pass through the brain. This enables the calculation of simple, 

single-pass kinetics by virtue of keeping both the flow and tracer concentrations constant. 

Additionally, the oxygenated perfusion medium enables the animal to be maintained for 

up to half an hour (Williams et al., 1996), which allows for more reliable and sensitive 

measurement of tracer entry into the brain under steady-state conditions. The details of 

this technique as it applies to this study and the analysis of data are described more fully 

in Chapter 4. 

In this study, Sprague-Dawley rats were implanted with osmotic pumps for 

delivery of saline or nicotine (4.5 mg kg"' d"') for 1 or 7 d. At the end of their treatment, 

the animals underwent in situ brain perfusion with [^''C]-sucrose for 5-20 minutes, and 

the rate of sucrose entry into the brain (Kin) was calculated as an index of BBB 

permeability. 
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7.2 Results 

The effect of nicotine on BBB permeability was determined using in situ brain 

perfusion with ['^C]-sucrose (Figures 7.1 and 7.2), a tracer that does not normally cross 

the BBB. Whole-brain visualization of all brains immediately following perfusion 

showed no appreciable leakage of Evans blue albumin into the parenchyma. 1 -d nicotine 

•  1 * 1  1  treatment led to a 3.3-fold increase in Kin, from 0.6 ± 0.2 |al g' min" to 2.0 ± 0.3 fxl g" 

min"'. 7-d nicotine treatment led to a 4-fold increase in Kin, from 0.3 ± 0.1 p,l g"' min"' to 

1.2 ± 0.3 }IL g"' min '. Estimated VD ranged from 1.0 to 7.0 nl g"', which are comparable 

to previously published measurements (Smith et al., 1988). No difference in Kin was 

observed between the 1-d and 7-d saline treated groups; however, a significant (p < 0.05) 

decrease in Kin was detected in the 7-d nicotine treated group as compared to the 1-d 

nicotine treated group (Table 7.1). 
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Figure 7.1 Effect of 1-d nicotine treatment on BBB permeability to -sucrose. 
Subjects were treated with nicotine (4.5 mg kg"^ d"') or 0.9% saline via subcutaneous 
infusion for 1 d. Rbr are mean ± SEM, n = 5-11 per time point. Nicotine significantly 
increases the rate of [''^Cj-sucrose uptake into the brain (Kin), without a significant 
change in initial volume of distribution (VD). Significance was determined by 
comparison of the regression coefficients as described by Glantz (2002). 
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Figure 7.2 Effect of 7-d nicotine treatment on BBB permeability to ['•*€]-sucrose. 
Subjects were treated with nicotine (4.5 mg kg"' d"') or 0.9% saline via subcutaneous 
infusion for 7 d. Rbr are mean ± SEM, n = 5-11 per time point. Nicotine significantly 
increases the rate of [''^C]-sucrose uptake into the brain (Km), without a significant 
change in vascular volume (VD). Significance was determined by comparison of the 
regression coefficients as described by Glantz (2002). 
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1-d 7-d 

sal nic sal nic 

Kin (^1 g"'min-^) 0.6 + 0.2 2.0 ±0.3** 0.3 ± 0.1 1.2 ±0.3*^ 

VD (^il g"') 3.6 ±2.5 4.2 ± 3.6 7.0 ± 1.7 1.0 ±4.2 

Table 7.1 Analysis of multiple-time uptake regression coefficients. Data are the 
regression coefficients of the plots shown in Figures 7.1 and 7.2 ± S.E.M. Significance 
was determined by the methods for comparing linear regressions described by Glantz 
(2002). ' = p < 0.05 vs. time-matched saline control. = p < 0.01 vs. time-matched 
saline control. ^ = p < 0.05 vs. 1-d nicotine. 
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7.3 Discussion 

In this study, the effect of nicotine on BBB permeability to ['''CJ-sucrose was 

measured using a modification of the Takasato in situ perfusion model (Takasato et al., 

1984). This dual perfusion model has been well-characterized, and has been used to 

investigate drug delivery to the brain (Pan et al., 2000; Thomas et al., 2001) and the effect 

of various pathologies (Suzuki et al., 1994; Hom et al., 2001; Huber et al., 2001b) on the 

permeability of markers such as sucrose at the BBB. Sucrose was chosen as a marker for 

permeability because it has been shown to have limited distribution to the brain 

parenchyma in naive rats (Rapoport et al., 1978; Smith et al., 1988). Multiple-time 

uptake analysis (Figures 7.1 and 7.2) was utilized allowing for more accurate kinetic 

analysis of sucrose uptake (Kjn) and vascular volume (Vp) compared to single time-point 

analysis (Williams et al., 1996). In this study, the measured control values of Kin for 

sucrose were 0.6 ± 0.2 )j.l g"' min"' and 0.3 ± 0.1 [4.1 g"' min"' (1- and 7-d groups, 

respectively), similar to previously measured values (Fenstermacher and Rapoport, 

