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Rho-mediated regulation of tight junctions during monocyte migration
across the blood-brain barrier in HIV-1 encephalitis (HIVE)
Yuri Persidsky, David Heilman, James Haorah, Marina Zelivyanskaya, Raisa Persidsky, Gregory A. Weber, Hiroaki Shimokawa,
Kozo Kaibuchi, and Tsuneya Ikezu

The blood-brain barrier (BBB) is compro-
mised during progressive HIV-1 infection,
but how this occurs is incompletely under-
stood. We studied the integrity of tight
junctions (TJs) of brain microvascular
endothelial cells (BMVECs) in an in vitro
BBB system and in human brain tissues
with HIV-1 encephalitis (HIVE). A down-
regulation of TJ proteins, claudin-5 and
occludin, paralleled monocyte migration
into the brain during HIVE. Because small
G proteins (such as Rho) can play a role
in BMVEC TJ assembly, an artificial BBB

system explored the relationship among
TJs, Rho/Rho kinase (RhoK) activation,
and transendothelial monocyte migra-
tion. Coculture of monocytes with endo-
thelial cells led to Rho activation and
phosphorylation of TJ proteins. Rho and
RhoK inhibitors blocked migration of in-
fected and uninfected monocytes. The
RhoK inhibitor protected BBB integrity
and reversed occludin/claudin-5 phos-
phorylation associated with monocyte mi-
gration. BMVEC transfection with a consti-
tutively active mutant of RhoK led to

dislocation of occludin from the mem-
brane and loss of BMVEC cell contacts.
When dominant-negative RhoK-transfected
BMVECs were used in BBB constructs,
monocyte migration was reduced by 84%.
Thus, loss of TJ integrity was associated
with Rho activation caused by monocyte
brain migration, suggesting that Rho/
RhoK activation in BMVECs could be an
underlying cause of BBB impairment dur-
ing HIVE. (Blood. 2006;107:4770-4780)

© 2006 by The American Society of Hematology

Introduction

HIV-1–associated dementia (HAD) is characterized by cognitive,
behavioral, and motor abnormalities affecting up to 11% of
infected individuals in the era of highly active antiretroviral
therapy.1 Clinical disease is often correlated with HIV-1 encephali-
tis (HIVE) and characterized by monocyte brain infiltration,
productive infection of brain macrophages and microglia, giant cell
formation, myelin pallor, astrogliosis, and neuronal injury.2 The
best histopathologic correlate of HAD is the number of inflamma-
tory macrophages that accumulate in affected brain tissue.3 This
concept is further supported by more recent data demonstrating the
importance of perivascular macrophages as viral reservoirs and
perpetrators of disease.4,5 It is now widely accepted that HAD
neuronal dysfunction and death are caused by monocyte/
macrophage secretory products and viral proteins.6-13 These obser-
vations strongly suggest that monocyte migration across the
blood-brain barrier (BBB) is a pivotal event in disease.

BBB compromise is associated with HAD. Examination of
HIVE brain tissue reveals that expression of tight junctions ([TJs]
providing structural integrity) decreases on brain microvascular
endothelial cells (BMVECs).14,15 HIV-1 patients exhibit signs of
BBB compromise by neuroimaging studies.16,17

Structurally, the BBB is composed of specialized nonfenes-
trated BMVECs connected by TJs in an impermeable monolayer

devoid of transcellular pores.18 TJs are composed of claudins and
occludin (integral membrane proteins) and intracellular proteins,
zonula occludens (ZO-1, ZO-2, ZO-3).19 TJs formed by BMVECs
maintain the structural integrity of the BBB, limiting paracellular
passage of molecules and cells into the brain. Formation of TJs
depends on the expression of high levels of occludin and claudin-5
and intracellular signaling processes that control phosphorylation
of junctional proteins.19,20 A recent study demonstrated that claudin-5
is a critical determinant of BBB permeability in mice.21 The
functional significance of occludin as compared with claudin-5 at
TJs is not clear. Although claudin-5 is now considered to be the
most important TJ protein, it is also expressed on endothelium of
less tight barriers while occludin is detected principally in brain
endothelial cells with TJs.22

TJs are dynamic structures that readily adapt to a variety of
physiologic or pathologic circumstances.23 However, the precise mecha-
nism(s) through which they operate is still unclear. It is widely accepted
that F-actin filaments found at the TJ participate in TJ regulation,24 and
actin may be linked to occludin/claudins through ZO proteins.25,26 While
significant progress has been made in identification of the molecular
mechanisms that attract leukocytes from the blood and promote
their arrest on the vessel wall, less is known about the migration of
leukocytes through endothelial cytoplasm or cell-to-cell borders
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into tissues.27-29 Leukocyte migration requires mechanisms that
open intercellular junctions, allowing passage of circulating cells
and preserving barrier function.30

An accumulating body of evidence suggests that small G proteins
such as Rho play a role in BMVEC TJ disassembly through
activation of signaling pathways that regulate cytoskeletal organiza-
tion.26,31 Given our in vivo observations (TJ down-regulation in
HIVE) and current understanding of Rho’s participation in cytoskel-
eton alterations in endothelial cells, we hypothesize that BMVEC
Rho activation is associated with monocyte brain migration and TJ
compromise in HAD. To investigate the role of Rho in monocyte
migration across BMVECs, we employed cultures of primary
human BMVECs and developed a functional BBB.32-34 This work
investigated whether modulation of Rho alters BMVEC TJ func-
tion and whether Rho inhibition in BMVECs prevents monocyte
migration across the BBB. Inhibition of the Rho pathway in
BMVECs resulted in TJ up-regulation, prevented occludin and
claudin-5 phosphorylation (induced by monocytes), and dimin-
ished monocyte transendothelial migration. Rho signaling in
BMVECs likely plays a crucial role in monocyte migration across
the BBB and in TJ assembly, all relevant to the neuropathogenesis
of HIV-1 infection.

Materials and methods

Monocyte isolation, propagation, and viral infection

Peripheral-blood mononuclear cells were obtained from HIV-1–, HIV-2–,
and hepatitis B–seronegative donors by leukopheresis and then purified by
counter current centrifugation to generate pure populations of monocytes.35

Monocytes were infected with HIV-1ADA at a multiplicity of infection of 0.1
virus/target cell for 18 hours.35 Prior to infection, the HIV-1 cellfree stocks
were treated with DNase I for 30 minutes at 37°C as described.36 All
reagents were prescreened for endotoxin (less than 10 pg/mL; Associates of
Cape Cod, Woods Hole, MA) and mycoplasma contamination (Gen-Probe II,
Gen-Probe, San Diego, CA).

