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Abstract

The blood-brain barrier (BBB) maintains brain homeostasis by limiting entry of substances to the
central nervous system through interaction of transmembrane and intracellular proteins that make
up endothelial cell tight junctions (TJs). Recently it was shown that the BBB can be modulated by
disease pathologies including inflammatory pain. This study examined the effects of chronic
inflammatory pain on the functional and molecular integrity of the BBB. Inflammatory pain was
induced by injection of complete Freund’s adjuvant (CFA) into the right plantar hindpaw in
female Sprague-Dawley rats under halothane anesthesia; control animals were injected with
saline. Edema and hyperalgesia were assessed by plethysmography and infrared paw-withdrawal
latency. At 72 h postinjection, significant edema formation and hyperalgesia were noted in the
CFA-treated rats. Examination of permeability of the BBB by in situ perfusion of [}4C]sucrose
while rats were under pentobarbital anesthesia demonstrated that CFA treatment significantly
increased brain sucrose uptake. Western blot analysis of BBB TJ proteins showed no change in
expression of zonula occludens-1 (an accessory protein) or actin (a cytoskeletal protein) with CFA
treatment. Expression of the transmembrane TJ proteins occludin and claudin-3 and -5
significantly changed with CFA treatment with a 60% decrease in occludin, a 450% increase in
claudin-3, and a 615% increase in claudin-5 expression. This study demonstrates that during
chronic inflammatory pain, alterations in BBB function are associated with changes in specific
transmembrane TJ proteins.
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The Blood-Brain Barrier (BBB) is critical for regulating and maintaining the brain
microenvironment and thereby enabling proper neuronal function (8). It acts as both a
physical and metabolic barrier, modulating the passage of materials from the peripheral
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circulation into the central nervous system (CNS). Without such tight regulation, the brain
would be subject to fluctuating levels of circulating toxins, amino acids, and ions.
Composing the anatomical basis of the BBB are the brain capillaries, which are
characterized by a lack of fenestrations, the presence of tight junctional proteins that result
in high transendothelial electrical resistances of 1,500-2,000 ©/cm?2, and multiple transport
systems (2, 3, 6, 22). Each characteristic serves to limit the delivery of polar solutes and
toxins as well as therapeutic compounds to the brain (30).

Tight junctions (TJs) span the apical region of the intercellular cleft of barrier tissues and
allow for restriction of ion flux and paracellular diffusion. They are formed via a complex
interaction of transmembrane, accessory, and cytoskeletal proteins. At one time thought to
be static, TJs are actually dynamic structures regulated during both physiological and
pathological states where protein expression changes can be associated with altered BBB
paracellular permeability. The transmembrane proteins occludin and the claudins form the
primary seal of the TJs. Several other proteins, including the zonula occludens (ZO) family
and the actin cytoskeleton, are also involved in regulation of TJ integrity. These proteins
have been demonstrated in numerous studies (1, 16) to be critical for maintenance of barrier
integrity.

Such BBB integrity is compromised during many infections and disease states. Bacteria
such as Vibrio cholera can cause alterations in TJ proteins that in turn cause opening of the
BBB and subsequent CNS infection (18, 23, 24, 28, 31, 32). Ischemia leads to BBB
disruptions and vasogenic edema via the opening of TJs, as do hypoxia and cerebral trauma
(18, 23, 24, 28). In inflammatory CNS disorders such as multiple sclerosis, BBB alterations
are often involved in disease development where increased permeability and lymphoid cell
extravasation are early events (15, 19). Each of these diseases involves the disregulation of
TJs that maintain the BBB.

Disruption of functional BBB permeability during inflammatory pain was previously
demonstrated using inflammatory models where significant increases in [14C]sucrose (11,
13) and [3H]codeine (9) transport across the BBB were observed. Subsequent studies using
direct intravenous injection of inflammatory agents [formalin, A-carrageenan, complete
Freund’s adjuvant (CFA)] showed no cytotoxic effects on microvascular endothelial cells or
functional BBB permeability in vivo, which indicates that inflammation and/or pain can
modulate both molecular and functional properties of the BBB (12, 13). Initial studies with
CFA, a model of chronic inflammatory pain, demonstrated modulation of several TJ
proteins including ZO-1, actin, and occludin. In this study, we extend those findings to
investigate other TJ proteins (claudin-3 and -5) and protein localization. We also
characterize permeability changes using the multiple time-uptake in situ perfusion
technique. These data could have important implications for regulation of brain homeostasis
during inflammation and pain.
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MATERIALS AND METHODS