1984). 1 - and 7-d treatment with nicotine significantly increased the Kin for sucrose to 

2.0 ± 0.3 [il g'" min"' and 1.2 ± 0.3 ^1 g"' min"', respectively. Furthermore, nicotine did 

not significantly alter VD in either group (Table 7.1). 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 vascular volume caused by nicotine. 

Whereas Schilling et al. (1992) only observed an increase in BBB permeability at 

toxic doses of nicotine, the current study shows an increase in the permeability of the 

BBB to sucrose with nicotine plasma levels comparable to those seen in heavy smokers 
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(Murrin et al., 1987). Sucrose, a smaller permeability marker, likely serves as a more 

sensitive indicator of TJ integrity at the BBB than the 70-kD dextran used in the previous 

study (Juhler et al., 1984). 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. 

This is the first study to demonstrate a significant increase in the basal 

permeability of the BBB induced by nicotine at a pharmacologically relevant dose in 

vivo. Though the magnitude of the change in BBB permeability caused by nicotine in 

this study is relatively small, it is nonetheless physiologically relevant. A dramatic 

change is not expected, or profound neurological problems would be much more 

prevalent among smokers. Still, the possibility remains that long-term, subtle disruption 

of the BBB could have lasting effects on the health and function of the CNS. 

Neurological symptoms have been associated with a compromised BBB in multiple 

sclerosis (MS) (Ciccarelli et al., 1999), epilepsy (Yaffe et al., 1995), and encephalitis 

(Nishimura et al., 1996). Smoking has recently been identified as a risk factor for MS 

(Riise et a!., 2003), and may be associated with increased risk and/or severity of other 

neurological diseases as well (Hawkins et al., 2002). Nicotine-induced disruption of the 

BBB could play a role in this process. Additionally, there are a number of 

pharmaceuticals with molecular weights comparable to sucrose (342 Da), including 

morphine (285 Da), acetaminophen (150 Da), fluoxitine (320 Da), and methotrexate (454 
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Da) (Huber et al., 2002). Thus, it is possible that nicotine could enhance the transport of 

these substances into the CNS, which would have implications for their clinical use and 

potential neurotoxicity, particularly in chronic, heavy smokers. 
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CHAPTER 8: EXPRESSION OF NEURONAL-TYPE NICOTINIC 

ACETYLCHOLINE RECEPTORS IN CEREBRAL MICROVASCULAR 

ENDOTHELIUM AND THE ROLE OF nAChR IN THE EFFECT OF NICOTINE 

ON THE BBB 
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8.1 Introduction 

Nicotine binds with high affinity to various forms of the nicotinic acetylcholine 

receptor (nAChR), where it acts as an agonist (Lindstrom et al., 1987). As such, nAChR 

are likely mediators of the effects of nicotine throughout the body (Le Houezec and 

Benowitz, 1991; Hogg et al., 2003), though non-receptor-mediated effects of nicotine 

have been observed (Tonnessen et al., 2000). The effects of nicotine on BBB structure 

(Chapter 6) and function (Chapter 7) indicate a role for nAChR in the regulation of 

cerebral microvascular permeability. It is not immediately clear, however, how nicotine 

could lead to changes in the "neurovascular unit". In fact, there are several pathways by 

which nAChR-mediated disruption could occur (Figure 8.1). 

nAChR are found throughout the brain, on both neurons and astrocytes (Graham 

et al., 2002). Given the extensive communication that occurs between the microvascular 

endothelium and the parenchyma (reviewed in Chapter 1), it is possible that central 

nAChR could mediate the release of a vasoactive factor or factors that would affect BBB 

structure and function, such as VEGF (Chodobski et al., 2003) or bradykinin (Borlongan 

and Emerich, 2003) (Figure 8.1 A). 

