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Abstract
Tight junctions (TJs) feature critically in maintaining the integrity of the blood-brain barrier
(BBB), and undergo significant disruption during neuroinflammatory diseases. Accordingly, the
expression and distribution of CLN-5, a prominent TJ protein in central nervous system (CNS)
microvessels and BBB determinant, has been shown to parallel physiological and
pathophysiological changes in microvascular function. However, efforts to quantify CLN-5 within
the CNS microvasculature in situ, by using conventional two-dimensional immunohistochemical
analysis of thin sections, are encumbered by the tortuosity of capillaries and distorted diameters of
inflamed venules. Herein, we describe a novel contour-based 3D image visualization and
quantification method, employing high-resolution confocal z-stacks from thick
immunofluorescently-stained thoracolumbar spinal cord cryosections, to analyze CLN-5 along the
junctional regions of different-sized CNS microvascular segments. Analysis was performed on
spinal cords of both healthy mice, and mice experiencing experimental autoimmune
encephalomyelitis (EAE), an animal model of the neuroinflammatory disease multiple sclerosis.
Results indicated that, under normal conditions, the density of CLN-5 staining (CLN-5 intensity/
endothelial surface area) was greatest in the capillaries and smaller venules, and least in the larger
venules. This heterogeneity in junctional CLN-5 staining was exacerbated during EAE, as spinal
venules revealed a significant loss of junctional CLN-5 staining that was associated with focal
leukocyte extravasation, while adjacent capillaries exhibited neither CLN-5 loss nor infiltrating
leukocytes. However, despite only venules displaying these behaviors, both capillaries and
venules evidenced leakage of IgG during disease, further underscoring the heterogeneity of the
inflammatory response in CNS microvessels. This method should be readily adaptable to
analyzing other junctional proteins of the CNS and peripheral microvasculature, and serve to
highlight their role(s) in health and disease.
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Introduction
Significant restriction of paracellular movement of soluble substances between the central
nervous system (CNS) parenchyma and systemic circulation is one of the properties
conferred by the blood-brain barrier (BBB). Such limitation is generally considered to derive
from an intricate circumferential network of specialized membrane contacts, tight-junctions
(TJs), which exist between CNS microvascular endothelial cells. For recent reviews on TJ
regulation of paracellular solute flux and contribution to the BBB, see Furuse (2010), Blasig
and Haseloff (2011), and Coisne and Engelhardt (2011).

The integrity of the BBB has been reported to be compromised during neuroinflammatory
and neurodegenerative diseases, with disruption of TJs widely thought to contribute
significantly to pathology (Petty and Lo, 2002; Hawkins and Davis, 2005; Carvey et al.,
2009; Coisne and Engelhardt, 2011; Grammas et al., 2011). Some reports have noted that
dysregulated expression, dephosphorylation and/or redistribution of TJ proteins at the BBB
precede signs of clinical disease (Morgan et al., 2007; Argaw et al., 2009; Bennett et al.,
2010). Such findings have been interpreted that alterations in TJs play a causative role in the
inflammatory process. In this regard, disruption of TJs might facilitate leukocyte diapedesis
through weakened interendothelial contact points (Garrido-Urbani et al., 2008), and/or
support extravasation of serum proteins to which leukocytes must attach to invade the CNS
parenchyma (Pober and Sessa, 2007). Additional reports have pointed to TJ disruption and
associated BBB damage as being a consequence of the leukocyte diapedesis process itself -–
particularly through the actions of leukocyte-derived matrix metalloproteinases and reactive
oxygen species (Gidday et al., 2005; Pun et al., 2009; Moxon-Emre and Schlichter, 2011).
And still others have found intermediate ground by linking opening of TJs to initial intimate
contact between activated/infected leukocytes and the brain microvascular endothelium
(Haorah et al., 2005; Suidan et al., 2008; Ivey et al., 2009). These interpretations are not
mutually exclusive, and one mechanism may foster the others leading to protractive BBB
dysfunction, TJ disruption, and a degenerative sequence of neurologic sequelae (Carvey et
al., 2009).

TJs in the CNS are mainly comprised of three distinct families of integral membrane
proteins, namely, occludin, junctional adhesion molecules A, B and C, and claudins (CLNs)
– of which there are now more than 20 recognized isoforms in various endothelial and
epithelial beds (Liebner et al., 2011; Paolinelli et al., 2011). In turn, these integral proteins
are linked to the actin cytoskeleton through several scaffolding proteins, including zonula
occludens (ZO) proteins 1, 2 and 3 (Hawkins and Davis, 2005; Abbott et al., 2006), which
assist in regulating TJ performance and BBB phenotype through a variety of signal
transduction cascades (Ishizaki et al., 2003; Fischer et al., 2005; Haorah et al., 2005; Zhong
et al., 2008; Jalali et al., 2010; Morin-Brureau et al., 2011; Ma et al., 2012).