HIV-1 DNA analysis by polymerase chain reaction
(PCR) monocytes

A total of 2 � 106 cells per milliliter were cultured in Teflon flasks and
infected with HIV-1 as described above. At 8 and 24 hours after infection,
the residual medium was washed off with fresh phosphate-buffered saline
(PBS) (Sigma, St Louis, MO), and cells were used for the extraction of
cellular DNA with the Iso-quick nucleic extraction kit (ORCA Research,
Bothell, WA). The DNA was resuspended at a concentration of 104 cell
equivalents per microliter. PCR was performed to identify early (primers to
long terminal repeat [LTR] U3/R), intermediate (primers to pol I and
J regions), and late (primers to LTR U3/gag) products of reverse transcrip-
tion as described previously.36 Amplified products were hybridized to
[32P�-ATP]–radiolabeled oligonucleotide probes and quantified on a Phos-
phorImager (Molecular Dynamics, Sunnyvale, CA).36

BMVECs

Primary human BMVECs were isolated from the lateral temporal cortex of
brain tissue obtained during surgical removal of epileptogenic foci in adult
patients by the procedure described previously32 and supplied by Dr M.
Witte (University of Arizona, Tucson). Routine evaluation for von Wille-
brand factor (VWF), Ulex europaeus lectin, and P-gp demonstrated that
cells were more than 99% pure. The procedures have been approved by the
University of Nebraska Medical Center (Omaha) institutional review
board (IRB).

BBB models

The BBB models were constructed32 by placing primary BMVECs
(25 � 103 cells) on the upper surface of the membrane of 24-well tissue-
culture inserts (Cyclopore polyethylene terephthalate membrane, composed
of 2 � 106/cm2 pores, 3-�m pore diameter; Collaborative Biochemical
Products, Becton Dickinson, Franklin Lakes, NJ). The cells were cultured
for at least 4 days before use.32

Transendothelial electrical resistance (TEER)

Electrical resistance across the endothelial-cell monolayer was measured by
an EVOM voltmeter (World Precision Instruments, Sarasota, FL) as
described.34 Electrical resistance of the blank insert with media alone was
subtracted from the TEER from endothelial-cell monolayers. Such a “true”
electrical resistance unit was expressed in � cm2 (varied around 380 to 420
� cm2 in control/untreated monolayers at the day of experiment). The
experiments were independently performed multiple times (each experi-
ment in triplicate), and the results were expressed as mean � SEM from 4
different experiments.

Transendothelial monocyte migration

A total of 105 monocytes (with or without HIV-1 infection) was placed in
100 �L medium in the upper chambers of artificial BBB. We used a 1:5
BMVEC/monocyte ratio to minimize nonspecific disruption of the BBB
seen in models with higher leukocyte numbers.28 Under these conditions,
in vitro BBB is altered modestly (as reflected by TEER), mimicking
functional changes in BMVECs. At 0.5, 1, 2, and 6 hours after plating,
migrated monocytes were counted in the lower chamber. Human macro-
phage chemotactic protein-1 (MCP-1) (5 ng/mL; R&D Systems, Minneapo-
lis, MN) in the lower chamber served as a pathophysiologically relevant
stimulus, based on our showing before that MCP-1 is up-regulated in
HIVE.33 Migrated monocytes were immunostained with CD68 (macro-
phage marker, at 1:100 dilution; Dako, Carpinteria, CA). At least 20 random
fields (objective � 20) in each well were analyzed for migrated cells
(experiments in quadruplicate). Chemotactic responses to MCP-1 varied
between different donors of monocytes and ranged from 3- to 7-fold
increases of monocyte migration across BBB constructs in response to
chemokines compared with controls. Such differences related to individual
donor-to-donor variability observed in primary human monocytes. The
experiments were independently performed multiple times (at least 4 for all
presented data), allowing statistical analyses. In each individual experi-
ment, every condition was evaluated in replicates (3 or 4).

Rho and RhoK inhibition in BMVECs

To explore the role of Rho and RhoK inhibition in BMVECs during
monocyte migration, Rho inhibitor (Clostridium botulinum C3 transferase,
10 or 50 �g/mL; Sigma) or RhoK inhibitor (Y-27632, 10 �M; Calbiochem,
San Diego, CA) was applied to the upper chamber and then removed by
washing before addition of monocytes to the upper chamber. Alternatively,
replicate monocytes were pretreated with C3 transferase or Y-27632 before
introduction to the upper chamber.

Cell culture and extraction

Brain endothelial cells were cultured in T75 flasks (3 � 106 per flask).
Upon 100% confluency (about 5 � 106 cells per flask), endothelial cells
were cocultured with monocytes for 1 or 2 hours at 37°C (at the ratio of 1:5
BMVECs/monocytes). Part of the endothelial-cell population was preincu-
bated with RhoK inhibitor (Y-27632, 10 �M for 2 hours at 37°C) before
monocyte application. Cells were extracted by scraping the monolayer in
the same culture media, followed by centrifugation at 850g for 5 minutes at
4°C. Cell pellets (transferred into 1.5-mL tubes) were washed twice with
ice-cold 1 � PBS and were lysed with 1.0 mL ice-cold lysis buffer (10 mM
Tris-HCl [pH 7.4] containing 20% glycerol, 0.5% Triton X-100, 100 mM
NaCl2, and protease inhibitor cocktail). Lysates were centrifuged at 14 000g
for 10 minutes at 4°C to clear cell debris. The supernatants were used for
affinity precipitation or for immunoprecipitation assays.
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Affinity precipitation of Rho-GTP

Rho-GTP (the active form of Rho) was isolated from lysates by an affinity
precipitation technique using EZ-Detect Rho activation kit from Pierce
(Rockford, IL). In brief, one SwellGel immobilized glutathione disc resin
for each lysate was placed in a spin column with a collection tube. A total of
400 �g GST-rhotekin-RBD protein and 400 �g lysate proteins from
respective samples were added to each tube and incubated for 1 hour at 4°C
with gentle agitation. The beads were washed 3 times with 1 � Mg2� lysis
buffer followed by centrifugation at 14 000g for 30 seconds. The beads
were then resuspended in 40 �L of 2 � Laemmli sample buffer containing
2-�-mercaptoethanol and bromophenol blue for at least 15 minutes. A total
of 2 �L of 1 M DTT was added to each sample prior to 5 minutes of boiling
at 95°C for easy release of Rho-GTP from resin. GTP�S (for positive) and
GDP (for negative) supplied by Pierce were used as respective controls.

Immunoprecipitation of occludin and claudin-5

Antioccludin or anti–claudin-5 antibodies (Zymed Laboratories, San Fran-
cisco, CA) were covalently conjugated to Affi-Gel 10 resin (Bio-Rad,
Hercules, CA), and immunoprecipitation was performed as described.34

Western blot assays

Duplicate immunoprecipitation samples of 20 �L each were loaded to 2
separate 12% precast polyacrylamide gels; one was used for detection of
serine-phosphorylated, tyrosine-phosphorylated, or threonine-phosphory-
lated occludin/claudin-5 and the other for total occludin/claudin-5 analysis.
The gels were subjected to electrophoresis, transferred onto nitrocellulose
membranes, and the membranes probed with primary antibodies to occludin
(for total occludin), claudin-5 (total claudin-5), or antibodies to phospho-
serine, phosphotyrosine, or phosphothreonine (phosphorylated occludin/
claudin-5) (all purchased from Zymed).

