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ABSTRACT 

The blood-brain barrier (BBB) is located at the level of the cerebral 

microcapillaries, and functions to maintain environmental homeostasis by allowing the 

neurons access to the required nutrients and enabling the exchange of metabolic waste. 

BBB dysfunction has been observed in a number of pathophysiologic statres including 

peripheral inflammatory pain (Huber et al., 2001b). Using the λ-carrageenan 

inflammatory pain (CIP) model, we observed alterations in the tight junction (TJ) 

proteins paralleled by an increase in BBB permeability to [14C] sucrose. The mechanisms 

by which these perturbations occurred remain to be elucidated. In the current study, we 

investigate the central mechanism for the BBB perturbations under CIP. It is our 

hypothesis that the modulations of the BBB under CIP, are mediated via a central 

signaling pathway. First, to investigate the involvement of neuronal input from pain 

activity on alterations in BBB, we developed a method for inhibiting the nociceptive 

input from the paw. Using a perineural injection of 0.75% bupivacaine into the right hind 

leg prior to CIP, we were able inhibit development thermal hyperalgesia induced by CIP, 

as tested by infrared heat stimulus, without effecting edema formation 1 h post CIP. Upon 

inhibition of nociception under CIP, there was an attenuation of both the changes in 

permeability and the changes in tight junction protein expression, with both returning to 

control levels. Next, we investigated intercellular adhesion molecule-1 (ICAM-1), a key 

signaling protein at the BBB, which in the presence of proinflammatory mediators, 

increases in expression leading to the activation of signaling pathways as well as 

morphological changes. We found a region specific increase in ICAM-1 mRNA and 
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protein expression following CIP which directly correlated with increased expression of 

activated microglia. Finally, we investigated the influence activated microglia had on 

BBB permeability. Using an 150 µg intrathecal bolus injection of minocycline, a potent 

inhibitor of microglia activation (Klein and Cunha, 1995), we were able to inhibit the 

increased expression of activated microglia, and saw an attenuation of permeability to 

control levels. These findings suggest CIP induced BBB disruption is localized and has a 

central-mediated component independent of peripheral influence.  
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Chapter 1 

GENERAL INTRODUCTION AND OVERVIEW 
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1.1 The Blood-Brain Barrier  

All living things, from single cell organisms to complex multi-cellular organisms 

such as the human organism are in a constant state of change. Despite these changes, 

there remains a point of consistency that allows for our continuity of being: the ability of 

cells and tissue to control flux of substances across their membranes. This ability is 

particularly apparent in mammalian systems, where there is a constant exchange of 

nutrients, ions, hormones, and other regulatory factors. The exchange of such substances 

is especially critical for the proper functioning of the central nervous system (CNS). 

The CNS requires the maintenance of a microenvironment where the 

concentration of endogenous substances is tightly controlled within narrow limits (i.e. 

cerebral homeostasis); however, the CNS is unable to directly synthesize many of the 

nutrients that it requires. Therefore, it is necessary for many substances to be produced 

elsewhere in the body and delivered to the brain via the systemic circulation. This process 

involves mechanisms of biological transport which are vital to ensure that CNS structures 

(i.e. brain and spinal cord) are able to perform their physiological functions such as the 

maintenance between other organ systems. Due to the specific requirements of CNS 

homeostasis, the interface between the brain and the systemic circulation must possess a 

structure capable of maintaining CNS homeostasis under physiological conditions and, 

perhaps, in response to pathophysiological insults. Such a structure is located at this 

interface and is termed the blood-brain barrier (BBB). 
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 The BBB is located at the level of the cerebral microcapillaries, and functions to 

maintain environmental homeostasis by allowing the voracious neurons access to the 

required nutrients and enabling the exchange of metabolic waste. There are some regions 

of the brain that are exposed to the biochemical environment of the circulation, including 

the circumventricular organs, the subfornical organ, organum vasculosum of the lamina 

terminalis and the area postrema. From a physiologic standpoint, the circumventricular 

organs are ideally placed to monitor the changes in osmotic, ionic and hormonal 

composition of the blood (McKinley et al., 2003). Other regions that lack a BBB include 

capillaries of the choroid plexus, the pituitary gland, the pineal gland and the median 

eminence (Johnson and Gross, 1993).  

The properties of the BBB are maintained by the interactions of the cells 

(neurons, astrocytes, pericytes, and extracellular matrix) that surround the endothelial 

capillary cells. The role this interaction of endothelial cells other cells has in the 

pathobiology of cerebral blood vessels has been encompassed under the term 

"neurovascular unit (NVU)" (Lo and Rosenberg, 2009). These relationships may be 

perturbed during pathological insult, leading to BBB dysfunctions. BBB dysfunction has 

been observed in a number of pathophysiologies including, hypertension (Heistad et al., 

1979)  Alzheimer’s type dementia (Alafuzoff et al., 1987; Leonardi et al., 1985)), 

diabetes (Hawkins et al., 2007), hypoxia/ischemia (Hom et al., 2007; Mark and Davis, 

2002; Witt et al., 2003), meningitis (Marker et al., 1984), bacterial infection (Lo et al., 

1991), HIV infection (Yang et al., 2009) and peripheral inflammatory pain (Huber et al., 

2002);(Hau et al., 2004); (Brooks et al., 2005);(Brooks et al., 2006); (Campos et al., 
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2008);(Huber et al., 2001b). These observations highlight the importance of the BBB in 

maintaining the proper balance optimal for neuronal function.  

  

1.2 The History of the Blood-Brain Barrier  

Through the years of study of the BBB, there are several critical studies that have 

formed the current concept of the BBB. Two critical observations are often credited as 

the initiation of BBB research: 1) the differential brain penetration of water-soluble dyes 

dependent upon site of administration, and 2) the difference in concentration ratios of 

certain salt ions in the CNS as compared to blood.  

The first observation of a seeming separation between the blood and the brain was 

reported during the latter half of the 19th century and beginning of the 20th century, 

where water soluble acid dyes such as trypan blue, when injected into the peripheral 

circulation, at physiologic pH, were observed to be readily taken up by all organs of the 

body except for the CNS (Ehrlich, 1885)as quoted by (Freidemann, 1937). This was 

followed up in a complementary study where it was shown that administration of water 

soluble dyes into the subarachnoid space, a site that permits direct contact with the brain 

parenchyma, diffuse into CNS tissue but not into other organs(Goldman, 1913). This 

initial observation establishes that a physical separation between the blood compartments 

and the brain compartment, thereby pointing towards new studies that examine the CNS 

as an organ isolated (i.e. privileged) from the rest of the body.   
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It was generally accepted that a rapid equilibrium existed between water found in 

the brain and the water found in the blood (Bering, 1952). This, along  with the 

observation that there is a different distribution ratio of certain salt ions (e.g. Na+, PO4
-) 

in the CNS as compared to the blood, was indicative that there is a selective partition that 

allowed certain permeation of specific ionized substances (Freidemann, 1937).  It was 

described that the rate of penetration of these salt ions was generally slower, with final 

concentrations lower at steady state versus blood and other organs (Davson and Spaziani, 

1959). Taken with the observations of Ehrlich and Goldman among many others, the 

concept of an effective barrier between blood and brain was demonstrated but not entirely 

proven.  

These preliminary observations left many aspects of functional mechanisms of the 

barrier unresolved. Early BBB investigators debated whether the concept of a BBB was 

actually a physical barrier or if the observations were merely a phenomena associated 

with the dyes and/or assays used for determining the different compartmental 

concentrations of substances (Dobbing, 1961). 

Electron microscopy added some resolution to this debate, particularly in 

clarifying the location of the blood-brain to tight junctions (TJ) located between adjacent 

endothelial cells. Observations made by T. S. Reese and Morris J. Karnovsky (Reese and 

Karnovsky, 1967) showed exogenous peroxidase localized in the lumen of blood vessels 

and in some micropinocytotic vesicles within endothelial cells but not beyond the 

vascular endothelium (figure 1.1). 
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Figure 1.1 Electron micrograph of the tight junction. At the arrow, the tight junctions are seen in the clefts 
between neighboring endothelial cells. Colin Willis, 2007 by permission.  

Tight Junction 



 

 

19 

 

It had been shown previously shown that brain capillary endothelium was unique 

in its tight junctions and barrier properties when compared to the peripheral capillary 

network of other organs (Friedmann, 1942). It was not until the work of Stewart and 

Wiley (1981), which showed that it was the neuronal environment which specifies that a 

“solute restrictive-barrier” will be present in the endothelial cells, (Stewart and Wiley 

1981). These results came about by transplanting fragments of abdominal tissue that had 

not yet been vascularized from very young quail embryos to host chick embryos. These 

grafts did not contain vascular channels that could form part of a new vascular system. 

Peripheral vessels that vascularizing grafted neural tissue formed structural, functional, 

and histochemical features of the blood-brain barrier. In contrast, brain vessels 

vascularizing grafted mesodermal tissue were devoid of barrier characteristics (Stewart 

and Wiley, 1981). 

Through the research of these investigators, we have come to realize that the BBB 

is a highly regulated system of cells that maintains a proper balance for all brain 

functions. With this role, the BBB is established as a result of a unique set of factors from 

the expression of a distinctive set of genes within the capillary endothelium combined 

with influence of cofactors from multiple cellular sources within surrounding tissue. 
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Figure 1.2 Cartoon representation of the cellular constituents of the neurovascular unit (NVU), source 
(Choi and Kim, 2008). 
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1.3 Structural features of the BBB and the “neurovascular unit” 

1.3.1 Basal Lamina 

The basal membrane acts as an additional barrier to macromolecular diffusion, 

provides a foundation for cell attachment, acts as a substratum for cell migration, and 

separates adjacent tissues.  The basal membrane consists of laminin, fibronectin, tenascin, 

collagens, and proteoglycan (Timpl and Brown, 1996).  In addition, integrins, 

transmembrane receptors, adhere cells to the basal membrane by bridging the cytoskeletal 

elements of a cell to the extracellular matrix of the membrane (Hynes and Lander, 1992).   

1.3.2 Pericytes 

Pericytes that surround peripheral capillary walls generally serve as contractile 

connective tissue cells, however pericytes that surround central microcapillaries lack an 

α-actin isoform typical of contractile cells suggesting that the pericytes found at the level 

of the BBB are not involved in capillary contraction (Nehls and Drenckhahn, 1991).  The 

suggested role of pericytes located at the level of the microcapillary include being 

involved in regulating endothelial cell proliferation, survival, migration, differentiation, 

and vascular branching (Hellstrom et al., 2001).  They are thought to be involved in 

endothelial cell proliferation, via selective inhibition of endothelial cell growth, and have 

been demonstrated to phagocytize exogenous protein from the CNS (Antonelli-Orlidge et 

al., 1989);(Coomber and Stewart, 1985). 

1.3.3 Astrocytes 
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 Astrocytes are thought to play a role in determination of BBB morphology, 

function, and protein expression (Cancilla and DeBault, 1983); (Arthur et al., 1987; 

Takashima et al., 1984).  They are glial cells that envelope > 99% of the BBB capillary 

endothelium, serving as scaffolds, guiding neuron and BBB vessel placement during 

development.  In addition to their structural role, astrocytes are critical for proper 

functioning of the CNS. Astrocytes have been found to increase BBB marker expression 

of γ-GTP (Maxwell et al., 1987), cAMP (Rubin, 1991), Na+/K+-ATPase (Beck et al., 

1986), multidrug-resistance receptors (MDR) (Sobue et al., 1999), and glucose 

transporters (Pardridge et al., 1990); (Boado and Pardridge, 1994).  In addition, bovine 

brain microvascular endothelial cell (BBMEC) monolayers, when co-cultured with 

astrocytes or cultured in astrocyte-conditioned media, express greater TJ complexity and 

BBB markers (Arthur et al., 1987); (Tao-Cheng et al., 1987).  Astrocyte influence 

includes actin filament migration and redistribution at TJs (Gaillard and de Boer, 2006), 

increased glucose transport (Maxwell et al., 1987), and increased TEER values in culture 

(Dehouck et al., 1990; Rubin et al., 1991). Astrocytes contribute to the physical barrier of 

the BBB, as shown by Janzer and Raff (Janzer and Raff, 1987). In this study, purified 

astrocytes from neonatal rats were injected into the anterior eye chamber of adult 

syngeniec rats. These astrocytes formed aggregates on the surface of the iris which 

became vascularized after 48 h, and after 48 h, rats were injected i.v. with Evans Blue for 

two weeks to test the ‘tightness’ of this vascularization. Interestingly, the rest of the tissue 

turned blue, while the astrocyte aggregate remained white, implying a functional barrier 

against the dye was established. 
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 1.3.4 Microglia 

In the adult brain, microglia make up about 5–20% of the entire central nervous 

system glial cell population. This translates to roughly as many microglial cells as 

neurons in the adult brain (Hickey, 2001). Microglial cells which are stellate in shape in 

healthy brain are activated by various degenerative diseases and regulatory factors. Upon 

activation, microglial cells present with amoeboid morphology. Due to the activation of 

multiple signaling cascades in response to pathological insult, microglia expresses a wide 

array of cytokines, growth factors, and free radicals and are involved in phagocytosis. 

Activation of microglia may come about under a variety of means, including systemic 

inflammation and peripheral inflammatory pain (Willis and Davis, 2008). Several anti-

inflammatory drugs have been shown to repress the microglial activation and to exert 

neuroprotective effects in the CNS following different types of injuries. However, the 

molecular mechanisms by which these effects occur remain unclear (Camacho-Arroyo et 

al., 2009). It is likely that microglia-mediated activation also affects BBB integrity 

through crosstalk with astrocytes and perivascular cells. In post mortem studies of HIV-

1-associated dementia, the presence of damaged tight junctions, indicated by 

fragmentation or absence of immunoreactivity for occludin and ZO-1, correlated with 

increased levels of monocyte infiltration (Dallasta et al., 1999); (Boven et al., 2000). 

Furthermore, in response to λ-carrageenan induced inflammatory pain, it has been 

demonstrated that spinal microglia are involved in the production of hyperalgesia through 

the activation of p38, mitogen-activated protein kinase , which plays a critical role in 

nerve injury and inflammation-induced spinal nociceptive processing (Hua et al., 2005).  
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1.3.5 Neurons  

Neurons may also play a role in BBB formation, as various in vivo and in vitro 

studies have suggested a role for neurons and / or astrocytes in induction of the BBB 

cerebral microvasculature ((Wolburg and Rohlmann, 1995) (Bauer and Bauer, 2000).  

Experiments involving coculture of cerebral capillary endothelial cells with neurons 

versus similar endothelial cells with glial cells have shown dose-dependent increases in γ-

glutamyl transpeptidase activity (a marker for BBB endothelial cells), indicating neuronal 

inductive effect (Tontsch and Bauer, 1991).   

1.3.6 Endothelial Cells 

The endothelial cell of brain microcapillaries is the principal point of contact 

between the blood and the brain. Due to their location straddling the dual environments, 

there is both a structural and functional difference between the luminal and abluminal 

surfaces of the cerebral endothelial cell (Betz and Goldstein, 1978).  This difference is 

represented in the differential localization of specific enzymes to either the luminal or 

apical surface. For example, enzymes such as γ-glutamyl transpeptidase and alkaline 

phosphatase which are primarily present at the luminal surface,  where Na+-K+-ATPase 

and sodium-dependent neutral amino acid transporter are associated with the abluminal 

surface (Betz et al., 1980).  This polarity is also reflected in transporter localization, such 

as the glucose receptor, GLUT-1, which has been shown to have a 3:1 ratio of 

distribution abluminal to luminal at the BBB (Farrell and Pardridge, 1991; Pardridge et 

al., 1990).  The multiplicity of transporters present in endothelial cells requires that an 



 

 

25 

immense energy source to enable the active transport of nutrients and waste. In 

comparison to rat peripheral endothelial cells, endothelial cells of the BBB have a 

significantly greater number of mitochondria (Oldendorf et al., 1977).  There is an 

estimated five to six times more mitochondria per capillary cross-section in rat cerebral 

capillaries versus rat skeletal muscle capillaries (Oldendorf and Brown, 1975).  This 

translates to increased energy potential which is important for active transport of nutrients 

from the blood to the brain at the BBB.    

