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1 | INTRODUCTION

Cerebral amyloid angiopathy (CAA) comprises the accu-
mulation of the amyloid-β protein (Aβ) in the cerebral vas-
culature. Moderate-to-severe CAA has a prevalence of 23%
in the elderly population (>55 years) [1]. Consequences of
CAA may include cognitive impairment and intracerebral
haemorrhages (ICH). It remains unclear what molecular
mechanisms cause vessels to be more susceptible to rupture
in some patients compared to others. Blood–brain barrier
(BBB) dysfunction has been associated with CAA and
CAA-associated ICH [2]. BBB dysfunction has also been
shown to contribute to the pathogenesis of Alzheimer’s dis-
ease (AD) [3]. Claudin-5 is a tight junction protein that
plays a critical role in functioning of the BBB as it regulates
its permeability to solutes and ions. Therefore, we hypothe-
sised that decreased expression of claudin-5 in the

cerebrovasculature, which may be linked to loss-of-function
of the BBB, may play a role in CAA-associated ICH. We
performed a comparative immunohistochemical study of
claudin-5 in the occipital and temporal lobe microvascula-
ture of CAA cases who developed ICH in lobar locations
(CAA-ICH; n = 20, supplementary table S2), non-
haemorrhagic CAA cases (CAA-NH; n = 40), and controls
(n = 42; Table 1). Using Fiji Software, the microvascular
claudin-5 immunostained area was determined and com-
pared between CAA-ICH, CAA-NH, and control cases
(see Supplementary Materials S1).

2 | RESULTS

We demonstrate a decreased degree of claudin-5 staining
in the occipital grey matter in CAA-ICH (median 4.5%,
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interquartile range (IQR) 2.8–6.7) compared to CAA-
NH (median 5.9%, IQR 3.1–7.9; p = 0.027) and controls
(median 6.1%, IQR 3.1–8.6; p = 0.003, Figure 1A,C).
Similarly, the degree of claudin-5 staining in the occipital
white matter area was lower in CAA-ICH (median 0.9%,
IQR 0.5–1.6) compared to CAA-NH (median 1.1%, IQR
0.6–1.5; p = 0.021) and controls (median 1.2%, IQR 0.6–
1.7; p = 0.018, Figure 1E). The degree of claudin-5 stain-
ing in the temporal grey matter was lower in CAA-ICH
(median 1.4%, IQR 0.5–1.6) compared to CAA-NH
(median 1.6%, IQR 1.1–2.2; p = 0.035), but not controls
(median 1.1%, IQR 0.7–1.5; Figure 1B,D). In addition,
CAA-NH had a higher degree of claudin-5 staining com-
pared to controls (p = 0.011). The degree of claudin-5
staining in the temporal white matter was lower in CAA-
ICH (median 1.3%, IQR 0.5–1.7) compared to CAA-NH
(median 1.5%, IQR 1.0–2.0; p = 0.015), but not controls
(median 1.1%, IQR 0.8–1.4; Figure 1F), whereas CAA-
NH had a higher degree of claudin-5 staining compared
to controls (p = 0.001).

The degree of claudin-5 staining in the grey matter of
the two investigated brain regions correlated with each
other in CAA (rs = 0.36, p = 0.008; Figure 1G), but not
in controls (rs = 0.12, p = 0.49; Figure 1H). We neither
found associations between CAA grade and grey matter
claudin-5 immunoreactivity in the complete CAA cohort,
nor in the separate groups of CAA-NH and CAA-ICH
in these two brain regions (Figure 1I,J). The degree of

claudin-5 staining in the occipital and temporal grey mat-
ter did not differ between acute ICH cases (passed away
<1 week after last ICH) and older ICH cases (occipital
p = 0.98, temporal p = 0.37, Figure 1K,L). Sensitivity
analyses with other cut-off points (3 days, 1 month)
yielded similar results. We found no differences in
claudin-5 expression between patients with and without
capillary CAA (Supplementary Materials S1).

3 | DISCUSSION

We demonstrate that (micro)vascular claudin-5 expres-
sion is decreased in patients with CAA-ICH compared to
CAA-NH, independent of CAA severity. This is in line
with a previous neuropathological study of 469 patients
with AD in which temporal lobe claudin-5 levels did not
correlate with CAA grade [4]. In our patients with CAA-
ICH, haemorrhagic events had occurred at different
lobar locations, whereas claudin-5 expression was consis-
tently decreased in both temporal and occipital brain
regions. This suggests that the claudin-5 reduction was
not a local effect of the ICH. In addition, the expression
of claudin-5 did not differ between CAA-ICH patients
with older ICH and patients with semi-recent (fatal)
ICH, suggesting that the claudin-5 reduction is not an
acute response to ICH. We therefore speculate that
decreased expression of claudin-5 may be mechanistically

TABLE 1 Human brain tissue.

