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Abstract

Tight junctions (TJs) at the blood-brain barrier (BBB) dynamically alter paracellular diffusion of
blood-borne substances from the peripheral circulation to the CNS in response to external stressors,
such as pain, inflammation, and hypoxia. In this study, we investigated the effect of A-carrageenan-
induced peripheral inflammatory pain (i.e., hyperalgesia) on the oligomeric assembly of the key TJ
transmembrane protein, occludin. Oligomerization of integral membrane proteins is a critical step in
TJ complex assembly that enables the generation of tightly packed, large multiprotein complexes
capable of physically obliterating the interendothelial space to inhibit paracellular diffusion. Intact
microvessels isolated from rat brains were fractionated by detergent-free density gradient
centrifugation, and gradient fractions were analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis/Western blot. Injection of A-carrageenan into the rat hind paw produced after 3 h a
marked change in the relative amounts of oligomeric, dimeric, and monomeric occludin isoforms
associated with different plasma membrane lipid raft domains and intracellular compartments in
endothelial cells at the BBB. Our findings suggest that increased BBB permeability (i.e., leak)
associated with A-carrageenan-induced peripheral inflammatory pain is promoted by the disruption
of disulfide-bonded occludin oligomeric assemblies, which renders them incapable of forming an
impermeant physical barrier to paracellular transport.
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The blood-brain barrier (BBB) is anatomically comprised of approximately 20 m? of
endothelial cells (per 1.3 kg brain) that line the vascular microvessels of the brain to form a
physical, metabolic, and immunologic barrier between the CNS and the peripheral circulation
(Reese and Karnovsky 1967; de Boer and Gaillard 2007). Breach of the BBB (i.e., leak) exposes
the brain’s fragile micro-environment to potentially harmful substances in the periphery, and
may result in a loss of brain homeostasis characterized by nutritional and ionic imbalances,
impaired neuronal signaling, improper delivery of therapeutic pharmaceuticals, serum protein
extravasation, and cerebral edema leading to increased intracranial pressure and death (Petty
and Lo 2002; Hawkins and Davis 2005; Zlokovic 2008).

How BBB integrity is modulated by pain and/or inflammation is a research priority (Neuwelt
et al. 2008). Pain afflicts more than 76 million Americans each year, causing tremendous
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suffering and costing an estimated $100 billion dollars in medical treatments and loss of
productivity (http://www.painfoundation.org). Moreover, BBB dysfunction adversely affects
the course of numerous CNS and non-CNS diseases and pathologies associated with pain and/
or inflammation including Alzheimer’s disease, arthritis, diabetes, multiple sclerosis, ischemic
stroke, and peripheral inflammatory pain (Petty and Lo 2002; Hawkins and Davis 2005; Desai
et al. 2007; Pan and Kastin 2007; Forster 2008; Kaur and Ling 2008; Zlokovic 2008).

Pain is a complex phenomenon involving responses from the immune system and the CNS as
well as activation of the hypothalamic—pituitary—adrenal axis (Wolka et al. 2003). All
categories of pain (acute, subchronic, and chronic) can be initiated by a painful stimulus or
inflammagen that elicits both a peripheral innate immune response and a CNS response. The
peripheral innate immune response to injury involves the rapid production and local release of
inflammatory mediators at the site of injury or inflammation. The CNS response to peripheral
inflammatory pain involves glia activation, de novo synthesis of proinflammatory cytokines
and growth factors, and exaggerated pain transmission (hyperalgesia) (Watkins et al. 1995;
Watkins and Maier 2000, 2005; Wieseler-Frank et al. 2005a,b). Inflammatory mediators
produced in the CNS may affect endothelial cells at the BBB through the abluminal face, and
systemic inflammatory mediators may affect endothelial cells through the luminal face
(Watkins et al. 1995; Andersson 2005; Hansson and Zugner 2005).

Disruption of paracellular permeability at the BBB during peripheral inflammatory pain has
been demonstrated in our laboratory using three different experimental models (formalin, A-
carrageenan, and complete Freund’s adjuvant) (Huber et al. 2001,2006;Hau et al. 2004; Brooks
et al. 2005,2006;Seelbach et al. 2007). Recently, we demonstrated the use of a neutral pH,
detergent-free, isosmotic OptiPrep density gradient method to fractionate intact cerebral
microvessels to isolate oligomeric occludin and claudin-5 within the context of their normal
plasma membrane environment (McCaffrey et al. 2007). Oligomerization of integral
membrane proteins such as occludin and claudin-5 is an essential architectural feature of the
tight junction (TJ) multiprotein complexes that form between cerebral microvascular
endothelial cells to physically inhibit paracellular diffusion at the BBB. Pioneering in vitro
work by Blasig et al. (2006) demonstrated the self-association of occludin and claudin-5 within
plasma membranes of the same cell and the trans-interaction between claudin-5 molecules of
adjacent cells (Piontek et al. 2008), elegantly establishing a molecular model for homophilic
and heterophilic interaction between claudins at the TJ (Krause et al. 2008). The
transmembrane protein, occludin, critically important for barrier function at the BBB, functions
at the TJ as both a structural and a signaling protein (Dobrogowska and Vorbrodt 2004;Harhaj
and Antonetti 2004;Vorbrodt and Dobrogowska 2004;Feldman et al. 2005;Hawkins and Davis
2005;Gonzalez-Mariscal et al. 2008;Paris et al. 2008;Vandenbroucke et al. 2008). Within the
occludin primary sequence there is a stretch of approximately 200 amino acids that shows
statistical similarity to the myelin and lymphocyte (MAL) and related proteins for vesicle
trafficking and membrane link (MARVEL) domain (Sanchez-Pulido et al. 2002). MARVEL
domains, characterized by an M-shaped topology comprised of a four transmembrane-helix
architecture with cytoplasmic N- and C-terminal regions, have a putative role in cholesterol-
rich membrane apposition events such as biogenesis of vesicular transport carriers or
membrane fusion. Occludin and the claudins, TJ transmembrane proteins of dissimilar primary
sequence but similar membrane topology, are incorporated within cholesterol-enriched regions
of the plasma membrane (Hendset et al. 2006) and interact through their extracellular loops
with homologous segments on apposing endothelial cell membranes to form the seal that
restricts paracellular diffusion (Lacaz-Vieira et al. 1999;Wen et al. 2004;Krause et al.
2008;Piontek et al. 2008). Attached to the C-termini of occludin is zonula occludens-1 (ZO-1),
the primary cytoplasmic accessory TJ protein responsible for anchoring TJ transmembrane
protein oligomeric assemblies to the underlying actin cytoskeleton (Furuse et al. 1994).
Occludin interacts with a variety of signaling, regulatory or vesicle trafficking proteins
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including c-Yes (Chen and Lu 2003), the regulatory (p85) subunit of phosphatidylinositol 3-
kinase (Sheth et al. 2003), transforming growth factor beta receptors | and 11 (Barrios-Rodiles
et al. 2005;0zdamar et al. 2005), caveolin (Nusrat et al. 2000b), protein kinase C-zeta,
connexin-26 (Nusrat et al. 2000a;Feldman et al. 2005), Rab13 (Morimoto et al. 2005), and 33
kDa Vamp-associated protein (Lapierre et al. 1999). Numerous reports associate occludin’s
phosphorylation state with TJ regulation (Hirase et al. 2001;Kago et al. 2006;Persidsky et al.
2006;Stamatovic et al. 2006;McKenzie and Ridley 2007;Seth et al. 2007;Yamamoto et al.
2008). Moreover, many studies have associated oxidative stress with occludin phosphorylation
and trafficking and TJ function (Kevil et al. 2000;Rao et al. 2002;Fischer et al. 2005;Krizbai
et al. 2005;DeMaio et al. 2006), and affirmed a protective role for anti-oxidants in preventing
changes in barrier integrity (Meyer et al. 2001;Xu et al. 2007).