Recent evidence suggests that nAChR are expressed on cerebral microvessel 

endothelial cells. Nicotinic binding has been observed in association with cerebral 

vessels (Kalaria et al., 1994; Graham et al., 2002). Functional nicotinic receptors have 

been characterized in peripheral endothelial cells (Macklin et al., 1998; Moccia et al., 

2004) and epithelial cells (Wang et al., 2001b), and are thought to be involved in the 

regulation of cell shape and barrier integrity in surface-lining tissues (Conti-Fine et al.. 
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2000). nAChR subimits are expressed in cultured brain endothelial cells, and nicotine-

induced hyperpermeability in this model system is attenuated by the al antagonist a-

bungarotoxin (Abbruscato et al., 2002). It is therefore possible that nAChR expressed on 

the abluminal (Figure 8.IB) or luminal (Figure 8.1C) endothelial membranes could 

mediate a direct effect of nicotine on cerebral endothelial cells. 

Care must be taken in extrapolating expression studies in cell culture to the native 

tissue. For example, in vitro studies originally indicated that cerebral endothelial cells 

did not express NMD A receptors (Morley et al., 1998), but subsequent studies in isolated 

microvessels indicated that NMD A receptors are expressed at the BBB (St'astny et al., 

2002). Furthermore, expression of receptor subunit proteins does not necessarily imply 

the assembly of functional receptors (Wanamaker et al., 2003). Thus, the expression and 

function of nAChR at the BBB need to be examined in a whole-animal model. 

In this study, expression of neuronal-type nAChR subunits 

(a3, a4, a5, al, P2, P3, |34) was investigated in isolated cerebral microvessels by 

immunofluorescence microscopy. The nicotinic antagonist mecamylamine, which acts at 

most neuronal-type nAChR and crosses the BBB (Young et al., 2001) was co

administered with nicotine via subcutaneous osmotic pump for 7 days to establish 

whether the effect of nicotine on BBB permeability (measured by in situ brain perfusion 

as described in Chapter 7) is nAChR-mediated. Hexamethonium, a non-specific nAChR 

antagonist that does not cross the BBB under normal circumstances (Malin et al., 1997) 

was co-administered to determine whether the effect of nicotine on BBB permeability is 

mediated by central nAChR. 
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Figure 8.1 Possible pathways for nAChR-mediated modulation of the BBB. Since nicotine freely 
diffuses across the BBB, nAChR-mediated effects of nicotine on the BBB could be mediated by nAChR in 
the parenchyma which initiate the release of a permeability-increasing factor on the BBB (A). Previous 
reports (Abbruscato et al., 2002) indicate that nAChR may be expressed on cerebral microvessels 
themselves, on either the abluminal (B) or luminal (C) membranes. Mecamylamine, which crosses the 
BBB, should antagonize nAChR as depicted in A, B, and C, whereas hexamethonium should only 
antagonize nAChR depicted in C. 
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8.3 Results 

Immunofluorescence microscopy of nAChR subunits in cerebral microvessels 

To confirm the expression of nAChR subunit proteins in cerebral microvessels, 

these proteins were visualized by immunofluorescence microscopy. Microvessels were 

isolated from cerebral hemispheres of naive rats and prepared for microscopy as 

described in Chapter 4. Slides were prepared with rabbit antisera raised against nAChR 

subunits a3-5, al, and p2-4, followed by Alexafluor™ 488-conjugated anti-rabbit IgG 

(Figures 8.2-8.8, panels A and C). In a separate set of slides, antisera were pre-incubated 

with blocking peptides corresponding to an amino acid sequence specific to the 

corresponding subunit as a control for antibody specificity (Figures 8.2-8.8, panels B and 

D). Additionally, slides were prepared without primary antibody as a control for 

nonspecific binding of the fluorescent-tagged secondary antibody (Figure 8.9). 

Positive immunoreactivity was observed for nAChR subunits a3 (Figure 8.2), a5 

(Figure 8.4), a7 (Figure 8.5), and (32 (Figure 8.6). In all cases, pre-incubation of the 

primary antibody with the corresponding blocking peptide attenuated or abolished 

immunoreactivity. Furthermore, positive immunoreactivity was not observed on glial 