Samples of 40 �L each from glutathione affinity precipitation (GTP
active form of Rho) or 10 �g nonprecipitated cell lysate (active and inactive
form of Rho) were loaded onto a 1.5 mm–thick precast 12% polyacrylamide
gel for Western blotting. The membranes were blocked with Superblock
(Pierce) for 1 hour at room temperature followed by membrane incubation
with primary polyclonal anti-Rho antibodies (3 �g/mL). After washing 2
times, membranes were incubated with the appropriate secondary antibody
for 1 hour at room temperature. The immunoreactive bands were de-
tected with Luminol detection kits (Pierce), followed by exposure to Kodak
x-ray film (Eastman Kodak, Rochester, NY). The bands were quantified
densitometrically as arbitrary volume integration units (VIU) using Image-
Quant software (Molecular Dynamics, Sunnyvale, CA). Results were
corrected for the internal standard �-actin for active Rho-GTP and the total
Rho (active and inactive Rho). Similarly, the phosphorylated occludin/
claudin-5 and total occludin/claudin-5 were expressed as the ratio to
internal standard �-actin.

DNA transfection

Dominant active RhoK (DA-RhoK) was originally named pEF-BOS-Myc-
CAT, and dominant negative RhoK (DN-RhoK) was named pEF-BOS-Myc-
RB/PH (TT).37 These constructs express a c-Myc–tagged recombinant
molecule under the control of the elongation factor-1 (EF-1) promoter.
Endothelial cells were cultured in T25 flasks (at 1.5 � 106 cells per flask) or
4-well Lab-Tek Chamber Slide (Nunc, Rochester, NY) (at 30 000 cells per
well), which were coated with collagen-fibronectin prior to the cell culture.
Twenty-four hours after plating, 0.3 �g plasmids (DA- or DN-RhoK) were
transfected by culture with 2.4 �L GenePorter II (Gene Therapy Systems,
San Diego, CA) in 300 �L DMEM without serum or antibiotics overnight
according to the manufacturer’s protocol. The media were aspirated, and
fresh endothelial culture media were added. At days 3, 5, 7, 9, and 11 after
DNA transfection, cells were washed and fixed with 4% paraformaldehyde
in PBS for 20 minutes and washed 5 times with PBS. The slides were
evaluated by immunofluorescence for expression of TJ molecules and

recombinant molecules using anti-Myc monoclonal Ab (9E10,1:100; Santa
Cruz Biotechnology, Santa Cruz, CA). For BBB constructs, BMVECs were
cultured at a density of 30 000 cells per well in 24-well Transwells (Becton
Dickinson) that were coated with collagen-fibronectin prior to the cell
culture and transfected similarly with plasmids. At days 2, 3, and 5 after
DNA transfection, monocytes were applied to upper chambers for the
migration studies.

Recombinant adenovirus

DN-RhoK adenovirus, which expresses c-Myc–tagged DN-RhoK (RB/
PH(TT)) under the control of a cytomegalovirus (CMV) promoter with
enhanced green fluorescent protein (EGFP) as a separate tracer, was
originally named AdDNRhoK.38 We used the control adenovirus (R-CON),
which expresses GFP under the control of the CMV promoter but without
DN-RhoK.39 The viruses were amplified by repeated infection into human
embryonic kidney (HEK) 293 cells, followed by purification using CsCl
banding as described.39 The purified virus was used at 3 � 106 expression-
forming units per milliliter for infecting 3 � 104 cells in 4-well Lab-Tek
Chamber Slide or Transwell inserts in the endothelial-cell culture media
overnight, followed by washing twice with DMEM and incubation with
fresh culture media. The expression of recombinant molecules was
monitored by EGFP/GFP signal under a Nikon TE-300 inverted fluorescent
microscope (Nikon, Melville, NY). The infected cells were used for
immunofluorescence or migration studies at days 2, 3, and 5.

Immunofluorescence microscopy

BBB membranes, adherent cultures of BMVECs, or frozen human brain
sections were immunolabeled with antibodies directed against occludin
(mouse IgG or rabbit IgG, 1:100; Zymed), claudin-5 (mouse IgG, 1:100;
Zymed), ZO-1 (rabbit IgG, 1:100; Zymed), HAM-56 (macrophage marker,
mouse IgM, 1:100; Dako), GFAP (astrocyte marker, mouse IgG, 1:100;
Dako), VWF (endothelial-cell marker, rabbit IgG, 1:100; Dako), and
U europaeus lectin (endothelial-cell marker, 1:100; Dako). Samples were
incubated with primary antibodies for 2 hours at room temperature or
overnight at 4°C and then probed with secondary antibodies coupled with
Alexa-488 (1:100; Molecular Probes, Eugene, OR), Alexa-568 (1:100;
Molecular Probes), TRITC, or rhodamine (1:100; Dako) for 1 hour at room
temperature. Cells were stained with rhodamine-phalloidin (1:1000; Molecu-
lar Probes) to visualize F-actin. Stained monolayers, BBB constructs, or
frozen human brain sections were mounted with Immunomount (Molecular
Probes) and examined using a Nikon E800 fluorescence microscope
connected to a color MagnaFire digital camera (Optronics, Goleta, CA).
Laser confocal microscopy was performed using a Zeiss LSM410 argon/
krypton dual-beam confocal laser scanning microscope (CLSM) connected
to a Zeiss microscope (Zeiss, Thornwood, NY).

Scanning electron microscopy (SEM)

For SEM, specimens were processed as described32 and examined with a
Hitachi-F 3000N scanning electron microscope (Hitachi High Technologies
America, Pleasanton, CA).

Human brain tissue

Frontal cortex and basal ganglia specimens were derived from 6 HIVE
cases of different severity (4 severe, 2 moderate, and 2 mild according to
previously described criteria33). Brains from 4 HIV-1–positive patients
without evidence of encephalitis and from 5 seronegative age-matched
controls were provided by the National NeuroAIDS Consortium (Washing-
ton, DC) and the brain bank of the Center for Neurovirology and
Neurodegenerative Disorders (Table 1). Approval was obtained from the
University of Nebraska Medical Center IRB for these studies. Serial frozen
sections (5-�m thickness) were cut and double immunostained (indirect
immunofluorescence) for occludin/HAM56, claudin-5/HAM56, occludin/
phosphoserine, or occludin/phosphothreonine as described.33 Paraffin sec-
tions (5-�m thickness) were cut and double immunostained (immunoperox-
idase technique) for claudin-5 and CD163 (marker of monocytes and
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perivascular macrophages, mouse IgG, 1:100; Vector Laboratories, Burlin-
game, CA) as described.40

Statistical analyses

All results were expressed as mean � SEM. One-way analyses of variance
(ANOVA) were used to compare mean responses among experimental
groups, and the Newman-Keuls posttest was used to determine significance
between groups (using GraphPad Prism 2.0; GraphPad Software, San
Diego, CA).