In this study, we investigate the effect of peripheral inflammatory hyperalgesia on occludin
oligomeric assembly at TJs of the BBB in vivo. We show that there is a significant reduction
in “TJ-associated’ oligomeric (> 150 kDa) occludin within microvascular endothelial cell
plasma membrane lipid rafts at the BBB within 3 h of intraplantar injection of 3% A-carrageenan
into the right hind paw of female Sprague—Dawley rats. Our data are not inconsistent with
the hypothesis that disulfide bond formation/reduction between occludin oligomeric
assemblies of apposing cells contributes importantly to the dynamic nature of TJ multiprotein
complexes and represents a potential target of therapeutic manipulation of TJ paracellular
permeability.

Materials and methods

Chemicals and reagents

Antibodies

OptiPrep was purchased from Accurate Chemical (Westbury, NY, USA). EDTA-free
Complete Proteinase Inhibitor was obtained from Roche (Indianapolis, IN, USA). Criterion
XT (10% Bis-Tris) gels, 20x 3-morpholinopropanesulfonic acid running buffer, 4x XT sample
loading buffer, 20x XT reducing agent, tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
and Precision Plus pre-stained molecular weight markers were obtained from Bio-Rad
(Hercules, CA, USA). Polyvinylidene difluoride (PVVDF) (0.45 um) and Western Lightning
Chemiluminescence Reagent Plus were purchased from Perkin EImer (Waltham, MA, USA).
Blue autoradiography film was bought from Genesee Scientific (San Diego, CA, USA).
Bicinchoninic acid protein assay reagent and albumin standard were purchased from Pierce
(Rockford, IL, USA). All other chemicals and reagents were obtained from either Fisher
Scientific (Fairlawn, NJ, USA) or Sigma (St. Louis, MO, USA).

The mouse monoclonal antibody against ZO-1 (33-9100) and the rabbit polyclonal antibody
against occludin C-terminus (71-1500) were purchased from Zymed (South San Francisco,
CA, USA). The goat polyclonal antibody against Rab13 (sc-30374) and the rabbit polyclonal
antibody against nucleoporin (sc-25523) were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The mouse monoclonal antibodies against coatomer subunit beta (3-COP)
(G 6160) and caveolin-1 (610406) were purchased from Sigma and BD Transduction
Laboratories (San Jose, CA, USA), respectively.

Animals and treatments

Female Sprague—Dawley rats (250-300 g) were purchased from Harlan Sprague—Dawley
(Indianapolis, IN, USA), housed under standard 12 h light/12 h dark conditions, and given food
and water ad libitum. Animals weighing 250-300 g were randomly assigned to each treatment
group, and all treatment protocols were approved by the University of Arizona Institutional
Animal Care and Use Committee, and abided by National Institutes of Health guidelines. Rats
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were gently restrained in the conscious state, and each received an injection (100 pL, s.c.) of
either A-carrageenan (3% diluted in 0.9% saline) or saline (0.9%, vehicle control) into the
plantar surface of the right hand paw. Assessment of paw edema and thermal hyperalgesia was
carried out as previously described (Seelbach etal. 2007). In situ brain perfusion was performed
as per Huber et al. (2001).

Microvessel isolation

Animals were anesthetized with sodium pentobarbital (64 mg/kg; i.p.) and subjected to
transcardiac perfusion with 0.9% saline for 2 min. Following decapitation, brains were
removed and cerebral microvessels isolated as previously described (McCaffrey et al. 2007).

Confocal microscopy

Rat cerebral microvessels (isolated as described above) were spread onto glass microscope
slides and immunostained as previously described (McCaffrey et al. 2007). Images were
acquired using an LSM 510 confocal laser-scanning microscope under an 63x oil-immersion
objective and data were analyzed by LSM 5 software (Carl Zeiss Inc., Thornwood, NY, USA).

Microvessel fractionation

Rat cerebral microvessels (isolated as described above) were fractionated by an adaptation of
the detergent-free method of Macdonald and Pike (2005), as previously described (McCaffrey
et al. 2007). The protein content of microvessel homogenates were determined by
bicinchoninic acid protein assay prior to density gradient centrifugation to ensure that equal
protein amounts of microvessel homogenate (adjusted to equal volumes) were layered beneath
OptiPrep gradients.