CLN-5 has been localized to endothelial cell junctions of CNS microvessels in situ (Morita
et al., 1999; Wolburg et al., 2003; Dobrogowska and Vorbrodt, 2004; Sheikov et al., 2008)
and ex vivo (Bake et al., 2009), as well in culture (Song and Pachter, 2003; Calabria et al.,
2006; Nakagawa et al., 2009; Gesuete et al., 2011; Luissint et al., 2012). A critical role for
CLN-5 in BBB function has further been established. Specifically, overexpression of CLN-5
in cultured brain microvascular endothelial cells was shown to heighten barrier properties
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(Ohtsuki et al., 2007), while its deficiency imparted size-selective loosening of the BBB in
vivo (Nitta et al., 2003). In order to correlate altered status of TJs with BBB dysfunction and
disease processes, it is thus imperative to be able to accurately assess expression and
distribution of TJs proteins such as CLN-5 at the BBB in situ.

While two-dimensional (2D) assessment of immunofluorescent confocal images obtained
from thin sections of CNS tissue has revealed apparent changes in the amount and
distribution of TJ proteins with neuroinflammatory disease (Persidsky et al., 2006; Alvarez
and Teale, 2007; Argaw et al., 2009), this approach is limited in scope as it is restricted to
visualization of only a minor fraction of any given vessel segment. Because of the severe
tortuosity of CNS microvessels, 2D analysis of thin sections is largely confined to vessels of
larger diameter, e.g., venules or arterioles, cut in cross-sectional profile (Janacek et al.,
2011). Longitudinal profiles are not acquired to any significant extent by this tack and,
therefore, much of the intercellular TJ network embedded within the long axis of the
vascular wall is excluded from quantitative morphometric assessment. The information thus
acquired may fail to capture highly focal changes in TJ expression/distribution. Moreover,
cross-sections of the smaller diameter, but far more numerous, capillaries cannot accurately
be evaluated for TJ expression as their circumference contains but only one to two cells. As
endothelial heterogeneity may dictate that arterioles, capillaries, post-capillary venules and
venules, differentially contribute to the BBB and inflammatory processes (Vorbrodt et al.,
1986; Ge et al., 2005; Bechmann et al., 2007; Macdonald et al., 2010; Saubamea et al.,
2012), it is possible that TJ responses and their physiological consequences are highly
segment-dependent. Thus, it is important to be able to assay TJ expression qualitatively and
quantitatively within all segment types along the CNS microvascular tree. It would further
be advantageous to sample thicker tissue sections and access as much of the vascular surface
as possible so as not to miss events that might be spatially restricted or polarized, and
correlate TJ effects with those occurring in the perivascular spaces during inflammation
such as step-wise penetration of leukocytes from lumen into the CNS parenchyma (Sixt et
al., 2001; van Horssen et al., 2005).

With these considerations in mind, and using CLN-5 as an example, herein we describe a
protocol aimed at providing more accurate focal information, greater resolution and
enhanced spatial perspective regarding junctional TJ proteins during CNS inflammation.
Specifically, expression of CLN-5 was analyzed by subjecting microvessels in thick sections
to 3D rendering, yielding both qualitative and quantitative information about the status of
BBB integrity, and its relationship to inflammatory disease. Using this protocol to analyze
CNS tissue from mice inflicted with experimental autoimmune encephalomyelitis (EAE), an
animal model for multiple sclerosis (Mix et al., 2010; Batoulis et al., 2011), examples are
presented to show alterations in the amount and distribution of CLN-5 at inter-endothelial
junctions of spinal cord microvessels, and how these changes correlate with other vascular
manifestations of inflammation.

Materials and methods
EAE induction

Female C57BL/6J mice (Charles River Laboratories), age 8 – 10 weeks, were used
throughout. All animal protocols were in compliance with Animal Care and Use Guidelines
of the University of Connecticut Health Center (Animal Welfare Assurance # A3471-01).
Active EAE was induced as recently described (Murugesan et al., 2012), following a
modification of the procedure ofSuen et al. (1997). Subcutaneous flank injection of 300µg
MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK; synthesized by the Keck
Biotechnology Resource Center at Yale University) in complete Freund’s adjuvant (Difco)
containing 300µg M. tuberculosis was performed on day 0 (d0), and supplemented by
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intraperitoneal injections of 500ng pertussis toxin (List Biological) on d0 and d2. The
typical disease that results from this protocol is monophasic, with acute symptoms beginning
~d10 – d12, and peak clinical disease appearing by ~d15 – d20, associated with ascending
paralysis. Chronic disease then continues with disability achieving a plateau or diminishing
somewhat by d25. The mice were scored on a scale of 0 to 5 with gradations of 0.5 for
intermediate scores: 0, no clinical signs; 1, loss of tail tone; 2, wobbly gait; 3, hind limb
paralysis; 4, hind and fore limb paralysis; and 5, moribund.