Results

Monocyte migration across the BBB disrupts TJs in vivo
and in vitro

To investigate whether TJs are disrupted in HIVE, we examined
changes in occludin and claudin-5 expression in 6 cases of HIVE,
4 brains from HIV-1 seropositive patients without encephalitis, and
5 brains from virus-seronegative controls. Double immunostaining
for occludin or claudin-5 (green) and the monocyte/macrophage
marker (HAM-56, red) demonstrated continuous occludin and
claudin staining in control brains (Figure 1A,D) and HIV-1–
seropositive cases. However, microvessels featuring monocyte
migration across the BBB demonstrated disrupted staining in HIVE
(Figure 1B-C,E-F). Further, the decrease in occludin and claudin
immunostainings was associated with the level of monocyte brain
infiltration (HIVE with mild monocyte infiltration [Figure 1B,E];
HIVE with intense monocyte infiltration [Figure 1C,F]). Double
immunostaining for claudin (brown) and CD163 (marker for
monocytes/macrophages, purple) showed uniform continuous stain-
ing of TJ protein and rare perivascular macrophages in control
brain tissue (Figure 2A,F), while 45% to 60% of microvessels
demonstrated disrupted claudin-5 immunostaining in severe and
moderate HIVE (Figure 2B-D) as compared with 15% to 20% of
the microvessels in mild HIVE (Figure 2E; Table 1). These changes
were not detected in brains from HIV-1–seropositive patients
without encephalitis and from virus-seronegative controls. Laser
confocal microscopy of HIVE brain tissue demonstrated that
monocyte infiltration (HAM-56, red) occurred between TJs (clau-
din-5; Figure 1G, green, arrow). These data support the idea that
disruption of TJs (both occludin and claudin-5) occurs during
monocyte migration into the brain, and monocyte passage appears
to occur between TJs.

To explore the mechanisms of BBB disruption shown in prior
pathologic examinations, we used primary human BMVECs iso-
lated from normal brain tissue during neurosurgical removal of
epileptogenic foci. Figure 3 demonstrates BMVECs expressing
VWF (Figure 3A, endothelial marker) in cytoplasm and the TJ
protein, occludin (Figure 3B, arrow), at cell borders. Our previous
studies demonstrated that these cells are connected by TJs.32

Table 1. Human brain tissues: clinical and pathologic description

Case
Neuropathologic

alterations

Proportion of microvessels with disrupted
occludin and claudin-5 immunostaining,

%

1 Severe HIVE* 54

2 Severe HIVE 45

3 Severe HIVE 60

4 Severe HIVE 60

5 Moderate HIVE† 45

6 Moderate HIVE 50

7 Mild HIVE‡ 15

8 Mild HIVE 20

9 HIV-1§ 2

10 HIV-1 0

11 HIV-1 0

12 HIV-1 0

13 Control 0

14 Control 0

15 Control 0

16 Control 0

17 Control 0

*Severe HIVE is defined as expression of HLA-DR on 80% to 90% of microglia;
HIV-1 infection of ramified microglia; formation of 1 to 2 microglial nodules and 25 to
50 infiltrating macrophages per five � 10-power fields; and abundant multinucleated
cells.

†Moderate HIVE is defined as expression of HLA-DR on 20% to 70% of
microglia; formation of 1 to 2 microglial nodules per ten � 10-power fields and 5 to 25
infiltrating macrophages per five � 10-power fields; and frequent multinucleated
giant cells.

‡Mild HIVE is defined as expression of HLA-DR on 10% to 15% of microglia;
1 microglial nodule per twenty � 10-power fields and 3 to 5 CD68� infiltrating
macrophages per five � 10-power fields; and rare multinucleated cells (as described
before33).

§HIV-1–seropositive patients who died of complications of AIDS not related to the
CNS; no changes were seen on neuropathologic examination.

Figure 1. TJ alterations in brain tissue with HIVE. Microvessels from control brain showed intact and continuous TJs (occludin, green [A]; claudin-5, green [D]) and few
perivascular macrophages (HAM-56, red [A,D]). Microvessels in areas of intensive monocyte migration (HAM-56, red) seen in HIVE featured fragmented/weak
immunoreactivity for occludin (green [B-C]) and claudin-5 (green [E-F]). (G) Monocytes (HAM-56, red) migrating between borders of brain endothelial cells expressing
claudin-5 (green, arrow) in human brain tissue affected by HIVE. Serial z-sectioning (0.52-�m interval) was performed using a Zeiss LSM410 argon/krypton dual-beam CLSM
connected to a Zeiss microscope. (A-G) Original magnification, � 200. Images were visualized using a 20 �/0.5 numeric aperture (NA) objective and were acquired using a
Color View II digital charge-coupled device (CCD) camera (Soft Imaging Systems, Lakewood, CO).
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Monocytes cocultured with BMVECs for 0.5 to 2 hours resulted in
the relocation of occludin from cellular borders into the cytoplasm
(Figure 3C, arrow), suggesting the disassembly of TJs during
monocyte-BMVEC interactions. We next examined actin distribu-
tion in BMVECs. Endothelial cells demonstrated a rim of F-actin
staining at the periphery of cytoplasm. Monocyte-BMVEC interac-
tions resulted in progressive actin polymerization (from 10 to 60
minutes) with formation of stress fibers within the cytoplasm (data
not shown). Importantly, changes in actin cytoskeleton paralleled
dislocation of occludin staining from cellular borders to cytoplasm.

To determine whether the cell borders occupied by TJs serve as
a focal point for monocyte migration, we added freshly isolated
monocytes to the artificial BBB constructs. The BBB system
(TEER, 400 � cm2) without monocytes showed a flat surface
without gaps between endothelial cells (Figure 2D). Monocytes
applied to the BBB attached to endothelial-cell borders (Figure 2E)
and migrated across the BBB between cell borders (Figure 2F).
Prominent monocyte migration in response to MCP-1 (up-
regulated in human brain tissue affected by HIVE) led to focal
retraction and formation of small gaps. We assume that such
changes develop during massive monocyte infiltration in vivo (as
seen in Figures 1C,F and 2B,D).

Rho inhibitor prevents migration of HIV-1–infected monocytes

Possible links between Rho activation and monocyte migration was
next studied. Application of uninfected or infected monocytes to
brain endothelial cells resulted in a significant increase of the active
form of Rho (Rho-GTP) (Figure 4A-B). While Rho-GTP was
increased more than 2-fold (P 	 .01) in cocultured BMVECs/
monocytes and BMVECs/HIV-1 monocytes as compared with
endothelial cells alone, total Rho was increased only by 25% to
31% (reflecting contribution of monocyte Rho) when equal amounts
of protein were used for each condition (Figure 4C).