 

1.4 Molecular organization of the BBB  

1.4.1 Tight Junctions    

A critical site of the BBB occurs between overlapping endothelial cells referred to 

as the TJ. TJs form a rate-limiting barrier to paracellular diffusion of solutes thus 

ensuring that microenvironments of the systemic circulation and the brain separate and 

distinct.  TJs are characterized by high transendothelial electrical resistance (TEER) 

values in the range of 1500-2000 Ω x cm2 as compared to 3 – 33 Ω x cm2 in other 

peripheral tissues (Crone and Christensen, 1981) (Butt et al., 1990).  BBB TJs are 

composed of an intricate combination of transmembrane and cytoplasmic proteins linked 

to an actin-based cytoskeleton that allow TJs to form an impermeant seal while remaining 

capable of rapid modulation and regulation (Huber et al., 2001a)). The TJ strand 

primarily consists of three distinct, transmembrane proteins: junction adhesion molecule 

(JAM) (Del Maschio et al., 1999) claudins and occludin. ((Kniesel and Wolburg, 2000; 
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Wolburg and Lippoldt, 2002), all of which have crucial interactions with cytoplasmic 

proteins such as actin, and zonula occludens (ZO),  

JAM is a 35-41 kDa protein that was named junction adhesion molecule (JAM) 

based on its predominant expression in both endothelial and epithelial intercellular 

junctions (Martin-Padura et al., 1998). Chinese hamster ovary (CHO) transfection studies 

suggests a role for JAM in cell-cell interactions through association with TJ proteins such 

as occludin (Dejana et al., 2000; Liu et al., 2000).  JAM is composed of a single 

membrane-spanning chain with a large extracellular domain (Martin-Padura et al., 1998). 

The extracellular domain maintains two immunoglobulin (IgG)-like domains and is 

bridged by disulfide bonds, and, unlike the other TJ proteins, lacks the PSD-95/DLG/ZO-

1 (PDZ) domain, which limits its interactions with the cytoplasmic protein ZO-1(Itoh et 

al., 2001). JAM plays a role in monocyte transmigration across endothelial cells, as 

demonstrated by the inhibited spontaneous and chemokine-induced monocyte 

transmigration through an endothelial cell monolayer when a murine antibody directed to 

JAM (BV11) was administered to the cells. In vivo, systemic treatment of mice with 

BV11 mAb blocked monocyte infiltration upon subcutaneous administration of 

chemokines into a subcutaneous air pouch (Martin-Padura et al., 1998).  

Claudins are 20-27 kDa proteins with four transmembrane domains and two 

extracellular loops similar to occludin but have no structural relation to occludin. 

Claudins also have a carboxy intracellular tail that is much shorter in comparison to 

occludin.  The amino acids of the tail are highly conserved within the claudin family and 
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all contain PDZ binding motifs, linking it with ZO proteins (ZO-1, ZO-2, ZO-3) 

(Gonzalez-Mariscal et al., 2000; Itoh et al., 1999b; Itoh et al., 2001; Takaki et al., 2001). 

Claudins are part of a large family (at least 24 members) of intercellular adhesion 

molecules that form dimers which bind homotypically to adjacent endothelial cells to 

form the primary "seal" of the TJ (Furuse, 1989). Evidence of claudin’s role as the 

primary seal of the TJ comes from studies in cultured epithelial cell models, genetically 

altered mice, and human mutants (Furuse, 1989; Itoh et al., 1999a; Kubota et al., 1999).   

Of the multiple isoforms of claudin, only 3, 5 and 12 have been identified at the BBB 

(Brooks et al., 2005; Brooks et al., 2006; Hawkins et al., 2005; Liebner et al., 2000; Nitta 

et al., 2003). In a murine claudin-5 knock out model, there is a selective increase in 

paracellular permeability of small molecules but not a general breakdown of TJs (Nitta et 

al., 2003), suggesting an increased expression in claudin-5 has been correlated with a 

significant increase in the BBB influx rate for the vascular impermeant tracer [14C] 

sucrose at the rat BBB. (Brooks et al., 2005; Brooks et al., 2006; Campos et al., 2008; 

Hau et al., 2004; Huber et al., 2002).  

 Occludin, a 60-65 kDa protein, has four transmembrane domains with both the 

carboxyl and amino terminals oriented towards the cytoplasm.  With these four 

transmembrane domains, there are two extracellular loops that span the intercellular cleft 

(Furuse et al., 1993). Occludin was the first integral transmembrane TJ protein identified, 

and is considered to be the primary backbone of the TJ, essential for a well developed TJ 

(Ando-Akatsuka et al., 1996); however occludin knock out mice still display well 

developed TJs capable of limiting paracellular diffusion  (Saitou et al., 2000), indicating 
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that occludin is important for the regulation of TJs, but it is not the primary TJ protein. 

Occludin has been shown to function as a dynamic regulatory protein whose presence in 

the membrane is correlated with increased electrical resistance across the membrane and 

decreased paracellular permeability. (Balda et al., 1996; McCarthy et al., 1996). Occludin 

is concentrated within tight junctional fibrils (Furuse et al., 1993) with a detergent-

extractable pool found along the basolateral surface that is not embedded in the 

membrane (McCaffrey et al., 2007; Sakakibara et al., 1997). In experiments with Madin-

Darby Canine Kidney Cells (MDCK) cultured epithelial cells, occludin was shown to 

play a role in regulation of size-selective paracellular diffusion of hydrophilic molecules 

(Balda et al., 1996). Occludin maintains numerous phosphorylation sites (C-terminus 

region) believed to be important in both its regulation and membrane localization 

(Andreeva et al., 2001; Sakakibara et al., 1997).  In general it has been reported that 

highly phosphorylated forms of occludin localize to the TJ, whereas non- or less- 

phosphorylated forms localize within the cytoplasm. In addition to acting as a barrier 

protein, occludin also functions as an important signaling molecule (Barrios-Rodiles et 

al., 2005). 

 The functionality of TJs is due to crucial interactions between the transmembrane 

proteins and cytoplasmic proteins including zonula occludens (ZO-1, ZO-2, and ZO-3), 

cingulin, AF6, and 7H6, thereby adding to the dynamic nature of the barrier. These 

accessory proteins are necessary to form, maintain, and regulate TJs, linking 

transmembrane proteins to the actin cytoskeleton.  ZO proteins are members of a family 

of membrane-associated guanylate kinase-like (MAGUK) homologues , which are 
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important in site recognition, signal transduction, and structural support (Tsukamoto and 

Nigam, 1997). Proteins in this family are recognized for having structurally conserved 

PDZ, SH3 and GK domains (Gonzalez-Mariscal et al., 2000) These domains allow the 

proteins to bind carboxy-terminal  cytoplasmic ends of transmembrane proteins, signaling 

proteins, and cytoskeletal factors (Haskins et al., 1998). ZO-1, with a molecular weight of 

220 kDa, is the most characterized of these accessory proteins and has binding sites for 

occludin, claudin, JAM, ZO-2, ZO-3, cingulin, and actin, giving it a key role in 

maintaining and regulating tight junction structure (Fanning et al., 1998; Stevenson et al., 

1986).  Studies have shown that the degree of “tightness” (i.e. high TEER) of the TJ has 

been related to the increase of ZO-1 expression (Campos et al., 2008; Gonzalez-Mariscal 

et al., 2000; Huber et al., 2002)). Conversely, decreased ZO-1 expression is correlated 

with an increase in permeability (decrease in TEER), as seen with experimental 

conditions such as peripheral inflammatory pain (Brooks et al., 2005; Campos et al., 

2008; Huber et al., 2002), diabetes models (Hawkins et al., 2007) and stroke (Hom et al., 

2007). ZO-2 (160 kDa) has been localized to both TJs and adherens junctions (Itoh et al., 

1999a; Jesaitis and Goodenough, 1994), suggesting it may also play a role in TJ 

maintenance and regulation.  The second PDZ domain of ZO-2 has been shown to bind 

ZO-1, forming a heterodimer (Itoh et al., 1999a).  ZO-3 (130 kDa) and is also localized to 

TJs in binding studies (in vitro) which have demonstrated binding to occludin, claudin 

and ZO-1 but not ZO-2 (Haskins et al., 1998; Itoh et al., 1999a).     

 Cingulin is a peripheral component of TJ, it is a 140–160 kDa protein that 

localizes to the TJ submembranous region of epithelial and endothelial cells (Citi et al., 
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1988), and is capable of interacting either directly or indirectly with other cytoplasmic 

proteins. It is similar in structure to myosin with a globular head and tail domains in 

addition to an α-helical rod (Cordenonsi et al., 1999).  In vitro studies showed ZO-2, ZO-

3, F-actin, myosin, and JAM, interact with the globular head of cingulin (Cordenonsi et 

al., 1999). Cingulin is able to interact with ZO-1 in a more complex manner than direct 

binding; rather involving multiple protein interactions (Gonzalez-Mariscal et al., 2000).   
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 Figure 1.3 Proposed interactions of the major proteins associated with tight junctions (TJs) at the blood–
brain barrier (BBB). The TJ is embedded in a cholesterol-enriched region of the plasma membrane. 
Claudin- 3, 5, and 12 make up the backbone of TJ strands by forming dimers and binding homotypically to 
claudins on adjacent cells to produce the primary seal of the TJ. Occludin was the first integral 
transmembrane TJ protein identified, and is considered as being the primary backbone of the TJ, essential 
for a well developed TJ. Increased presence of occluding in the membrane is correlated with increased 
TEER values and decreased paracellular permeability. Within endothelial cell reside several accessory 
proteins necessary to form structural support for the tight junction. The zonula occludens proteins (ZO1, 
ZO2 and ZO3) belong to a family of proteins known as MAGUKs. MAGUK proteins are recognition 
proteins for TJ orientation within the cell and serve as a support structure for other signal transduction 
proteins. The known binding patterns of the ZO proteins to one another are shown. AF6 is a Ras effector 
molecule associated with ZO1.  7H6 antigen is a phosphoprotein found at tight junctions impermeable to 
ions and macromolecules. (Huber et al. 2001) Cingulin is a double-stranded myosin-like protein that binds 
preferentially to ZO proteins at the globular head and to other cingulin molecules at the globular tail. 
(Huber et al. 2001). The primary cytoskeletal protein, actin, has known binding sites on all of the ZO 
proteins, and on both claudin and occluding. (Figure adapted from Huber et al., TINS 2001) 
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During the last few decades since the characterization of ZO-1, more than 40 

different proteins have been discovered to be localized to the TJs of epithelia, endothelia 

and myelinated cells. This information has changed our view of TJs, recognizing them as 

a complex structure involved in signaling cascades that control cell growth and 

differentiation, as well as facilitators of intracellular communication (Gonzalez-Mariscal 

et al., 2000). Further discussion of these proteins is beyond the scope of this dissertation.  

Readers are directed to the book chapter by Hartwig Wolberg “The Endothelial Frontier”, 

Blood-Brain Barriers, 75-107, 2007 Wiley-VCH Verlag GmbH & Co. KGaA, for further 

information. (Wolburg, 2007) 

1.4.2 Adherens junctions 

Adherens junction (AJ) are cell to cell contacts formed by clusters of 

transmembrane glycoproteins belonging to the cadherin family, which mediate the 

physical attachments between cell membrane and intracellular undercoat network of 

cytoplasmic proteins and actin filaments (Dejana et al., 1995).  Cadherins link to catenins 

and promote anchoring to the actin cytoskeleton.  The AJ protein E-cadherin is a Ca+2 

dependent cell-cell adhesion molecules that associate with cytoskeletol elements like the 

zonula occludins and F-actin via its interaction with β-catenin.  (Hirase et al., 2001; 

Perriere et al., 2007).  AJs are ubiquitously expressed along the vascular tree, and are 

necessary for the organization of the gap junctions and TJs (Meyer et al. 1992).  In 

murine brain microvessel endothelial cells, reduced expression of AJ-associated proteins 
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VE-cadherin and β-catenin was correlated with a heightened paracellular permeability 

(i.e. leak) (Song et al., 2007). 

 

1.5 Blood-Brain Barrier Transport 

The surface area of the human BBB is estimated to be 5000 times greater than 

that of the blood-cerebrospinal fluid barrier, and therefore the BBB is considered to be 

the primary barrier controlling the uptake of drugs into the brain parenchyma (Crone and 

Christensen, 1981). The BBB is a unique physical and enzymatic barrier that segregates 

the brain from the systemic circulation. BBB capillary endothelia lack fenestrations and 

are sealed by tight junctions, which inhibit any significant paracellular transport (Witt 

and Davis, 2006). At the same time that the BBB protects the brain from potentially 

neurotoxic agents, the BBB has the functionality to maintain brain homeostasis, and in 

order to do this, the BBB employs four basic types of mechanisms by which most solutes 

traverse membranes including: simple diffusion, facilitated diffusion, simple diffusion 

through a channel, and active transport through a protein carrier (Abbott and Romero, 

1996; Pardridge, 2007b). Numerous receptor- and carrier-mediated transport systems 

have been described at the BBB, including transporters for small neutral amino acids 

(LAT1) (Boado et al., 1999), glucose (GLUT1) (Mueckler et al., 1985), insulin growth 

factor  (Kondo et al., 2004), and the transferrin receptor (Li et al., 1999). The BBB also 

has efflux transporters that actively transport compounds from the brain to the blood, 
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which can have the effect of limiting the uptake of therapeutic compounds into the CNS 

(Terasaki and Ohtsuki, 2005) 
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Figure 1.4 Blood - Brain Barrier Transports. There are several types of transport mechanisms and structures 
at the BBB that help maintain brain homeostasis; these include (1) paracellular diffusion, (2) transcellular 
diffusion, (3) aqueous channels, (4) facilitated diffusion, (5)active transport, (6) endocytosis (receptor-
adsorptive mediated). (Figure adapted from Huber et al., 2001.) 
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1.5.1 Diffusion 

  Simple diffusion proceeds from areas of high solute concentration to areas of low 

solute concentration.  Another type of diffusion involves an aqueous channel formed in 

the membrane. Diffusion of a substance can further be broken down into paracellular 

(between cells) or transcellular (across cells) diffusion which are non-saturable and non- 

competitive.  Because of the TJs restricting paracellular diffusion of solutes, most 

diffusion across the BBB is typically transcellular (Furuse et al., 1999).  Thus, a solutes 

ability to traverse the BBB is mostly dependent on its lipophilicity and hydrogen bonding 

potential; the greater the lipophilicity  and the lower the hydrogen bonding potential, the 

greater the transcellular diffusivity ((Diamond and Wright, 1969; Pardridge and Mietus, 

1979; Weber et al., 1993).  

 1.5.2 Endocytosis  

The BBB also employs endocytosis mechanisms for solute transport, and can be 

segregated into fluid-phase and mediated endocytosis.  Fluid-phase endocytosis is also 

known as pinocytosis which is reduced in cerebral endothelial cells as compared to the 

periphery.  It is a nonspecific uptake of extracellular fluids at a constitutive level 

independent of ligand binding (Pardridge, 2007a).  Mediated endocytosis involves both 

receptor and absorptive mediated.  Receptor-mediated endocytosis is more of a selective 

mode of transport.  Cells have receptors for the uptake of many different types of ligands, 

including enzymes, hormones, plasma proteins, and growth factors.  Transferrin, insulin, 

and low-density lipoproteins have been demonstrated to utilize receptor-mediated 
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endocytosis at the BBB (Descamps et al., 1996; Fishman and Fine, 1987; King et al., 

1985).    

1.5. 3 Carrier-mediated Transport 

 Carrier-mediated transport is a substrate-transporter interaction at the level of the 

brain endothelial surface.  It is a saturable process and can be divided into a number of 

different mechanisms dependent on energy and/or co-transport of another substance.  

Furthermore, co-transport may be in the same direction (symport) or in the opposite 

direction (antiport) (Egleton and Davis, 1997).   

1.5.4 Active Transport 

  The BBB expresses a number of efflux transporters that can actively transport 

molecules out of the brain, as well.   Drugs, nutrients, metabolites, peptides, hormones, 

and neurotransmitters have all been demonstrated to be taken up by efflux transporters 

and moved from the brain to the blood to maintain brain homeostasis (Banks, 1999; Bart 

et al., 2000).  Efflux transporters localized at the BBB, include P-glycoprotein (P-gp), 

monocarboxylic acid transporters, members of the multidrug resistance-associated 

protein (MRP) family, and organic ion transporters. (Miller et al., 2004). These efflux 

transporters are also purported to be present on astrocytes and microglia associated with 

the microcapillaries of the brain (Dallas et al., 2006).  Therapeutic compounds such as 

anti-HIV drugs, analgesics, antibacterials, antiepileptics, and anticancer agents entering 

into the CNS have been shown to be limited by efflux transporters (Dallas et al., 2006; 

Wolka et al., 2003). 
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1.6 Physiology and pathophysiology of BBB  

1.6.1 Alteration of BBB in disease states 

The CNS has long been characterized as an immune privileged site due to the lack 

of lymphatic tissue and strict regulation of the parenchymal microenvironment by BBB 

(Huber et al., 2001b); however, the brain is now recognized as having its own innate 

immune system (McGeer and McGeer, 2000). Several CNS-associated diseases are 

characterized by cerebral inflammatory processes resulting from exogenous antigens and 

decreased peripheral tolerance to self-antigens that alter BBB physiological function, 

leading to disruptions in homeostasis, neuronal function, and delivery of therapeutic 

agents (Farkas et al., 2003; Jaworowicz et al., 1998; Markovic-Plese and McFarland, 

2001; Merodio et al., 2000; Toborek et al., 2003). A growing body of evidence now 

exists that describes the role that cerebral inflammation plays in neuronal injury and 

central-mediated inflammatory processes, including localized activation of resident cells 

(i.e., microglial, astrocytes), recruitment of leukocytes into the CNS and release of 

proinflammatory cytokines (Dinkel et al., 2003; Pyo et al., 2003; Watkins et al., 1995).  