fragments present on the slide. No immunoreactivity was observed in cerebral 

microvessels for nAChR subunits a4 (Figure 8.3), P3 (Figure 8.7), or P4 (Figure 8.8). 
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Figure 8.2 Expression of nAChR a3 subunit in cerebral microvessels. Microvessels 
were isolated from rat cerebral hemispheres and stained with Rb anti-nAChR a3 
antiserum (A) or antiserum with a blocking peptide (B). Cerebral microvessels 
consistently displayed positive immunoreactivity for the a3 subunit which was attenuated 
or abolished by the addition of blocking peptide. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 f4.m. 
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Figure 8.3 nAChR a4 subunit is not expressed in cerebral microvessels. 
Microvessels were isolated from rat cerebral hemispheres and stained with Rb anti-
nAChR a4 antiserum (A) or antiserum with a blocking peptide (B). Positive 
immunoreactivity was not seen for the a4 subunit. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 ^m. 
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Figure 8.4 Expression of nAChR a5 subunit in cerebral microvessels. Microvessels 
were isolated from rat cerebral hemispheres and stained with Rb anti-nAChR a5 
antiserum (A) or antiserum with a blocking peptide (B). Cerebral microvessels 
consistently displayed positive immunoreactivity for the a5 subunit which was attenuated 
or abolished by the addition of blocking peptide. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 fxm. 
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Figure 8.5 Expression of nAChR a7 subunit in cerebral microvessels. Microvessels 
were isolated from rat cerebral hemispheres and stained with Rb anti-nAChR <xl 
antiserum (A) or antiserum with a blocking peptide (B). Cerebral microvessels 
consistently displayed positive immunoreactivity for the a7 subunit which was attenuated 
or abolished by the addition of blocking peptide. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 p,m. 
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Figure 8.6 Expression of nAChR p2 subunit in cerebral microvessels. Microvessels 
were isolated from rat cerebral hemispheres and stained with Rb anti-nAChR P2 
antiserum (A) or antiserum with a blocking peptide (B). Cerebral microvessels 
consistently displayed positive immunoreactivity for the p2 subunit which was attenuated 
or abolished by the addition of blocking peptide. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 jim. 
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Figure 8.7 nAChR p3 subunit is not expressed in cerebral microvessels. 
Microvessels were isolated from rat cerebral hemispheres and stained with Rb anti-
nAChR p3 antiserum (A) or antiserum with a blocking peptide (B). Positive 
immunoreactivity was not seen for the P3 subunit. C and D are brightfield images of the 
fields depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 fim. 
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Figure 8.8 nAChR P4 subunit is not expressed in cerebral microvessels. 
Microvessels were isolated from rat cerebral hemispheres and stained with Rb anti-
nAChR P4 antiserum (A) or antiserum with a blocking peptide (B). Positive 
immunoreactivity was not seen for the P4 subunit. C and D are brightfield images of the 
jSelds depicted in A and B, respectively. All images are lOOx in oil immersion. Scale bar 
= 1 }j.m. 
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Figiire 8.9 Fluorescent secondary Ab does not stain cerebral microvessels. As a 
negative control, microvessels were prepared as above, but with the primary antibody 
replaced with 1% BSA in PBS. The fluorescent-tagged anti-Rb IgG used as a secondary 
Ab in these experiments did not stain cerebral microvessels. A and B: fluorescent and 
brightfield (respectively) images of the same field. Images are lOOx. Scale bar = 1 jim. 
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In situ brain perfusion with nicotinic antagonists 

Rats were implanted with subcutaneous osmotic pumps for constant delivery of 

0.9% saline, nicotine (4.5 mg kg"' d"'), nicotine and mecamylamine (4.5 mg kg"' d"'), or 

nicotine and hexamethonium (3 mg kg'' d"') for 7 d. Neither mecamylamine nor 

hexamethonium had any effect on BP or HR when co-administered with nicotine (pre-

treatment mean BP: 105 ± 4 and 99 ±5 mm Hg for nicotine + mecamylamine and nicotine 

+ hexamethonium groups, respectively; post-treatment mean BP: 104 ± 5 and 105 ± 4; 

pre-treatment mean HR: 466 ±15 and 466 ± 7; post-treatment mean HR: 490 ±12 and 

470 ± 18.) 

BBB permeability was measured using in situ brain perfusion with ['"'CJ-sucrose 

(Figure 8.10), a tracer that does not normally cross the BBB. Whole-brain visualization 

of all brains immediately following perfusion showed no appreciable leakage of Evans 

blue albumin into the parenchyma. 7-d nicotine treatment led to a significant (p < 0.01) 

3.7-fold increase in Kin, from 0.3 ± 0.1 fxl g"' min"' to 1.1 ± 0.2 fj,l g"' min' (Table 8.1 and 

Figure 8.11), similar to previous results (Chapter 7 and Hawkins et al., 2004). Both 

mecamylamine and hexamethonium significantly (p < 0.05) attenuated the effect of 

nicotine on Kin, with values of 0.5 ± 0.2 and 0.3 ± 0.2, respectively, in these groups 

