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Abstract
Objective: To study the association of urokinase plasminogen activator (uPA) with development and progression of cerebral
amyloid angiopathy (CAA) in a rat model for CAA type-I (rTg-DI) and in patients with sporadic (sCAA) and Dutch-type hereditary
CAA (D-CAA). Additionally, to investigate the potential of uPA to serve as a diagnostic biomarker of CAA in cerebrospinal �uid
(CSF) from patients with sCAA and D-CAA.

Methods: We studied the expression of uPA mRNA by qPCR and co-localization of uPA with amyloid-β (Aβ) using
immunohistochemistry in the cerebral vasculature of rTg-DI rats compared to wild type (WT) rats and in an sCAA patient and
control subject using immunohistochemistry. CSF levels of uPA were measured in rTg-DI and WT rats and in two separate cohorts
of sCAA and D-CAA patients and controls, using enzyme-linked immunosorbent assays (ELISA).

Results: The presence of uPA was clearly detected in the cerebral vasculature of rTg-DI rats and an sCAA patient, but not in WT
rats or a non-CAA human control. uPA expression was highly co-localized with microvascular Aβ deposits. In rTg-DI rats, uPA
mRNA expression was highly elevated at 3 months of age (coinciding with the emergence of microvascular CAA deposition) and
sustained up to 12 months of age (with severe microvascular CAA deposition) compared to WT rats. CSF uPA levels were elevated
in rTg-DI rats compared to WT rats (p=0.03), and in two separate, independent groups of  sCAA patients compared to controls
(after adjustment for age of subjects, p=0.05 and p=0.03). No differences in CSF uPA levels were found between asymptomatic
and symptomatic D-CAA patients and their respective controls (after age-adjustment, p=0.09 and p=0.44).

Conclusion: uPA expression appears linked to the onset of CAA in rTg-DI rats. Increased cerebrovascular expression of uPA in CAA
correlates with increased quantities of CSF uPA in rTg-DI rats and human CAA patients, suggesting that uPA could serve as a
biomarker for CAA. No differential expression levels of uPA in CSF of (a)symptomatic D-CAA patients were discovered. These
studies also further support the use of rTg-DI rat models as a useful preclinical model for the study of human CAA type-I.

Background
Cerebral amyloid angiopathy (CAA) is a highly prevalent form of cerebral small vessel disease characterized by the progressive
accumulation of amyloid-β (Aβ) peptide species in the vasculature of the brain. CAA can occur across various calibers of cerebral
vessels (small arteries, arterioles, capillaries, veins and venules) [1]. Aβ deposition occurring in arteries, arterioles, as well as
capillaries is designated as CAA type-I, while amyloid deposition solely occurring in arteries and arterioles, but not in cerebral
capillaries is referred to as CAA Type-II [2]. Due to the underlying amyloidotic pathology, CAA often coincides with Alzheimer’s
disease (AD), a common form of dementia in which Aβ peptides are deposited in the parenchyma of the brain in the form of senile
plaques [3]. As a clinical syndrome, CAA can cause vascular cognitive impairment and dementia and is an important risk factor for
the development of lobar haemorrhage [4].

CAA can occur as a sporadic entity (sCAA), but mutations in the APP gene can also predispose to the development of CAA. One of
the most common autosomal mutations predisposing for this hereditary form of CAA is the so-called Dutch variant of CAA (D-
CAA), caused by the mutation E693Q in the APP gene [5]. D-CAA causes symptoms similar to sCAA (including cognitive
deterioration and repeated haemorrhages), although the clinical onset is approximately 20 years earlier and disease course is
usually more aggressive. Because of the similarities in Aβ composition and clinical symptoms, D-CAA can be considered a model
for sCAA [6–8].

Since a brain biopsy is rarely performed for de�nitive CAA identi�cation, the clinical diagnosis of sCAA is highly dependent on
magnetic resonance imaging (MRI) biomarkers to provide either a probable or a possible clinical diagnosis. These MRI-biomarkers
form the basis for the modi�ed Boston Criteria to diagnose CAA and include lobar (micro-)haemorrhages and cortical super�cial
siderosis [9]. However, these criteria are not optimal: The imaging biomarkers often appear only after signi�cant progression of the
disease and re�ect mid to end-stages of CAA, especially in the case of cerebral (micro)bleeds [10]. In addition, presence of
microbleeds in non-lobar locations precludes the diagnosis of CAA, whereas CAA and arterioloslerotic small vessel disease may in
fact co-exist.
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Timely CAA diagnosis could signi�cantly bene�t from novel speci�c biomarkers at earlier disease stages. Clinical relevance of a
timely and correct CAA diagnosis is re�ected in the dilemma of deciding to treat, or not to treat, atrial �brillation with (oral)
anticoagulants. Treatment with anticoagulants lowers the odds of a patient suffering of ischemic stroke, whereas this increases
the odds of inducing CAA-induced intracerebral haemorrhages [11].