To investigate inhibition of Rho activity in BMVECs versus
Rho derived from monocytes in coculture, we pretreated BMVECs
with specific Rho inhibitor, C botulinum C3 transferase (4 hours;
50 �g/mL), and applied monocytes. After 2-hour coculture,
monocytes were washed from BMVECs (allowing removal of
more than 90% of applied monocytes) or kept on BMVECs. Again
Rho-GTP increased more than 2-fold BMVEC/monocyte cocul-
ture (P 	 .01), and monocyte removal only slightly diminished
Rho-GTP content (20%, P 	 .01; Figure 4D-F). These data
indicated BMVECs were a major contributing factor for the active
form of Rho in cocultures. BMVEC treatment with C3 transferase

Figure 2. TJ alterations correlated with monocyte infiltration in brain tissue with HIVE. Microvessels from control brain showed intact and continuous TJs (claudin-5,
brown) and rare perivascular macrophages (CD163, purple [A,F]). Decreased staining for claudin-5 (arrows) was seen in microvessels in areas of intensive monocyte migration
(arrowheads) in severe (B-C) and moderate (D) HIVE. Brain tissue with mild HIVE demonstrated little changes in claudin-5 staining (brown) and perivascular macrophages
(CD163, purple [E]). Original magnification (A-B) � 100; (C-F) � 200. Images were visualized using a 10 �/0.3 NA (A-B) or a 20 �/0.5 NA (C-F) objective and were acquired
using a Color View II digital CCD camera.

Figure 3. TJ alterations in BMVECs during coculture with
activated monocytes. Endothelial cells are positive for VWF
(A) and express occludin (B, arrow) at cell-cell contacts.
Application of monocytes resulted in occludin relocalization to
cytoplasm (C, arrow). Monocyte migration occurs across TJs
in the BBB model. (D) Endothelial cells demonstrate a flat
surface without gaps in control BBB constructs (without
monocytes). Scanning electron microscopy revealed mono-
cyte attachment to endothelial cell contacts (E, arrows) and
their migration between endothelial-cell borders (F, arrow).
Massive monocyte migration in response to MCP-1 resulted
in focal gap formation of the endothelial monolayer (G).
Original magnification (A-C) � 200; (insets, B-C) � 400;
(D-E) � 4000; (F) � 7000; (G) � 1200. Images were visual-
ized using a 20 �/0.5 NA (A-C) or a 40 �/0.75 NA (B-C,
insets) objective and were acquired using a Color View II
digital CCD camera.
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before monocyte application completely blocked Rho activation
(Figure 4D-F).

To investigate whether monocyte migration can be blocked by
inhibition of Rho, we pretreated the artificial BBB system with
C botulinum C3 transferase (4 hours or 24 hours; 50 �g/mL) to
inhibit Rho activities, and BBB constructs were washed before
monocyte application. Human monocytes were placed onto the
endothelial chamber, and MCP-1 applied to the lower chamber
resulted in more than a 2-fold increase in monocyte migration
(Figure 4G). Pretreatment of the BBB with C3 transferase effi-
ciently blocked migration of monocytes across the BBB both in the
absence (50% decrease, P 	 .01) or presence of MCP-1 (63%
inhibition, P 	 .001) as compared with untreated controls (Fig-
ure 4G). Because Rho was suggested to play an important role in
monocyte migration,41 we used monocytes pretreated with C3
transferase as an additional control in our system. Importantly,

pretreatment of monocytes with C3 transferase (4 hours; 50 �g/mL)
before application to BBB constructs also diminished monocyte
migration (62% inhibition, P 	 .001). The results of these experi-
ments (repeated 4 times with BMVECs derived from 3 different
donors) suggested that monocyte migration could be efficiently
blocked by inhibition of a Rho signaling pathway.

To mimic the HIVE pathologic process, we investigated the
effects of Rho inhibition on the migration of HIV-1–infected
monocytes across the BBB. Freshly elutriated monocytes were
exposed to HIV-1 for 18 hours. At this time point, early and late
products of reverse transcription are present (Figure 5A). Mono-
cytes were placed into the endothelial chamber, and MCP-1 was
applied to the lower chamber in replicate wells. HIV-1–infected
monocytes demonstrated an enhanced ability to migrate across the
BBB constructs as compared with uninfected cells (33%) in
response to MCP-1 (Figure 5B, bars 2 and 6). Rho inhibitor (C3
transferase; 24 hours; 10 �g/mL; applied in replicate wells and then
washed before monocyte application) efficiently blocked the
migration of both uninfected and HIV-1–infected cells by 25% and
40%. C3 transferase pretreatment of the BBB resulted in random
distribution of F-actin filaments in BMVECs and the absence of
stress fiber formation after monocyte application to BBB con-
structs. Again, monocyte treatment with Rho inhibitor before
application to BBB constructs was used as an additional functional
control. Thus, Rho inhibition in both BMVECs and monocytes may
block monocyte migration across the BBB.

DN-RhoK expression in BMVECs diminishes monocyte
migration

RhoK is a downstream enzyme in Rho intracellular signaling. To
further explore the role of Rho signaling pathways in BMVEC TJ

Figure 4. Coculture of BMVECs with monocytes leads to Rho activation, and Rho
inhibitor blocks monocyte migration. (A-C) The content of both active Rho-GTP and
total Rho was measured in BMVECs or BMVECs cocultured with infected or uninfected
monocytes for 2 hours. (A) Representative immunoblots of active Rho-GTP, total Rho, and
internal standard, actin. (B) Ratio of Rho-GTP/actin. (C) Ratio of total Rho/actin. (D-E)After
2 hours of coculture, monocytes were washed from BMVECs (removing more than 90% of
applied monocytes) or kept on BMVECs. The active form of Rho was derived mainly from
BMVECs in coculture because monocyte removal slightly diminished Rho-GTP content in
protein extracts (bar 2 versus bar 3). Pretreatment of BMVECs with Rho inhibitor,
C botulinum C3 transferase (4 hours; 50 �g/mL), prevented Rho activation in coculture.
(D) Representative immunoblots of active Rho-GTP, total Rho, and internal standard, actin.
(E) Ratio of Rho-GTP/actin. (F) Ratio of total Rho/actin. Results were expressed as the
ratio of target protein immunoreactivity to that of the internal standard, actin. Each bar
represents the mean value of 4 replicates � SEM. P 	 .01 compared with endothelial cells
without monocyte coculture. (G) Migration of fresh 105 monocytes applied to BBB
constructs was studied in response to MCP-1 (5 ng/mL in the bottom chamber).
Pretreatment of BMVECs in the top chamber with C3 transferase (4 hours; 50 �g/mL)
diminished monocyte migration across the BBB by 50% (without MCP-1) or 63% (with
MCP-1) compared with respective controls. Pretreatment of monocytes with C3 trans-
ferase (4 hours; 50 �g/mL#) resulted in 60% inhibition of migration. Results were
normalized to migration of monocytes without MCP-1 (a value of 100%). Values represent
the mean of quadruplicate determinations � SEM. *P 	 .01 compared with BBB con-
structs without pretreatment and MCP-1 application. **P 	 .01 compared with BBB
constructs with MCP-1 application. Results of 1 representative experiment are shown.