Radioisotopes, antibodies, and chemicals

The [*4C]sucrose was purchased through ICN Pharmaceuticals (Irvine, CA) and had a
specific activity of 492 mCi/mmol with >99.5% purity. Primary antibodies for ZO-1
(mouse), actin (mouse), occludin (rabbit), and claudin-1 (rabbit), -3 (rabbit), and -5 (mouse)
were obtained from Zymed (San Francisco, CA). Conjugated anti-mouse 1gG-horseradish
peroxidase and anti-rabbit 1gG-horseradish peroxidase were obtained through Amersham
Life Science Products (Springfield, IL). CFA and all other chemicals, unless otherwise
stated, were purchased from Sigma (St. Louis, MO).

Animals and treatments

All animal protocols were approved by the University of Arizona Institutional Animal Care
and Use Committee and abide by the guidelines of the National Institutes of Health for the
proper treatment of animals. Female Sprague-Dawley rats (Harlan; Indianapolis, IN) that
weighed 250-300 g were housed under standard 12:12-h light-dark conditions and received
food ad libitum. While rats were under halothane anesthesia, baseline paw-volume analysis
was performed, and rats were injected subcutaneously with 100 ul of saline or CFA (ata 1:1
CFA-to-saline ratio for 50 ug) into the plantar surface of the right hindpaw. At 72 h
postinjection, animals were assessed for edema and hyperalgesia and then anesthetized with
pentobarbital sodium (64.7 mg/kg ip) for in situ brain perfusion or cerebral microvessel
isolation.

Edema and behavioral tests

In situ brain

Edema was measured by the displacement of electrolyte solution in a plethysmometer
(model 7141; Ugo Basile; Comerio VA, Italy) at preinjection and 24, 48, and 72 h
postinjection. Hyperalgesia was measured by paw-removal latency upon exposure to
infrared (IR) heat. The IR source heated linearly from 23.5°C (room temperature) at 0 s to
37°C at 15 s. The rats were habituated to individual boxes on an elevated glass table for 20
min before exposure of the right hindpaw plantar surface to a mobile IR source. Paw-
withdrawal latencies were defined as the time(s) taken for the rat to remove its hindpaw
from the heat source.

Mean blood pressure (MBP) was measured using a noninvasive blood pressure (BP) monitor
(NIBP-8; Columbus Instruments; Columbus, OH). Briefly, animals were placed in a
retaining cylinder with their tails under the warming unit (Columbus Instruments). They
were then covered and allowed to habituate to their environment for 10 min. MBP was
measured with the monitor a minimum of five times before data were recorded to allow the
animal to become accustomed to a BP cuff. The animals were acclimated to the process for
4 days before hindpaw injection, and MBP was measured again 3 days postinjection.

perfusion

Animals were anesthetized with pentobarbital sodium (64.7 mg/kg) and heparinized by
injection (10,000 U/kg ip). At the neck, a ventral midline incision was made; the common
carotid arteries were exposed and cannulated with silicone tubing while the jugular veins
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were cut to relieve pressure. The perfusion medium consisted of a Ringer solution (117 mM
NaCl, 4.7 mM KCI, 0.8 mM MgSQy,, 24.8 mM NaHCO3, 1.2 mM KH,POy, 2.5 mM CaCly,
10 mM D-glucose, 39 g/l dextran, 10 g/l BSA, pH 7.4) that contained Evans blue-labeled
albumin. The solution was oxygenated with 95% 0,-5% CO, and passed via a peristaltic
pump through a heating coil (37°C) and a bubble trap. Upon reaching 100 mmHg perfusion
pressure and a flow rate of 3.1 ml/min, [**C]sucrose (10 mCi in 20 ml of Ringer solution)
was infused (0.5 ml/min per hemisphere). The animals were perfused for 5, 10, or 20 min,
after which they were decapitated, and their brains were harvested. The choroid plexus and
meninges were removed, and the cerebral hemispheres were sectioned and homogenized.
Samples of the radioactive perfusate from each carotid cannula were collected as a
reference. Brain tissue and 100 pl of perfusate were prepared for liquid scintillation counting
by incubation in 1 ml of TS-2 tissue solubilizer for 2 days, and radiation was counted after
the addition of 100 pl of 30% acetic acid and 2.5 ml OptiPhase SuperMix liquid scintillation
cocktail (PerkinElmer). Results are reported as the ratio of radioactivity in the brain to that
in the perfusate (Rp,, measured in ml/g)