Control CAA-NH CAA-ICH p-Value

Na 42 40 20

Age (mean ± sd) 78.4 (±8.4) 77.4 (±11.7) 78.3 (±7.3) 0.88g

Sex (% female) 52.4 50.0 55.0 0.93h

CAA grade (mean ± sd) Occipital N.A. 3.3 (0.9) 3.6 (0.6) 0.47i

Temporal N.A. 2.9 (1.1) 3.2 (1.2) 0.18i

Brain bank origin 43% RUMC
17% IBB
40% NBB

45% RUMC
15% IBB
40% NBB

25% RUMC
30% IBB
30% NBB
15% UMCU

0.51h,j

AD pathology reported (%)b N.A. 75% 68%e 0.76h

Large vessel artherosclerosis reported (%)c Not assessed 39%d 39%d 1.00h

Capillary CAA reported (%)c N.A. 44%e 29%f 0.36h

Abbreviations: AD, Alzheimer’s disease; capCAA, capillary CAA; CAA-NH, CAA non-haemorrhagic; CAA-ICH, CAA-associated intracerebral haemorrhage; IBB,
Institute Born-Bunge; N.A., not applicable; RUMC, Radboud University Medical Center; NBB, Netherlands Brain bank; sd, standard deviation; UMCU, University
Medical Center Utrecht.
aFor analysis of occipital lobe tissue, data were not available for 2 CAA-ICH cases (UMCU) and one control case (RUMC). Due to unavailability of temporal/occipital
tissue, temporal tissue was replaced by frontal tissue for two CAA-ICH cases, and occipital tissue was replaced by frontal tissue for one CAA-ICH case.
bThe presence of AD pathology was defined as the presence of AD pathological hallmarks to a degree that they match a clinical diagnosis of AD according to board-
certified neuropathologists judgements (generally at least Braak 4B).
cReported in neuropathological assessments in autopsy reports.
dInformation unavailable for two cases.
eInformation unavailable for one case.
fInformation unavailable for six cases.
gTested with One-Way ANOVA.
hTested with Pearson Chi-Square.
iTested with Mann Whitney.
jUMCU and NBB cases were pooled for statistical analyses.
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F I GURE 1 Legend on next page.
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linked to an increased risk of vessels to rupture in patients
with CAA. In addition to making vessels more prone to
rupture, other—yet unidentified—factors may determine
the exact site of ICH. Recently, BBB leakage in CAA has
been suggested as a potential trigger for perivascular
inflammation and vascular remodelling leading to
haemorrhage [5].

We did not observe reduced claudin-5 expression in
CAA-NH cases compared to controls. This is in contrast
to previous research showing that in human brain tissue,
Aβ-affected capillaries had decreased expression of
claudin-5 compared to unaffected vessels [6], although it
was not reported whether the studied tissue also included
CAA-ICH cases. Another study demonstrated reduced
claudin-5 levels in Aβ40-treated isolated rat microvessels
and in microvessels of 9-months-old Tg2576 mice, a
widely used mouse model of AD [7]. On the other hand,
no differences in claudin-5 expression were observed
between wildtype and Tg-SwDI mice (a CAA mouse
model) [8], and another study did not detect differences
in claudin-5 expression between controls and AD patients
with CAA [9]. Results are likely influenced by the ana-
lytic method as well as the level of observation (studying
only Aβ-affected (micro)vessels versus the whole (micro)
vasculature). Remarkably, in our study claudin-5 expres-
sion patterns in controls differed across the two brain
regions. In contrast to patients with CAA, the expression
levels of claudin-5 in the two studied brain regions did
not correlate in controls. This suggests that different
mechanistic pathways regulate claudin-5 expression levels
in patients with CAA and controls. Claudin-5 expression
is highly regulated by endothelium-specific transcrip-
tional regulators [10], and other—yet unknown—
mechanisms may be at play here.

Strengths of our study include our unique cohort,
which allowed for the comparison of CAA-ICH cases
with CAA-NH cases. Since we studied cases with ICH in
different lobar locations (frequently distant from at least
one of the studied brain regions), our data suggests that
the decreased claudin-5 levels observed in CAA-ICH
reflect generally altered protein expression levels in the
microvasculature in CAA-associated ICH. We cannot
rule out the possibility that claudin-5 expression levels
may be altered as a consequence of the haemorrhage, or
that the varying time intervals between ICH and death
may have affected claudin-5 expression. However, we did

not find such a relation when comparing acute ICH to
older ICH. Limitations of our study include the heteroge-
neity of our patient group regarding the presence of AD
pathology, atherosclerosis and capillary CAA, which
may affect claudin-5 expression, although the propor-
tions of these pathologies were similar between CAA-NH
and CAA-ICH groups, and we found no differences in
claudin-5 expression between patients with and without
capillary CAA. Furthermore, differences in vessel density
may have affected results although CAA is not expected
to result in a structural decrease of vessel density [9].

Another limitation of our study is the use of tissue
from different brain banks, although brain bank was
included as covariate in our analyses to account for
potential tissue source differences. Differences in post-
mortem interval may also have affected results. Finally,
we only studied one tight junction marker, for future
studies it would be informative to include other tight
junction proteins such as occludin or zonula occludens 1.

Decreased levels of claudin-5 are associated with
CAA-associated ICH. Future studies in larger cohorts
with more biomarkers of BBB function are needed to
substantiate these findings. Also, mechanistic studies
(e.g., longitudinal studies in animal models of CAA-
associated ICH) aimed at unravelling the molecular
mechanisms leading to decreased claudin-5 expression
and to the subsequent ICH are warranted.
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haemorrhagic, CAA-ICH = CAA-related intracerebral haemorrhage. Figures A, B: Scalebar = 50 μm. Plots C–F,K,L: raw data with median values
are shown. * = p < 0.05; ** = p < 0.01.
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