SDS-PAGE and Western blot analysis

Protein samples and pre-stained molecular weight markers were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) on 10% Bis-Tris Criterion XT
precast gels using 3-morpholinopropanesulfonic acid buffer, electrophoretically transferred to
PVDF membranes using Genie Electroblotters (Idea Scientific, Minneapolis, MN, USA),
probed, and analyzed as previously described (McCaffrey et al. 2007). Typically, protein
samples were mixed with XT sample loading buffer (containing 1x XT reducing agent TCEP)
and heated for 10 min at 70 °C. In particular instances, protein samples were supplemented
with 10% SDS and 10 mM 1,2-ethanedithiol (EDT) and heated for 10 min at 100 °C. Antibody
specificity was routinely verified by control experiments in which the primary antibody was
omitted and only secondary antibody was used. In addition, specificity of the rabbit polyclonal
antibody directed against the C-terminus of occludin (Zymed 71-1500) was affirmed by control
experiments in which the primary antibody was either the mouse monoclonal antibody against
the C-terminus of occludin (Zymed 33-1500) or the hon-specific mouse IgG1 control antibody
(Zymed 08-6599).

Statistical analysis

Data are expressed as mean + SE. Paw volume and paw withdrawal data were analyzed using
Student’s t-test. Significance was defined as p < 0.05.

Results

Characterization of A-carrageenan pain model

The A-carrageenan model of peripheral inflammatory pain uses injection of A-carrageenan into
the plantar surface of the rat hind paw to elicit localized inflammation and associated
hyperalgesia (Huber et al. 2002; Ibuki et al. 2003; Seelbach et al. 2007). Paw edema, a marker

J Neurochem. Author manuscript; available in PMC 2009 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCaffrey et al.

Page 5

of the inflammatory response, is measured by plesmythmography. Thermal hyperalgesia, a
measure of inflammation-induced pain the experimental animal perceives by way of
nociception, was assessed using the Hargreaves radiant heat test (Hargreaves et al. 1988).
Injection of 100 pL of 3% A-carrageenan solution in the right hind paw produced significant
paw swelling within 3 h (Fig. 1a). Paw swelling was not observed within the contralateral paw
of A-carrageenan-injected animals nor in the hind paw of saline-injected controls. A significant
decrease in paw withdrawal latency was observed for the A-carrageenan-injected paw (Fig.
1b). Paw latency changes were not observed within the contralateral paw of A-carrageenan-
injected animals, nor in the hind paw of saline-injected controls. Shown in Fig. 1c are data on
the permeability of sucrose. These data provide evidence that A-carrageenan causes a
significant increase in paracellular sucrose permeability. Collectively, these data confirmed
that our model of A-carrageenan treatment produced peripheral inflammatory hyperalgesia
specifically localized to the right hind paw, and significantly altered BBB function.

Effect of A-carrageenan on TJ protein localization in isolated cerebral microvessels

To provide a global assessment of changes in TJ transmembrane and accessory protein
localization that would complement subcellular fractionation data, intact cerebral microvessels
were analyzed by confocal microscopy following immunostaining for occludin and ZO-1 (Fig.
2). Hind paw injection of A-carrageenan slightly decreased the overall intensity of occludin
staining in isolated microvessels. Interestingly, no evident change in immunostaining of the
TJ accessory protein ZO-1 was observed. Collectively, these data indicate that following 3 h
of inflammatory peripheral hyperalgesia, there appeared to be a modest alteration in the
distribution of occludin within endothelial cells at the BBB. This change in occludin
localization was not mirrored by a corresponding change in ZO-1 localization.

Characterization of OptiPrep density gradient fractionation of cerebral microvessels

To investigate A-carrageenan-induced modulation of TJ multiprotein complexes at the BBB
in vivo, cerebral microvessel TJ structures were isolated within the context of their native lipid
raft environment. Intact microvessels obtained from brains of control- and A-carrageenan-
injected animals were fractionated using a density gradient centrifugation method designed to
separate plasma membrane lipid rafts from non-raft membranous structures (Macdonald and
Pike 2005; McCaffrey et al. 2007). Fractionation of cerebral microvessel homogenates
prepared from brains from saline-and A-carrageenan-injected animals produced gradients with
nearly identical density profiles (Fig. 3a). The average fraction density (p, calculated from
refractive indices) increased linearly across gradients between 1.038 g/mL (top of gradient)
and 1.168 g/mL (bottom of gradient). Protein profiles for density gradients prepared using
cerebral microvessel homogenates obtained from saline- and A-carrageenan-injected animals
were similar, with low-density fractions containing significantly less protein than that found
at the bottom of the gradients (Fig. 3b).

Density gradients were screened for the location of raft and non-raft markers using the ‘constant
volume’ (versus the “constant protein”) mode to ensure accurate estimation of proteins
associated with low density, low protein, and lipid-enriched membrane domains (Macdonald
and Pike 2005; Rudajev et al. 2005). Because equal protein aliquots of brain microvessel
homogenates (prepared from saline- and A-carrageenan-injected animals) were fractionated,
and density profiles of gradients were routinely determined following centrifugation to ensure
quality of fractionation, the amount of a particular protein marker contained within equal
volumes of same-density fractions from different gradients could be compared by SDS—
PAGE/Western blot. By loading equal volumes of each gradient fraction, as opposed to equal
protein, artificial overestimation of proteins within lipid rafts was avoided. Pairs of SDS—
PAGE gels of gradient samples were routinely electrophoresed (one gel loaded with gradient
samples 1-15 from saline-injected animals, and the other gel loaded with corresponding
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gradient samples from the A-carrageenan-injected animals). Additionally, both gels were
blotted side-by-side to the same PVDF membrane to ensure that blotting and antibody probing
were identical for the two treatment groups.