Figure 5. Rho inhibitor blocks migration of HIV-1–infected monocytes. (A) Cells were
infected with HIV-1ADA Eight and 24 hours after infection, and cells were lysed for viral DNA
analysis. Primers that specifically amplified early and late products of reverse transcription
were used. The PCR-amplified products were quantified on a PhosphorImager after
hybridization. A representative experiment is shown. (B) HIV-1–infected (18 hours after
infection) or uninfected monocytes (105) were applied to BBB constructs, and their
migration was studied in response to MCP-1 (5 ng/mL in the bottom chamber). Pretreat-
ment of the top-chamber BMVECs with C botulinum C3 transferase (24 hours; 10 �g/mL)
diminished migration of infected and uninfected cells by 40% and 25%, respectively, across
the BBB. Results were normalized to migration of uninfected monocytes without MCP-1 (a
value of 100%). Values represent the mean of quadruplicate determinations � SEM.
Results of 1 representative experiment are shown.
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assembly, BMVECs were virally transfected with recombinant
DN-RhoK adenoviral construct, which coexpresses EGFP.38

BMVEC transfection, as evidenced by expression of EGFP by 70%
to 80% of BMVECs, occurred by 48 hours after viral application
and resulted in overexpression of occludin in BMVEC cellular
contacts. When DN-RhoK–transfected BMVECs were used to
assemble the BBB constructs, a significant reduction in monocyte
migration (35%, P 	 .001) across the BBB in response to MCP-1
was demonstrated (data not shown). Short-term transfection with
R-CON did not alter migration, but a longer period of transfection
(more than 72 hours) with R-CON resulted in cytopathic effect and
increased levels of monocyte migration.

To confirm our data with the different mode of transfection, we
next performed transient transfection of primary human BMVECs
with dominant-active RhoK (DA-RhoK) or DN-RhoK mutant.37

Transfection with DN-RhoK (up to 70% as shown by c-Myc
expression; Figure 5A) up-regulated occludin expression (Figure
6B,D,F), while transfection with DA-RhoK resulted in the disloca-
tion of occludin from the membrane and the loss of intercellular
contacts (Figure 6C,E). A significant reduction in monocyte
migration (84%, P 	 .01) in response to MCP-1 was demonstrated
(Figure 6G, bar 6) when DN-RhoK–transfected BMVECs were
used to assemble BBB constructs. Monocyte passage through the
BBB transfected with DA-RhoK did not differ from control,
untransfected cells.

RhoK inhibitor prevents phosphorylation of TJs and monocyte
migration across the BBB

To investigate a possible link between Rho activation and func-
tional changes of TJ proteins, occludin and claudin-5, we cocul-
tured monocytes with brain endothelial cells and assessed the
phosphorylation of occludin and claudin-5 by immunoprecipitation
and Western blot analysis of cell lysates using phosphoserine,
phosphothreonine, and phosphotyrosine antibodies. One- or 2-hour
coculture with uninfected or HIV-1–infected monocytes resulted in
increased content of phosphorylated occludin (1.5-fold to 2-fold by
uninfected cells and 2-fold to 2.5-fold by HIV-1–infected mono-
cytes, P 	 .01) as compared with endothelial cells cultured alone
(Figure 7A-C). Similarly, the amount of phosphorylated claudin-5
increased 2-fold in coculture of BMVECs with uninfected mono-
cytes or 2.5-fold in BMVEC/HIV-1–infected monocytes (P 	 .01,
Figure 7D-F). Interestingly, infected monocytes caused more
pronounced changes in phosphorylation of TJ proteins (20% to
35%, P 	 .01) when compared with uninfected cells. Changes in
occludin/claudin-5 phosphorylation paralleled Rho activation (Fig-
ure 3A-C). Because part of the downstream signaling of Rho is
mediated by RhoK,42 we pretreated endothelial cells with a highly
selective RhoK inhibitor (Y-27632).43 Treatment of endothelial
cells with Y-27632 (10 �M for 2 hours) before monocyte applica-
tion completely reversed claudin-5 phosphorylation and signifi-
cantly diminished occludin phosphorylation in BMVEC/HIV-1
monocyte coculture (Figure 7A-F). Next, we examined changes in
TJ phosphorylation in vivo using human brain tissues described in
Table 1 (6 cases of HIVE, 4 HIV-1–seropositive cases without
evidence of encephalitis, and 5 seronegative controls). Using
double staining for occludin and phosphoserine or phosphothreo-
nine, phosphoserine staining was detected on brain microvessels,
which partially overlapped with occludin in HIVE (Figure 7H). No
immunostaining for phosphoserine or phosphothreonine was found
in controls or brains derived from HIV-1–positive patients
without HIVE (Figure 7G). These data indicate that occludin

undergoes phosphorylation in vivo during monocyte migration
across the BBB.

To investigate the role of RhoK in monocyte migration, we
applied Y-27632 (10 �M) to BBB constructs for 2 hours. Before
the addition of monocytes to the upper chamber, the constructs
were washed. Alternatively, replicate monocytes were pretreated
with Y-27632 for 2 hours before application to BBB models. Again,
MCP-1 (applied to the lower chamber) increased monocyte migra-
tion (5-fold, P 	 .001). Pretreatment of endothelial cells with
Y-27632 resulted in 90% inhibition of cell migration (P 	 .001),
and treatment of monocytes with Y-27632 diminished cell passage
by 85% (P 	 .01, Figure 7I). While Ashida and colleagues44

demonstrated the effect of RhoK inhibition in monocytes on their
migration, our results, for the first time, prove that RhoK suppres-
sion in endothelial cells may play an equally important role in the

Figure 6. Expression of DN-RhoK in BBB constructs decreases monocyte
migration. TJ alterations in BMVECs after transfection with DA-RhoK or DN-RhoK
tagged with c-Myc. Transfection with DN-RhoK was confirmed by c-Myc expression
(A) and resulted in the up-regulation of occludin in TJs ([B,D] 2 days after transfection;
[F] 7 days after transfection). BMVECs transfected with DA-RhoK show decreased
occludin and the loss of intercellular contacts ([C] 2 days after transfection; [E] 7 days
after transfection). Double immunolabeling for c-Myc (A) and occludin (B) and
immunolabeling for occludin (D-F). Original magnification (A-B) � 400; (C-F) � 200.
Images were visualized using a 40 �/0.75 NA objective and were acquired using a
Color View II digital CCD camera. (G) BMVECs in BBB constructs were transfected
with DA-RhoK and DN-RhoK. Freshly elutriated monocytes (105) were applied to
BBB constructs, and their migration was studied in response to MCP-1 (5 ng/mL in
the lower chamber). Transfection of BMVECs with DN-Rho decreased monocyte
migration across the BBB by 84%. Results were normalized to migration of
uninfected monocytes without MCP-1 (a value of 100%). Values represent the mean
of quadruplicate determinations � SEM.
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prevention of monocyte migration across BMVECs. Immunostain-
ing for occludin demonstrated preservation of TJs along the cellular
borders after treatment with Y-27632 (data not shown).