Proteins present in cerebrospinal �uid (CSF) may offer an excellent source of such novel biomarkers, given the close contact
between the CSF and brain interstitial �uid, and thus, re�ecting the pathological processes occurring in the brain and its blood
vessels. For example, concentrations of Aβ42 and Aβ40 peptides are lowered in the CSF of CAA patients, when compared with
control subjects and AD patients [12–14]. Also, Aβ and in the CSF of a transgenic rodent model of CAA when compared with
control rats [15]. However, given the substantial overlap of CSF Aβ42 and Aβ40 levels between CAA and AD patients, other
biomarkers more speci�c to CAA, either as a single marker, or a combination of markers, would facilitate more accurate and timely
diagnosis of the disease.

A potential candidate biomarker for CAA is urokinase plasminogen activator (uPA), a serine-proteinase that cleaves plasminogen
into plasmin in the �brinolytic pathway. uPA, and its tissue counterpart, tissue plasminogen activator (tPA), have been linked to
(vascular) amyloidosis occurring in AD and CAA [16–19]. Also, �brillar Aβ accumulation can induce (over)expression of uPA, and
tPA in vitro in cultured rat neurons [20]. Additionally, it has been reported that Aβ peptides are cytotoxic to smooth muscle cells and
pericytes, and induce expression of the proteolytically active uPA (and its receptor) by cerebral vascular smooth muscle and
endothelial cells [21–23]. Lastly, uPA and other components of the plasmin system (including plasmin and tPA), have been
reported as mediators of Aβ degradation [24, 25].This myriad of relationships between vascular Aβ-amyloidosis and uPA implies a
potential role for uPA in CAA pathophysiology, supporting its potential as a diagnostic biomarker for CAA.

Here, we analyze the potential of uPA in CSF to support the diagnosis of CAA. First, we researched amyloid deposition in brain
tissue of a transgenic rat model of CAA (rTg-DI) compared to wild-type (WT) rodent controls and of a CAA patient compared to a
human control subject. Additionally, we researched the extent to which uPA mRNA is produced by cerebral vessels in rTg-DI rat
models at different ages, in comparison to cerebrovascular expression in WT rodent controls. Lastly, we determined uPA levels in
CSF of both rTg-DI rodent models and WT rodents, and in human CAA patients and controls in two separate cohorts and
researched their diagnostic performance, to determine whether CSF uPA can function as a diagnostic biomarker for CAA.

Methods

rTg-DI transgenic rat model of CAA type-I
The rTg-DI rat model expresses low levels of human amyloid precursor protein (APP) harboring the E693Q/D694N Dutch/Iowa
familial CAA mutations, under the control of the neuronal-speci�c Thy1.2 promoter, as well as induced overexpression through
double K670N/M671L Swedish APP-mutations [26]. Cerebral vascular Aβ �bril deposition starts at approximately 3 months of age
throughout the cortex, hippocampus and thalamus and progresses dramatically with advancing age. Non-transgenic, littermates
served as wild-type (WT) control rats. For this study, heterozygous rTg-DI and WT rats were used and analyzed at 3 months
(emergence of CAA) and 12 months (late stage of CAA). All animal model work was performed in accordance with the United
States Public Health Service’s Policy on Humane Care and Use of Laboratory Animals and was approved by the University of
Rhode Island Institutional Animal Care and Use Committee (IACUC).

Brain tissue collection & preparation
The rTg-DI and WT rats were sacri�ced at the designated ages and perfused with cold phosphate buffered saline (PBS).
Forebrains were subsequently extracted and dissected through the midsagittal plane. One hemisphere was snap-frozen in optimal
cutting temperature medium (OCT 4585, Fisher Healthcare, United Kingdom) directly. The other hemisphere was snap-frozen in dry
ice and used for molecular measures described below. Fresh frozen human cortical brain tissue from a 71 years old male sCAA
patient and a 70 years old male control patient were obtained from the University of California Alzheimer's Disease Research
Center (UCI-ADRC) and the Institute for Memory Impairments and Neurological Disorders.