Tissue preparation
At designated times post-EAE induction, mice were anesthetized with ketamine (80 mg/kg,
ip) and xylazine (10 mg/kg, ip) in phosphate buffered saline, pH 7.4 (PBS). Following
exposure of the heart by left anterolateral thoracotomy, the mouse was transcardially
perfused (via the left ventricle) first with Heparin-PBS (10 usp/ml), to flush out the blood,
and then with fixation buffer (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4),
using an “in-house” constructed gravity perfusion apparatus.

Laminectomy was performed for harvesting the spinal cord. Briefly, the entire spinal
column containing the spinal cord was removed and, after clearing the overlying ligaments
and muscle, was incubated in fixation buffer for 2 hours at room temperature. The lamina
was then ectomized by opening the spinal canal from the C1 to L5 vertebra, breaking one at
a time using a pair of fine laminectomy forceps. The dissected spinal cords were post-fixed
again in fixation buffer for 30 min, and then cryoprotected in 30% sucrose in 0.1M
phosphate buffer, pH 7.4, overnight at 4°C prior to freeze-embedding in cryomatrix.
Subsequently, 12×60µm cryosections were obtained from the thoracolumbar region,
approximately between the T10 and L3 vertebrae (Fig. 1c), using a Thermo Fisher Scientific
microtome (maintained at −25°C), and adhered to poly-L-lysine coated slides.

Immunostaining
Sections were permeabilized with 1% Triton X-100 in PBS for 30 min, and nonspecific
binding blocked by incubation with Powerblock® in UltraPure™ (GIBCO) distilled water
for 10 min. The microvascular endothelium was stained by rat anti-mouse CD31 (BD
Pharmingen; 1:100 dilution) followed by incubation with goat anti-rat Alexa® 555 (Life
Technologies; 1:200). The basement membranes were labeled with rabbit anti-mouse
Laminin 1 (Cedarlane; 1:100) and goat anti-rabbit Alexa® 555 (Life Technologies; 1:200).
Anti-mouse Claudin5-Alexa® 488 (Biolegend; 1:150) was employed to highlight the TJs at
the interendothelial borders. Anti-mouse IgG-Alexa® 488 or IgG-Alexa® 555 Fab’ fragment
(Life Technologies; 1:200) was utilized to detect the leaked endogenous serum IgG from
inflamed CNS microvessels. Anti-mouse CD4-Alexa® 488 antibody (generously provided
by Dr. H. E. de Vries, VU medical center, Netherlands) was used to immunolabel the
perivascular leukocytes associated with inflamed microvessels. Additionally, nuclear stain
DRAQ5 (Biostatus Ltd., Leicestershire, UK) was utilized to reveal the perivascular
cellularity surrounding inflamed CNS microvessels due to leukocyte extravasation. Sections
were mounted in Mowiol®.

Image acquisition
Spinal cord microvessels (capillaries and venules) from the dorsolateral white matter
(between T10 and L3) were imaged and categorized into appropriate segments based on
their average diameter (Fig 1. a-c). This region, just underneath the meninges, was
intentionally selected for analysis as it sustains the earliest inflammation in the spinal cord
parenchyma in the MOG35-55 EAE model (Brown and Sawchenko, 2007). Confocal z-
stacks were acquired (at 1µm increments between z-slices) following a multitrack scan,
using a Zeiss LSM 510 Meta confocal microscope equipped with a 40X Zeiss Fluar (NA
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1.3, determining voxels of 0.62×0.62×1 µm3) and a 63X Plan-neofluar (NA 1.25,
determining voxels of 0.39×0.39×0.51 µm3) oil immersion objective lens. Stitching of z-
stacks from overlapping regions (in x, y plane) of the same vessel was performed by XuV
stitch v1.8 software (Free Software Foundation Inc., Boston, USA).

3D quantification of microvascular CLN-5 density
To quantify relative CLN-5 protein expression within select microvessels, confocal zstacks
were imported into Imaris® suite version 7.1 x64 software (Bitplane Inc., South Windsor,
CT). Fluorescence intensities above a background value were assigned for each color
channel in the volume rendered image (i.e., 3D reconstruction) and kept constant for all the
acquired z-stacks. For quantification in 3D, manual contour tracing was first performed by
cursoring out the vessel of interest in each confocal z-slice and the individual contours
merged into a 3D contour surface. Surface area of the generated 3D contour was used as an
estimate of the “microvascular surface area” defined by the endothelial layer. This 3D
contour surface was subsequently used as a mask to isolate only the microvessel of interest
from rest of the dataset by setting all voxel intensities “outside” the 3D contour surface to
zero. The CLN-5 channel was isosurface rendered using surface creation wizard and the
density of CLN-5 calculated as follows:

In effect, this method allowed the surface area of the microvascular endothelium to be
spread out in 3D space (x, y, z axes) for quantification of CLN-5 density per unit area (Fig 1.
d-e), while excluding the luminal volume (Suppl. Fig. 1a-b).

Re-slicing isosurface-rendered images
The Clipping Plane module on Imaris® was employed to optically “re-slice” 3D isosurface
rendered microvessels along a desired oblique plane, in a manner perpendicular to axis of
the microvessel, so as to uncover hidden views and resolve the interior versus exterior or
luminal versus abluminal vascular compartments. This tool further allowed resolution of the
microvascular basement membrane into its endothelial and parenchymal counterparts, which
split apart during neuroinflammation to accommodate the CNS invading leukocytes
(Engelhardt and Sorokin, 2009).