It was shown that occludin and claudin-5 phosphorylation is
associated with increased permeability and decreased “tightness”
of the BBB.34,45 To correlate the pattern of monocyte migration
with functional changes of TJs, we measured TEER paralleling
monocyte migration across BBB models. Application of mono-
cytes to the upper chamber of the BBB resulted in diminished
TEER (87% by 0.5 hours and 14.5% by 1 hour, P 	 .001) as
compared with the BBB without monocytes (Figure 8A). Such
decreases reflected the rate of monocyte migration at 0.5 and 1 hour
(Figure 8B). MCP-1 introduction to the lower chamber resulted in
greater TEER diminution (13.5% by 0.5 hours, P 	 .001) and
mirrored the increased monocyte penetration across the endothelial
monolayer in response to the MCP-1 chemotactic gradient (Fig-
ure 8). A 9.1% decrease in TEER was detected at 1 hour after
monocyte application in the presence of MCP-1. At this time, most
monocytes had crossed the BBB and were detected in the lower
chamber at levels that were 3-fold greater than levels of monocytes
from BBB without MCP-1 (Figure 8B). Such changes in TEER
suggest that monocytes crossing the endothelial monolayer are
responsible for diminished barrier “tightness.” Importantly, pretreat-
ment of endothelial cells with RhoK inhibitor diminished both
monocyte migration (P 	 .05) and prevented a decrease in TEER
(P 
 .05) for all conditions except monocyte/MCP-1 (P � .045)
0.5 hours after monocyte application. Taken together, these obser-
vations provide direct evidence that inhibition of Rho/RhoK
activity in BMVECs caused by monocytes preserves TJ function
and diminishes monocyte migration across the BBB.

Figure 7. Activation of Rho in BMVECs by monocytes leads to phosphorylation of TJ proteins, and RhoK inhibitor (Y-27632) blocks monocyte migration across the
BBB. The content of phosphorylated occludin and total occludin was measured in endothelial cells, endothelial cells cocultured with monocytes, and monocytes cocultured
with endothelial cells after pretreatment with the RhoK inhibitor (Y-27632). (A) Representative immunoblots of phosphorylated occludin/claudin-5, total occludin/claudin-5, and
internal standard, actin. (B) Ratio of phosphorylated occludin–actin (phosphoserine). (C) Ratio of phosphorylated occludin–actin (phosphotyrosine). (D) Representative
immunoblots of phosphorylated claudin-5, total claudin-5, and internal standard, actin. (E) Ratio of phosphorylated claudin-5–actin (phosphoserine). (F) Ratio of
phosphorylated claudin-5–actin (phosphotyrosine). Each bar represents mean value � SEM (n � 4). (G-H) Human brain sections were double immunostained with antibodies
to occludin/phosphoserine. While no immunostaining for phosphoserine was found in control brain tissue (G), phosphoserine staining (green) partially overlapped with occludin
(red) on brain microvessels in HIVE (H). (G-H) Original magnification, � 400. Images were visualized using a 40 �/0.75 NA objective and were acquired using a Color View II
digital CCD camera. (I) Monocyte migration (105 monocytes applied to BBB constructs) was studied in response to MCP-1 (5 ng/mL in the bottom chamber). Pretreatment of
endothelial cells in the top chamber or monocytes (before application to top chamber*) with RhoK inhibitor, Y-27632 (2 hours; 10 �M), diminished monocyte migration across
the BBB by 90% and 85%, respectively. Results were normalized to migration of uninfected monocytes without MCP-1 (a value of 100%). Values represent mean of
quadruplicate determinations � SEM.

Figure 8. Pretreatment of endothelial cells with RhoK inhibitor diminishes
monocyte migration and prevents TEER decrease. (A) TEER was investigated
after application of 105 monocytes to the BBB (with or without addition of MCP-1 to
the lower chamber). Application of monocytes (0.5 and 1 hours) resulted in a
significant decrease of TEER that paralleled the rate of monocyte migration into
the lower chamber (B). Pretreatment of endothelial cells in the upper chamber
with RhoK inhibitor, Y-27632 (2 hours; 10 �M), attenuated the TEER decrease
and diminished monocyte migration across the BBB. TEER results (A) were
normalized to measurements in the BBB without monocytes (a value of 100%).
Migrated monocytes (immunostained with CD68) were counted in 20 random
fields (objective, � 20) in each well. Values represent mean of quadruplicate
determinations � SEM.
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Discussion

The BBB is compromised in HAD46; however, the mechanism
causing its dysfunction is not well understood.13 Small GTP-binding
proteins such as Rho have been proposed to play a role in
endothelial-cell TJ assembly through activation of signaling path-
ways that regulate cytoskeletal organization.47 We hypothesize that
TJ compromise is associated with Rho activation in BMVECs and
is mediated by monocyte brain migration during HIVE. In the
current report we demonstrated that monocytes attach to BMVEC
borders (connected by TJs) and migration occurs through the cleft
between adjacent endothelial cells; monocyte–endothelial-cell in-
teractions result in Rho activation and occludin/claudin-5 phosphor-
ylation; inhibition of Rho and RhoK in BMVECs decreases
monocyte migration; BMVEC transfection with DN-RhoK leads to
up-regulation of TJs and a decrease of monocyte migration; and a
decrease of BBB integrity and occludin/claudin-5 phosphorylation
are prevented by RhoK inhibitor.