Rbr = (Cbrain /Cpcrfusatc) @)

where Cpyain is the 14C measured in the brain (in dpm/g) and Cperfusate is the associated 14C
measured in the perfusate (in dpm/ml). A least-squares regression of Ry, vs. perfusion time
(t, measured in minutes) was performed for each experimental and control group

Ry (t)=V,+Kint (2

where Vp is the initial volume of distribution of [4C]sucrose and Kjy, is the unidirectional
transfer coefficient.

isolation

While under halothane anesthesia, rats were decapitated and their brains were removed.
Meninges and choroid plexuses were excised from the cerebral hemispheres, which were
then homogenized in 6 ml of microvessel isolation buffer that contained (in mM) 103 NaCl,
4.7 KCI, 2.5 CaCl,, 1.2 KH,PQy, 1.2 MgS0Oy, 15 HEPES, 2.5 NaHCO3, 10 D-glucose, and
1 sodium pyruvate with 10 g/l dextran (64,000 mol wt), pH 7.4, and a protease inhibitor
cocktail that contained 0.2 mM phenylmethylsulfonyl fluoride, 1 mM benzamide, 1 mM
NaVOy, 10 mM NaF, 10 mM sodium pyrophosphate, and 10 pg/ml each of aprotonin and
leupeptin. We added 6 ml of 26% dextran, and the mixture was vortexed then centrifuged at
5,600 g for 10 min. The supernatant was aspirated and the pellets were resuspended in 10 ml
of microisolation buffer before being passed through a 70-um filter (Falcon; Becton-
Dickinson; Franklin, NJ). The filtered homogenates were centrifuged at 3,000 g for 10 min
at 4°C. Protein was extracted from the pellets with 6 M urea lysis buffer (6 M urea, 0.1%
Triton X-100, 10 mM Tris-HCI, pH 8.0, 1 mM dithiothreitol, 5 mM MgCl,, 5 MM EGTA,
and 150 mM NacCl) with the protease inhibitor cocktail. Protein concentrations were
determined by bicinchoninic acid protein assay (Pierce; Rockford, IL).
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TJ protein analysis

Protein isolated from microvessels was analyzed for expression of the TJ proteins ZO-1,
actin, occludin, and claudin-1, -3, and -5. Microvessel protein samples (40 pug) were resolved
on a 4-12% Tris-glycine gel (Novex; San Diego, CA) for 1.5 h at 125 V and transferred to a
nitrocellulose membrane for 45 min at 240 mA. GelCode Blue stain reagent (Pierce) was
used to ensure proper loading of protein. The nitrocellulose membranes were incubated with
blocking buffer (20 mM Tris base, 137 mM NaCl, 2M HCI, 0.1% Tween 20; pH 7.6) with
5% nonfat milk overnight at 4°C. Blots were incubated at room temperature for 1.5 h with
primary antibody (1:1,000 dilution), washed in blocking buffer with 5% nonfat milk at room
temperature for 1 h, and incubated with secondary antibody (1:1,500 dilution) for 45 min at
room temperature. Blots were developed using enhanced chemiluminescence (ECL+;
Amersham Life Science Products) and analyzed using Scion Image software (Scion;
Frederick, MD).