Western blots of gradient fractions probed for plasma membrane lipid raft markers (Rab13 and
caveolin-1), the Golgi membrane protein, B-COP, and the nuclear membrane protein
nucleoporin confirmed the separation of plasma membrane lipid raft domains (fractions 5 to
10; p = 1.068 to 1.120 g/mL) from intracellular membranous components (fractions 11 to 15;
p=1.132101.168 g/mL) (Fig. 3c). Microvessels isolated from brains of saline-injected animals
revealed strongest staining of Rab13 in fraction 7 (p = 1.081 g/mL), the low density plasma
membrane lipid raft domain previously characterized as co-localizing with oligomeric
assemblies of the key TJ transmembrane proteins, occludin and claudin-5 (McCaffrey et al.
2007). Peripheral inflammatory hyperalgesia promoted a distinct reduction in the amount of
Rab13 associated with plasma membrane lipid rafts, with the greatest decrease occurring in
fraction 7. Similar to Rab13, higher molecular weight forms of the scaffolding protein
caveolin-1 (72 and 89 kDa) stained prominently in plasma membrane lipid raft fractions 7 and
8, with significant staining also in fractions of higher density (9,10) and lower density (5,6).
The effect of A-carrageenan was to eliminate the presence of the higher 89 kDa form of
caveolin-1 in fraction 7. Moreover, the 72 kDa isoform was also detectably decreased. A~
Carrageenan treatment also reduced the amount of low molecular weight (LMW) forms of
caveolin-1 in non-raft domains. In contrast to the lipid raft markers, A-carrageenan treatment
did not cause noticeable changes in distribution of the Golgi marker, p-COP, or the nuclear
membrane marker, nucleoporin. These non-raft markers prominently stained in fractions 12—
15, at the bottom of the gradient. Collectively, these data confirm that cerebral microvessels
isolated from animals with A-carrageenan-induced peripheral inflammatory hyperalgesia may
be successfully fractionated by neutral pH, detergent-free OptiPrep density gradient
centrifugation to identify changes in distribution of TJ-associated proteins within plasma
membrane lipid raft domains. Decreased association of Rab13 and the 72- and 89-kDa
oligomeric forms of the scaffolding protein, caveolin-1, with the ‘TJ-associated’ low density
plasma membrane domain (fraction 7, p = 1.081 g/mL) suggest that remodeling of these lipid
rafts has occurred which may adversely affect the integrity of TJ transmembrane protein
complexes.

A-Carrageenan modulates occludin association with plasma membrane lipid rafts

The effect of peripheral inflammatory hyperalgesia on the integrity of TJ multiprotein
complexes was investigated by focusing on the relative distribution of occludin between
different plasma membrane lipid raft domains and intracellular compartments in endothelial
cells at the BBB. Occludin trafficking was analyzed by SDS—PAGE/Western blot of fractions
obtained from OptiPrep density gradient fractionation of cerebral microvessels isolated from
brains from saline- and A-carrageenan-injected animals. Using an antibody directed to the C-
terminus of occludin (Zymed 71-1500), a complex array of oligomeric (> 150 kDa), dimeric
(c. 110-120 kDa), monomeric (53-65 kDa), and LMW (37-35 kDa, 25 kDa) occludin isoforms
were detected in gradient fractions from both saline- and A-carrageenan-injected animal groups
(Fig. 4a). Because gradient fractions were treated with the hydrophilic reducing agent, TCEP,
in the presence of 2% SDS (10 min, 70 °C) prior to electrophoresis, the oligomeric and dimeric
occludinisoforms represent ‘TCEP-resistant’ (TCEP-R) protein structures containing disulfide
bonds within hydrophobic regions (McCaffrey et al. 2007). Monomeric and LMW occludin
isoforms may represent components of higher molecular weight occludin isoforms that were
attached either by disulfide bonds accessible to TCEP or by non-covalent interactions sensitive
to SDS. Alternatively, these monomeric and LMW forms of occludin may have not been
associated with higher molecular weight structures in either lipid raft or non-raft locations.
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To aid the analysis of occludin isoform distribution within lipid raft and non-raft regions, the
band density for each isoform was calculated as a percentage of the sum of band densities for
that particular isoform across the gradient, and corresponding histograms for each occludin
isoform were prepared (Fig. 4b). The majority of TCEP-R occludin oligomer detected in both
saline- and A-carrageenan-injected animals was found within plasma membrane lipid raft
domains (fractions 5-10). In contrast, approximately equal amounts of TCEP-R occludin dimer
(c. 100-120 kDa) were detected in both lipid raft and non-raft locations, suggesting that an
equillibrium may exist between plasma membrane and cytoplasmic stores of this building block
dimer. In saline-injected animals, 65% of raft-associated TCEP-R occludin oligomer was
concentrated in the ‘TJ-associated’ low density plasma membrane lipid raft domain (fraction
7, p = 1.081 g/mL). Twenty-seven percent of TCEP-R occludin oligomer was detected in
fraction 8, associated with plasma membrane lipid raft domains of higher density (p = 1.105
g/mL), and only minor amounts of this high molecular isoform could be detected in fractions
9,10, 13, and 14 (p = 1.108 to 1.161 g/mL). Taken together, these data affirm the importance
of the lipid raft environment in the establishment and maintenance of higher order TCEP-R
oligomeric occludin structures. The presence of TCEP-R occludin dimer in non-raft domains
indicates that the plasma membrane lipid raft environment is not required for either the
formation or maintenance of hydrophobic disulfide bond(s) between monomeric subunits to
form dimeric structures. The association of 92% of the total amount of TCEP-R oligomeric
occludin with only two lipid raft fractions (7 and 8), combined with the preferential association
of approximately two-thirds of detectable isoform with fraction 7 (the fraction of comparatively
lowest density), suggests that occludin oligomeric assemblies arise from successive remodeling
of occludin-containing lipid rafts. Lipid raft remodeling involving the incorporation or
exclusion of different protein and lipid components to generate more structured environments
of increasingly lower density would accompany increased packing and oligomerization of
occludin isoforms until a lipid raft of unique lipid/protein composition and structural occludin
oligomeric integrity is generated.