Neuroinflammation is associated with microglial activation which, has been shown to 

occur prior to BBB disruption in other neuroinflammatory models (Lynch et al., 2004; 

Shaked et al., 2005). Stimulation of CNS cells by inflammatory cytokines such as TNF-α 

results in production and release of  PGE2 by almost all CNS cell types, including brain 

endothelial cells (Katsuura et al., 1989; Mark et al., 2001; Nogawa et al., 1997; Rettori et 

al., 1992; Yamagata et al., 2001)  
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1.6.2 Intercellular signaling pathways 

Cytokines and Chemokines  

 During disease or trauma, cytokines can either be released peripherally or in the 

CNS (Watkins et al., 1995). Cytokines are soluble polypeptide cellular signaling 

molecules that encompass neutrophins, interleukins, growth factors, colony stimulating 

factors, interferons, and chemokine signaling families.  The involvement of cytokine 

action in pain came from their involvement, along with glial activation in sickness-

induced enhanced pain responses (Wieseler-Frank et al., 2005). Cytokines that are 

involved in the immune response are the interleukins IL-1α and -1β,-2, -4, -6,-8, -10,-12 

and -13, type 1 interferons IFN-α and –β, and tumor necrosis factor-α (TNF-α).  TNF-α, 

IL-1β and IL-6 are rapidly induced in response to foreign materials (Rivest, 2001).   

These cytokines have been shown to be dose dependently either hyperalgesic or 

analgesic, can  potentiate the effect of kinins, change expression of endothelial surface 

molecules, and induce adhesions of polymorphoneutrophils (PMNs), monocytes, and 

leukocytes to cell walls (Bianchi et al., 1992; Fernandes et al., 2002; Oka et al., 1995; 

Watkins et al., 1994).  Glial release of these proinflammatory cytokines is implicated in 

the creation and maintenance of exaggerated pain responses (Holguin et al., 2004). In 

models of CNS inflammation and injury, TNF-α, IL-1β, and IL-6 were demonstrated to 

decrease transendothelial electrical resistance of cultured monolayers of rat cerebral 

endothelial cells (de Vries, 1996), suggesting an increase in BBB permeability.  
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TNF-α has been shown to induce COX-2 expression and prostaglandin release in 

cultured bovine brain microvessel endothelial cells (Mark et al., 2001). Direct treatment 

of isolated murine brain microvessels with prostaglandin E2, a product of COX-2 

activity, resulted in decreased expression of both occludin and ZO-1, and which were 

associated with the disruption of the BBB integrity as quantified by extravasation of 

Evans blue dye into the brain tissue (Pu et al., 2007). The cytokine  IL-1β is also 

associated with an increase in BBB permeability due to a loss in the same TJ proteins 

occludin and ZO-1 and a redistribution of the adherence junction protein,  vinculin 

(Blamire et al., 2000; Bolton et al., 1998). 

Cellular Adhesion Molecules   

Adhesion of leukocytes to the endothelial cell surface facilitates leukocyte 

migration across the BBB (Springer, 1994), and is mediated through receptors classified 

as either selectins or integrins.  Selectins are involved in the initial part of the leukocyte- 

endothelial cell interaction, while integrins are important for adhesion and migration and 

can also serve as signal transducers (Cid et al., 2000; Greenwood and Calder, 1993; 

Springer, 1995; Wolka et al., 2003). An immune challenge, such as viral infection or LPS 

injection can “activate” endothelial cells resulting in an upregulation of the genes that 

encode for intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion 

molecule 1 (VCAM-1) (Devine et al., 1996; Howard et al., 1998; Tanio et al., 1994; 

Wang et al., 1995).  Integrins are thought to play an important role during CNS 
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inflammation because there is an increased expression during inflammatory diseases like 

multiple sclerosis (Sobel et al., 1998). 

ICAM-1 is known to be important for tethering leukocytes to endothelial cells,  

initiating intercellular signaling cascades involved in internal rearrangement of the actin 

cytoskeleton (Adamson et al., 1999; Adamson et al., 2002; Dietrich, 2002; Dietrich et al., 

2004). In health, very few leukocytes penetrate the BBB, but in pathological CNS 

conditions, the barrier becomes compromised, and then an intense infiltration of the CNS 

by T lymphocytes underlies the onset and the progression of diseases (Dietrich, 2002). 

 The cytokines TNF-α, IL-1β, and IFN-γ which are known to be elevated during 

inflammatory CNS disease states have also been shown to induce expression of ICAM-1 

and VCAM-1 on bovine brain endothelial cells (BMEC) and astrocytes, which has been 

associated with a loss of occludin and ZO-1 (TJ proteins) as well as a redistribution of 

vinculin (adherens junction protein) (Bolton et al., 1998; Edens and Parkos, 2000; 

Monroy et al., 2001). 

 

1.7 Pain and the BBB 

1.7.1 Pain Mechanisms  

Pain results from complex interactions involving the nervous, hormonal and 

immunological systems of both the central and peripheral nervous systems.  Pain can be 

further split into three categories: acute, subchronic and chronic (Price et al., 1999).  



 

 

42 

Acute pain has a short duration and is generally proportional to the cause (e.g., direct 

contact with a hot surface).  Subchronic pain has duration of hours to days (e.g., a 

headache or an inflamed wound).  Chronic pain has a duration of months to years (e.g., 

arthritis or peripheral/central nervous system injury).  Although the duration may differ, 

the basic mechanisms for all three types of pain are similar.  

Pain can be described as the excitation of nociceptive primary afferent endings in 

the periphery results in action potentials along primary afferent fibers of dorsal root 

ganglia neurons. The nociceptive signals are relayed to and processed by neurons of the 

spinal cord and then transmitted to the brain. This neural circuit, which is essential for 

normal withdrawal responses, protection from injury and the sensation of pain, is 

hyperexcitable in patients suffering from chronic pain (Woolf and Costigan, 1999) and 

(Lacroix-Fralish et al., 2007). Painful stimuli result in an initial dual response consisting 

of release of inflammatory mediators and a neuronal response. In the periphery, a large 

number of substances are involved in mechanisms underlying the induction of pain, 

including histamine, 5-hydroxytryptamine, bradykinin, substance P, and prostaglandins 

(Dessein et al., 2000; Ren and Dubner, 2008).  These factors have considerable effects on 

nerves and vascular (endothelial cell) systems.  Through feed forward mechanisms, 

neuronal modulation results in an increased release of inflammatory mediators in the 

CNS which can have a direct effect on endothelial cells and glia of the BBB/ NVU 

(Huber et al., 2006; Wieseler-Frank et al., 2005). In disorders associated with 

inflammatory pain there is a complex milieu of inflammatory mediator release that 

affects the HPA axis and can create disruptions in the BBB. Some of these mediators 
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include kinins, prostaglandins, cytokines, chemokines, and cellular adhesion molecules 

(Abbott, 2002).  They contribute to inflammation events typified by increased vascular 

permeability, erythema, localized edema formation, and increased leukocyte migration 

(Wolka et al., 2003). Certain inflammatory pathological states such as human 

immunodeficiency virus-1 encephalitis (Dallasta et al., 1999; Nakaoke et al., 2005), 

multiple sclerosis (Trojano et al., 1992), and bacterial meningitis (Kim et al., 1997; 

Lossinsky and Shivers, 2004), have been associated with decreased BBB function.    

 

1.8 Present study objectives 

This dissertation examines the BBB under a pathophysiological state and explores 

central mechanisms regulating BBB integrity. This dissertation focuses on investigating 

the effect of peripheral inflammatory hyperalgesia on the BBB in terms of molecular 

changes and central mechanisms of regulation.  Using a series of techniques to assess 

BBB integrity, molecular changes as well as profiling central and peripheral cytokine 

levels, to investigate the following specific aims.  

 1.) Investigate the mechanisms that control the BBB response to λ-carrageenan induced 

peripheral inflammatory pain (CIP) (Chapter 2-5) 

2.) Assess the effect of nociceptive input from CIP on momolecular changes and TJ 

function at the BBB. (Chapter 2)    
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3.) Investigate the effects of CIP on the activation of cells with in the CNS. (Chapter 3 

and 4)  

4.) Explain the central mediated activation influences on BBB modulation.    (Chapter 5)  

 

 

Overlying Hypothesis    

Peripheral inflammatory pain regulates BBB permeability via activation of NVU 

constituents, specifically microglia and endothelial cells located at the brain 

microvasculature.   
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Chapter 2: 

“NOCICEPTIVE INHIBITION PREVENTS INFLAMMATORY PAIN INDUCED 

CHANGES IN THE BLOOD-BRAIN BARRIER.” 

Chapter Published: 

 

 

Brain Res. 2008 Jul 24; 1221:6-13, 

Campos CR, Ocheltree SM, Hom S, Egleton RD, Davis TP 

.
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2.1 Introduction 

Brain endothelial cells can be modulated by a range of inflammatory mediators 

(Abbott, 2000). The endothelial intercellular adhesion molecule-1 (ICAM-1, CD54), an 

immunoglobulin surface receptor, has been shown to induce changes in the endothelial 

cytoskeleton, transcription and interendothelial junctions, factors which may modulate 

endothelial disposition to infiltrating leukocytes (Turowski et al., 2005). Using CIP, 

Huber et al. (2006) showed an increase in ICAM mRNA and protein expression at the 

BBB. Additionally, a number of circulating, systemic, pro-inflammatory mediators were 

not detected in the early response phase of increased BBB permeability (1-6 h); however, 

there were brain region specific increases in microglial activation suggesting a potential 

role for a central-mediated response to CIP.   

The concept of increased BBB permeability via a central-mediated response is 

supported by work from a number of groups.  Bondy and Purdy (Bondy and Purdy, 

1974)) demonstrated a compensatory increase in permeability to tyrosine after sensory 

input deprivation.  This was attributed to a compensatory mechanism in order to maintain 

a constant supply of nutrients to the brain during variations in cerebral blood flow. 

Yarnitsky et al. (Yarnitsky et al., 2004) showed that  stimulation of parasympathetic 

nerve fibers arising from the sphenopalatine ganglion, resulted in a reversible increase in 

BBB permeability, with enhanced entry of macromolecules such FITC–dextran, Evans 

blue dye–albumin and the chemotherapeutic agents anti-HER2 mAb and etoposide into 

the brain. Furthermore, using a neuropathic pain model of peripheral chronic nerve 
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lesion, Gordh and Sharma (Gordh and Sharma, 2006) demonstrated a loss of blood-spinal 

cord barrier integrity, with increased permeability and activation of astrocytes in the 

spinal cord. Disruption of the blood-spinal cord barrier reflected a widespread alteration 

in the fluid microenvironment and exhibited similarities with precipitating glial cell 

reaction to peripheral nerve stimulation, thus providing evidence of barrier function 

alteration as a result of nociceptive input.  

 The aim of the current study is to elucidate the contribution that central-mediated 

nociception has on the modulation of BBB permeability and on TJ protein expression. 

We induced peripheral inflammation with λ-carrageenan and examined BBB integrity 1 h 

post, with and without bupivacaine-induced peripheral inhibition of nociceptive input. 

We show for the first time the effects of inhibition of neuronal signaling on BBB 

permeability and changes in three integral TJ proteins during acute inflammatory pain.  

2.2 Experimental procedures 

Materials.  

The [14C] sucrose (0.44 Ci/mmol) was purchased from ICN Pharmaceuticals (specific 

activity 462 mCi/mol; Irvine, CA). TS-2 tissue solublizer were purchased from Research 

Products International (Mt. Prospect, IL), and the Optiphase SuperMix from Perkin 

Elmer (Boston, MA). The protease inhibitor (Complete Mini tablet; 10 ml) used in all 

buffers was purchased from Roche Biochemical (St. Louis, MO). Nitrocellulose and 

Tris·HCl Criterion gels were purchased from Bio-Rad Laboratories (Hercules, CA). 
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Western Lightning Chemiluminescence Reagent Plus was purchased from New England 

Nuclear/Perkin Elmer Life Sciences (Boston, MA). Mouse anti-claudin-5, rabbit anti-

occludin, and rabbit anti-ZO-1 were purchased from Zymed Laboratories (San Francisco, 

CA). Anti-mouse and anti-rabbit peroxidase conjugated secondary antibodies were 

obtained from Amersham Biosciences (Piscataway, NJ). Bupivacaine, λ-carrageenan, and 

all other chemicals and supplies were purchased from Sigma (St. Louis, MO). 

Animals and treatments.  

Female Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 225–250 g were housed 

under standard 12:12-h light-dark conditions and received food ad libitum. All protocols 

involving animals were approved by the University of Arizona Institutional Animal Care 

and Use Committee and abide by National Institutes of Health guidelines. In order to 

minimize stress, animals were acclimated to handling prior to injections using a 

modification of the method of quick habituation (Dobrakovova et al., 1993) through 

repeated handling by the same investigator who performed the injections one day prior to 

experimentation and day of experimentation. Handling consisted of gently catching and 

picking up the animal from the cage and returning it back to its home cage after 1 min.  

To inhibit neuronal signaling and induce analgesia below the right hind knee, a perineural 

pre-injection of 0.65 ml bupivacaine (0.75% in 0.9% sterile saline) was applied to the 

saphenous, tibial, and common peroneal nerves. Control animals received a 0.65 ml 

injection of 0.9% saline in the same location. Ten minutes post bupivacaine nerve block, 

0.1 ml of either 3% λ-carrageenan (CIP group) or 0.9% saline (saline control group) was 
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injected into the plantar surface of the right hind paw. All experiments were performed 1 

h post paw injection. There were four experimental groups: saline perineural pre-injection 

with saline injected into the paw (saline control); saline perineural pre-injection with λ-

carrageenan injected into the paw (CIP group); bupivacaine perineural pre-injection with 

saline injected into the paw (nociceptive inhibition control); bupivacaine perineural pre-

injection, with λ-carrageenan injected into the paw (nociception inhibited CIP group). 

Edema formation and thermal allodynia 

Hind paw edema was measured using a plethysmometer (model 7141; Ugo Basile, 

Comerio Varese, Italy). Each animal served as an internal control, with initial paw 

volume measurements taken prior to injection and compared with paw volume 

measurements taken 1 h post paw injection. Thermally evoked paw withdrawal latency 

was assessed using an infrared (IR) heat stimulus (Hargreaves et al.; Montagne-Clavel 

and Oliveras, 1996) using a Plantar Analgesia Instrument (model 7375; Ugo Basile). This 

applies a linearly increasing IR heat source from 23.5°C at time zero to an automatic cut 

off of 37°C at 15 s. To insure uniformity of testing the rats were first habituated to 

individual boxes on an elevated glass table for 20 min prior to exposure of the plantar 

surface of the right hind paw to IR heat source. Paw withdrawal latencies were defined as 

the time (s) taken for the rat to remove its hind paw from the heat source. Three 

consecutive measurements were performed on each hind paw, with 5-min intervals 

between measurements. Thermal paw withdrawal latencies were calculated as the 
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average of three consecutive measurements, and converted to ratio of change pre-versus 

post paw injection of λ-carrageenan. 

 Locomotor activity assay 

Locomotor activity assay was performed under low-light conditions in a quiet, 

temperature- and humidity-controlled environment to determine the motor effects of 

bupivacaine. All measurements were quantified using eight automated TruScan devices 

(Coulbourn Instruments, Allentown, PA). These computer-controlled devices utilize a 

floor plane photobeam array (0.5 inch beam spacing) over a smooth black 16 x 16 inch 

arena to calculate averaged body location, total movements, velocity, thigmotaxis, 

duration (1 s sample interval) and absolute distance traveled. Rats were randomly 

assigned to each sample group and allowed to acclimatize to the test chambers for 1 h on 

day one. Baseline activity was assessed on day two, paying particular attention to closely 

approximate the same time-of-day for each assessment period. Raw coordinate data was 

processed using TruScan 2.0 software to track total movement distance over time, 

measured in centimeters. All data was compared to controls where no anesthetic was 

used. 

 In situ brain perfusion with [14C] sucrose 

One hour post paw injection, rats underwent 20 min in situ brain perfusion of [14C] 

sucrose as previously described (Hawkins et al., 2004). Rats were anesthetized with 

sodium pentobarbital (60 mg/kg, i.p.) and heparinized (10,000 U/kg i.p.) immediately 

prior to surgery. Body temperature was maintained at 37°C using a heating pad. The 
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common carotid arteries were cannulated with silicone tubing connected to a perfusion 

circuit. The perfusate was an erythrocyte-free modified mammalian Ringer's solution 

made of (117 mM NaCl; 4.7 mM KCl; 0.8 mM MgSO4; 1.2 mM KH2PO4; 2.5 mM 

CaCl2, 10 mM D-glucose, 3.9 % dextran (mol. wt. 60,000), and 1 g/l bovine serum 

albumin (type IV), warmed to 37°C and oxygenated with 95% O2–5% CO2.).  Evans blue 

(55 mg/l) was added to the Ringer’s solution to serve as a gross visual marker of BBB 

integrity. After cannulation, once the desired perfusion pressure of 85–95 mm Hg and 

flow rate of 3.1 ml/min were achieved, jugular veins were sectioned to allow drainage. 