Immunofluorescence microscopy

Microvessels isolated as described above were smeared onto microscope slides and heat-
fixed at 95°C for 10 min. After fixation (with 3.7% formaldehyde in PBS for 10 min) and
permeabilization (with 0.1% Triton X-100 in PBS for 5 min), the vessels were blocked for
30 min in PBS with 1% BSA. Slides were incubated with 1:100 dilutions of primary
antibodies (ZO-1, occludin, and claudin-1, -3, and -5) in PBS with 1% BSA for 30 min and
were rinsed and reblocked for 30 min with 1% BSA in PBS. Slides were then incubated with
Alexa Fluor 488-conjugated anti-rabbit or anti-mouse 19gG (R&D Systems; Minneapolis,
MN) diluted in 1% BSA in PBS for 30 min (at 1:500 dilutions except for claudin-3, which
was a 1:1,000 dilution). Vessels from saline- and CFA-treated animals were stained
simultaneously for each protein. After placement and sealing of coverslips with Vectashield,
photographs were taken with x100 oil-immersion objectives on a Nikon TE-300
fluorescence microscope with a fluorescein filter.

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

coefficients Kj, and Vp were performed as previously described (11) in accordance with the
methods of Glantz (8). Analysis of all other data was performed using Student’s t-test.

RESULTS
Edema, hyperalgesia, and BP

To confirm proper injection of CFA, paw volume was measured pre- and postinjection in
both the injected paw and the paw contralateral to the injection. No increases in paw volume
were noted with saline injection in either paw or in the contralateral paws of CFA-treated
rats. Significant (P < 0.001) edema was noted in the CFA-injected hindpaw over time. The
injected hindpaw increased in volume by 84.5 + 5.8, 76.8 £ 7.3, and 60.8 + 4.9% at 24, 48,
and 72 h, respectively (Fig. 1).

Hyperalgesia was measured as a decrease in the time (in seconds) taken to remove a paw
from an IR heat source. In the saline-injected right hindpaw, the paw removal latency times
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were 9.8 £ 0.6, 9.6 £ 0.4, and 10.3 + 0.6 s at 24, 48, and 72 h, respectively. Upon CFA
injection, a significant decrease (P < 0.001) in the removal latency was observed at all time
points measured. The paw was removed from the IR heat source by 3.1 £ 0.5, 4.6 £ 1.3, and
5.1 £0.3sat 24, 48, and 72 h, respectively (Fig. 2). Exclusion criteria were set on paw-
removal latency (in seconds) as follows: an animal within a treatment group whose removal
latency was outside of the parameters average (in seconds) +2 standard deviations and any
CFA-treated animal whose paw removal latency was greater than the average of saline-
treated animals minus 2 standard deviations. Two CFA-treated animals were removed from
the in situ brain perfusion study, and three CFA-treated animals were removed from the TJ
protein analysis by these criteria.

To ensure that any potential changes in either TJ expression or permeability were not due to
changes in BP, we investigated the effects of saline and CFA injections on awake-state
MBP. There were no significant differences between pre- and postinjection MBP values for
saline (114.1 £ 3 vs. 126.2 £ 6.4 mmHg) or for CFA (118.5 + 4.1 vs. 116.2 + 2.3 mmHg).

perfusion

We examined the functional integrity of the BBB by perfusing the brain with [14C]sucrose
for 5, 10, or 20 min. Visualization of the whole brain immediately after perfusion showed no
noticeable parenchymal leakage of the Evans blue albumin. CFA treatment for 72 h led to a
significant (P < 0.05) increase in the Kj, coefficient compared with saline treatment. K;,, was
increased from 0.0 + 0.3 t0 0.6 + 0.1 pl-g~2-min~ (Fig. 3 and Table 1). Estimated initial
vascular Vp values were 8.2 + 1.2 and 14.8 + 3.7 pl/g with no significant difference between
treatment groups (Table 1).

Expression of TJ proteins

We measured the expression of the TJ proteins ZO-1, occludin, actin, and claudin-1, -3, and
-5 from isolated brain microvessels. We did not detect any claudin-1 in microvessel
preparations (data not shown). After 72 h, CFA did not induce any changes in ZO-1 (100 £
11 vs. 83 = 12%) or actin (100 + 17 vs. 117 £ 19%) expression. There were alterations in
each of the transmembrane TJ proteins examined, which included occludin and claudin-3
and -5. Occludin was significantly (P = 0.001) decreased from 100 + 14 to 40 + 9% in the
CFA-injected rats by 72 h. Also, at 72 h post-CFA injection, expression of both claudin-3
and -5 was significantly (P < 0.001) increased greater than five- and seven-fold, respectively
(Fig. 4), from 100 £ 9 to 550 * 71% for claudin-3 and from 100 + 14 to 715 + 138% for
claudin-5.