Injection of A-carrageenan caused an approximate 20% decrease in total oligomeric occludin
protein band density and disrupted the preferential association of the majority of TCEP-R
occludin oligomers with the low density “TJ-associated’ plasma membrane lipid rafts present
in fraction 7. Of the total amount of TCEP-R oligomer detected in the case of A-carrageenan-
treated animals, only 35% remained in fraction 7, whereas 52% and 9% were detected in
fractions 8 and 10, respectively. In addition to TCEP-R oligomers, other occludin isoforms
were redistributed within the density gradient as a consequence of A-carrageenan treatment.
The approximate halving of the amount of TCEP-R occludin oligomer in fraction 7 was
accompanied by decreases in TCEP-R dimeric occludin (from 18% to 12%), 65 kDa
monomeric occludin (from 26% to 12%), and 25 kDa LMW occludin (from 58% to 16%). In
contrast, no significant changes in either the 53 kDa monomeric occludin isoform or the 35-
and 37-kDa LMW occludin isoforms were observed. The approximate 50% reduction in TCEP-
R oligomer detected in the ‘TJ-associated’ lipid raft fraction 7 was mirrored by an
approximately two times increase in this oligomeric isoform in fraction 8. Fraction 8 also
exhibited increases in the TCEP-R dimer (from 18% to 26%), the 65 kDa monomer (from 27%
to 37%), the 53 kDa monomer (from 33% to 45%), 37 kDa LMW isoform (from 33% to 49%),
the 35 kDa LMW isoform (from 36% to 55%), and the 25 kDa LMW isoform (from 35% to
84%). In non-raft regions of the density gradient, changes in the relative distribution of TCEP-
R dimer and the 65 kDa monomer were also observed following A-carrageenan treatment.
Increased detection of both of these isoforms within the high-density fraction 15 (p = 1.168 g/
mL) may reflect trafficking of these two occludin isoforms away from plasma membrane lipid
raft domains to the cytoplasm. Collectively, this analysis of fractionation data revealed a
multiplicity of alterations in the association of different occludin isoforms with lipid raft and
non-raft domains and suggests that significant disruption of occludin trafficking and occludin
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oligomeric assembly has occurred following the onset of peripheral inflammatory
hyperalgesia.

The density gradient data were also analyzed to provide information concerning the relative
amounts of different occludin isoforms associated with membrane domains of the same density.
The effect of A-carrageenan treatment on relative occludin isoform composition, within
fractions 7, 8, and 10, were determined by calculating the band density for each isoform as a
percentage of the sum of band densities for all occludin isoforms detected within the fraction
(Fig. 4c). In saline-injected animals, the relative amounts of TCEP-R occludin oligomer and
dimer present in fraction 7 were 20.1% and 3.7%, respectively, giving a TCEP-R occludin
oligomer/dimer ratio of 5.4. In contrast, the relative amounts of TCEP-R occludin oligomer
and dimer present in the higher density fractions 8 and 10 were 12% and 4.6%, and 2.2 and
2.1%, giving TCEP-R occludin oligomer/dimer ratios of 2.6 and 1.4, respectively. A-
Carrageenan treatment altered the relative amounts of TCEP-R occludin oligomer and dimer
present in fraction 7 from 20.1% to 9.7% and 3.7% to 4.3%, respectively, decreasing by
approximately 50% the TCEP-R occludin oligomer/dimer ratio from 5.4 to 2.3. The relative
amounts of TCEP-R occludin oligomer and dimer present in fraction 8 were also altered by
A-carrageenan treatment from 12% to 11% and 4.6% to 6.1%, respectively, which resulted in
an approximate 20% reduction of the TCEP-R occludin oligomer/dimer ratio from 2.3 to 1.8.
Figure 4d illustrates the inverse relationship between occludin oligomer/dimer (O/D) ratio and
fraction density. As the fraction density is decreased, oligomerization is increased. Taken
together, these data reveal that within 3 h of inducing peripheral inflammatory pain, significant
remodeling of the ‘TJ-associated’ lipid raft domains at the BBB has occurred such that the bulk
of the TCEP-R occludin oligomer is no longer concentrated within tightly-packed, plasma
membrane lipid raft domains characterized by a narrowly defined density and a high TCEP-R
oligomer/dimer ratio.

N-Carrageenan modulation of ZO-1 trafficking

Western blots of density gradient fractions from saline-injected, control rats probed for ZO-1
revealed prominent staining for this TJ accessory protein in both plasma membrane lipid rafts
and non-raft intracellular compartments (Fig. 5). A-Carrageenan treatment did not promote
noticeable changes in ZO-1 distribution within different plasma membrane lipid raft domains.
However, the association of ZO-1 with higher density fractions was markedly decreased.

A-Carrageenan disrupts occludin oligomeric assembly

To examine in more detail the effect of peripheral inflammatory pain on the relationship
between oligomeric, dimeric, and monomeric isoforms of occludin within the ‘TJ-associated’
low-density plasma membrane lipid raft domain (fraction 7, p = 1.081 g/mL), equal protein
aliquots of fraction 7 were prepared for SDS—PAGE under non-reducing conditions and
strongly reducing conditions. Non-reducing conditions involved exposure of samples to 2%
SDS and heating to 70 °C for 10 min before electrophoresis; strongly reducing conditions
subjected samples to 10% SDS and 10 mM EDT, and heating to 100 °C for 10 min before
electrophoresis. Samples from fractionation experiments carried out on different days were
electrophoresed on the same gels to ensure identical conditions for both electrophoresis and
Western blot analysis. Multiple exposures of Western blots probed with the C-terminus
occludin antibody (Zymed 71-1500) were taken to ensure that density measurements for a
particular occludin isoform were within the linear range of the film.

In non-reducing blots from saline-injected animals, a substantial amount of oligomeric (> 150
kDa) occludin was detected (Fig. 6a and b). A-Carrageenan treatment reduced this oligomeric
occludin by 35% (Fig. 6¢). Non-reducing blots also showed prominent staining for dimeric
(c. 110-120 kDa) occludin, which was reduced by 26% by peripheral inflammatory
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hyperalgesia. Very little monomeric (53 and 65 kDa) occludin was detected in non-reducing
blots from saline- or A-carrageenan-injected animals, suggesting these monomeric isoforms
were attached by SDS-resistant, disulfide-bond linkage to higher order oligomeric occludin
structures. As expected, treatment with the hydrophobic reducing agent EDT effectively
reduced the higher molecular weight oligomeric and dimeric occludin isoforms to the 53 and
65 kDa occludin isoforms, affirming the latter’s participation as monomeric building blocks
in higher order occludin protein structures. Approximately equivalent amounts of the 53 and
65 kDa monomers were detected in reduced blots prepared from saline-injected animals.
Interestingly, A-carrageenan treatment produced a greater reduction in the 65 kDa (45%) than
in the 53 kDa monomer (11%). Collectively, these data affirm that A-carrageenan treatment
significantly disrupted the integrity of occludin oligomeric assemblies within ‘TJ-associated’
plasma membrane lipid raft domains.