Using a slow-drive syringe pump (0.5 ml/min per hemisphere; Model 22; Harvard 

Apparatus, Holliston, MA) [14C] sucrose (10 µCi/20 ml Ringer) was added to the 

inflowing perfusate. Following a 20-min perfusion, the rat was decapitated, brain 

removed and the perfusate containing the radio-labeled marker was collected from each 

carotid cannula to serve as a reference. The choroid plexus and meninges were excised 

and cerebral hemispheres sectioned and homogenized. One milliliter of TS2 tissue 

solubilizer was added and the samples allowed to solubilized for 2 days at room 

temperature. To eliminate chemiluminescence, 100 µl of 30% glacial acetic acid was 

added along with 2.5 ml liquid Optiphase SuperMix (Perkin Elmer, Boston, MA) 

scintillation cocktail. The samples were then measured for radioactivity on a liquid 

scintillation counter (model 1450 LSC & Luminescence Counter; Perkin Elmer). Results 

were reported as the ratio of radioactivity in the brain to that in the perfusate (Rbr), which 

is equal to the total amount of radiolabeled isotope in the whole brain, (Cbrain, in 
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disintegrations/min/g) divided by amount of radiolabeled isotope in perfusate (Cperfusate, in 

disintegrations/min/ml). 

%Rbrain=(Cbrain/Cperfusate)×100% 

 Microvessel isolation 

At 1 h after paw injection, rats were anesthetized with sodium pentobarbital (60 mg/kg, 

i.p.), decapitated and the brains removed. Meninges and choroid plexus were excised and 

cerebral hemispheres homogenized in 5 ml of microvessel isolation buffer (103 mM 

NaCl; 4.7 mM KCl; 2.5 mM CaCl2; 1.2 mM KH2PO4; 1.2 mM MgSO4; 15 mM HEPES; 

pH 7.4), with a Complete-mini protease inhibitor tablet (1 tablet per 10 ml; Roche). Six 

ml of 26% dextran at 4ºC were added to the homogenate and vortexed. Homogenates 

were centrifuged (5,600 g; 4ºC) for 10 min and supernatant aspirated. Pellets were 

resuspended in 10 ml of microvessel isolation buffer and passed through a 70 µm filter 

(Becton Dickinson, Franklin, NJ). Filtered homogenates were pelleted by centrifugation 

at 3,000 g for 10 min. The pellet was re-suspended in 0.3 ml 6M urea buffer urea lysis 

buffer (6M urea, 0.1% Triton X, 10mM Tris, pH 8.0, 1mM dithiothreitol, 5mM MgCl2, 

5mM EGTA, 150mM NaCl) with Complete Protease Inhibitor for protein expression 

analysis. Protein concentrations were determined using bicinchoninic acid protein assay 

(Pierce; Rockford, IL) and protein samples were either immediately used or stored at -

40°C.  
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Western blot analysis 

Protein isolated from isolated cerebral microvessels was analyzed for expression of the 

TJ proteins ZO-1, claudin-5 and occludin. Microvessel protein samples (40 µg) were 

resolved on a 4–20% Tris–glycine gel (Bio-rad, Hercules, CA) for 1 h at 200 V and 

transferred to a nitrocellulose membrane (Bio-rad) for 2 h at 30 V. Gel-Code Blue 

(Pierce, Rockford, IL) was used to stain the gels to ensure proper loading of protein. The 

nitrocellulose membranes were incubated in 5% non-fat milk/TBST blocking buffer (20 

mM Tris Base, 137 mM NaCl, 2 M HCl, 0.1% Tween 20; pH 7.6) overnight at 4°C. 

Membranes were then incubated with primary antibody of either mouse anti-claudin-5 

(1:1000), rabbit anti-occludin (1:2000) or rabbit anti-ZO-1 (1:1000) in 5% non-fat 

milk/TBST blocking buffer at 4ºC overnight.  Membranes were washed in 5% non-fat 

milk/TBST blocking buffer (3x 15 min) and then finally incubated with secondary 

antibodies of either HRP-conjugated anti-mouse (1:1000 for claudin-5 ) or HRP-

conjugated anti-rabbit (1:2000 for ZO-1; 1:1500 for occludin) at room temperature for 45 

min. Membranes were developed using enhanced chemiluminescence (ECL+, Amersham, 

Piscataway, NJ) and analyzed using Scion Image (Scion, Frederick, MD). All data was 

normalized to saline control values that are matched to the treated animals from the same 

experimental day. 

 Statistical analysis 

In all experiments, data were presented as mean ± S.E. Allodynia, plethysmography and 

% protein expression data were analyzed using one-way analysis of variance (ANOVA) 
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to determine significance among treatment groups. To determine significance of changes 

in BBB uptake of [14C] sucrose, calculated %Rbr values for each treatment group were 

analyzed using a two-way ANOVA. Pairwise comparisons for all significant groupings 

were performed using Tukey's HSD post-hoc test. Significance was defined as p<0.05. 

All analyses were performed using the Sigma Stat 2.03 statistical software package 

(SPSS, San Rafael, CA). 

 

2.3 Results  

 Thermal allodynia and edema formation following λ-carrageenan treatment  

The response to noxious thermal stimulation in animals treated with λ-

carrageenan, was significantly (p<0.05; F7,56=25.45) increased compared to the saline 

alone treated group (Fig. 2.1A). A perineural pre-injection of 0.75% bupivacaine reduced 

the λ-carrageenan induced allodynia, as shown by the maintenance of paw withdraw 

latency pre- versus post-injection at a level comparable to that seen in the saline paw 

injected control group. There was a trend towards a decrease in sensibility in the groups 

treated with bupivacaine, as demonstrated with increased paw removal latency, however 

this decrease was not statistically significant (bupivacaine with saline group p=0.062; 

bupivacaine with λ-carrageenan group p=0.068). 

One hour post-paw injection, administration of λ-carrageenan induced a 

significant (p<0.01, F3,12=9.49) hind paw edema compared to saline paw injected 
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treatment groups increasing the paw volume three fold (Fig. 2.1B). A perineural nerve 

blockade using bupivacaine did not prevent the λ-carrageenan induced paw edema 

formation. For comparison purposes, the left paw was measured and demonstrated no 

volume change among all groups studied. 
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Figure. 2.1. λ-carrageenan-induced hind paw thermal allodynia and edema formation and effect of 
bupivacaine injection. (A) Thermal allodynia based on paw removal latency from an infrared heat source 
was measured (s) pre versus post injection of either λ-carrageenan or saline into the right hind paw in rats 
pretreated with either saline or bupivacaine. (B) Edema formation in the right hind paw measured as the 
percent change in paw volume 1 h post-injection of saline or λ-carrageenan in rats pretreated with either 
saline or bupivacaine. Bars represent mean ± S.E., n=8 for each group, *=p<0.05. 
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Effects of nociceptive inhibition on locomotion 

To determine animal mobility following pretreatment with bupivacaine 

nociceptive inhibition, an assessment of locomotion was performed for each group. 

Among the four treatment groups, there was no statistically significant difference in 

locomotion, indicating that bupivacaine nociceptive inhibition did not prevent or alter 

locomotive function. 

 λ-carrageenan-induced changes in BBB permeability to [14C] sucrose 

The effect of CIP on BBB permeability was assessed at 1 h post CIP induction 

using [14C] sucrose. In control animals, the ratio of radioactivity in the brain compared to 

that in the perfusate (Rbr) was 1.23±0.3%. This value is representative of vascular 

volume and can be converted to a vascular space of 18 µl/g brain tissue, which is 

consistent with previous studies (3–20 µl/g brain) (Blasberg et al., 1983). One hour post 

λ-carrageenan treatment, there was a significantly (p<0.05, F3,19=5.66) higher content of 

[14C] sucrose (1.79±0.3% Rbr) associated with the brain when compared to saline paw 

injected brain content (Fig. 2.2). Upon bupivacaine inhibition of nociception the λ-

carrageenan treated animals showed a RBr value of 1.10±0.3% Rbr, indicating no 

increase in [14C] sucrose permeability relative to control values. A visual assessment of 

the brain parenchyma post-in situ perfusion showed no Evans blue albumin influx, 

indicating the BBB was morphologically intact. 
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Figure. 2.2. Changes in paracellular permeability to [14C] sucrose following λ-carrageenan-induced 
inflammatory hyeralgesia and with bupivacaine inhibition. Graph shows the percent of radioactivity 
detected in the brain as compared to that in the perfusate (% RBr) for the four groups following 1 h 
injection of either λ-carrageenan or 0.9% saline into the right hind paw with either saline or bupivacaine pre 
injection. Bars represent mean ± S.E., n=6 each group, *=p<0.05. 
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 Changes in ZO-1, claudin-5 and occludin protein expression 

The expression of tight junction proteins ZO-1, claudin-5 and occludin were 

examined for changes 1 h post induction of CIP, with a pretreatment of either 

bupivacaine nociceptive inhibition or saline vehicle control. In λ-carrageenan treated 

animals, ZO-1 showed an increase in expression of 28% (p<0.05) compared to saline 

controls (Fig. 2.3A). In λ-carrageenan animals pretreated with bupivacaine, there was no 

increase in ZO-1 protein expression compared to date matched saline control. 

In λ-carrageenan treated animals, there was 73% increase (p<0.05) in expression 

of claudin-5 compared to saline control (Fig. 2.3B). In λ-carrageenan animals pretreated 

with bupivacaine, the expression of claudin-5 did not show any significant increase in 

protein expression compared to date matched saline controls.  

The expression of transmembrane protein occludin in λ-carrageenan animals 

showed a statistically significant increase of 64% compared to that obtained in saline 

controls (Fig. 2.3C). In CIP animals pretreated with bupivacaine, there was no significant 

increase in protein expression compared to date matched saline control based on 

quantitated optical densities. 
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Figure. 2.3. λ-carrageenan-induced changes in ZO-1, claudin-5 and occludin protein expression. Western 
blot analysis of cerebral microvessels isolated 1 h post saline or λ-carrageenan injection. There is a 
significant (p<0.05) increase in (A) ZO-1, (B) claudin-5 and  (C) in animals exhibiting allodynia versus 
animals not exhibiting allodynia. Data based on optical densities and normalized to saline control values 
from the same experimental day. Bars represent mean ± S.E., n=6-8 each group, *=p<0.05.  
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2.4 Discussion 

There is a growing body of research characterizing BBB paracellular permeability 

changes to various stimuli such as systemic inflammation and pharmacological 

manipulations (Hawkins and Davis, 2005).  However, the mechanism associated with 

BBB regulation under in vivo pathophysiological conditions, such as inflammatory pain, 

remains to be clarified. The present study, demonstrates the influence of peripheral 

nociceptive input on CIP-induced changes in BBB permeability to [14C] sucrose. Using a 

local anesthetic bupivacaine, we inhibited the nociceptive input associated with CIP and 

measured paracellular permeability changes of the BBB to [14C] sucrose. CIP induced 

allodynia, edema formation, a significant increase in paracellular permeability to [14C] 

sucrose and increased expression of the TJ proteins, ZO-1, claudin-5 and occludin. 

Bupivacaine inhibition of peripheral nociceptive input prevented the λ-carrageenan-

induced allodynia and changes in [14C] sucrose permeability as well as TJ protein 

expression, but had no effect on edema formation. 

Our group has shown CIP to elicit a biphasic increase in BBB permeability at 1–6 h 

and at 48 h (Huber et al., 2002). Characterization of circulating markers of inflammation 

indicated no difference in total white blood cell counts compared to controls over a 0-72 

h time course and no significant change in plasma concentrations of the cytokines TNFα, 

IL 1β, and IL 6 at the time points studied. However, there was a region specific response 

of activated microglia in the parietal and frontal cortices and the thalamus. Each of these 

brain regions has been implicated in the recognition of pain signaling (Wager et al., 
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2004). These observations led Huber and colleagues (2006) to propose that BBB 

perturbations at the earlier time point were not due to systemic effects, but rather a 

centrally mediated response to CIP stimuli via efferent signaling through the 

spinothalamic tracts. 

In the present study, we investigated the potential role that this centrally mediated 

response to painful stimuli has on the modulation of BBB permeability after 1 h CIP. One 

hour was chosen as it is the earliest time point of the 0-72 h time course of CIP treatment 

which demonstrated functional changes in paracellular permeability to [14C] sucrose, and 

associated changes in the TJ proteins ZO-1, claudin-5 and occludin. Using bupivacaine to 

elicit a peripheral nerve inhibition of the saphenous, tibial and common peroneal nerves, 

we were able to inhibit CIP-induced nociception over the one hour experimental period, 

as evidenced by the significantly diminished allodynic response (Fig. 2.1A). There was a 

trend towards a decrease in sensibility upon treatment with bupivacaine; however, this 

decrease was not statistically different from the control saline injections. This trend 

towards a decrease suggests that there was sufficient inhibition of nociceptive input. 

Using the automated TruScan loco-motor boxes to quantify the animal’s mobility, we 

also showed that there was no decrease in locomotion with bupivacaine treatment (at the 

dose used), suggesting the rat was capable of moving its limb away from an applied 

stimulus. Therefore, motor paralysis was not a confounding variable to the allodynia 

assessment. Bupivacaine did not inhibit the characterized paw edema formation resultant 

from λ-carrageenan injection as measured by plethysmography (Fig. 2.1B). 
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Bupivacaine is used clinically for the induction of local analgesia in procedures 

involving limb surgery, dental and oral surgery and obstetrical procedures (Wildsmith, 

1986). Bupivacaine acts by decreasing or preventing the large transient increase in 

permeability to sodium ions that follows membrane depolarization. This stabilizing effect 

on excitable membranes, lends the weak neuromuscular blocking effect caused by 

bupivacaine. Clinically, a solution of 0.5% in 5 ml physiologic saline is used for a 

peripheral nerve block, with a reported moderate motor blockade (Dollery, 1999). A dose 

of 0.75% in 0.65 ml was selected for our work based on earlier dose optimization studies, 

A similar dose of bupivacaine was shown not to cause neuronal degeneration (Foster and 

Carlson, 1980) given the exposure time and injection method. The method of injection is 

an adaptation previously described in dog where a perineural injection of bupivacaine 

was applied to the saphenous, tibial and common peroneal nerves for analgesia below the 

thigh (Rasmussen et al., 2006), the injection sites were adjusted for use in rats.  

Functional paracellular permeability of the BBB was assessed in all groups using the 

method of in situ perfusion using [14C] sucrose. The method used is a modification of 

that originally developed to study transport of neuroactive peptides across the BBB 

(Zlokovic et al., 1987;(Zlokovic et al., 1989);(Zlokovic et al., 1985). The BBB is only 

slightly permeant to sucrose (Bhattacharjee et al., 2001) and as such, permeability to 

sucrose has been used as a method to assess the integrity the BBB in several studies 

(Brown et al., 2004; Hawkins and Davis, 2005; Zlokovic et al., 1987) Previously, we 

have shown that CIP leads to a reorganization of the TJ proteins ZO-1 and occludin, with 

an associated increase in BBB permeability to [14C] sucrose (Huber, 2002b). Capillary 
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depletion studies were conducted to rule out the possibility of vascular trapping of 

labeled sucrose within the brain capillaries so the observed increase in BBB permeability 

was not due to changes in vascular volume or increased vascular trapping but due to 

increased paracellular diffusion between brain microvascular endothelial cells (Huber et 

al., 2001a). In the present study λ-carrageenan treatment increased BBB permeability to 

[14C] sucrose within 1 h post CIP as shown by the increased ratio of radioactivity in the 

brain to that in the perfusate of 1.79±0.3% compared to control values of 1.23±0.3%. 

With bupivacaine inhibition of nociceptive input, λ-carrageenan-induced BBB 

permeability was not seen, as [14C] sucrose permeability was similar to control levels. 

These results indicate that a blockade of nociceptive input prevents functional changes in 

BBB permeability seen under inflammatory pain conditions. 