To introduce the clipping plane tool into the 3D dataset, its icon in the object list was
selected and the clipping plane first placed along a desired orthogonal plane (xy, yz or xz)
with the manipulator (Suppl. Fig. 1). To further orient the clipping plane in an oblique plane,
and align it perpendicular to axis of the microvessel for a cross-sectional view, the
manipulator was selected and rotated as required. Finally, to alter the location of the clipping
plane along the same axis, and thereby obtain different depths within the vessel, the
manipulator was re-positioned accordingly.

2D quantification of CLN-5 immunostaining
Background subtracted volume rendered confocal z-stacks of venules from thoraco-lumbar
spinal cord were exported from Imaris® as tiff images for ImageJ based 2D quantification of
mean CLN-5 pixel intensities along the interendothelial junctions. Relative intensity values
corresponding to the level of CLN-5 immunostaining were measured over 30–50 ROIs, each
defining 10×10 pixels, traced in a non-overlapping manner along the intercellular borders in
each venule, as previously described (Song and Pachter, 2004). For inflamed venules from
EAE mice, ROIs were sampled from regions with visible reduction in CLN-5
immunoreactivity, and displaying dense perivascular cellularity. For venules from naïve
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mice, ROIs were randomly selected along the microvessel profile. Mean pixel values were
then obtained by averaging the intensity values of all ROIs.

Statistical Analysis
All statistical analyses were performed employing GraphPad Prism 5 software (La Jolla,
CA, USA). Microvascular CLN-5 density values obtained from Imaris® 3D image analysis
were expressed as mean ± standard error of the mean (SEM). One-way analysis of variance
(ANOVA) was employed to assess statistically significant differences in junctional CLN-5
density between microvascular segments from naïve and d24 EAE mice, followed by
Bonferroni's multiple comparison post-hoc analysis. For assessing the relationship between
CLN-5 density and microvessel diameter, a Pearson product-moment correlation coefficient
was determined. Comparison of CLN-5 mean pixel intensity values from 2D images of
venules from naïve versus d24 EAE mice was performed by one-tailed unpaired Students t-
test. Results were considered significant at a p ≤ 0.05.

Results
Segmental heterogeneity of CLN-5 density in naïve spinal cord microvessels

To initially determine if normal spinal cord microvessels demonstrate segmental
heterogeneity with respect to CLN-5 density at endothelial junctions, spinal cord sections
from naïve mice were immunostained for CLN-5. Isosurface rendering of high-resolution
confocal z-stacks obtained from the different-sized microvascular segments were subjected
to 3D quantification of endothelial CLN-5 density. Microvascular segments were classified
as larger venules (>20 µm in diameter); smaller, possibly ‘postcapillary’ venules (10–20 µm
in diameter); and capillaries (<10 µm in diameter). This classification was based primarily
on a consensus of established size criteria (Simionescu and Simnionescu, 1977; Leeson et
al., 1988; Fawcett, 1994; Ross and Pawlina, 2006), as there is no widely recognized marker
that distinguishes postcapillary venules (Owens et al., 2008). The smaller venules were often
seen connecting capillaries to larger venules, lending support to the smaller venules being
postcapillary in nature. To further verify venule identity, 3D isosurface rendered datasets
were re-sliced along a desired plane using the clipping plane module in Imaris® to analyze
microvessels in cross section (Suppl. Fig. 1c). The presence of a smooth, non-puckered
lumen lent to microvessels (>20 µm in diameter) being classified as venules rather than
arterioles (Macdonald et al., 2010).

Isosurface rendered z-stacks of venules and capillaries revealed appreciable heterogeneity in
endothelial CLN-5 density (CLN-5 staining intensity/µm2 microvascular surface) in naïve
mice (Fig. 2 a-f). Specifically, 3D quantification of CLN-5 density in larger venules yielded
a significantly lower mean value than that found in smaller, venules (19.95±1.65 vs. 48.89
±2.97, respectively). CLN-5 density in larger venules was also significantly lower (2-fold)
than that in naïve capillaries (19.95±1.65 vs. 39.77±2.54, respectively). However, junctional
density of CLN-5 was not statistically different between capillaries and the smaller diameter
venules. These results suggest that, under normal conditions, the density of CLN-5 at
endothelial junctions within CNS microvessels tends to vary inversely with microvessel
diameter, being greatest in the capillaries and smaller venules, and least in the larger venules
(Suppl. Fig. 3). Specifically, a significant negative linear correlation coefficient was
established with a Pearson’s correlation coefficient (r) = −0.73.

Reduction of CLN-5 density in spinal cord venules during MOG-induced EAE
As MOG-induced EAE has been reported to result in diffuse TJ breakdown and
relocalization of the TJ scaffolding protein ZO-1 in CNS microvessels (Bennett et al., 2010),
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we evaluated if EAE affects junctional CLN-5 density equally in various microvascular
segments (capillaries vs. venules) at the peak of disease.