Discussion

In this study, we used detergent-free density gradient fractionation of intact microvessels to
investigate the effect of A-carrageenan-induced peripheral inflammatory pain (i.e.,
hyperalgesia) on occludin oligomeric complexes within plasma membrane lipid rafts at TJs of
the BBB. Reducing SDS—PAGE/Western blot analysis of density gradient fractions treated
with the hydrophilic reducing agent TCEP revealed that hind paw injection of A-carrageenan
promoted a marked change in the relative amounts of oligomeric, dimeric, and monomeric
isoforms of occludin associated with different plasma membrane lipid raft domains and
subcellular compartments of microvascular endothelial cells. Using non-reducing SDS—
PAGE to analyze occludin associated with “TJ-associated’ plasma membrane lipid rafts, we
found that A-carrageenan-induced inflammatory pain decreased the amount of total oligomeric
occludin (> 150 kDa) by 35%. Our data show a marked disruption of oligomeric occludin at
TJs of the BBB takes place within 3 h of the injection of A-carrageenan in the hind paw of
female Sprague—Dawley rats and reveal that disassembly of TJ-associated occludin
oligomeric complexes is accompanied by the reduction of intermolecular disulfide bonds.

Previous studies from our laboratory show that injection of A-carrageenan induced a biphasic
response in BBB paracellular permeability over a 72 h time course (Huber et al. 2002; Hau et
al. 2004). Significant change in paracellular permeability was detected as early as 1 h post-
injection, and peaks in brain uptake of [14C]sucrose occurred at 3 and 48 h post-injection. The
greatest change in permeability was found at 3 h, at which time an approximate 66% increase
in paracellular permeability was observed. The observed ability of TJs at the BBB to quickly
modulate their restriction of paracellular transport suggested that A-carrageenan-induced post-
translational modifications of key TJ transmembrane and accessory proteins could be invoking
conformational changes that were disruptive to the multiprotein TJ complex. Recently, we
reported that TJ complexes, isolated from intact cerebral microvessels within the context of
their normal plasma membrane lipid raft environment, contain high molecular weight
oligomeric assemblies of occludin maintained by disulfide bonds embedded within
hydrophobic regions (McCaffrey et al. 2007).

Because disulfide bonds not only provide structural support but also a readily reversible means
of manipulating protein conformation and function (Hogg 2003; Jordan and Gibbins 2006;
Ottaviano et al. 2008), we undertook the current study to investigate if peripheral inflammatory
pain altered the disulfide-bond integrity of oligomeric occludin complexes at TJs of the BBB
in vivo. Using density gradient fractionation of cerebral microvessels to isolate membrane
domains containing oligomeric occludin complexes, we investigated if 3 h after injection of
\-carrageenan in the rat hind paw, the time of maximum increase in paracellular permeability
(Huber et al. 2002; Hau et al. 2004), there was a change in (i) the density at which oligomeric
isoforms of occludin co-localized within an isosmotic OptiPrep gradient, (ii) the sensitivity to
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disulfide bond reduction of oligomeric occludin associated with different membrane domains,
and (iii) the relative isoform composition of occludin associated with plasma membrane lipid
rafts of different density. Increased association of oligomeric occludin with plasma membrane
domains of decreased lipid order (i.e., higher density) would imply that distinct changes in the
interaction between oligomeric occludin and its lipid environment have occurred, which may
affect occludin oligomeric conformation. Increased access of a hydrophilic reducing agent to
previously inaccessible disulfide bonds within oligomeric occludin would suggest that
conformational changes might have disrupted the tightly packed multiprotein complex.
Changes in the relative occludin isoform composition within a membrane domain of particular
density would indicate that disassembly of covalently bonded higher order structures has taken
place.

Non-reducing SDS—PAGE/Western blot of occludin co-localizing with markers of intact TJs
(Rab13 and oligomeric caveolin-1) within the low density ‘TJ-associated” plasma membrane
lipid rafts (density gradient fraction 7, p = 1.081 g/mL) of saline-injected animals
characteristically revealed very little staining for monomeric (53 and 65 kDa) isoforms and
substantial staining for higher molecular weight (> 150 kDa) oligomeric structures. A lesser
amount of dimeric occludin (c. 100-120 kDa) was typically detected, in addition to a prominent
amount of LMW occludin (25 and 35 kDa). Control experiments wherein aliquots of density
gradient fraction 7 were treated with the hydrophobic reducing agent EDT reduced essentially
all of the oligomeric and dimeric occludin isoforms and significantly increased the monomeric
(53 and 65 kDa) isoforms. Because staining for LMW occludin (25, 35, and 37 kDa) was
detected in the absence of reducing agent, and increased by EDT-treatment, these isoforms
appear to be associated with oligomeric occludin assemblies by either non-covalent, SDS-
sensitive interactions and/or disulfide bonds. Treatment of aliquots of density gradient fraction
7 with the hydrophilic reducing agent TCEP revealed that occludin multiprotein assemblies at
the TJ contain core oligomeric and dimeric structures that are maintained by disulfide bonds
embedded within transmembrane regions. Moreover, prominent staining for monomeric (53
and 65 kDa) occludin isoforms revealed that under normal conditions there is a subset of
intermolecular disulfide bonds maintaining occludin oligomeric assemblies that are readily
accessible to modification. The TCEP-R oligomer/dimer ratio for occludin associated with a
specific gradient fraction can be used as a measure of the relative amounts of hydrophobic
disulfide bonds within occludin oligomers. This ratio was found to increase with decreasing
fraction density. This suggests that disulfide bond formation between cysteine residues within
transmembrane regions was enhanced by an increase in lipid order within plasma membrane
lipid rafts. In saline-injected animals, the bulk of oligomeric occludin that was resistant to
reduction by TCEP was detected in fraction 7. In A-carrageenan-injected animals, only 35%
of the total amount of oligomeric occludin co-localized at this density, and the effect of A-
carrageenan treatment was to reduce the TCEP-R oligomer/dimer ratio for occludin by
approximately twofold.