Monocyte migration between brain endothelial-cell borders in
response to MCP-1 was documented in our BBB system. SEM
showed monocyte attachment to BMVEC contacts containing TJs
and migration through the cleft between adjacent endothelial cells.
Schenkel et al48 recently demonstrated that monocytes move in an
orderly fashion to the nearest junction between endothelial cells
before migration. Our analyses of human brain tissue with HIVE
suggested that migration occurs between endothelial-cell borders,
and TJ disruption correlated with the intensity of monocyte
infiltration (numbers of migrated cells). A direct link between Rho
activation and TJ disruption was established in the BBB model,
where the application of monocytes to the brain endothelial
monolayer resulted in Rho activation and phosphorylation of the TJ
proteins, occludin and claudin-5. Association of occludin phosphor-
ylation and increased permeability of endothelial monolayers were
previously demonstrated,45,49,50 whereas occludin dephosphoryla-
tion in retinal endothelial cells after exposure to dexamethasone
resulted in tightening of the barrier.51 We found that pretreatment of
BBB constructs with Rho inhibitor blocked the migration of both
HIV-1–infected and uninfected cells. The role of Rho signaling
pathways in BMVEC TJ assembly was further demonstrated by
transient transfection of primary human BMVECs with DA-RhoK
or DN-RhoK. When DN-RhoK–transfected BMVECs were used to
assemble BBB constructs, a reduction in monocyte passage across
the BBB in response to MCP-1 was shown. Transfection with
DA-RhoK resulted in the dislocation of occludin from the mem-
brane and the loss of intercellular contacts, similar to results
previously demonstrated with dominant-active Rho.52 Pretreatment
of endothelial cells in BBB models with a specific RhoK inhibitor
resulted in 90% diminution of monocyte migration, prevented TJ
phosphorylation, and ameliorated a decrease of BBB tightness
associated with monocyte migration. These observations provide
direct evidence that Rho/RhoK in BMVECs plays a role in TJ
function and monocyte migration across the BBB. Our future
experiments will determine phosphorylation sites of occludin and
claudin-5.

Significant evidence exist that the Rho family of small GTPases
controls junctional complex assembly in epithelial and endothelial
cells.50,53 G proteins are key mediators of actin cytoskeletal
remodeling, formation of cell-cell and cell-substrate adhesions, cell
migration, and adhesion.54 The best-characterized effectors of Rho
include RhoK, which is involved in the regulation of actin
organization, cellular morphology, and cellular transforma-

tion.26,55,56 A number of studies demonstrated Rho participation in
endothelial-cell function. Clear evidence for Rho protein involve-
ment in tumor necrosis factor-� (TNF-�)–related signal transduc-
tion has been shown in human umbilical vein endothelial cells
(HUVECs) where intracellular microinjection of the Rho inhibitor,
C3 transferase, prevented TNF-�–induced cell retraction and
formation of intercellular gaps.57 Another study demonstrated that
inactivation of endothelial Rho by Clostridium limosum exoen-
zyme C (acting in a fashion similar to C3 transferase) results in a
reduced rate of monocyte transmigration through a monolayer of
dermal microvascular endothelial cells devoid of TJs.58 In terms of
mechanism, the authors speculated that Rho may stabilize the
cytoskeleton, because absence of stress fiber formation was demon-
strated by F-actin staining. Absence of chemokine gradients in their
system (usually present in any inflammatory condition) makes this
study inconclusive. Saito and colleagues59 studied neutrophil
migration across HUVEC monolayers, demonstrating that pretreat-
ing endothelial cells with Rho or RhoK inhibitors diminished
neutrophil migration, actin polymerization, and myosin II filament
formation. These data suggest that endothelial Rho and RhoK
regulate transendothelial neutrophil migration by modulating the
cytoskeletal events. Stamatovic and colleagues31,60 demonstrated
that Rho/RhoK is involved in redistribution of TJ proteins and
increased permeability of monolayer of mouse brain endothelial
cells treated with MCP-1.

The importance of Rho in leukocyte migration across endothe-
lium was demonstrated through crosslinking of intercellular adhe-
sion molecule-1 (ICAM-1) (mimicking leukocyte–endothelial-cell
interactions), which resulted in Rho-dependent cytoskeleton reorga-
nization in BMVECs, and barrier disruption.61 Inhibition of Rho
prevented clustering of adhesion molecules (ICAM-1, VCAM-1,
and E selectin) and decreased monocyte adhesion to endothelial
cells.62 Application of the Rho inhibitor to BMVECs significantly
decreased T-lymphocyte migration and endothelial actin reorgani-
zation without affecting lymphocyte BMVEC adhesion.63 To-
gether, these studies demonstrate that endothelial cells are actively
involved in facilitating leukocyte migration through the BBB and
that this process involves functional Rho proteins.64 However, the
precise role of Rho in endothelial TJ regulation during leukocyte
migration is currently unknown.

Several groups independently showed that leukocyte adhesion
to endothelial cells is required for degradation of junctional
components via signaling mechanisms that enhance leukocyte
migration and monolayer permeability.65-67 Shaw and colleagues
demonstrated that transmigrating monocytes cause a focal and
reversible disruption/dispersion of the adherent junctions (cadherin
complex) in HUVECs.68 The authors speculated that transmigra-
tion is a sequential multistep process that involves active participa-
tion of both leukocytes and the endothelium, similar to the
multistep adhesion cascade model. Wittchen and colleagues69

presented evidence of an association between enhanced TJ expres-
sion, increased tightness of the endothelial-cell monolayer, and
decreased leukocyte migration across it. Exact intracellular signals
and their integration with functional changes of both cell types will
require further studies. The present study further extends previous
observations suggesting that Rho/RhoK in BMVECs play a role in
TJ disassembly and monocyte migration across the BBB.

A number of studies, including the current report, support the
idea that leukocyte-induced changes in endothelial-cell TJ and
cytoskeletal organization facilitate leukocyte migration. Adhesion
molecules, such as E selectin, VCAM-1, and ICAM-1 were

4778 PERSIDSKY et al BLOOD, 15 JUNE 2006 � VOLUME 107, NUMBER 12

For personal use only.on March 8, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


proposed as the key molecules that affect the signal transduction
pathway in endothelial cells and induce the functional changes of
endothelial cells in the interaction with leukocytes.62 We showed
before that these adhesion molecules were up-regulated on BMVECs
in HIVE70 and on the BBB model during migration of virus-
infected and activated macrophages.32 Dallasta and colleagues
demonstrated significant TJ disruption (as indicated by diminished
ZO-1 and occludin staining) in HIVE patients.14 Based upon
previous works, we propose the following scenario of BBB injury
during HIVE: soluble factors and/or interactions with inflammatory
cells up-regulate adhesion molecules on BMVECs32,70; monocytes
are activated in peripheral blood4,5,71 and attracted to the BBB by
increased secretion of �-chemokines within the CNS33,72; and
monocyte-BMVEC interactions lead to Rho/RhoK activation, TJ
disassembly, BBB compromise, and monocyte passage into the
CNS. This process is most probably operational under physiologic
conditions (turnover of perivascular macrophages) and during
neuroinflammatory states (like HIVE). Because the latter is accom-
panied by more massive leukocyte migration in the presence of
chemokine gradient, TJ alterations are more prominent resulting in
BBB increased permeability to serum proteins and toxic factors
present in peripheral circulation.

Our results indicate an important role of endothelial Rho/
RhoK in regulating HIV-1–infected monocytes across the BBB.
Because it is well established that the best histopathologic
correlate of HAD is the number of activated monocytes/
macrophages in the CNS3 that are shown to migrate from the
peripheral blood,71,73 therapeutic strategies that inhibit pro-
cesses of monocyte/macrophage transendothelial migration may
thus be useful as an adjunctive therapy for HAD.
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