(Table 8.1 and Figure 8.12). Estimated VD ranged from 2.4 to 7.4 pi g"', which are 

comparable to previously published measurements (Smith et al., 1988). No significant 

differences in VD w ere found with any treatment. 
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Figure 8.10 Co-administration of nicotine with nicotinic antagonists. Subjects were 
treated with nicotine (4.5 mg kg"' d"'), nicotine and mecamylamine (4.5 mg kg"' d""), 
nicotine and hexamethonium (3 mg kg"' d"'), or 0.9% saline via subcutaneous infusion for 
1 d. Data are mean Rbr ± SEM, n = 4-6 per time point. Nicotine significantly increased 
the rate of ['"^CJ-sucrose uptake into the brain (Kin), without a significant change in initial 
volume of distribution (VD) (Table 8.1 and Figure 8.12) as previously shown (Chapter 7 
and Hawkins et al., 2004). This effect was significantly attenuated by both 
mecamylamine and hexamethonium (Tale 8.1 and Figure 8.12). 
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sal nic nic + mec nic + hex 

Kin (^il g-^ min"^) 0.3 ± 0.1 1.1 ±0.2** 0.5 ±0.2^ 0.3 ± 0.2 ^ 

Vd (nl g') 7.3 ± 1.4 2.4 ± 2.9 4.7 ± 2.6 7.6 ± 2.2 

Table 8.1 Analysis of multiple time uptake regression coefficients. Data are the 
regression coefficients of the plots shown in Figure 8.11 ± S.E. Determined as described 
in Chapter 4. Significance was determined by the methods for comparing linear 
regressions described by Glantz (2002). * * = p < 0.01 vs. saline control. ^ = p < 0.05 vs. 
nicotine. 
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Figure 8.11 Attenuation of nicotinic effect on BBB permeability by mecamylamine 
and hexamethonium. Data are Km ± S.E, determined as described in Chapter 4. 
Nicotine significantly increased the rate of sucrose uptake into the brain; this effect was 
attenuated by both mecamylamine and hexamethonium, indicating that the permeability-
increasing effect of nicotine is mediated by nAChR likely outside the CNS. Significance 
was determined by the methods for comparing linear regressions described by Glantz 
(2002). ** = p < 0.01 vs. saline control. ^ = p < 0.05 vs. nicotine. 



131 

8.3 Discussion 

The expression of nAChR submits in cerebral microvessels was determined by 

visualization with immunofluorescence microscopy (Figures 8.2-8.8). Both fluorescent 

and brightfield images of each vessel were collected to confirm that positive 

immunoreactivity was associated with microvessels. Specificity of antibody staining was 

tested by the addition of blocking peptides specific for each subunit (see Chapter 4, Table 

4.1 for details). Positive immunoreactivity was observed for subunits a3, a5, al, and 

P2, but not a4, p3, or p4. These results are similar to what has been observed in cultured 

bovine brain endothelial cells, in which the expression of all these subunits plus P3 has 

been described (Abbruscato et al., 2002). The absence of P3 in rat microvessels could be 

attributable to species differences in expression or antibody reactivity, or p3 expression 

could be an artifact of cell culture. In culture, the permeability-increasing effect of 

nicotine was blocked by a-bungarotoxin, a specific antagonist for a7 (homomeric) 

nAChR (Abbruscato et al., 2002). Interestingly, subunits a3, a5, p2, and P4 were found 

in human aortic endothelial cells, where they form functional ion channels responsive to 

anatoxin and dihydro-p-erythroidine, the classic agonist and antagonist (respectively) of 

a3-containing nAChR (Macklin et al., 1998). Again, these data could indicate species 

differences in patterns of nAChR subunit expression. Another possibility is that 

endothelial nAChR subunits are differentially expressed in different regions of the 

vasculature. 
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The pattern of staining for a3, a5, al, and (52 subunits was generally diffuse 

throughout the cell, though some clusters of intense staining were observed with al 

(Figure 8.5 A) and (32 (Figure 8.6A) subunits. Whether such apparent clustering is of 

functional significance is a matter of speculation at this point. At the neuromuscular 

junction, clustering of nAChR is induced by the protein agrin released by motor neurons 

(Huh and Fuhrer, 2002). It is not known if similar signaling could occur in endothelial 

cells, as proteins involved in the clustering of nAChR in muscle cells (rapsyn. MuSK) 

have not been found in endothelial cells. However, agrin has recently been identified as a 

component of the extracellular matrix and is found throughout the cerebral 

microvasculature (Kroger and Schroder, 2002). 