Combining analysis of our non-reducing and reducing SDS—PAGE/Western blot data for the
“TJ-associated’ oligomeric occludin, and the occludin associated with other plasma membrane
and intracellular domains led us to hypothesize that A-carrageenan-induced peripheral
inflammatory pain induces a graded disassembly of occludin oligomeric complexes involving
sequential increases in disulfide bond reduction. Our data are not inconsistent with a
disassembly mechanism of oligomeric occludin complexes within ‘TJ-associated” plasma
membrane lipid rafts that is initiated by selective reduction of disulfide bonds between cysteine
residues within extracellular loops or first transmembrane domains connecting occludin
molecules on apposing cell membranes. Conformational changes promoted by relaxation of
structural restrictions invoked by disulfide bonds could then lead to altered protein—lipid
interactions, and consequently a remodeling of the lipid raft environment. This, in turn, would
lead to a decrease in the lipid/protein ratio and an increase in the buoyant density at which these
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higher molecular weight occludin isoforms are detected within a density gradient. In this model,
disulfide bond reduction within the less tightly packed oligomeric assembly would be enhanced
within plasma membrane lipid rafts of higher density. This would increase the extent of
dismantling of the oligomeric complex into component dimeric, monomeric, and LMW
occludin isoforms. Reducing SDS—PAGE using the hydrophilic reducing agent, TCEP, would
be expected to reveal decreases in oligomer to dimer ratios reflecting the increased accessibility
of disulfide bonds within oligomeric assemblies to reduction caused by changes in occludin
subunit conformation. Our data are in agreement with this and show both an increase in the
amount of oligomeric occludin associated with higher density plasma membrane lipid rafts and
an increase in dimeric, monomeric, and LMW isoforms relative to oligomeric isoforms within
these higher density membrane domains.

Occludin sequence analysis reveals the presence of seven cysteine residues (Fig. 7a). Three of
the cysteine residues reside within transmembrane regions, two are present within the second
extracellular loop, and two are present within the cytoplasmic C-terminus. All seven cysteine
residues are conserved in placental mammals, and all except Cysa1g and Cysggq within the
cytoplasmic C-terminus, are conserved in vertebrates as diverse as amphibians, birds,
marsupials, rodents, and humans (Lloyd et al. 2003). Such conservation requires strong
selective pressure during evolution and implies that these cysteine residues play essential role
(s) in occludin function. Cysteine residues are also important to claudin-5 function. Mutation
of either cysteine in the first extracellular domain abolishes the ability of claudin-5 to increase
transepithelial resistance in canine kidney cells (Wen et al. 2004).

Computer modeling of rat occludin (UniProtKB/Swiss-Prot entry Q6P6T5) using Disulfind
(Ceronietal. 2006) indicates a very low probability that any of the cysteine residues in occludin
form intrachain disulfide bonds; however, it does not rule out the possibility that they form
interchain disulfide bonds. A hydrophobicity plot (Kyte and Doolittle 1982) constructed for
rat occludin (Fig. 7b) shows the relative hydrophobicity of the environment of each cysteine
residue and supports the suggestion that side-by-side interaction between the first
transmembrane domains of two adjacent occludin molecules could promote disulfide bond(s)
between Cysyg and/or Cysg, to produce dimers insensitive to reduction by a hydrophilic
reducing agent such as TCEP. In addition, occludin dimers formed by intermolecular disulfide
bond(s) between Cys,10 and/or Cyssg; would be expected to be sensitive to reduction by a
hydrophilic reducing agent. Interaction between either (or both) of the cysteines present in the
second extracellular loop of one occludin molecule (in one cell) with cysteine(s) present within
the second extracellular loop of another occludin molecule (in the apposing cell) could promote
the formation of an occludin oligomer, if each occludin molecule was already disulfide-bonded
to another occludin molecule within the same cell. Moreover, the extreme closeness of adjacent
cell plasma membranes at the TJ could promote disulfide-bonded occludin structures through,
for example, interactions between a cysteine present within the second extracellular loop of
one occludin molecule with Cysg, present at the outermost edge of the first transmembrane
domain of another occludin molecule. Possible disulfide bond formation between adjacent and
apposing occludin molecules is diagrammatically illustrated in Fig. 8.

Numerous in vitro studies using peptides homologous to regions of either of the two
extracellular loops of occludin have differentially revealed their importance in occludin
trafficking to the TJ and maintenance of TJ function (Van Itallie and Anderson 1997; Wong
and Gumbiner 1997; Lacaz-Vieira et al. 1999; Balda et al. 2000; Medina et al. 2000; Chung
et al. 2001; Tavelin et al. 2003; Nusrat et al. 2005; Everett et al. 2006; Tokunaga et al. 2007;
Jin et al. 2008). Thiol disulfide interchanges leading to reduction of protein disulfide bonds
within occludin oligomeric assemblies could be catalyzed by oxidoreductases such as protein
disulfide isomerase (EC 5.3.4.2) (Edman et al. 1985) that are active at the endothelial cell
surface (Hotchkiss et al. 1998; Swiatkowska et al. 2008). Our data support the hypothesis that
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disulfide bond modification is a previously unrecognized ‘Achilles heel’ of occludin
oligomeric structural integrity that could be therapeutically manipulated to effect changes in
paracellular permeability at the BBB.
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HH

Saline Carrageenan

\-Carrageenan induces paw edema, thermal hyperalgesia, and increased permeability at the
blood-brain barrier (BBB). Female Sprague—Dawley rats received either vehicle (0.9% saline)
or A-carrageenan (3% in 0.9% saline) into their right hind paws. Three hour post-injection, paw
edema was determined by plesmythmography, and paw withdrawal latency was measured by
the Hargreaves radiant heat test. Hind paw injection of A-carrageenan produced significant
changes in (a) paw edema, (b) paw withdrawal latency, and (c) Ry, % ([*#C]sucrose
permeability). No changes were evident in either the contralateral paw of A-carrageenan-
injected animals or in the hind paws of saline-injected animals. Bar graphs show mean + SE;
n > 10 per group, *p < 0.001 versus treatment groups.
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Saline Carrageenan

Occludin

Z0-1

Fig. 2.