Immunohistochemistry analysis
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Sections of rTg-DI and control rat hemispheres were cut from fresh frozen tissues in the sagittal plane at 14 µm thickness using a
cryostat (Leica, Buffalo Grove, IL, USA) and placed on slides. Tissue sections were blocked in Superblock blocking buffer (37518,
ThermoFisher, Waltham, MA, USA) containing 0.3% Triton X-100 at room temperature for 30 min and incubated with primary rabbit
polyclonal antibody to uPA in a 1:200 dilution (American Diagnostica GmbH, Pfungstadt, Germany). The primary antibody was
detected with Alexa Fluorescent 594-conjugated secondary antibody in a 1:1000 dilution (Molecular Probes Europe BV, Leiden,
Netherlands). Deposits of �brillar vascular amyloid were detected by staining with thio�avin S (ThS; #123H0598, Sigma-Aldrich,
Saint Louis, MO, USA). Immunohistological images were captured on a KEYENCE BZ-X710 �uorescence microscope and analyzed
with BZ-X Analyzer software (Keyence, Itasca, IL, USA).

Quantitative real-time reverse transcriptase polymerase chain reaction
Rat hemispheres were homogenized using Trizol (162711, Invitrogen, Carlsbad, CA, USA), after which total RNA was extracted
according to manufacturer’s protocol using the Direct-zol RNA MiniPrep kit (ZRC200796, ZYMO research, Irvine, CA, USA). Total
RNA levels were determined using Nanodrop (Nanodrop one, Thermo Scienti�c, Waltham, MA, USA). This was followed by cDNA
generation using the High Capacity cDNA Reverse Transcription Kit (00289994, Applied Biosystems, Waltham, MA, USA) according
to the protocol supplied by the manufacturer. Quantitative polymerase chain reaction (qPCR) was performed in a Step One Plus
Real-time PCR employing the Taqman primers Rn00565261_m1 (uPA) and Rn00667869_ m1(Actin-beta) as an internal control
system (Applied Biosystems, Waltham, MA, USA). Rat tissues of rTg-DI/control rats were analyzed using qPCR at 3 months (n =
7/4), 6 months (n = 6/5) and 12 months (n = 5/5) respectively.

Rat CSF collection and preparation
Rat CSF was acquired from the cisterna magna of both rTg-DI and WT rats at 3 months of age. Rats were anesthetized deeply
through iso�urane inhalation, and were subsequently mounted on a stereotaxic unit. An incision was made along the midline of
the head and neck, starting between the ears and ending at about 2.5 cm caudally. The fascia was pulled back, and muscles were
dissected, which opens up the atlanto-occipital membrane. A small incision was made along the membrane midline and its
underlying dura, aided by a surgical microscope. CSF was sampled through the slit in the dura using a �ne-tipped pipette. Samples
were aliquoted into sterile, polypropylene (PP) tubes, and were subsequently frozen at -80 ∘ C. This procedure makes it possible to
acquire an average of 120-150 µL CSF per rat.

Rat CSF uPA ELISA
The levels of uPA in CSF of both rTg-DI and WT rats (3 months of age, n = 3 per group) were measured in triplicate using a Rat uPA
ELISA kit (MyBioSource, San Diego, CA, USA). ELISA was performed according to manufacturer’s instructions. Rodent CSF
samples were diluted �ve times with PBS prior to analysis.

Human subject inclusion and sample collection
We analyzed the diagnostic performance of uPA as a novel biomarker for sCAA in two, separate groups, a discovery and a
validation cohort.

In the discovery cohort, we obtained human CSF samples of sCAA patients (n = 27) and control subjects (n = 40) from the
Radboud University Medical Center (Radboudumc; Nijmegen, the Netherlands). sCAA patients were diagnosed on the basis of the
modi�ed Boston Criteria, and were classi�ed as either probable CAA (n = 21), possible CAA (n = 2), or CAA presenting with mixed-
location cerebral haemorrhages (lobar and deep haemorrhages/microbleeds, n = 4) [9]. The control group (n = 40) was composed
from two subgroups: the majority of subjects (n = 30) underwent a lumbar puncture as part of the diagnostic workup of neurologic
symptoms or to exclude central nervous system involvement of a systemic disease. They neither had the suspected neurological
disease, nor a neurodegenerative disease, known cognitive impairment, sepsis, a recent stroke (< 6 months), or a malignancy in the
central nervous system. Additional inclusion criteria were the availability of a su�cient amount of CSF and a normal composition
of the CSF for a number of routine parameters (e.g. cell count, blood pigments, total protein, glucose, lactate, oligoclonal IgG
bands). Additionally, a minority of CSF samples (n = 10) was collected from patients who underwent thoracoabdominal aortic
aneurysm repair, for which they had an external lumbar drain. They did not have known cognitive impairment or recent (< 6
months) stroke, or traumatic brain injury. Details on patient characteristics for these groups are shown in Table 1.  
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Table 1
Patient characteristics and CSF parameters of the discovery group. Data is presented as median (IQR). p-