Several different combinations of the a3, a5, al, and P2 subunits could assemble 

into functional nAChR. The homopentameric al nAChR is well-characterized (Zhao et 

al., 2003) and expressed throughout the CNS (Graham et al., 2002), as well as being 

implicated in mediating the effects of nicotine on the BBB in vitro (Abbruscato et al., 

2002). al and (52 subunits are coexpressed in cholinergic neurons in the brain and have 

been shown to assemble into functionaJ receptors (Khiroug et al., 2002; Azam et al., 

2003). a3p2 receptors are expressed in rabbit retina (Keyser et al., 2000) where they 

may be involved in the generation of spontaneous waves of neural activity during visual 

system development (Feller, 2002). Studies in chromaffin cells of the adrenal medulla 

suggest that a5 subunits may colocalize with a3 and p2 subunits, though assembled 

receptors composed of these specific subtypes have not yet been definitively 

characterized (Di Angelantonio et al., 2003). 
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The possible significance of nAChR expressed at cerebral microvessels to BBB 

function was examined by in situ brain perfusion and these data showed that chronic 

subcutaneous administration of nicotine (4.5 mg kg"' d"') for 7 d was associated with 

increased BBB permeability to ['^'CJ-sucrose. This experiment was repeated with the 

addition of groups treated with either mecamyiamine (4.5 mg kg"' d"') or hexamethonium 

(3 mg kg'd"') together with nicotine. Both of these antagonists have relatively low 

toxicity, and much higher doses (than what were given in this study) are well-tolerated. 

The LD50 of mecamyiamine in rats is 145 mg kg"' for subcutaneous administration 

(Young et al., 2001). Hexamethonium has been used to control blood pressure in rats 

during seizures, being infused at rates as high as 120 mg kg"' h"' (Kofke et al., 1996). 

Though both have been used clinically as antihypertensive agents due to their ability to 

block ganglionic cholinergic transmission, no effect on blood pressure or heart rate was 

observed in this study when the antagonists were co-administered with nicotine. 

Nicotine significantly (p < 0.01) increased the uptake of ['''C]-sucrose into the 

brain (Figure 8.11), as previously found (Chapter 7 and Hawkins et al., 2004). This 

effect was significantly (p < 0.05) attenuated by mecamyiamine (Figure 8.11), indicating 

that the functional effect of nicotine on the BB B is nAChR-mediated. This is an 

important observation, as nicotine has been shown to interact directly with endothelial 

nitric oxide synthase (Tonnessen et al., 2000), which could also lead to changes in BBB 

permeability (Madrigal et al., 2002). 

The effect of nicotine on BBB permeability was also significantly (p < 0.05) 

attenuated by hexamethonium (Figure 8.11), further supporting the hypothesis that the 
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effect is nAChR-mediated. Furthermore, attenuation of this effect by hexamethonium 

strongly suggests that CNS nAChR are not involved in the effects of nicotine on the 

BBB. Hexamethonium is a non-lipid-soluble, quaternary ammonium compound that 

exists in a dicationic form at physiological pH. As a result, the entry of hexamethonium 

into the CNS from the periphery is severely limited by the BBB and is highly dose-

dependent. Autoradiographic studies using a single i.v. bolus of [^H]-hexamethonium at 

2.18 mg kg*' found that hexamethonium accumulated in the meninges and choroid 

plexus, but did not penetrate into the parenchyma (Gosling and Lu, 1969). A subsequent 

study found that a very small but significant fraction of [^H]-hexamethonium did enter 

the brain following i.v. injection, but only at much higher (>10 mg kg'^) doses (Asghar 

and Roth, 1971). Furthermore, 95-100% of a single hexamethonium dose is excreted in 

the urine within 18 h of injection (Levine and Clark, 1957). In this study, hexamethonium 

was delivered via subcutaneous infusion at a constant rate of 3 mg kg"' d"', or 0.125 mg 

kg' h-'. It is therefore highly unlikely that the plasma concentration of hexamethonium 

would ever become sufficiently high for a pharmacologically significant amount to enter 

the CNS. 