The brain microvasculature is composed of endothelial cells connected by TJs 

(Kniesel and Wolburg, 2000). The TJ consists of transmembrane proteins (occludin and 

claudins) that interact on adjacent endothelial cells to form a physical barrier to 

paracellular diffusion (Fanning et al., 1999) with accessory proteins such as ZO-1 and 

ZO-2 also playing an integral role (Anderson et al., 1995). Permeability changes have 

been correlated with alterations in expression and localization of ZO-1, claudin-5 and 

occludin (Brooks et al., 2006); (Huber et al., 2001a); (Lee et al., 2004). In this study we 

examined the expression of ZO-1, occludin and claudin-5 under conditions of peripheral 

nerve block of CIP to help clarify the association between nociceptive input and changes 

in BBB integrity. CIP animals exhibiting nociception showed an increase in ZO-1 protein 

expression 28% over saline injection controls, consistent with a previous report from our 
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laboratory (Huber et al., 2002), where an increase of 377% was observed. Inhibiting 

nociceptive input prevents this increase in ZO-1 from occurring. ZO-1 may act as a 

signaling molecule that communicates the state of the TJ to the interior of the cell, or vice 

versa (Gonzalez-Mariscal et al., 2000). The increase in ZO-1 protein expression seen in 

this study may be an endothelial cellular response to peripheral nociceptive activity 

arising from CIP since when nociceptive input was blocked by bupivacaine there was no 

increase in ZO-1 expression. The discrepancy in percentage of increase in expression 

seen with the current study and that previously reported may be due to a difference in the 

treatment paradigm used in this study as compared to that used by Huber et al. 2002. In 

the Huber et al. study animals were anesthetized with pentobarbital Na+ (60 mg/kg) prior 

to hindpaw injection, where as hindpaw injection in the current study had to be 

performed in the awake state, without pentobarbital pre-dosing.  This is a crucial 

difference, as it has been demonstrated that BBB properties and metabolism in 

anesthetized as compared to non-anesthetized rats differs (Saija et al., 1989). This is an 

important point with regards to our occludin protein expression data. We show a 

significant increase in occludin expression as early as 1 h post-CIP, which was not seen 

in CIP animals under inhibited nociceptive input. This increase in expression is in 

contrast to what has been previously reported under similar treatment conditions (CIP; 1 

h) (Huber et al., 2002), and  may be a result of the differences in physiologic response 

between anesthetized as compared to non-anesthetized rats. 

The transmembrane protein claudin-5 also showed an increase in protein expression 

of 73% in CIP animals, versus saline injection controls. An increased expression of 



 

 

66 

claudin-5 has been shown to result in a loss of barrier function with increased 

permeability and paracellular volume of distribution (Coyne et al., 2003); (Kojima et al., 

2002);(Brooks et al., 2005)). Similar to both ZO-1 and occludin, inhibiting nociceptive 

input prevented increased claudin-5 expression.  

In summary, the present study shows that CIP results in hyperalgesia, increased 

paracellular BBB permeability to [14C] sucrose and increased ZO-1, claudin-5 and 

occludin expression. These changes can be prevented by peripheral inhibition of 

nociceptive input using bupivacaine. These results show for the first time that 

inflammatory based nociceptive signaling is involved in perturbations of the BBB. The 

data suggest a systemically-mediated modulation in BBB integrity, particularly 

nociceptive influence on protein signaling states, leading to the conclusion that 

nociception may play a role in systemically-mediated modulations in BBB properties. 

Understanding how changes in BBB structure and function occur in response to 

inflammatory pain will provide further insight into more effective and safer therapeutic 

approaches to treating inflammatory pain.  
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Chapter 3: 

 

ALTERATIONS IN BLOOD-BRAIN BARRIER ICAM-1 EXPRESSION AND BRAIN 
MICROGLIAL ACTIVATION AFTER LAMBDA-CARRAGEENAN-INDUCED 

INFLAMMATORY PAIN 

 

Chapter Published:  

 

Am J Physiol Heart Circ Physiol. 2006 Feb;290(2):H732-40 

Huber JD, Campos CR, Mark KS, Davis TP.  
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3.1  Introduction  

Intercellular adhesion molecule-1 (ICAM-1), a cell surface glycoprotein  with an 

extracellular region composed of five immunoglobulin-like domains and a  short 

cytoplasmic tail (Staunton et al., 1988), plays an important role in immune- mediated 

cell-cell adhesive interactions (Springer, 1994) and intracellular signal  transduction 

pathways through outside-in signaling events (Kim et al., 2003; Lub et al., 1997). ICAM-

1 expression in cerebral microvessels, under basal conditions, is low (Wertheimer 

(Wertheimer et al., 1992); however, ICAM-1 is markedly  increased on the luminal 

surface of endothelial cells in the presence of  proinflammatory mediators, such as tumor 

necrosis factor α (TNFα), interleukin1ß  (IL-1ß), IL-4, and interferon γ (IFNγ) primarily 

due to de novo synthesis ofmRNA  transcription and translation (Harcourt et al., 1999; 

Meagher et al., 1994; Yokomori et al., 2003). Once stimulated, the endothelial cell 

undergoes a number  of morphological changes, including increased surface expression 

of adhesion  molecules, cytoskeletal reorganization, and activation of signaling pathways  

(Couraud, 1998; Huber et al., 2001b; Proescholdt et al., 2002). Increased surface  

expression of ICAM-1 on endothelial cells has been reported in a number of  pathologies 

characterized by acute inflammation, including atherosclerosis,  ischemia, HIV 

encephalitis, and autoimmune disorders (Corti et al., 2004; Isogai et al., 2004; Pu et al., 

2003; Zameer and Hoffman, 2003).   

Recent studies in our laboratory show that peripheral, localized inflammatory pain 

elicits functional and structural alterations at the blood-brain barrier (BBB), including a 

biphasic increase in BBB permeability, changes in tight junction protein expression 
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(Huber et al., 2002; Huber et al., 2001b), and altered delivery of codeine into the CNS 

(Hau et al., 2004). The similarities in our findings and those investigating changes of the 

BBB during CNS-based pathologies are intriguing. Of particular interest are the possible 

pathways that associate localized paw inflammation with BBB changes, particularly in 

differentiating the contribution of the peripheral inflammatory response from central-

mediated pain activities. The purpose of the current study was to evaluate mechanisms by 

which BBB functional and structural changes are occurring during peripheral 

inflammatory pain. Using a carrageenan-induced inflammatory pain model (CIP), we 

investigated ICAM-1 expression at the BBB, evidence of leukocyte transmigration, and 

potential pathways involved in inflammation and central-mediated events.  

 

3.2 Methods  

Animals / Treatments  

Female Sprague-Dawley rats (Harlan; Indianapolis, IN) weighing 225-250 g were housed 

under standard 12 h light/dark conditions and received food ad libitum. All protocols 

involving animals were approved by the University of Arizona Institutional Animal Care 

and Use Committee and abide by NIH guidelines. Rats were anesthetized (sodium 

pentobarbital; 60 mg/kg; i.p.) and injected (100 µl; s.c.) with 3% .λ-carrageenan into the 

plantar surface of the right hind paw. Control animals were injected in the right hind paw 

with 0.9% saline.  
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Microvessel Isolation  

At 0, 0.25, 0.50, 0.75, 1, 3, 6, 12, 24, 48, and 72 h following CIP, rats (n=3) were 

anesthetized with sodium pentobarbital (60 mg/kg; i.p.), decapitated, and brains removed. 

Meninges and choroid plexuses were excised and cerebral hemispheres homogenized in 4 

ml of microvessel isolation buffer (103 mM NaCl, 4.7 mM KCl, 2.5 mM KH2PO4, 1.2 

mM MgSO4, 15 mM HEPES, 2.5 mM NaHCO3, 10 mM D-glucose, 1 mM sodium 

pyruvate, dextran (MW 64,000; 10 g/L), pH 7.4) with a Complete-mini protease inhibitor 

tablet (1 tablet per 10 ml; Roche; Indianapolis, IN). Four milliliters of ice-cold 26% 

dextran were added to the homogenate and vortexed. Homogenates were centrifuged at 

5,600 x g for 10 min and the supernatant aspirated. Pellets were resuspended in 10 ml of 

microvessel isolation buffer and passed through a 70 µm filter (Becton Dickinson; 

Franklin, NJ). Filtered homogenates were pelleted by centrifugation at 3,000 x g.  

Protein Extraction, Immunoprecipitation, and Western Blot analysis of ICAM-1  

Protein was extracted from microvascular pellets using 6 M urea lysis buffer (6 M urea, 

0.1% Triton X-100, 10 mM Tris base, 1 mM dithiothreitol, 5 mM MgCl2, 5 mM EGTA, 

150 mM NaCl; pH 8.0) with protease inhibitor tablet (Roche). Protein concentrations 

were determined by bicinchoninic acid protein assay (Pierce; Rockford, IL) using bovine 

serum albumin as a standard.  
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 Immunoprecipitation studies were performed to determine ICAM-1 expression in 

isolated microvessel homogenate. In brief, 100 µg total protein was diluted 10-fold with 

lysis buffer without urea, combined with 5 µg anti-ICAM 1 (Zymed; South San 

Francisco, CA) and incubated overnight at 4°C. The next day, 50 µl of rec-protein G 

sepharose beads (Zymed) were added. Samples were incubated for 6 h at 4°C, pelleted, 

washed twice with 1 M urea lysis buffer, and once with lysis buffer without urea. 

Samples were resuspended in Laemmli sample buffer and heated to 96°C for 10 min 

before electrophoresis.  ICAM-1 immunoprecipitants were resolved on 4-12% Tris-

glycine gels (Novex; San Diego, CA) for 90 min at 125 V and transferred to 

polyvinylidene  difluoride (PVDF) membranes for 30 min at 240 mA. To ensure proper 

protein loading, gels were stained with Gelcode blue (Pierce). PVDF membranes were 

blocked in Tris-buffered saline (TBS) (141 mM NaCl, 10 mM Tris base, and 0.1% 

Tween-20; pH 7.4) with 5% non-fat milk for 4 h. Blots were incubated with anti-rabbit 

immunoglobulin G (IgG; Sigma; St. Louis, MO) for 1 h. Membranes were washed 4 

times with 5% non-fat milk for 10 min. Blots were developed using enhanced 

chemiluminescence (ECL+; Amersham Life Science Products; Springfield, IL) and 

analyzed with Scion image (Scion Corporation; Frederick, MD).  

 

RNA extraction and expression of ICAM-1  

At 0, 0.25, .050, 0.75, 1, 3, 6, 12, 24, 48, and 72 h following CIP, total RNA was 

extracted from isolated cerebral microvessels (n=3) using TRI Reagent (Sigma). RNA 



 

 

72 

quality was verified by ethidium bromide staining of ribosomal RNA bands (28S and 

18S) on a 1.5 % agarose / 20 % formaldehyde gel. Before reverse transcription-

polymerase chain reaction (RTPCR), total RNA was pretreated with DNase I (type II; 

Sigma), and quantified by spectrophotometry (A260 / A280 ratio > 1.80). Using RT-

PCR, 1 µg of total RNA at each time point was amplified using a SuperScript One-Step 

PCR kit (Life Technologies; Rockville, MD) with an initial denaturation step (94°C for 4 

min), 35 cycles (94°C for 30 s, 50°C for 30 s, 72°C for 30 s), and a final extension step 

(72°C for 4 min) using a Perkin-Elmer GeneAmp 2100 (Torrance, CA). Primers for long 

terminal repeats of ICAM-1 5’AGCATTTACCCCTCACCCAC 3’ (forward) and 

5’CATTTTCTCCCAGGCATTCTC 3’ (reverse) and ß-actin (internal control) 5’ 

TACAACCTCCTTGCAGCTCC 3’ (forward) and 5’ GGATCTTCATGAGTAGTCTGT 

3’ (reverse) were purchased from Sigma Genosys (St. Louis, MO). The cDNA products 

were run on a 2% agarose gel with ethidium bromide at 125 V for 40 min, illuminated 

under ultraviolet light, and photodocumented.  

 

Immunocytochemistry for ICAM-1, MPO, and OX42  

At 0, 3, 48, and 72 h following CIP, rats (n=3) were anesthetized with sodium 

pentobarbital (60 mg/kg; i.p) and underwent transcardiac perfusion with 100 ml of 0.1 M 

phosphate buffered saline (PBS; pH 7.4) followed by 100 ml of 4% 

paraformaldehyde/PBS. Brains were postfixed overnight at 4°C in 4% 

paraformaldehyde/PBS, placed in 20% sucrose/PBS for 24 h, and then 30% sucrose/PBS 
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for 24 h. Brains were embedded in Tissue Tec Optimal Cutting Temperature (O.C.T.; 

Miles; Elkhart, IN), sliced into 20 µm sections, mounted on Super Frost Plus slides 

(Fisher Scientific; Pittsburgh, PA), and frozen at -80ºC. Brain slices in this study were 

analogous to Plate 29 from Rat Brain in stereotaxic coordinates (Paxinos and Watson, 

2004). Upon use, slides were thawed, washed in PBS for 10 min, and treated with 0.3 % 

H2O2 / 30 % methanol in PBS for 30 min to suppress endogenous peroxidases. Non-

specific binding was blocked using 10% goat or horse serum in PBS for 30 min at room 

temperature. Sections were incubated in rabbit anti-human ICAM-1 (1:1,000; Zymed), 

rabbit anti-human myeloperoxidase (1:250; DAKO Corporation; Carpinteria, CA) or 

mouse anti-rat OX42 (1:100; Serotec, Ltd.; Oxford, UK) overnight at 4°C. Brain sections 

were washed with PBS 3 times for 10 min at room temperature and incubated with 

biotinylated goat anti-rabbit or horse anti-mouse IgG (Vector Laboratories; Burlingame, 

CA) for 60 min at room temperature followed by an ABC process (Vector Laboratories). 

Finally, brain sections were exposed to stable 3, 3’-diaminobenzidine tetrahydrochloride 

(DAB) and enhanced (DAB enhancer; Zymed) if necessary. Anti-vimentin (1:1000; 

Zymed) was used as a positive control. Negative control experiments were performed 

using biotinylated anti-rabbit and anti-mouse IgG instead of primary antibody. In 

addition, selected brain slices were processed with no primary or secondary antibody. 

Selected brain sections were counterstained with hematoxylin. All incubations were 

carried out in a humidified chamber.  
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White blood cell and cytokine profile in the systemic circulation  

At 0, 1, 3, 6, 12, 24, 48, and 72 h following CIP, blood was drawn (12-15 ml) from the 

descending aorta of rats (n=6) into EDTA coated tubes. An aliquot of blood was taken for 

blood cell counts using an automated cell counter (Serono Diagnostics; Allentown, PA; 

Model 9018 CP). Leucocyte differential counts were verified manually on Wright stained 

blood smears. RBC, WBC, hematocrit, and WBC differential were all recorded. Two 1 

ml aliquots were taken for flow cytometric analyses. Remaining blood was centrifuged at 

800 x g for 10 min. Supernatant (plasma) was collected in 200 µl aliquots and frozen at -

80ºC until needed for determination of cytokine levels in the systemic circulation. 

Inflammatory cytokine determination in the systemic circulation TNFα, IL 1ß, IL 6, IL 

10, and IFNγ were evaluated by colorimetric assay using Quantikine HS enzyme linked 

immunosorbent assay (ELISA) kits purchased from R&D Systems (Minneapolis, MN) 

according to manufacturer’s instructions. Briefly, samples (n=6) and standards were 

incubated for 2 h in a diluent solution containing an immobilized capture antibody 

specific to the analyte of interest. Following incubation, wells were rinsed and a biotin-

conjugated secondary epitope was added to each well to form an analyte-antibody 

conjugate. After another series of washes, a streptavidin-HRP solution was added to each 

well and biotin-conjugated antibodies formed. Fifty µl of hydrogen 

peroxide/tetrabenzidine solution was added and incubated for 30 min and then 50 µl of 

sulfuric acid was added to stop reaction. Determination of optical density was determined 

using a microplate reader set to 490 nm with a 650 nm correction within 30 min of the 
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stop reaction. Cytokine concentrations were calculated from a curve generated from the 

absorbance of the standards.  

 

Brain removal and isolation of immunocompetent brain  

cells At 0, 3, 48 and 72 h following CIP, rats (n=3) were anesthetized with sodium 

pentobarbital (60 mg/kg) and perfused with 0.9% saline (containing 2 U/ml heparin) to 

remove blood from the brain vasculature. The method used for preparation of a 

microglia-enriched isolate was modified from a previously published method 

(Campanella et al., 2002) to include an enzymatic dissociation step. Brain was removed 

and meninges and choroid plexuses excised. Olfactory bulbs and cerebellum were 

excised and the whole brain was mechanically dissociated and placed in 2 ml of 

dissociation buffer (Hank’s balanced salt solution (HBSS) with 20 U/ml collagenase II 

and 25 U/ml DNase I) at 37ºC for 45 min. Following dissociation, cells were washed 

twice with HBSS, passed through a 40 µm nylon cell strainer, centrifuged at 400 x g for 

10 min, resuspended in a final volume of 4 ml 30% Percoll (Amersham Pharmacia 

Biotech; Springfield, IL), and overlaid on top of a gradient containing 3.5 ml of 37% 

Percoll and 3.5 ml of a 70% Percoll. The gradient was centrifuged at 500 x g for 20 min 

at room temperature. Cells were collected from the 37-70% interface (approx. 5 ml) and 

washed once with HBSS containing 10% fetal bovine serum.  
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Flow cytometric and immunophenotypic analysis  

Morphological analysis was performed using peripheral blood in EDTA and isolated 

microglia. Two hundred µl of blood was incubated in the dark with 10 µl of anti CD3-PE 

(nonspecific T cell antigen; Pharmingen, San Diego, CA), CD4-FITC (co-receptor for 

MHC class II molecules; Pharmingen) and anti CD8Cy5 (co-receptor of MHC class I 

molecules; Pharmingen) or anti CD45-Cy5 (leukocyte common antigen; Pharmingen) 

and anti CD18-PE (lymphocyte function associated antigen 1 (LFA1); Serotec; Raleigh, 

NC) for 20 min at room temperature. After conjugation, red blood cells were lysed by 

incubating in FACS lysing solution (Becton Dickinson; San Jose, CA) for 15 min at room 

temperature and then centrifuged at 200 x g to pellet white blood cells (WBC). WBC 

pellets were washed in FACSflow solution (Becton Dickinson). In addition, 200 µl of 

isolated microglia were incubated in the dark with 10 µl of anti CD 45, anti CD 11b/c-

FITC (aM integrin; Serotec), and anti CD54-PE (ICAM-1; Serotec) for 20 min at room 

temperature. After conjugation, microglial isolates were centrifuged at 500 x g for 5 min, 

washed once, and resuspended in FACSflow solution (Becton Dickinson). In blood 

samples, analysis was performed using appropriate gates to enumerate total lymphocytes 

(CD3) and leukocytes (CD45). CD3 cells were gated for expression of CD4 and CD8. 