Isosurface rendering of spinal cord venules at d24 EAE revealed significant disruption of
CLN-5 distribution at sites of dense perivascular cellularity (Fig, 3a and 3b). These sites
largely coincided with CD4+ leukocyte infiltrates (Suppl. Fig. 2) and thus corroborated the
vessels as inflamed. Moreover, there was considerable heterogeneity in junctional CLN-5
loss among venules – possibly reflecting a range in inflammatory status and/or vulnerability
within this vessel population. The venules analyzed varied in diameter from ~20 – 50 m – a
range shown to become inflamed in this and similar EAE paradigms (Pfeiffer et al., 2011;
Bergman et al., 2012) – and thus could have included initially smaller, postcapillary venules
that had distended in size due to disease. In keeping with the prior description that
relocalization of the TJ scaffolding protein ZO-1 correlates with sites of inflammatory cell
accumulation (Bennet et al., 2010), venules qualitatively showing near complete breakdown
of CLN-5 staining pattern and displaying a CLN-5 density of <10 were considered to be
severely inflamed. By contrast, those venules showing small punctate regions of CLN-5 loss
and having a CLN-5 density of ≥10 were considered moderately inflamed. Capillaries in
regions with even severely inflamed venules appeared refractory to CLN-5 loss (Fig. 3c).
Specifically, quantification of junctional CLN-5 density revealed a 5-fold difference in
severely inflamed venules compared to capillaries (4.79±0.78 vs. 24.0±5.85, respectively),
while moderately inflamed venules and capillaries did not significantly differ in this
measure (12.95±0.49 vs. 24.0±5.85, respectively). As the moderately inflamed venules
displayed only small punctate regions of CLN-5 loss, it was unclear if they had yet to suffer
diffuse extensive disruption, were less susceptible to disruption, or in stages of repair. As all
size vessels analyzed in naïve mice clearly showed continuous CLN-5 staining along
interendothelial borders in a 60 m section (Fig. 2), it is unlikely that the significant reduction
in venular CLN-5 junctional density in EAE mice was due to obstacles to antibody
penetration. Instead, it probably reflected a differential response in this vessel population.

Comparison of junctional CLN-5 density in inflamed venules from EAE mice and normal
venules from naïve mice

Having first established the heterogeneity of CLN-5 density at endothelial junctions within
the normal spinal microvasculature, and then within the diseased microvasculature during
EAE, we next directly compared capillaries and venules from naïve and EAE mice. Results
reveal that d24 EAE venules had significantly lower (~3.9 fold) CLN-5 density compared to
both naïve venules (8.87±1.31 vs. 34.42±6.65, respectively) and naïve capillaries (8.87±1.31
vs. 34.74±3.70, respectively) (Fig. 4i). Additionally, there was no statistically significant
alteration in CLN-5 density between the naïve and d24 EAE capillaries, or evidence of
perivascular cellularity associated with capillaries during disease. These findings highlight
that venules are the primary sites of neuroinflammation-associated junctional CLN-5 loss
and possibly TJ breakdown, while capillaries appear to maintain their pattern of junctional
CLN-5 immunoreactivity during EAE.

To confirm that our 3D analysis of CLN-5 density reflected diminished expression of the TJ
protein at interendothelial junctions in venules during EAE, and not just redistribution of
CLN-5 over a dilated, wider surface area, conventional 2D analysis of mean pixel intensity
was performed along the intercellular junctional regions. Suppl. Fig. 4 shows that CLN-5
staining in inflamed venules from d24 EAE mice had significantly lower mean pixel
intensity than that in venules of naïve subjects (~ 4.2-fold). The higher variability of CLN-5
staining during EAE, as indicated by both increased standard deviation and standard error of
mean pixel intensity measure, were consistent with the more fragmented, irregular
appearance of TJ staining associated with neuroinflammatory disease.
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Heterogeneity of CLN-5 density in contiguous spinal cord microvessels during EAE
Though diverse inflammatory responses of closely located microvessels have provided
strong evidence of segmental endothelial heterogeneity (Thurston et al., 2000; Xu et al.,
2005), it isn’t clear if venules and capillaries directly attached to each other show such
disparity within the inflamed CNS. Therefore, a contiguous venule/capillary pair from a d24
EAE spinal cord section was subjected to 3D reconstruction and isosurface rendering for
CLN-5 (Fig. 5a-b), to visualize segmental changes in CLN-5 density at the endothelial
junctions. In what amounts to yet another clear display of segmental endothelial
heterogeneity, a capillary emanating from a severely inflamed venule had intact junctional
CLN-5 staining similar to that seen in capillaries of naïve mice. However, the immediately
adjacent venule demonstrated near obliteration of CLN-5 junctional organization, along with
separation of endothelial and parenchymal basement membranes and increased perivascular
cellularity (Fig. 5a, insets). This finding reinforces the view that loss of junctional CLN-5
protein during neuroinflammation reflects an inherent susceptibility of CNS venules – a
property not shared even by the most closely juxtaposed capillaries (Fig. 5c).