values for CSF parameters are shown in two scenarios: (1) unadjusted and (2) adjusted for age of subjects.
* p ≤ 0.05; *** p < 0,001; non-signi�cant (ns) p > 0.05

  sCAA Controls p-value

Demographics      

Number of patients 27 40 -

Age (y) 73.4 (67.2 – 77.1) 64.2 (56.1 – 69.8) p < 0.001(***)

Sex, M/F (% male) 19/8 (70%) 28/12 (70%) p = 0.97 (ns)

CSF parameters     Unadjusted Adjusted (Age)

uPA (pg/mL) 92.5 (79.8 – 109.6) 68.4 (56.6 – 78.4) p < 0.001 (***) p = 0.05 (*)

Aβ40 (ng/mL) 7.58 (4.92 – 9.28) 9.08 (6.14 – 12.53) p = 0.06 (ns) p = 0.03 (*)

Total protein (mg/mL) 0.94 (0.85 – 1.05) 0.84 (0.75 – 0.97) p = 0.02 (*) p = 0.16 (ns)

For validation of our initial �ndings, we studied additional samples from sCAA, D-CAA (both symptomatic and asymptomatic
patients) and age-matched controls. sCAA patients were obtained from the Radboud University Medical Center (n = 12), the Leiden
University Medical Center (LUMC, Leiden, the Netherlands) (n = 9) and the Massachusetts General Hospital (Boston,
Massachusetts, USA) (n = 17 All controls (n=40) were obtained from the Radboud University Medical Center. sCAA patients from
all centers were diagnosed similarly as described for the discovery group. Details on patient characteristics of these groups are
shown in Table 2.  

Table 2
Patient characteristics and CSF parameters of the validation groups; sCAA. Data is presented as median

(IQR). p-values for CSF parameters are shown in two scenarios: (1) unadjusted and (2) adjusted for age of
subjects. * p ≤ 0.05; *** p < 0,001; non-signi�cant (ns) p > 0.05

  sCAA Controls p-value

Demographics      

Number of patients 38 40 -

Age (y) 67.5 (60.0 – 75.3) 71.2 (64.5 – 74.1) p = 0.21 (ns)

Sex, M/F (% male) 19/19 (50%) 23/17 (58%) p = 0.52 (ns)

CSF parameters     Unadjusted Adjusted (Age)

uPA (pg/mL) 100.5 (85.8 – 127.5) 91.5 (73.4 – 114.5) p = 0.08 (ns) p = 0.03 (*)

Aβ40 (ng/mL) 5.1 (3.1 – 7.0) 11.0 (7.1 – 14.4) p < 0.001 (***) p < 0.001 (***)

Total protein (mg/mL) 0.89 (0.84 – 1.02) 0.89 (0.81 – 0.98) p = 0.57 (ns) p = 0.05 (*)

D-CAA patients were exclusively recruited through the (outpatient) clinic of the LUMC (asymptomatic: n = 11; symptomatic: n =
12). Inclusion criteria were age > 18 years and a proven APP mutation, or a medical history of one or multiple lobar ICHs and ≥ 1
�rst-degree relative with D-CAA. Symptomatic D-CAA was de�ned by a history of at least one symptomatic ICH. Age-matched
control groups were constructed for the asymptomatic and symptomatic D-CAA groups (n = 22; n = 28 respectively). Details on
patient characteristics in D-CAA groups and respective controls are shown in Table 3.  
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Table 3
Patient characteristics and CSF parameters of the validation groups; D-CAA. Data is presented as median (IQR). p-values for CSF

parameters are shown in two scenarios: (1) unadjusted and (2) adjusted for age of subjects.