Localization of transmembrane TJ proteins

We also examined the localization of the TJ proteins occludin and claudin-3 and -5. With
the use of fluorescence microscopy, localization was qualitatively assessed, and no alteration
in the pattern of localization of either claudin-3 or -5 (Fig. 5) was noted. There was,
however, a change noted in the localization of occludin from a continuous, marginal
distribution to a more punctate pattern of immunoreactivity (Fig. 5, white arrows).
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DISCUSSION

The integrity of the BBB is critical for maintaining the homeostatic environment of the
brain. In this study, we have examined the functional and molecular effects of CFA-induced
chronic inflammatory pain on the BBB TJs and have demonstrated a change in paracellular
permeability correlating with significant alterations in key transmembrane proteins. This
study confirms previous evidence that CFA has a significant effect on BBB integrity (14,
20) and extends our understanding of the molecular mechanisms associated with changes in
permeability.

We demonstrated significant changes in both paw edema formation and hyperalgesia caused
by CFA and examined paracellular permeability under conditions of CFA-induced chronic
inflammatory pain. Changes in cerebral hemodynamics and BP have previously been shown
to modulate the BBB (17, 23). To ensure that these factors were not involved in our model,
we investigated MBP in saline- and CFA-treated animals and found no significant change.
This agrees with our previous data, which showed no significant effect on cerebral blood
flow of CFA-treated animals (14). These studies indicate that changes in cerebral
hemodynamics do not play a significant role in the observed changes in TJs.

The multiple time-uptake studies of [1#C]sucrose show a significant increase in Kij, (i.e., rate
of sucrose uptake) with no significant increase in initial V. This supports the data (see
RESULTS), which show that the increased sucrose content of the brain is due to an increase
in transport rather than a change in vascular volume. Previously, we saw no change in
sucrose trapping in endothelial cells (14), which indicated that the increased sucrose
transport is indeed via a paracellular route.

Because TJs are key to BBB paracellular integrity, we followed this observation with the
examination of specific TJ proteins with isolated microvessels from saline- and CFA-treated
animals. No changes were noted in the accessory and cytoskeletal proteins ZO-1 and actin.
Significant alterations, however, were noted in each of the transmembrane proteins of the
BBB including occludin and claudin-3 and -5. Occludin decreased by 60% with CFA
treatment, whereas claudin-3 and -5 increased more than 450 and 600%, respectively. We
further demonstrated that occludin localization is changed from continuous to punctate. Our
data are the first to correlate a change in BBB paracellular permeability with alterations in
TJ transmembrane proteins after CFA-induced chronic inflammatory pain insult.

Previously, CFA treatment was shown to reduce occludin content significantly (14). In this
study, we have shown the same response using both Western blot analysis and fluorescence
microscopy. The occludin localization changed from a marginal distribution to a more
punctuate staining pattern in CFA-treated animals. In contrast with the previous studies (14),
we saw no significant increases in ZO-1 or actin protein expression. The previous CFA
studies used Triton X-100 to isolate protein. Studies indicate that TJs are micromembrane
domains (19) that have both Triton X-soluble and -insoluble components. The urea buffer
used in our study will isolate protein from both of these fractions. Therefore, the differences
between ZO-1 and actin seen in the earlier study (14) and this investigation are due to
movement from Triton X-insoluble to Triton X-soluble (i.e., membrane-associated to
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cytoplasmic) fractions. The fluorescence microscopy studies indicate that these fractions are
still closely associated with the TJ area, as no change in gross localization was observed.