A-Carrageenan modulation of occludin and zonula occludens-1 (ZO-1) localization. Cerebral
microvessels prepared from brains from either saline- or A-carrageenan-injected rats were
isolated and imaged by confocal microscopy following immunostaining for occludin and ZO-1.
Data shown are representative of two independent experiments (n = 10 rats).
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Fig. 3.

Characterization of density gradients for the fractionation of cerebral microvessels. Rat
cerebral microvessels prepared from brains from either saline- or A-carrageenan-injected
animals were homogenized in a neutral pH, detergent-free buffer (containing MgCl, and
CaCly) and fractionated in a discontinuous 0—20% OptiPrep gradient (in the absence of
MgCl, and CaCl,). One-millilitre fractions were collected from the top of the gradient. (a)
Mean densities and standard errors from three separate gradients (per animal treatment) on
different days (n = 15 rats). (b) Distribution of protein across a representative gradient. (c)
Western blots of the first 15 fractions from a representative gradient (for each animal treatment)
probed for plasma membrane lipid raft markers (Rab13 and caveolin-1), the Golgi membrane
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protein, B-COP, and the nuclear membrane protein, nucleoporin. Bars at the bottom of the
figure indicate the distribution of lipid raft and non-raft markers on the gradient. Data shown
are representative of at least two independent experiments (n = 10-15 rats) for each treatment
condition. Sal, saline; Carr, carrageenan.
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Fig. 4.

A-Carrageenan modulation of occludin trafficking. Rat cerebral microvessels prepared from
brains from either saline-injected or A-carrageenan-injected animals were homogenized in a
neutral pH, detergent-free buffer (containing MgCl, and CacCl,) and fractionated in a
discontinuous 0-20% OptiPrep gradient (in the absence of MgCl, and CaCl,). One-millilitre
fractions were collected from the top of the gradient. (a) Western blots of the first 15 fractions
from a representative gradient (for each animal treatment) probed for occludin. Samples were
electrophoresed in the presence of 2% sodium dodecy! sulfate and the hydrophilic reducing
agent, tris (2-carboxyethyl) phosphine hydrochloride (TCEP), to determine relative
distribution of TCEP-resistant (TCEP-R) occludin isoforms. Bars at the top of the figure
indicate the distribution of lipid raft and non-raft markers on the gradient. (b) Histograms
showing relative distribution, for each animal treatment, of each type of occludin isoform
calculated as a percentage of the total band density for that isoform across the gradient. (c)
Relative amounts of occludin isoforms detected in fractions 7 and 8, for each animal treatment,
calculated as a percentage of the sum of band densities for all isoforms within the same fraction.
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(d) Graphs showing relationship between fraction density (open circles) and TCEP-R occludin
oligomer/dimer ratio (closed circles) calculated for fractions 7, 8, and 10. Data shown are
representative of three independent experiments (n = 15 rats) for each treatment condition.
LMW, low molecular weight; Sal, saline; Carr, carrageenan.
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A-Carrageenan alters zonula occludens-1 (ZO-1) trafficking. Rat cerebral microvessels
prepared from brains from either saline-injected or A-carrageenan-injected animals were
homogenized in a neutral pH, detergent-free buffer (containing MgCl, and CacCl,) and
fractionated in a discontinuous 0-20% OptiPrep gradient (in the absence of MgCl, and
CacCly). One-millilitre fractions were collected from the top of the gradient. Western blots of
the first 15 fractions from a representative gradient (for each animal treatment) probed for
Z0O-1. Bars at the bottom of the figure indicate the distribution of lipid raft and non-raft markers
on the gradient. Data shown are representative of three independent experiments (n = 15 rats)
for each treatment condition.
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\-Carrageenan disrupts occludin oligomeric assembly. Rat cerebral microvessels prepared
from brains from either saline-injected or A-carrageenan-injected animals were homogenized
in a neutral pH, detergent-free buffer (containing MgCl, and CaCl,) and fractionated in a
discontinuous 0-20% OptiPrep gradient (in the absence of MgCl, and CaCl,). Equal aliquots
of fraction 7 were subjected to sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) under (a) non-reducing conditions (2% SDS, heated to 70 °C for 10 min before
electrophoresis), or (c) strongly reducing conditions (10% SDS, 10 mM 1,2-ethanedithiol
heated to 100 °C for 10 min before electrophoresis). Western blots were probed for occludin.
Figures b and d are reduced exposures of Fig. (a) and (c), respectively. Ponceau staining for
total protein of Western blots was carried out prior to probing with antibody, as a loading
control. Data shown are representative of three independent experiments (n = 15 rats) for each
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treatment condition. Histograms represent percent change in band density relative to saline-

injected controls and are averaged from three independent experiments, *p < 0.05. Sal, saline;
Carr, carrageenan.
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Occludin structure. (a) The UniProtKB/Swiss-Prot entry Q6P6T5 for rat occludin, combined
with data output from the PredictProtein server (Rost et al. 2004), was used to create a TOPO
diagram (http://www.sacs.ucsf.edu/TOPQO2) in which the alpha helical domains are in blue,
the coiled-coil domain s in pink, and extended domains (sheets) are in green. Cysteine residues
are marked by red circles and numbers to indicate amino acid location. (b) Kyte—Doolittle
hydrophobicity plot of rat occludin shows positions of cysteine residues and their relative
hydrophobicity. MARVEL, myelin and lymphocyte and related proteins for vesicle trafficking

and membrane link domain.
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Fig. 8.

Proposed model of occludin disulfide bonds. Occludin monomers show position of conserved
cysteine residues (encircled) within the first and second transmembrane domains and the
second extracellular loop. Arrows indicate hypothetical disulfide bonds between occludin
molecules.
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