CD45 cells were gated for expression of CD18. Microglial isolates were gated for cells 

(CD45 / CD11b/c) to determine expression of CD54. Three color flow cytometry was 

performed using FACScan flow cytometer with a 15mW argon laser (excitation at 488 

nm) (Becton Dickinson). Analysis of captured cell events from each sample was 

accomplished using CellQuest ® software (Becton Dickinson).  
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Statistical Analyses  

Data are expressed as mean ± S.E.. Statistical difference between time points compared 

to control (0 h) was determined using one-way analysis of variance (ANOVA) followed 

by Dunnett’s post-hoc test. Statistical significance was set at P<0.05.  

 

3.3 Results  

RT-PCR of ICAM-1  

RT-PCR produced an ICAM-1 cDNA fragment of 768 bp. Using RNA from time points 

ranging from 0-72 h after injection of λ-carrageenan into the right hind paw showed a 

low basal expression of ICAM-1 mRNA. CIP stimulated transcription of ICAM-1 mRNA 

in isolated microvessels at 0.25, 0.50, 0.75, and 12 h post-injection (Figure 3.1).  
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Figure 3.1 

 

Figure. 3.1 Total RNA from isolated microvessels. Amplification of total RNA from isolated microvessels 
by RT-PCR produced a 768 bp ICAM-1 cDNA fragment at 0 (control), 0.25, 0.50, 0.75, and 24 h post-
induction of inflammatory pain. Control (0 h) showed a basal level of ICAM-1 mRNA. The remaining time 
points indicate an increase (although not quantitatively) in mRNA expression immediately after treatment 
(0.25, 0.50, and 0.75 h) and at 24 h. ß-Actin was used as an internal control. (n=3 / time point).  



 

 

79 

Western blot analysis of ICAM-1 expression in rat brain microvessels   

Figure 3.2 depicts Western blot analysis of ICAM-1 immunoprecipitated from isolated 

microvessels. Results indicated significant increases in ICAM-1 protein expression at 1, 

3, 6, 12, 24, and 48 h (264±17, 317±26, 274±29, 169±12, 153±25, and 176±11 % of 

control (0 h) expression, respectively).  
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Figure 3.2. 

 

Figure. 3.2 Western blot analyses of isolated cerebral microvessels following λ-carrageenan induced 
inflammatory pain from 0-72 h. ICAM-1 was immunoprecipitated from total crude protein. ICAM-1 
protein expression was significantly increased at 1, 3, 6, 12, 24 and 48 h post-injection (264 ± 17, 317 ± 26, 
274 ± 29, 169 ± 12, 153 ± 15, 176 ± 11%, respectively). All values are normalized as a relative percent of 
control. Insets depict representative Western blots of immunoprecipitated ICAM1. Each bar represents 
mean ± S.E.. (n=3 / time point). * and ** indicate significant difference from control (P < 0.05, P < 0.01, 
respectively).  
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Immunohistochemistry for ICAM-1 expression  

Few, if any, ICAM-1 immunoreactive areas were observed in the brain slices of control 

(0 h) rats (Figure 3.3). ICAM-1 immunopositive staining was observed at 3 h in the 

thalamus and parietal cortex (Figure 3.3 d, e) and to a lesser extent in the frontal cortex 

(Figure 3.3). ICAM-1 immunoreactivity was not observed in the striatal or hippocampal 

regions at 3 h. ICAM-1 immunoreactivity was still detected at 48 and 72 h following 

inflammatory pain induction. At 48 h, immunostaining was observed in the parietal and 

frontal cortices and the thalamus. At 72 h, areas of ICAM-1 immunoreacitivity were 

markedly decreased, especially in the thalamic region, and appeared to be localized in 

patches rather than diffusely spread in the cortical regions as observed at 3 and 48 h.  
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Figure 3.3 

 

Figure. 3.3 ICAM-1 immunocytochemistry of brain slices of the frontal and parietal cortices and thalamic 
region following CIP. Results indicate no immunoreactivity in the hippocampal and striatal regions. ICAM-
1 immunoreactivity was observed at 3 h in the frontal, parietal, and thalamic areas, especially around 
capillaries and post-capillary venules. ICAM-1 immunoreactivity was also observed at 48 h, with intense 
staining in the frontal and parietal cortices and to a lesser extent in the thalamic region. Unlike at 3 h, at 48 
h the staining appeared to not be localized around blood vessels but rather diffusely scattered. At 72 h, 
ICAM-1 immunoreactivity was diminished in all brain regions. (n=3 / time point). Positive (vimentin 
immunoreactive) and negative (anti-IgG) controls were routinely performed to insure consistency. 
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Activation of microglia  

OX-42 immunopositive staining was increased at 3 h post-carrageenan injection. Figure 4 

shows resting microglia in the parietal and temporal cortices and the thalamic region in 

control (0 h) brain slices. At 3 and 48 h, numerous activated microglia were identified by 

their enlarged size, stout appearance, and intense OX42 immunoreactivity. No increase in 

OX42 reactive macrophages were observed at any time point as compared to control (0h).  

Figure 3.4. Activated microglia (OX 42) immunocytochemistry of brain slices of the 

frontal and parietal cortices and thalamic region following CIP. OX42 immunoreactivity 

was strongly expressed at 3 and 48 h. Activated microglia were noted by their stout, 

dense appearance with stellate projections. At 72 h, OX42 immunoreactivity was 

decreased as compared to 3 and 48 h, with immunoreactivity primarily in the parietal 

cortex and to a lesser extent in the frontal cortex. (n=3 / time point). Positive (vimentin 

immunoreactive) and negative (anti-IgG) controls were routinely performed to insure 

consistency. 
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Figure 3.4 

 

Figure 3.4 Infiltration of polymorphonuclear leukocytes and macrophages. Immunohistochemical staining 
for MPO (neutrophils) showed no change in the distribution of MPO-immunoreactive cells at any time 
point 3 h as compared to control (0 h) (Figure 5). MPO immunoreactive cells (neutrophils) were observed 
at 48 h and 72 h in the thalamus and frontal and parietal cortices (Figure 5). Figure 5 shows that most of the 
infiltration is localized near or adjacent to cerebral vessels. Hematoxylin and eosin counterstaining 
confirmed the presence of neutrophils within the brain parenchyma (data not shown). No increase in OX42 
reactive macrophages were observed at any time point as compared to control (0 h).  
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Figure 3.5 

 

Figure 3.5PMN (myleoperoxidase) immunocytochemistry of brain slices of the frontal and parietal cortices 
and thalamic region following CIP. No PMN immunoreactivity was noted in any brain region examined at 
0 and 3 h. At 48 and 72 h, PMN immunoreactivity was observed in the frontal and parietal cortices and the 
thalamus, mostly in areas around blood vessels. PMN infiltration was confirmed using hemotoxlin stained 
slides (not shown). Positive (vimentin immunoreactive) and negative (anti-IgG) controls were routinely 
performed to insure consistency. (n=3 / time point).  
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Table 3.1 Whole blood cell profile  

 SD  Time, h 

 Value Range  0 3 48 72 

RBC 6.9±0.6 6.1–7.9  7.0±0.9 6.7±0.5 6.7±0.5 7.2±0.4 

WBC 4.8±1.4 2.4–7.0  4.0±1.1 3.9±1.2 5.5±1.1 5.8±1.7 

Hct    40.0±4.7 37.9±3.3 40.4±1.9 40.8±2.2 

Platelets    719±166 736±48 667±87 830±102 

Lymphocytes    3.3±1.1 3.3±1.2 3.9±0.7 3.7±1.4 

Undifferentiated    0.32±0.08 0.33±0.08 1.3±0.4* 1.1±0.4* 

PMNs    0.43±0.12 0.32±0.08 0.6±0.3 0.7±0.2 

% Lymphocytes 89.8±7.1 76–96  80.6±4.8 82.1±5.5 66.3±6.1* 65.6±7.5* 

% Undifferentiated   8.2±2.2 8.8±1.8 23.0±7.0* 21.0±3.3* 

% PMNs 9.7±6.6 4–23  11.3±3.8 9.1±4.2 10.7±5.7 13.4±5.3 

Values are expressed as means ± SE (n = 6 per time point). SD values and ranges refer to "normal" ranges 
for blood chemistry as determined by Taconic. Undifferentiated refers to white blood cells (WBCs) that are 
too small or not able to be counted and definitively placed into one of the other categories. Results indicate 
that total WBC levels are not significantly different at any time point evaluated. In later time points (48 and 
72 h), total lymphocyte counts do not change; however, percentage of lymphocytes significantly decreased, 
and percentage of "undifferentiated" cells (indeterminate banded, monocytes, undifferentiated) significantly 
increased in both number and percent of total percent WBC.  * Significant difference compared with 
control (P < 0.05). CIP, λ-carrageenan-induced inflammatory pain; RBC, red blood cells; Hct, hematocrit; 
and PMNs, polymorphonuclear neutrophils. 
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Table 3.1 depicts whole blood profile for control and λ-carrageenan treated rats (072 h). 

Results indicate no difference (p>0.05) in total WBC counts at any time point when 

compared to control (0 h). No statistical difference (p>0.05) in percentage (%) of 

granulocytes was observed; however, the % of lymphocytes as a total of WBC was 

significantly decreased (p<0.01) at 48 and 72 h as compared to control (0 h) to below 

levels considered normal for Sprague-Dawley rats (Taconic, Inc.; Germantown, NY). In 

addition, the % of "other" WBC was significantly increased (p<0.01) over control (0 h) at 

48 and 72 h.  
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Figure 3.6.  

 

Figure. 3.6 Circulating levels of cytokines following CIP were determined by ELISA. No changes in the 
circulating level of pro-inflammatory cytokines (TNFα and IL 6) were observed during the 72 h time 
course. At 6 h, a 5-fold increase in IL 10 was observed. At 48 h, a 2-fold increase in IFNγ was observed 
and remained elevated out to 72 h. At 72 h, a 3-fold increase in IL 1ß was seen. Each data point represents 
mean ± S.E.. (n=6 / time point). * indicates a significant difference from control (P < 0.05).  
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Inflammatory cytokine determination in the systemic circulation  

Using ELISA, determination of cytokines (TNFα, IL 1ß, IL 6) showed no significant 

change (p>0.05) in plasma concentrations at any time point as compared to control (0 h) 

(Figure 6). Basal concentrations for these circulating cytokines fell within previously 

reported values (Dinkel et al., 2003). At 6 h, we observed a 5-fold increase in IL 10 

serum concentration. At 48 h, we showed a 2-fold increase in IFN. that remained constant 

out to 72 h and a 3-fold increase in IL 1ß serum concentration at 72 h.  

 

Immunophenotypic marker analysis  

Figure 3.7 a and b illustrate flow cytometric analyses of blood and microglial isolates. No 

statistical difference (p>0.05) was seen in the CD4/CD8 lymphocyte ratio at any time 

point as compared to control (0 h) (data not shown). Gating for CD45high cells 

(leukocytes) showed a significant increase (p<0.01) in CD18high (LFA1) expression was 

observed at 48 h as compared to control (0 h) (figure 3.7a). Gating for CD45low / CD 

11b/chigh cells in microglial isolates showed a significant increase in CD54high (ICAM-1) 

expression at 3 and 48 h as compared to control  (0 h) (Figure 3.7b).  
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Figure 3.7  

 

Figure. 3.7 Flow cytometric immunophenotyping of blood and microglial isolates following CIP. Figure 7a 
showed a significant increase (p<0.01) in CD18 (LFA-1) expression on CD45 positive cells (leukocytes) in 
blood at 48 h as compared to control (0 h). Figure 7b showed a significant increase (p<0.01) in CD54 
(ICAM-1) expression in microglial isolates (CD45low/CD11 b/chigh) at 3 and 48 h as compared to control (0 
h). Each bar represents mean ± S.E.. (n=3 / time point). ** indicates significant difference from control (P < 
0.01). 
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3.4 Discussion  

This study investigated whether previously observed changes in BBB function and 

structure were due to peripherally-induced inflammation or a central-mediated response. 

The increased ICAM-1 mRNA and protein expression in isolated cerebral microvessels 

suggests stimulation of the cerebromicrovasculature following administration of λ-

carrageenan, thus suggesting an important role for inflammatory mediators in activating 

BBB endothelial cells. Furthermore, these results show a rapid response at the BBB with 

ICAM-1 mRNA detectable as early as 15 min post-injection and increased ICAM-1 

protein expression by 3 h, which is in agreement with previous studies showing increased 

ICAM-1 protein expression during the early stages of inflammation (Hang et al., 2004; 

Ito et al., 2002). ICAM-1 performs a number of important functions upon induction on 

the surface of endothelial cells. The first and most widely characterized is transmigration 

of leukocytes from circulation into tissue parenchyma (Couraud, 1998). Results from this 

study suggest that during the early inflammatory phase (1-6 h), ICAM-1 was not involved 

in leukocyte transmigration, as shown by increased ICAM-1 immunostaining in the 

frontal and parietal cortex and thalamic regions of the brain at 3 h after λ-carrageenan 

administration with no increase in granulocyte (MPO) immunoreactivity. ICAM-1 may 

play a more pronounced role in leukocyte transmigration during the later phase as 

increased ICAM-1 mRNA and protein expression was correlated with increased 

granulocyte (MPO) immunoreactivity at 48 h.  To date, much of the research 

investigating leukocyte infiltration at the BBB has focused on interactions of adhesion 

molecules between leukocytes and endothelial cells in order to better understand the 



 

 

92 

pathological processes of immune-mediated CNS diseases (Langford and Masliah, 2001; 

Paul et al., 2003; Stanimirovic and Satoh, 2000). However, due to unique properties of 

the BBB (i.e. presence of tight junctions and lack of endocytotic activity), cerebral 

microvascular phenotype suggests an “epithelial-like” barrier; therefore, understanding 

the role of ICAM-1 at the BBB, especially during acute, regulatory changes in barrier 

function, may require a better understanding of how adhesion molecules function in 

epithelial tissues. One facet of these investigations that is becoming evident is that the 

stages of the biphasic response elicited by CIP have different pathophysiological profiles. 

Understanding possible mechanisms and signaling pathways involved in these changes 

are a vital component of BBB breakdown during disease / injury. Several assays were 

performed to assess the systemic contribution to previously observed changes in BBB 

function and structure. Serum concentration of pro-inflammatory cytokines (IL 1ß, IFNγ, 

TNFα, IL 6) remained unchanged during the early phase (1-6 h) of carrageenan-induced 

inflammatory pain; however, a 5-fold increase in IL 10 was observed at 6 h. IL 10 is an 

anti-inflammatory cytokine (Fiorentino et al., 1991; Kasama et al., 1994) that inhibits 

release of pro-inflammatory cytokines and acts as a protective mechanism in a number of 

inflammatory disorders, including endotoxic and septic shock (Monneret et al., 2004), 

acute respiratory distress syndromes(Pease and Sabroe, 2002), and CNS injury (Dietrich 

et al., 2004). The increased IL 10 serum concentration is most likely an indication of 

reparative properties within the paw and may play a role in restoration of BBB 

permeability seen by 12 h after λ-carrageenan administration. Interestingly, we also 

observed a 2-fold increase in IL 1ß at 48 h after CIP that remained constant out to 72 h 
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and a 3-fold increase in IFNγ at 72 h. The increased circulating pro-inflammatory 

cytokines at 48-72 h along with the high/high increased number of CD45/CD18 

granulocytes and changes in WBC profile at 48 h suggests a secondary inflammatory 

action.  