It is possible that as nicotine increases BBB permeability to sucrose, passage of 

hexamethonium into the CNS may be increased as well. However, hexamethonium 

injected directly into the cerebral ventricles is rapidly taken up from the cerebrospinal 

fluid by the choroid plexus and effluxed into the blood (Schanker et al., 1962), meaning 

that any hexamethonium gaining access to the CNS would not accumulate. Malin and 

colleagues found that an acute withdrawal syndrome could be precipitated in animals 



135 

chronically treated with nicotine by peripheral administration of mecamylamine (Malin et 

al, 1994). In a follow-up study, it was found that hexamethonium administered 

peripherally did not precipitate a withdrawal syndrome, but hexamethonium given 

intracerebroventricularly at a very low dose (-18 ng) did (Malin et al., 1997). In both of 

these studies, nicotine was administered by the same route used in our experiments 

(subcutaneous osmotic pump), for the same length of time (7 d), but at double the dose (9 

mg kg"' d"') (Malin et al., 1994; Malin et al., 1997). The pharmacologically effective 

concentration of hexamethonium in the brain when it was administered centrally was 

estimated by the authors to be 195,000 times smaller than the concentration in the 

periphery following peripheral administration. It is therefore unlikely that nicotine (4.5 

mg kg''d'*) increased the entry of hexamethonium to the CNS to a pharmacologically 

relevant extent in the present study. 

These data support the hypothesis that nicotine increases the permeability of the 

BBB by acting on nAChR outside the CNS. It is possible that this could be a ganglionic 

effect of nicotine; however, this is also unlikely as hexamethonium blocks the BBB effect 

well below the ganglionic-blocking dose of -20 mg kg'^ i.v. in rats (Salmoiraghi et al., 

1957), and no changes in blood pressure were observed following treatment with 

hexamethonium or mecamylamine in this study. Thus, the most likely mediators of the 

effect of nicotine on the BBB are nAChR expressed on brain microvessels. Though the 

imaging techniques used in this study are inadequate to distinguish between luminal and 

abluminal expression of these proteins, based on the pharmacological data described 
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above, some—if not all—of these receptors are expressed on the luminal endothelial cell 

membrane (Figure 8.1C). 

This begs the question of what the physiological role of endothelial nAChR might 

be in the brain. Acetylcholine (ACh) has long been known to act on endothelial cells via 

muscarinic receptors to induce endothelium-dependent vasodilatation (Furchgott and 

Zawadzki, 1980). Choline acetyltransferase, the enzyme responsible for ACh synthesis, 

is expressed in brain microvessels (Parnavelas et al., 1985), and cerebral endothelial cells 

have been shown to synthesize acetylcholine (Gonzalez and Santo-Benito, 1987; Americ 

et al., 1988). Coupled with the ubiquity of cholinesterases in the blood (Lotti, 1995) 

which rapidly degrade any circulating ACh. it is possible that the endothelium itself may 

release ACh that acts as an autocrine factor (Clancy and Abramson, 2000) via nicotinic 

(as well as muscarinic) mechanisms. 

It is not immediately obvious what such a pathway might have to do with 

regulation of cerebral microvascular permeability. However, endothelial nAChR in the 

periphery have been implicated in the regulation of angiogenesis (Heeschen et al., 2001; 

Heeschen et al., 2002). Vascular endothelial growth factor (VEGF), a potent angiogenic 

factor, also increases the permeability of the BBB (Dobrogowska et al., 1998). 

Furthermore, src-suppressed C-kinase substrate (SSeCKS) blocks cerebral angiogenesis 

in vivo and in vitro via suppressed expression of VEGF, increases tight junction proteins 

in endothelial cells, and decreases sucrose permeability (Lee et al., 2003). nACliR-

mediated increases in microvascular permeability, therefore, might reflect an 

involvement of these receptors in some aspects of cerebral angiogenesis, in which 
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nicotine acts as an agonist of an angiogenic pathway (Heeschen et al., 2002). 

Alternatively, nicotine-induced downregulation of endothelial nicotinic receptors, which 

has been observed in vitro (Abbruscato et al., 2004), might impair normal cholinergic 

signaling necessary for the maintenance of barrier integrity (Conti-Fine et al., 2000). 

This study demonstrates that nAChR are expressed in the cerebral 

microvasculature, that increased BBB permeability following nicotine treatment is a 

nAChR-mediated phenomenon, and that peripheral antagonism of nAChR is sufficient to 

block the effect of nicotine on the BBB. These data suggest a novel role for endothelial 

nAChR in the regulation of cerebral microvascular permeability, and a mechanism by 

which chronic nicotine use might have deleterious effects on the function of the BBB. 
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CHAPTER 9: SUMMARY AND CONCLUSIONS 
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The cerebral microvascular endothelium together with the cells of the brain 

parenchyma and the extracellular matrix constitute a "neurovascular unit" that 

dynamically regulates the passage of materials between blood and brain and is critical to 

the health of the central nervous system (Chapter 1). Nicotine, a major drug of abuse, has 

profound effects on endothelial cell biology that are mediated by nAChR, and chronic use 

of nicotine is associated with increased risk of neurological disease (Chapter 2). The 

hypothesis of these studies was that a pharmacologically relevant exposure to nicotine 

alters the structure and function of the neurovascular unit via a nAChR-mediated 

mechanism (Chapter 3). The goal of these studies, therefore, was to address this 

hypothesis in a whole-animal model, in which the neurovascular unit is intact. 