Heightened microvascular permeability to endogenous serum IgG occurs in both
capillaries and venules during EAE

Given the disparate CLN-5 response between venules and capillaries during EAE, we next
sought to determine if both microvessel types evidenced inflammation-associated leakage of
serum IgGs. Thick spinal cord cryosections from both d6 (early stage) and d24 (late stage)
EAE animals were stained for endogenous IgG and the basement membrane protein
laminin-1 (Lam-1), followed by 3D reconstruction and isosurface rendering of the z-stacked
confocal dataset (Fig. 6 a-d). IgG leakage was detected as focal deposits around both
venules and capillaries at d6. Despite evidence of IgG extravasation at this early time, no
loss of junctional CLN-5 was apparent (Suppl. Fig. 5). By d24, extravasation of IgG was so
pronounced and diffuse that it obscured boundaries between the microvessel segments,
though increased perivascular cellularity was associated with inflamed venules only (Fig. 6).

Discussion
Given the importance of TJs in neuroinflammatory disease, and increasing awareness of
endothelial heterogeneity, this report described a novel microvascular contour-based 3D
quantification method of acquiring and analyzing expression of the TJ protein CLN-5, a
critical BBB determinant, along different type microvessel segments of the spinal cord
during EAE. Venules were shown to display significant loss of CLN-5 at intercellular
junctions during EAE, which was accompanied by severe extravasation of leukocytes and
disruption of basement membrane integrity. In stark contrast, capillaries showed none of
these responses.

This 3D approach also allowed for capture and analysis of small diameter capillaries lying in
close proximity to venular structures. Due to their small caliber and tortuosity, such
capillaries are typically precluded from conventional 2D analysis of TJs in thin-sectioned
material. However, in the current protocol capillaries and venules directly attached to each
other could be readily contrasted, allowing for a clearer picture of their diverse phenotypes
in physiology and pathophysiology to emerge. In this regard, the density of CLN-5
expression under normal conditions was observed to vary inversely with microvessel
diameter, being greatest in the capillaries and smaller venules, and least in the larger
venules. That the correlation coefficient was −0.73, and not closer to −1.0, might reflect that
CLN-5 density reaches asymptotes at the extreme diameters of the microvascular tree, and/
or the 3D quantification approaches its limits of accuracy at these extremes. Nevertheless,
this inverse relationship of CLN-5 density with diameter size was significant. This
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discrepancy in CLN-5 density between capillaries and venules was further exaggerated
during EAE, as loss of CLN-5 expression appeared restricted to venular structures. Loss of
junctional CLN-5 might render the venular endothelium more amenable to leukocyte
extravasation via the paracellular pathway (Garrido-Urbani et al., 2008). Alternatively, it
could be the result of a sustained transendothelial leukocyte migration specifically at venular
domains (Xu et al., 2005).

Despite the most significant CLN-5 loss being reserved for venules, IgG leakage was
nevertheless detected around all size microvessels during early and late EAE. As capillaries
did not sustain significant CLN-5 loss even as late as d24 EAE, this might reflect that
inflammation-associated IgG leakage at these sites occurred primarily through transcytosis
(Claudio et al., 1989; Proulx et al., 2012) – a process that, presumably, would not have
required TJ breakdown (Kreuter, 2012). Venules, on the other hand, might have similarly
employed IgG transcytosis early during EAE, but also engaged in paracellular leakage later
following the extensive CLN-5 loss.

Xu et al. (2005) described similar breakdown of TJs and loss of CLN-1/3 and occludin at
inter-endothelial contacts within retinal venules during a related condition, experimental
autoimmune uveoretinitis. And in a further parallel with our results, they similarly reported
retinal capillaries were apparently spared disruption of these TJ proteins – again highlighting
endothelial heterogeneity and the differential endothelial response to inflammation. Using
confocal microscopy of retinal whole mounts, this group has most recently elaborated a
means to portray relative fluorescent intensity values of microvessel-associated CLN-1/3 in
a 3D heat map (Xu and Liversidge, 2011). Our work extends these studies by employing 3D
isosurface renderings of individual microvessels, thereby allowing a holistic perspective of
TJ protein distribution within the microvascular network, in addition to enabling relative
quantification. Furthermore, the acquisition of high-resolution confocal z-stacks from 60µm
thick sections supported analysis of local effects, which in thinner sections or 2D analysis
might well have been missed.