One of the most intriguing observations of this study was the increased expression 

of activated microglia in the brain at 3 h following CIP. Immunohistochemical analyses 

demonstrated a region specific response of activated microglia in the parietal and frontal 

cortices and the thalamus but absent in the basal ganglia and hippocampus. Thus, it puts 

forth the possibility that BBB perturbations were not due to systemic effects, as the levels 

of systemic inflammatory mediators was not detectable in the early time points, but rather 

a central mediated response to the painful stimuli via efferent signaling through the 

spinothalamic tracts. Interestingly, we observed brain region specific changes in ICAM-1 

expression and microglia bilaterally, although sensory signaling through spinothalamic 

tracts runs contralateral to the affected side. A recent novel study using functional 

magnetic resonance imaging identified brain regions involved in the experience and 

anticipation of painful stimuli. The results showed that efferent pain transmission enters 

the midbrain contralateral to the affected side but transmission through the thalamus and 

higher brain centers occurred bilaterally. Furthermore, the study showed that different 

types of painful stimuli (shock versus heat) produce transmission pathways that have both 

discrete and overlapping areas of activity within the brain (Wager et al., 2004). Thus, our 

findings in this study along with the findings of BBB perturbations noted in previous 

studies suggest that painful stimuli not only elicits alterations in BBB function and 
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structure but that these alterations may be localized and region specific. Potential studies 

will need to expand the investigation to examine other cortical areas and the midbrain, as 

well as identifying differences in sensory transmission based upon the pain model used. 

Neuronal damage and deterioration due to microglial activation are implicated in a 

diverse array of pathological states, including traumatic brain injury, stroke, 

neurodegenerative disease, and substance abuse (Gerhard et al., 2005; Raivich et al., 

1996; Tomlinson et al., 1999; Vila et al., 2001). Subtle changes in neuronal activity elicit 

microglial activation that can lead to neurotoxicity (Vallat-Decouvelaere et al., 2004), 

alterations in cortical plasticity and central sensitization (Banati, 2002), and BBB 

dysfunction (Lynch et al., 2004). As shown in our study, upon activation, microglia 

exhibit amoeboid morphology, increased proliferation and expression of cell surface 

markers, and changes in functional properties (Raghavendra et al., 2003). It is now 

widely accepted that microglial activation leads to a cascade of signaling events leading 

to apoptosis, oxidative stress, and glutamate-mediated neurotoxicity (Schwartz, 2003). 

However, a number of recent studies suggest that early microglial activation plays a 

neuroprotective role. Under normal healthy conditions, astrocytes are the primary cell 

responsible for removal of extracellular glutamate. During trauma, excessive glutamate 

accumulates due to loss of astrocytes or excessive release of glutamate. Early microglial 

activation has been shown to reduce glutamate-mediated neurotoxicity in both HIV 

infected subjects (Vallat-Decouvelaere et al., 2004) and in rodents following excitotoxic 

brain damage (Pearson et al., 1999). Furthermore, early activation of microglia as 

antigen-presenting cells has been to shown to confer T cell-mediated neuroprotection 
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during the early phases of brain inflammation (Shaked et al., 2005). Another possibility 

for the early activation of microglia centers on the CIP-induced release of supraspinal 

opioid peptides. Previous studies have shown central changes in endogenous opioid 

release following painful/noxious stimuli resulting in enhanced analgesic effects of µ 

opioid receptor agonists (Hurley and Hammond, 2001) and increased release of IL 1ß  

(Kowalski et al., 2002). Furthermore, administration of morphine has been shown to 

induce chemotaxis and the release of brain-derived neurotrophic factor in microglia 

(Takayama and Ueda, 2005). From an ontological perspective, the selective regulation of 

BBB permeability during pain may enhance neuronal transmission of nociceptive 

information from the periphery to the CNS. Central activation of immunocompetent cells 

plays an important role in the generation and maintenance of hyperalgesia and allodynia 

following peripheral pain through the localized release of proinflammatory cytokines. A 

recent study found that inflammatory pain elicited by complete Freund's adjuvant elicited 

an acute increase in activated microglia at 4 h followed by astrocytic activation at 4 and 

14 d (Raghavendra et al., 2003). The presence of activated microglia at 4 h not only 

corroborates our findings at 3 h but also suggests microglia are early responding cells in 

the CNS to noxious stimuli. 

  The "neurovascular unit" represents the close localization of neurons, endothelial 

cells, and resident accessory cells in the brain parenchyma, the intricate communications 

between them, and is a paramount objective in our gaining a better understanding of how 

the brain is affected during injury and disease. In this study, we showed that the BBB 

perturbations noted in previous studies were not simply a result of the peripheral 



 

 

96 

inflammation but rather a more complex central-mediated and possibly regulated, 

response to noxious stimuli. For the first time in this series of studies, it has come to mind 

that the changes in BBB function and structure may not be deleterious bur rather a highly 

regulated, brain region specific response to peripheral stimuli.  
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Chapter 4 

“THE INFLUENCE OF MICROGLIA ACTIVATION ON BBB FUNCTIONAL 

PERMEABILITY UNDER CONDITIONS OF PERIPHERAL INFLAMMATORY 

PAIN” 
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4.1 Introduction 

Under conditions of peripheral inflammatory pain, there are alterations in BBB 

function and TJ protein expression under CIP. Using a peripheral nerve block, we were 

able to inhibit the nociceptive input from the carrageenan treated paw, while maintaining 

locomotion (chapter 2). Under inhibited nociception, we find that perturbations of the 

BBB are attenuated to baseline levels (Chapter 2). Upon further characterization of the 

circulating factors as well as markers of central activation under CIP, we showed that the 

pro-inflammatory mediators (TNFα, IL 1β, IL 6) did not change significantly in plasma 

concentration as compared to control. We saw an increase in ICAM-1 mRNA and protein 

expression systemically as well as at the microvessels of the BBB, which is an indicator 

of endothelial cell activation (Cook-Mills and Deem, 2005). We also saw a brain region-

specific increase in microglial activation indicating a response in the CNS to noxious 

stimuli (Chapter 3). These data, taken with the finding of Chapter 2 of this thesis, 

suggests a potential central-mediated mechanism for the observed alterations in BBB TJ 

function after CIP. The goal of this current study (i.e. Chapter 4) is to investigate the role 

activated microglia has on functional BBB modulation. It is our “hypothesis” for the 

current study that under inflammatory pain conditions, modulation of BBB functional 

permeability is mediated in part through the central activation of microglia. In order to 

elucidate the contribution activated microglia has on BBB changes under CIP, we 

investigated the effect of intrathecal administration of minocycline, which can inhibit 

microglial activation, independent of direct effect on other cell types such as astrocytes 
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and neurons (Hua et al., 2005), prior to treatment with CIP, and examined BBB 

functional permeability. 

 

4.2 Methods 

4.2.1 Materials 

Plesythmometer and Plantar Analgesia Instrument were purchased from Ugo Basile 

(Comerio VA, Italy). The [14C] sucrose (0.44 Ci/mmol) was purchased from ICN 

Pharmaceuticals (specific activity 462 mCi/mol; Irvine, CA). TS-2 tissue solublizer were 

purchased from Research Products International (Mt. Prospect, IL), and the Optiphase 

SuperMix  from Perkin Elmer (Boston, MA). The protease inhibitor (Complete Mini 

tablet; 10 ml) used in all buffers was purchased from Roche Biochemicals (St. Louis, 

MO). PVDF and 4-20% Bis-Tris Criterion gels were purchased from Bio-Rad 

Laboratories (Hercules, CA). Superblock© blocking buffer, was purchased from 

ThermoScientific (Waltham, MA). Western Lightning Chemiluminescence Reagent Plus 

was purchased from New England Nuclear/Perkin Elmer Life Sciences (Boston, MA). 

rabbit anti-occludin, was purchased from Zymed Laboratories (San Francisco, CA). Anti-

mouse and anti-rabbit peroxidase conjugated secondary antibodies were obtained from 

Amersham Biosciences (Piscataway, NJ). Minocycline, λ-carrageenan, and all other 

chemicals and supplies were purchased from Sigma (St. Louis, MO). 
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4.2.2 Animals and treatments 

Female Sprague-Dawley rats, weighing 250-300 g, were housed under standard 

12h light/12h dark conditions, and received food ad libitum. Animals were anesthetized 

under isoflurane, and received a 0.02 ml intrathecal (i.t.) injection as described in De La 

Calle et al.,2002, of either artificial cerebral spinal fluid (aCSF) or 7.5mg/ml 

minocycline. The animal’s mobility and conscious response was observed.  10 min after 

i.t. injection, the animals were sub-cutaneously injected with 100 mL 0.9% saline or 3% 

λ-carrageenan into the plantar surface of their right hind paw.  All animal studies were 

approved by the University of Arizona Institutional Animal Care and Use Committee 

(IACUC), and follow NIH guidelines.  

4.2.3 Behavioral assessment 

Edema was recorded as an increase in paw volume as measured by the 

displacement of electrolyte solution in a plesmythmometer.  Measurements were taken 

both pre- and post-injection of λ-carrageenan.   

Hyperalgesia was measured as latency of paw removal upon exposure to infrared 

(IR) heat.  Animals were habituated to individual boxes on an elevated glass table for 20 

minutes prior to IR exposure. 

4.2.4 Immunocytochemistry for microglia and tissue preparation 

Animals were anesthetized using sodium pentobarbital (64mg/kg; i.p.)followed by 

decapitation. Brains were rapidly removed and the hind brain snap-frozen in dry ice-
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cooled isopentane at -40°C and stored at -80°C. Cryostat sections (30 m) were cut and 

mounted on gelatin-coated glass slides and stored at -80°C until required. 

Slides were air-dried and fixed in 100% ethanol for 10 min. Sections were washed in 

PBS, followed by 1% bovine serum albumin (BSA)/0.2% Tween-20 in PBS (buffer 1) 

and incubated in normal goat serum (NGS, 1:50; DAKO A/S, Glostrup, Denmark) in 

buffer 1 for 30 min. Indirect immunofluorescence was performed with the following 

antibodies and dilutions: monoclonal antibodies to OX42(CD11b) (0.25 g/ml; Serotec, 

Oxford, UK) and polyclonal antibodies to occludin (0.5 g/ml; Zymed Laboratories, San 

Francisco, CA), Serum protein extravasation was assessed using a monoclonal antibody 

to fibrinogen conjugated to FITC (20 g/ml; DAKO). All antibodies were diluted in buffer 

1. Slides were incubated with primary antibody diluted in PBS with 1% BSA for 30 

minutes, rinsed and re-blocked for 30 minutes with 1% BSA in PBS, and incubated with 

488-conjugated anti-rabbit or anti-mouse IgG diluted in 1% BSA in PBS for 30 minutes.  

Vessels from all treatment groups were stained simultaneously for each protein.     

4.2.5 Protein collection and Western blot analysis of CD11b 

One hour post paw injection, the brain was collected, and sliced in 1 mm sections. 

The section were isolated and brain regions were identified (thalamus, anterior cingulate 

cortex, and insula) and analyzed for expression of CD11b.  Thirty micrograms of protein 

were resolved on a 4-20% Bis-Tris Biorad XT gel for 1 hour at 200 V and transferred to a 

PVDF membrane for 30 minutes at 6V then 180 minutes 20V. Ponceau S was utilized to 

confirm proper loading of protein.  The PVDF membranes were incubated with 
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Superblock blocking buffer (Thermo Scientific) with 0.1% tween 20 overnight at 4ºC.  

Blots were incubated at room temperature for 4 hours with primary antibody (Serotec, 

NC), washed in Superblock blocking buffer with 0.1% tween 20 at room temperature for 

1 hour, and incubated with secondary antibody for 45 min at room temperature. Blots 

were developed using enhanced chemiluminescence and quantified utilizing Image J. 

4.2.6 Assessment of Microglial activation on BBB permeability 

To assess BBB permeability, in situ brain perfusion was performed. Briefly, rats 

were anesthetized using sodium pentobarbital (64mg/kg; i.p.), then heparinized (10,000 

U/kg). The ipsilateral common carotid artery was exposed and cannulated with silicone 

tubing connected to a perfusion circuit.  The perfusate consisted of a modified 

mammalian Ringer solution composed of (in mM) 117 NaCl, 4.7 KCl, 0.8 MgSO4, 24.8 

NaHCO3, 1.2 KH2PO4, 2.5 CaCl2, and 10 D-glucose and 3.9% dextran (molecular 

weight 70,000) and 1 g/L bovine serum albumin (type V). Evans blue (55 mg/l)  was 

added to the Ringer solution to provide a control for BBB integrity. The perfusate was 

aerated with 95% O2-5% CO2 and warmed to 37°C. The ipsilateral jugular was cut to 

provide drainage. Once the desired perfusion pressure and flow rate were achieved (85-

95 mmHg and 3.1 ml/min, respectively), the contralateral carotid artery was cannulated 

and perfused as described above. Radiolabeled sucrose was infused using a slow-drive 

syringe pump (0.5 ml/min per hemisphere) into the perfusate. The animal was 

decapitated, and the brain was removed. The choroid plexus and meninges were 

removed, and the cerebral hemispheres were sectioned and homogenized. Perfusate 
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containing the radiolabeled marker was collected from each carotid cannula at the 

termination of the perfusion to serve as a reference. Brain tissue and 100 mL sample 

perfusate were prepared for liquid scintillation counting by incubation in 1 mL TS-2 

tissue solubilizer for 2 days, and radiation was counted following the addition of 100 mL 

30% acetic acid and 2.5 mL Optiphase SuperMix liquid scintillation cocktail.  Results are 

reported as the ratio of radioactivity in the brain to that in the perfusate (Rbr): 

Rbr (mL/g) = ((Cbrain(dpm/g)/Cperfusate (dpm/mL)) 

4.2.7 Statistical Analysis 

For the in situ brain perfusion experiments and protein expression, analysis of all 

data was performed by a two-way ANOVA with a Tukey test post –hoc analysis, in data 

sets with sufficient sample number (n).  

4.3 Results 

4.3.1 Behavioral assessment  

CIP induces significant edema and hyperalgesia within 1 h. Pre-administration of 

minocycline, an inhibitor of microglia activation, prevents hyperalgesia without affecting 

edema formation at 1 h.  

λ-carrageenan causes significant edema as compared to saline in all treatment 

paradigms. Minocycline treatment shows no effect on edema formation; n=5, each 

treatment. (Figure 4.1)  
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Paw removal latency from infrared (IR) heat source, measured as seconds, 

displayed as ratio difference from pre-measurements.  λ-carrageenan induces significant 

thermal hyperalgesia, which is prevented with minocycline pre-treatment; n=5. (Figure 

4.2) 



 

 

105 

 

0

2

4

6

8

10

12

14

16

aCSF/Saline aCSF/Carrageenan Minocycline/Saline Minocycline/Carrageenan

P
aw

 r
em

ov
al

 la
te

nc
y 

(s
)

*

 

Figure 4.1 Effect of minocycline on λ-carrageenan induced edema. Percent change in paw volume 
1 h post-injection of either saline or λ-carrageenan in the plantar surface of the right hindpaw, in 
rats pretreated intrathecally with either aCSF or minocycline. λ-carrageenan causes significant 
edema as compared to saline in all treatment paradigms. Minocycline treatment shows no effect on 
edema formation; n=5, each treatment.   
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Figure 4.2 Effect of minocycline on λ-carrageenan induced hyperalgesia. Paw removal latency from 
infrared (IR) heat source, measured as seconds, displayed as ratio difference from pre-measurements.  λ-
carrageenan induces significant thermal hyperalgesia, which is prevented upon treatment with minocycline 
pre-treatment; n=5, 
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4.3.2 Immunocytochemistry for activated microglia  

Representative micrographs of CD11b expression by cortical microglial in control rats 

(aCSF/Saline, Minocycline/sal) and CIP treated rats (aCSF/CIP, Mino/CIP), final 

magnification approximately 65x. In the control groups, aCSF/Saline, microglia appear 

stellate, and regularly spaced. Under CIP there is a change in morphology from stellate to 

more of an amoeboid shape, with increased expression of cell surface markers, which is 

suppressed with pretreatment of Minocycline(Mino/ CIP). n=2 per treatment group 

(Figure 4.3). 
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Figure 4.3, Immunohistochemical detection of activated microglia. Representative micrographs of CD11b 
expression by cortical microglial in control rats (aCSF/Saline, Minocycline/sal) and CIP treated rats 
(aCSF/CIP, Mino/CIP), final magnification approximately 65×. In the control groups, aCSF/Saline, 
microglia appear stellate, and regularly spaced. Under CIP There is, a change in morphology from stellate 
to more of an amoeboid shape, with increased expression of cell surface markers, which is suppressed with 
pretreatment of Minocycline(Mino/ CIP).n=2 per treatment group 
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4.3.3 Protein collection and Western blot  analysis of CD11b 