Chronic nicotine exposure was modeled by continuous subcutaneous infusion of 

nicotine (4.5 mg kg"' d"') in rats for up to a week. Chapter 5 demonstrated that this 

treatment paradigm mimicked the plasma concentrations of nicotine and its major 

metabolite cotinine found in chronic, heavy smokers. This treatment also mimics the 

effect of smoking on global cerebral blood flow without significant alterations in heart 

rate or blood pressure. 

Chapter 6 demonstrated that nicotine treatment was associated with altered 

cellular distribution of TJ proteins in cerebral microvessels without changes in protein 

expression. Following nicotine treatment, immunoreactivity of the transmembrane 

protein claudin-3 was reduced throughout brain microvessels. Immunoreactivity for ZO-

1, a cytoplasmic accessory protein involved in TJ regulation, was dramatically disrupted 

at the cell margins. Additionally, ZO-1 localized to the nuclear/perinuclear region of the 
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cell in some vessels, a phenomenon not observed previously in a native barrier tissue. At 

the same time, ZO-2, a related TJ protein not previously characterized in brain 

microvessels, appeared to localize to the cell margins. Chapter 7 showed that these 

changes in TJ protein distribution were associated with a functional change in BBB 

permeability. Nicotine increased the brain distribution of ['"^Cj-sucrose, a tracer that 

crosses the BBB via extremely limited paracellular diffusion under normal conditions. It 

was therefore concluded that chronic exposure to nicotine could have implications for the 

development and progression of neurological diseases in which a compromised BBB 

plays a critical role. Also, chronic nicotine may increase brain distribution and thus 

potential neurotoxicity of pharmaceuticals comparable to sucrose in molecular weight, 

structure, and/or polarity. 

Chapter 8 investigated the protein expression of nAChR subunits in cerebral 

microvessels, something not yet established in vivo. The expression of nAChR subunits 

a3, a5, a7, and P2 but not a4, p3, or p4, was similar to what had been observed in 

cultured brain endothelial cells and in the peripheral vasculature by other investigators. 

The potential role of these receptors in the functional effect of nicotine on the BBB was 

examined in experiments in which nicotine was co-administered with nonspecific 

nicotinic antagonists. Mecamylamine, an antagonist that blocks both peripheral and 

central nAChR, significantly attenuated the permeability-increasing effect of nicotine, 

indicating that this effect of nicotine is mediated by nAChR. Hexamethonium, an 

antagonist that does not appreciably enter the central nervous system at the dose used in 

this study, also attenuated the effect of nicotine on the BBB. This indicates that the effect 
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of nicotine on the BBB is mediated by nAChR outside the central nervous system. As 

neither of these antagonist treatments were associated with changes in blood pressure, it 

is unlikely that their ability to block the BBB effect of nicotine is due to their ability to 

block ganglionic nAChR. Furthermore, the dose of hexamethonium used in this study is 

well below the established ganglionic-blocking dose. 

Taken together, these data strongly suggest that nicotine increases the permeability of the 

BBB via interaction with endothelial nAChR expressed at the lumen of the cerebral 

microvascuJature. This implies a novel physiological role for endothelial nAChR in the 

modulation of cerebral microvascular permeability. These findings present a possible 

mechanism by which chronic nicotine use could lead to a compromised neurovascular 

unit, and thus, increase the risk and/or severity of certain neurological diseases. Another 

implication of these findings is that endothelial nAChR may be potential targets for 

therapeutic modulation of the neurovascular unit. Nicotine or other nicotinic agonists 

could possibly be used clinically to facilitate the entry of low molecular weight drugs into 

the brain. Alternatively, nicotinic antagonists may be useful for attenuating pathological 

increases in BBB permeability following an acute ischemic attack or traumatic brain 

injury. This work represents a novel contribution to the understanding of how the 

BBB/neurovascular unit might be regulated and possibly manipulated under both 

physiological and pathophysiological conditions. 
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