The d24 time-point of EAE was selected for analysis as it is soon after the apex of clinical
disease in this particular paradigm (Suen et al., 1997), and into the chronic phase when
inflammatory histopathology is at or near maximum (Pachner, 2011). Thereafter, clinical
presentation either plateaus or abates somewhat. The spinal cord region between T10 and L3
vertebrae was the area of focus as disease commences at the lumbo-sacral level and
progresses in the caudal-to-rostral direction (Gruppe et al., 2012). We thus reasoned that by
the d24 time-point, maximal CLN-5 disorganization would be achieved at the spinal level
analyzed. It is significant that IgG leakage was apparent from both capillaries and venules
during early (d6) and late (d24) EAE, though no reduction in CLN-5 density was apparent in
capillaries at either of these time-points. This scenario underscores a differential
responsiveness between CNS capillaries and venules vis-à-vis neuroinflammation-associated
changes in CLN-5 density at endothelial junctions. That C57 BL/6 mice display a similar
overall CNS microvascular architecture and BBB transcriptome from mouse-to-mouse
(Ward et al., 1990; Macdonald et al., 2010) perhaps contributed to the low variance in
CLN-5 density within each group of microvessels analyzed, and aided in highlighting this
heterogeneity.

Owing to the fact that microvascular density is greatly reduced in white matter compared to
gray matter (Cavaglia et al., 2001), and venules constitute only a small percentage of the
microvascular surface area (Berne and Levy, 1988), we were limited in the venule
population to sample from the dorsolateral region. A further constraint was trying to capture
venules with juxtaposed capillaries, so as to compare both basal and reactive CLN-5
expression by the two types of microvessel segments within the same or similar
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microenvironment. Nonetheless, sampling of 12×60µm sections between T10 and L13
vertebrae enabled sufficient acquisition of venules/capillaries for statistical comparisons,
while minimizing differences in endothelial phenotype due exclusively to regional
heterogeneity within the CNS (Ge et al., 2005).