Western blot analysis of whole brain preparation showed that treatment with CIP 

increased the expression of CD11b, an indicator of activated microglia, in regional 

punches of whole brain collected from thalamus, anterior cingulated cortex (ACC), and 

insula, as compared to control values. In CIP animas pretreated with minocycline, 

expression of CD11b was not shown to increase. (Figure 4.4, A-C) 
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Figure 
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Figure 4.4a-c.  The effect of pretreatment of CIP animals with minocycline on CD11b expression. 15 min 
after treatment with either aCSF or minocycline, the right hind paw of CIP treated animals was injected 
with 3% λ-carrageenan. Three brain regions were collected, the insula (A) the ACC (B), and the 
Thalamus(C). The expression of CD11b was accessed. There appears to be an increase in CD11b 
expression in CIP treated animals, which is prevented with minocycline treatment. Data are presented as 
mean optical density (O.D.) normalized to control rats (aCSF/Saline). n= 1-2, each treatment group 
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Figure 4.4B 
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Figure 4.4a-c.  The effect of pretreatment of CIP animals with minocycline on CD11b expression. 15 min 
after treatment with either aCSF or minocycline, the right hind paw of CIP treated animals was injected 
with 3% λ-carrageenan. Three brain regions were collected, the insula (A) the ACC (B), and the 
Thalamus(C). The expression of CD11b was accessed. There appears to be an increase in CD11b 
expression in CIP treated animals, which is prevented with minocycline treatment. Data are presented as 
mean optical density (O.D.) normalized to control rats (aCSF/Saline). n= 1-2, each treatment group 
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Figure 
4.4C
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Figure 4.4a-c.  The effect of pretreatment of CIP animals with minocycline on CD11b expression. 15 min 
after treatment with either aCSF or minocycline, the right hind paw of CIP treated animals was injected 
with 3% λ-carrageenan. Three brain regions were collected, the insula (A) the ACC (B), and the 
Thalamus(C). The expression of CD11b was accessed. There appears to be an increase in CD11b 
expression in CIP treated animals, which is prevented with minocycline treatment. Data are presented as 
mean optical density (O.D.) normalized to control rats (aCSF/Saline). n= 1-2, each treatment group 
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4.3.4 Assessment of Microglial activation on BBB permeability  

The effect of CIP on BBB permeability was assessed at 1 h using [14C]-sucrose as a 

membrane-impermeate marker. As seen in our previous studies (chapter 2), there is a 

higher distribution of [14C]-sucrose associated with the brain (%RBr), 2.67±0.2%, with 1 

h CIP compared to saline control 1.37±0.5%.Pretreatment with minocycline prevents the 

increased brain distribution of [14C]-sucrose to 1.04±0.3%. (Figure 4.5) 
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Figure 4.5 Assessment of Microglial activation on BBB permeability. There is a higher distribution of 
[14C]-sucrose associated with the brain (%RBr), 2.67±0.2% (aCSF/Carrageenan)compared to saline 
control 1.37±0.5% (aCSF/Saline). Pretreatment with minocycline prevents the increased brain distribution 
of [14C]-sucrose to 1.04±0.3% (Minocycline/Carrageenan). n=2-4 each sample group. 
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4.4 Discussion 

 

Multiple neurodegenerative diseases may be ultimately linked to final signaling 

transduction pathways involving microglia, leading to either neuroprotection or 

neurodegeneration (Dheen et al., 2007). It has been suggested that early microglial 

activation plays a neuroprotective role (Shaked et al., 2005), by assisting neuronal 

function in a hostile environments . Under normal healthy conditions, astrocytes are the 

primary cell responsible for removal of extracellular glutamate. During trauma, excessive 

glutamate may accumulate, and aid in its removal, recruitment of microglial (through 

increased activation) has been shown to reduce glutamate-mediated neurotoxicity in both 

HIV infected subjects (Vallat-Decouvelaere et al., 2004) and in rodents following 

excitotoxic brain damage (Pearson et al., 1999).  Early activation of microglia as antigen-

presenting cells has been to shown to confer T cell-mediated neuroprotection during the 

early phases of brain inflammation (Shaked et al., 2004).  

Selective regulation of BBB permeability during pain may enhance neuronal 

communication of nociceptive information from the periphery to the CNS. Central 

activation of immunocompetent cells plays an important role in the generation and 

maintenance of hyperalgesia and allodynia following peripheral pain through the 

localized release of proinflammatory cytokines (Hutchinson et al., 2008). Raghavendra 

and colleagues (2004) found that inflammatory pain elicited by complete Freund's 

adjuvant (CFA) elicited an acute increase in activated microglia at 4 h followed by 
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astrocytic activation at 4 and 14 d, indicating microglia as a first responder cell-type of 

the CNS to inflammatory pain.   

In the current study (Chapter 4), CIP was induced by a sub-plantar injection of 

3% λ-carrageenan into the right hind-paw of Sprague-Dawley rats. To inhibit microglia 

activation an intrathecal injection of 150 µg minocycline was administered 15 minutes 

prior to paw injection. Pre-administration of minocycline significantly decreases thermal 

hyperalgesia induced by CIP, yet maintained similar edema formation.  

Microglia activation was confirmed via fluorescent microscopy where a change in 

morphology was observed (Figure 4.3).  In control animals, microglia appeared stellate in 

shape, where as under CIP,  microglia appeared more amoeboid shape, with increased 

expression of cell surface markers, both of which have been reported as indicators of 

microglia activation (Raghavendra et al., 2003). In CIP animals pretreated with 

minocycline, the microglia morphology was more similar to the control group. Using 

western blot analysis of regional whole brain tissue preparations showed a trend towards 

an increased expression against the CD11b, indicating that minocycline prevented λ-

carrageenan CIP induced microglia activation in the brain.  

  The effect of λ-carrageenan induced CIP on BBB permeability was assessed at 1 

h using [14C]-sucrose as a membrane-impermeate marker. As seen in our previous 

studies (Chapter 2), with 1 h CIP, there is a higher distribution of [14C]-sucrose 

associated with the brain (%Rbr), 2.67±0.2%, compared to saline control 1.37±0.5%.  

When microglia activation is inhibited with minocycline, the increased brain distribution 
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of [14C]-sucrose permeability is attenuated to 1.04±0.3%. Previous studies have shown 

that minocycline reduces BBB disruption and hemorrhage in experimental ischemic 

stroke by inhibiting microglia activation (Yenari et al., 2006).   

  This study demonstrates that inhibition of microglia activation using minocycline, 

blocks the functional modulation of the BBB during peripheral inflammatory 

hyperalgesia (CIP), suggesting a functional relationship between increased vascular 

permeability(i.e. leak) and activated microglia. These findings provide insight into the 

mechanisms responsible for BBB modulation during chronic inflammatory pain, and 

combined with future data using extended treatment times of inflammation, may allow 

identification of potential therapeutic targets facilitating the delivery of 

neuropharmaceuticals to the CNS. Future studies can focus on molecular signaling of 

peripheral to central nociceptors under CIP in an effort to understand the relationship.   
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Chapter 5 

GENERAL DISCUSSION AND FUTURE DIRECTIONS 
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General discussion 

This thesis demonstrates that λ-carrageenan induced peripheral inflammatory pain 

modulates the blood-brain barrier through the central activation of endothelial cells and 

microglia.  

In Chapter 2, we investigated the involvement of neuronal input from peripheral 

pain activity on alterations in BBB integrity by peripheral inhibition of nociceptive input. 

A perineural injection of 0.75% bupivacaine into the right hind leg prior to CIP was used 

for peripheral nerve block. Upon nerve block, there was a significant decrease in thermal 

allodynia induced by CIP, but no effect on edema formation 1 h post CIP. BBB 

permeability was increased 1 h post CIP treatment as determined by in situ brain 

perfusion of [14C] sucrose. Bupivacaine nerve block of CIP caused an attenuation of the 

increased [14C] sucrose permeability, comparable to saline control levels. Paralleling the 

changes in [14C] sucrose permeability, we also observed an increased expression of the 

TJ proteins, zonula occludin-1 (ZO-1), occludin and claudin-5 with CIP. Again, using a 

bupivacaine nerve block, the modulations in TJ protein expression was prevented. 

Inhibition of nociceptive input under CIP prevents the changes in thermal allodynia, BBB 

permeability to [14C] sucrose, and expression of key TJ proteins ZO-1, occludin and 

claudin-5. These data suggest that nociceptive signaling is in part responsible for the 

alteration in BBB integrity (we have reported) under CIP.  

In Chapter 3, we investigated BBB immunocompetence to determine if 

endothelial cells were activated under CIP and to elucidate potential mechanisms by 
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which CIP produced alterations in BBB structure and function. To accomplish this we 

studied intercellular adhesion molecule-1 (ICAM-1), and reactive microglia. Under 

normal physiologic conditions, ICAM-1 is expressed at low levels at the BBB. Upon 

stimulation, ICAM-1 expression is increased leading to morphological changes, 

cytoskeletal reorganization, and activation of signaling pathways. We further investigated 

ICAM-1 mRNA and protein expression levels in isolated rat brain microvessels 

following CIP using RT-PCR and Western blot analyses. We also screened for changes in 

inflammatory cytokines during the time course of inflammation, assessed white blood 

cell counts, and probed for BBB and CNS stimulation and leukocyte transmigration using 

immunohistochemistry and flow cytometry. Our results showed increased ICAM-1 

mRNA and protein expression following CIP with no change in circulating levels of 

several pro-inflammatory cytokines (TNFα, IL 1β, IL 6). We did see a regional specific 

induction of ICAM-1 with increased expression noted in the thalamus and frontal/parietal 

cortices, which correlated with increased expression of activated microglia. These 

findings suggest CIP induced BBB disruption is localized and acts through a central-

mediated component independent of peripheral influence.  

It has been suggested that early microglial activation plays a neuroprotective role 

(Shaked et al., 2004), by assisting neuronal function in hostile environments. Under 

normal healthy conditions, astrocytes are the primary cell responsible for removal of 

extracellular glutamate. During trauma, excessive glutamate may accumulate, and to aid 

in its removal, recruitment of microglia through increased activation has been shown to 

reduce glutamate-mediated neurotoxicity in both HIV infected subjects (Vallat-
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Decouvelaere et al., 2004) and in rodents following excitotoxic brain damage (Pearson et 

al., 1999).  Early activation of microglia as antigen-presenting cells has been shown to 

confer T cell-mediated neuroprotection during the early phases of brain inflammation 

(Shaked et al., 2004). Our findings of a brain region-specific increase in microglial 

activation indicate a response in the CNS to peripheral noxious stimuli, such as λ-

carrageenan CIP. In Chapter 4, we investigated the role activated microglia has on 

functional BBB modulation. In order to elucidate the contribution activated microglia has 

on BBB changes under CIP, we investigated the effect of pre-administration of 

minocycline, an inhibitor of microglial activation that is independent of direct effect on 

other cell types (such as astrocytes and neurons) (Hutchinson et al., 2008), via intrathecal 

bolus injection and examined its effect on cerebral microglia activation and functional  

BBB permeability. We observed that when microglia activation is inhibited with 

minocycline, the increased brain distribution of [14C]-sucrose permeability is attenuated, 

indicating a direct involvement of activated microglia in the change in permeability seen 

under CIP.   

Although the microglia may not serve a direct structural role in supporting the 

BBB, the role activated microglia play in the mechanism for BBB permeability changes 

under CIP may be due to their physiologic function as first responder cells within the 

brain to stimuli such as excess neuronal activity, or foreign substance recognition 

(Watkins et al., 2003).  It has been shown that microglia respond within minutes of 

stimulation and upon activation release various chemokines which may in turn activate 

astrocytes (Watkins and Maier, 2003; Willis and Davis, 2008) leading to further barrier 
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dysfunction. The preliminary activation of microglia includes cellular signaling 

mechanisms, including the release of cytokines and reactive oxygen species, both of 

which are involved in BBB modulation.  

Taken together, this study indicates that under inflammatory pain conditions there 

is a central mediated activation at the level of the cerebral microvasculature that causes 

disruption in the BBB.   

Summary  

The BBB is a dynamic medium that is essential for relating biological information 

from the periphery of the organism to the CNS, and from the CNS to the periphery.  

Under states of pathological stress, such as peripheral thermal hyperalgesia, there is a 

disruption in salient conditions. This dynamic interface engages, lead by a response from 

central mediated pain conditions through the activation of cells that facilitate inter and 

intracellular communication in order to reestablish a homeostatic environment.  

 

Future Directions 

Cytokine Profile in the CNS and selective microglia activation under CIP 

Upon initial activation, rodent microglia express a number of proinflammatory 

cytokines, such as IL-3, IL-6, IL-18, IFNγ, and TNFα, which are mediated by TLR4, a 

member of the toll-like receptor (TLR) family (Garden and Moller, 2006). Microglia cells 

also express receptors for most of these cytokines resulting in autocrine feedback loops 
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that are likely to be crucial for the eventual down-regulation of an inflammatory response 

(Garden and Möller, 2006).   It has been shown that a mechanism by which activated 

microglia mediate nociception may be by signaling through the p38 pathway, which is 

also implicated in many neurodegenerative disorders, such as Alzeimer’s and Parkinson’s 

disease. The p38 signaling pathway in microglia leads to aggravation of inflammatory 

processes by release of proinflammatory and toxic mediators which adversely effect 

neuronal health (Hua et al., 2005), and cause disturbance/disruption in the BBB. 

Disturbances/disruption to the BBB translates to changes in the neuronal environment 

and consequently neuronal health.   

Analyses of cytokine levels present in the CNS through the sampling of cerebral 

spinal fluid, endothelial cells  and microglial cells under thermal hyperalgesia pain 

conditions can help us better understand the mechanism by which  BBB function is 

affected.  From this point, we may start to unravel specific cytokine affects on BBB by 

centrally administering specific antibodies that inhibit specific cytokine function such as 

tocilizumab, a monoclonal antibody against the IL-6 receptor, and etanercept, a fusion 

protein that  acts as a TNF inhibitor through binding the soluble receptor of TNF.  

A better understanding of the signaling mechanisms to the activation of microglia 

that lead to BBB disturbances under inflammatory pain conditions will help contribute to 

identifying potential therapeutic targets for both the modulation of pain conditions and  

the potential for enhancing drug delivery to the brain under pathological conditions. 
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In this dissertation we have seen that there is a central mechanism to BBB 

modulation under pain conditions, with activated microglia playing a critical role. 

Commandeering the central signaling cascade following activation pain transmission 

neurons (PTNs) to influence drug uptake would be a worthy project. Targets to follow up 

on can be derived from the molecular dynamics of pain, as well as from the central 

neuro-glia inflammation.  

Under pain conditions, information about noxious stimuli arrives from the 

periphery along A-delta and C fibers, causing the release of substance P and excitatory 

amino acids (EAAs) in amounts appropriate to the intensity and duration of the initiating 

noxious stimulus. Activation of neurokinin-1 (NK-1) receptors by substance P, transient 

receptor potential (TRP) channels such as TRPV1 and activation of alpha-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors by EAAs cause 

transient depolarization of the pain transmission neurons (PTNs), thereby generating 

action potentials that are relayed to higher brain areas. (Watkins and Maier 2003). Glia 

are physiologically activated (i.e. mobilization of intracellular Ca2+, activation of second 

messengers, glutamate release, etc.) by (1) substance P, EAAs, and ATP, which are 

released from pain responsive sensory nerve terminals in the dorsal horn, and by (2) NO, 

prostaglandins (PGs), and fractalkine, which are released by PTNs (Watkins et al., 2001). 

As we have seen in this dissertation and in the literature (Lynch et al., 2004; Willis and 

Davis, 2008), upon glia activation, there are noted changes in the BBB permeability, 

directing us to a drug target. Targeted activation of the some receptors in the periphery 

such as NK1R or TRPV1 may provide such utility as to activate glia in a transient 
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manner. The transient activation with associated functional increase in BBB permeability 

may then be coupled with the facilitation of drug delivery to the brain.  

Cannabinoids are signaling molecules with many physiologic effects including 

both the inhibition of neurotransmitter release as well as the excitation of peripheral 

nerves, and relaxation of peripheral vasculature (Ralevic and Kendall, 2009). The 

endocannabinoid anandamide is a ligand at TRPV1, and can excite sensory nerves, 

resulting in sensory neurotransmitter release and vasorelaxation (Ralevic and Kendall, 

2009; Ralevic et al., 2002). These properties of cannabinoids lends to their potential 

utility in regulating BBB permeability, with the ideal drug candidate being a bifunctional 

small molecule specific to the peripheral CB receptor, CB1 (Pertwee, 1999) and the  

TRPV1 channel. As a small molecule there would be an increased likely hood of oral 

bioavailability over other molecular types such as peptides, and the need for specificity to 

the CB1, is to decrease the likely hood of cognitive side effects associated with 

cannabinoids. The population for this drug would be those that are undergoing therapy 

for either HIV treatments or cancers in the brain.   

There are multiple alternative avenues of research that can be derived from the 

findings in this dissertation, many of which hold validity in their theoretical aspects, with 

practical application requiring much more preliminary research. Such research ventures 

to be established include:  
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1) Utilizing the CIP model: 

a.  identify the site of activation and type of glia that is being activated.  

b. identify the chemokine and cytokine signaling pathways and their 

ability to differentially regulate glia activation, and even the receptor 

types associated with glia cells 

2) Using specific receptor agonist such as Capsasin (TRPV1), ACEA (CB1R), 

and Substance P (NK1R) analyze BBB properties, including cellular activation.   
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