The claudin family contains over 20 members that are characterized by four membrane-
spanning domains, two extra-cellular loops, and two cytoplasmic termini. At the BBB,
claudin-1, -3, and -5 have been reported (1, 22). In our experiments, by both Western blot
analysis and fluorescence microscopy, we were unable to visualize claudin-1 expression.
This has been noted by other groups examining microvessels isolated from rat brains (11).
The majority of the literature indicates a correlation between reductions in claudin-3 and -5
and decreased BBB permeability (15, 16, 25, 26). Our data, conversely, demonstrate
increases in claudin-3 and -5 expression in an in vivo model of inflammatory pain. In vitro
work has been done examining the effect of claudin overexpression in lung epithelium (5).
Transfection of NIH/3T3 cells with claudin-3 resulted in increased transendothelial
electrical resistance and decreased permeability. This was completely reversed when
cotransfection of claudin-5 was performed, which indicates that claudin-5 overexpression
reverses permeability changes demonstrated by claudin-3 (5). Other studies (4) have shown
that the levels of claudin-3 and -5 are vital for regulating TJ permeability. Overall, this
demonstrates the complexity of the TJ and the intricate balance of the protein levels and
interactions between TJ proteins that is critical for maintaining BBB integrity.

We have shown that chronic inflammatory pain affects both the functional and molecular
properties of the BBB. Moreover, we demonstrate a correlation between increased BBB
permeability and altered expression of key transmembrane TJ proteins responsible in
maintaining BBB integrity. Our results suggest that peripheral chronic inflammatory pain
leads to a reorganization of the TJ proteins and thus to increased paracellular diffusion.
These changes may have a significant effect on the delivery of therapeutic compounds to the
brain under pathological conditions. Clinical dosing regimens may need reevaluation in light
of these findings of increased paracellular permeability under chronic inflammatory pain
where dose escalation is considered during pathological states and CNS toxicity is a
concern.
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Fig. 1.

Edema established with injection of complete Freund’s adjuvant (CFA). Percent change in
paw volume at 24, 48, and 72 h postinjection of saline or CFA. CFA caused significant
edema at each time measured in only the ipsilateral paw compared with saline; *P < 0.001.
For comparison purposes, the contralateral paw of the CFA-injected animal as well as both
paws of the saline-injected animal were also measured and demonstrated no volume change;
n = 20 rats/treatment.
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Hyperalgesia established with CFA. Hyperalgesia was measured as paw-removal latency (in
seconds) from infrared heat source. At 24, 48, and 72 h postinjection, CFA caused a
significant decrease in removal latency compared with saline; *P < 0.001; n = 20 rats/
treatment.
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Fig. 3.

Multiple time [14C]sucrose uptake. In this study, [1*C]sucrose was used as a marker of
blood-brain barrier paracellular permeability. Values are mean brain radioactivity (Ry;) £
SE; n = 4-8 rats/time point. CFA significantly increased the rate of [14C]sucrose uptake into
the brain (Kj,) without significantly altering its initial vascular distribution (Vp).
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Fig. 4.
Tight junction (TJ) protein expression. Expression of various TJ proteins was measured 72 h

post-CFA injection (n = 6 rats). CFA was not found to alter the expression of the accessory
TJ protein zonula occludens (ZO)-1 or the cytoskeletal support protein actin. Western blots
showing protein expression demonstrate representative results from at least triplicate
independent experiments. Optical density of each protein band was measured and
normalized to saline control expression on each membrane. Expression of the
transmembrane protein occludin was significantly decreased (*P = 0.001). Expression of
both claudin-3 and -5 was significantly increased (**P < 0.001). Gels were stained with
Coomassie blue as a loading control.
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Fig. 5.

Lc?calization of TJ proteins. Representative micrographs of changing blood-brain barrier TJ
proteins occludin and claudin-3 and -5; n = 6 rats. Data represent minimally triplicate
independent and separate experiments. No changes in localization were noted with claudin-3
or -5. Occludin, however, was noted to change from a continuous localization to a more
punctate distribution (white arrows).
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Analyses from multitime-uptake parameters

Saline CFA

Kin, Wl-g™min™  00103" 0.6:0.17F

Vb, Hlig 14.823.7%  g2+1.2t

Values are extrapolated regression coefficients + SE;

*
n=14or

+

in Fig. 3. Complete Freund’s adjuvant (CFA) treatment significantly increased the rate of brain [14C]sucrose uptake compared with saline.

t

P < 0.05. There was no change in initial VD with CFA treatment.

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2015 November 09.

Table 1

Page 16

n = 18 rats. Kjn, rate of [14C]sucrose uptake; VD, initial volume of distribution. Kjn and VD are regression coefficients calculated from the plot