In contrasting TJ protein during health and disease, and between different microvessel
subtypes, we chose to express the density of CLN-5 expression in relation to microvessel
surface area rather than microvessel volume, as volume (πr2h) increases with the square of
the radius of a cylinder. As the lumen – which is ‘dead space’ – disproportionately
contributes more to the vascular volume of bigger segments, reporting TJ protein density per
unit volume would yield artifactually lower values in larger diameter vessels even if the
number of TJ proteins per unit area of endothelial membrane were unaltered from vessel to
vessel. This is important not only for comparing different vessel subtypes in healthy
subjects, but also when evaluating changes in any one vessel subtype during disease, as
vessel caliber may swell along with the separation of basement membranes. We recognize,
however, individual endothelial cells of larger diameter vessels may also be bigger than in
the smallest capillaries, and that this could also lend toward a skewing of TJ protein density
data being highest in the smaller vessels. It is nevertheless significant that Nagy et al.,
(1984) reported that the ‘complexity’ of brain TJ protein particles; i.e., the degree to which
they comprise long, uninterrupted strands when viewed in freeze-fracture faces, is highest at
the capillary end of the vascular tree and much less so at the venular end. Thus, our method
of analysis yielded results consistent with the freeze-fracture technique, which displayed the
en face vista of the interior of the cell membrane and focused exclusively at the intercellular
junctions. That the reduced CLN-5 density in venules during EAE reflects diminished
protein expression and not just dilation-associated distortion in endothelial cell size, is
reinforced by our observations of reduced mean pixel intensity of CLN-5 immunostaining
along the venular endothelial junctions during EAE, and the recent report describing loss of
CLN-5 protein in EAE brain (Errede et al., 2012), as evidenced by Western blotting and
quantitative optical densitometry. The current method should thus have broad applications in
efforts to link changes in the expression and/or distribution of TJ proteins with focal
microvascular incidents in the CNS and peripheral tissues.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 3D Contour-based quantification of junctional CLN-5 in spinal cord microvessels
(a) CNS venule from a naïve mouse detailing CLN-5 (Green) staining at intercellular
junctions. The image shows microvascular tributaries (e.g. capillaries, post-capillary
venules) emerging from a venule, whose lumen has been “optically” cut open to reveal the
inner vessel wall. Endothelial cells are highlighted with CD31 (Red). (b,c) To gauge
endothelial heterogeneity with respect to CLN-5, spinal cord microvessels (capillaries and
venules) obtained in confocal z-stacks from the dorsolateral white matter (between T10 and
L3 vertebrae) were imaged and categorized into appropriate segments based on their average
diameter. (d) Schematic indicating this method effectively allows the surface area of the
microvascular endothelium to be spread out in 3D space (x, y, z axes) for quantification of
CLN-5 density per unit area, while excluding the luminal volume. (e) To quantify CLN-5
staining associated with a microvessel in 3D, an individual contour for each confocal z-slice
was created by cursoring out the vessel of interest, and the individual z-slice contours then
merged into a 3D contour surface. This contour surface was utilized to isolate the
microvessel of interest from the rest of the dataset (masking), and its area was used as an
estimate of the “microvascular surface area” defined by the endothelial layer. An isosurface
for the CLN-5 channel was then created from the selected vessel for statistical analysis.
Scale bar = 50µm.
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Fig. 2. Heterogeneity in CLN-5 density distribution among different-sized microvessels in naïve
spinal cord
Isosurface rendering of the CLN-5 channel was performed in confocal z-stacks of different-
sized spinal cord microvessels in tissue sections from naïve mice: (a,b) larger venules; (c,d)
smaller venules; (e,f) capillaries. Top row, shows CLN-5 (Green) and nuclei/DRAQ5
(Blue). Bottom row, shows CLN-5 only, to emphasize the disparity in junctional CLN-5
immunostaining between the smaller and larger microvessels. (g,h) 3D contour-based
quantification of CLN-5 density (intensity per unit surface area of the endothelium) within
naïve spinal cord microvessels. Junctional CLN-5 density was greatest in the capillaries and
smaller venules, and least in the larger venules. A total of 5 microvessels were analyzed in
each group sampled from 3 mice. *p < 0.001. Scale bar = 15µm.
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Fig. 3. CLN-5 density in spinal cord microvessels during EAE
Isosurface rendering of the CLN-5 channel was performed in confocal z-stacks of spinal
cord microvessels at d24 EAE. Top row, shows CLN-5 (Green) and nuclei/DRAQ5 (Blue)
to highlight the close association of altered CLN-5 with dense perivascular cellularity.
Bottom row, shows staining of only CLN-5 to emphasize significant TJ protein disruption.
Inflamed venules demonstrated heterogeneity in CLN-5 loss: (a,b) severely inflamed
venules displayed diffuse and extensive disruption of CLN-5; (c,d) moderately inflamed
venules showed small punctate regions of CLN-5 loss; and (e,f) capillaries adjacent to
severely inflamed venules appeared refractory to CLN-5 loss. 3D quantification of
intercellular CLN-5 staining showed a significant reduction in intensity of CLN-5 staining
per unit area of the endothelium in the severely inflamed venules compared to the capillaries
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(g,h). The boundaries of inflamed venules are marked with dashed white lines. A total of 6
microvessels were analyzed in each group sampled from 3 mice. *p < 0.0001. Scale bar =
20µm.
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Fig. 4. CLN-5 density in spinal cord microvessels from naïve vs. EAE mice
Isosurface rendering of z-stacked images of spinal cord sections from naïve mice and mice
at d24 EAE. Top row, shows staining of CLN-5 (Green) and DRAQ5 (Blue) to highlight the
close association of altered CLN-5 with dense perivascular cellularity (reflective of
leukocyte infiltrates) during EAE. Bottom row, shows staining of only CLN-5 to emphasize
significant TJ protein disruption that accompanies disease. (a,b) Venules from naïve mice;
(c,d) Venules from d24 EAE mice; (e,f) Capillaries from naïve mice; and (g,h) Capillaries
from d24 EAE mice. (i,j) 3D quantification of CLN-5 microvascular staining showed a
significant reduction in CLN-5 density in inflamed venules compared to the naïve venules
and naïve capillaries. The boundary of inflamed venule is marked with dashed white line. A
total of 6 microvessels were analyzed in each group sampled from 3 mice. *p < 0.0001.
Scale bar = 15µm.
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Fig. 5. Heterogeneity in CLN-5 density in a contiguous venule/capillary pair during EAE
(a) Isosurface rendered 3D reconstruction of a contiguous venule and capillary in spinal cord
section from d24 EAE mouse, highlighting basement membrane/Lam1 (Red), CLN-5
(Green), and nuclei/DRAQ-5 (Blue). (b) Isosurface rendered CLN-5 channel only, with
boundary of the inflamed venule marked with dashed white line. The venule shows severe
loss and fragmentation of junctional CLN-5, while the attached capillary displays intact
junctional CLN-5 staining. The insets reveal cross sections through the inflamed venule,
optically cut using clipping plane module in Imaris®, demonstrating association of venular
CLN-5 loss with seminal signs of inflammation: (top) separation of endothelial and
astrocyte basement membranes (BM); and (bottom) increased perivascular cellularity. (c)
Schematic representation showing, qualitatively, heterogeneity in CLN-5 density
distribution in a contiguous venule/capillary pair at d24 EAE.
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Fig. 6. Endogenous serum IgG leakage from spinal cord microvessels during EAE
(a,c,e) Shows volume rendered images of confocal z-stacks from microvascular segments
obtained from naïve mice, and mice at d6 and d24 EAE. (b,d,f) Shows the corresponding
isosurface rendered images for purpose of enhanced spatial perspective. Staining of IgG
(Green) and basement membrane/LAM 1 (Red) highlights vascular permeability around
venules and capillaries. (a,b) Microvessels from naïve mice reveal no visible IgG
immunostaining associated with venules or capillaries. (c,d) Microvessels at d6 EAE – prior
to evidence of clinical disease – display focal IgG immunoreactivity around both venules
and capillaries. (e,f) Microvessels at d24 EAE show pronounced and diffuse IgG
immunoreactivity – reflecting endogenous serum protein extravasation – which obscured
boundaries between the microvessel segments. Increased perivascular cellularity, indicative
of leukocyte infiltration (inset), is highlighted by DRAQ5 staining (Blue). Scale bar = 20µm.
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