  Asymptomatic
D-CAA

controls p - value Symptomatic
D-CAA

controls p-value

Demographics            

Number of
patients

11 22 - 12 28 -

Age (y) 38.0 (31.0 –
52.0)

45.2
(36.5 –
51.3)

p = 0.61 (ns) 58.5 (52.8 –
65.8)

60.3
(51.6 –
65.9)

p = 0.86 (ns)

Sex, M/F (%
male)

8/3 (73%) 11/11
(50%)

p = 0.213 (ns) 5/7 (42%) 17/11
(61%)

p = 0.27 (ns)

CSF
parameters

    Unadjusted Adjusted
(Age)

    Unadjusted Adjusted
(Age)

uPA (pg/mL) 90.2 (74.2 –
99.9)

68.3
(60.3 –
88.1)

p = 0.01
(**)

p = 0.09
(ns)

83.4 (72.4 –
95.5)

76.8
(66.1 –
92.7)

p = 0.46
(ns)

p = 0.44
(ns)

Aβ40 (ng/mL) 2.18 (1.79 –
3.25)

7.91
(5.35 –
10.24)

p < 0.001
(***)

p <
0.001
(***)

1.55 (1.17 –
2.07)

8.72
(5.94 –
12.24)

p < 0.001
(***)

p <
0.001
(***)

Total protein
(mg/mL)

0.71 (0.65 –
0.84)

0.75
(0.64 –
0.80)

p = 0.65
(ns)

p = 0.47
(ns)

0.84 (0.74 –
0.94)

0.83
(0.68 –
0.92)

p = 0.81
(ns)

p = 0.13
(ns)

* p≤0.05; ** p<0.01; *** p<0.001; non-signi�cant (ns) p>0.05.

The local medical ethical committees of all medical centers approved the use of patient and control CSF, and informed consent
was obtained from all study subjects or their legal representatives. All patient and control subjects underwent lumbar puncture
according to standard procedures. CSF was collected in polypropylene tubes and centrifuged, followed by aliquoting and storage
at -80°C. CSF of CAA patients and controls was used to determine Aβ40 levels through the Lumipulse® G ® β-(1-40)
chemiluminescent immunoassay (Fujirebio, Gent, Belgium). Additionally, total protein content of all CSF samples was determined
using a PierceTM BCA protein assay kit (Thermo Fisher Scienti�c, Waltham, MA, USA).

Human CSF uPA ELISA
Human CSF uPA levels were determined using the Human uPA Quantikine ELISA (R&D Systems, Minneapolis, MN, USA). Undiluted
human CSF was analyzed according to the manufacturer’s supplied protocol. Alongside all CAA and control CSF, �ve pooled CSF
samples were analyzed as quality controls (QC), to check and correct for potential inter-assay variations and were used to allow
for comparison between our discovery and validation cohort.

Statistical analyses
Data was analyzed using IBM SPSS Statistics Version 25.0.0.1 (IBM Corp., Armonk, NY, USA) and Graphpad Prism version 5.03
(Graphpad Software, Inc., San Diego, CA, USA).

All data shown are presented as either mean values ± standard deviation, or median values (interquartile range; IQR) as
appropriate. Statistical differences between groups were analyzed by independent t-testing or Mann Whitney U testing.
Kolmogorov-Smirnov and Shapiro-Wilk tests were used to determine normality of ELISA data, whereas differences between sex
were determined using the Chi-Square test of independence. Correlations between variables were determined using Pearson or
Spearman correlation testing, for parametric or non-parametric data respectively. Adjustments for the in�uences of age of subjects
on human uPA CSF levels were performed using linear regression modeling. All test results were deemed signi�cant with a p-value
≤ 0.05.
Ethical statement 
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All work with animals was approved by the University of Rhode Island Institutional Animal Care and Use Committee and in
accordance with the United States Public Health Service’s Policy on Humane Care and Use of Laboratory Animals. Lumbar
punctures and vena punctures were performed after informed consent from the patients themselves or from the patients’ legal
representatives. The CSF of the controls originated from a clinical diagnostic work-up or from patients that had an external lumbar
drain in the context of thoracoabdominal aortic aneurism repair. sCAA patients underwent a lumbar puncture in the context of a
clinical diagnostic work-up, or in the context of a cohort study on biomarkers for sCAA or D-CAA (CAVIA (no. 733050202), BIONIC
(nr. 733050822), or AURORA. This study was approved by the Medical Ethics Committees Arnhem-Nijmegen and Leiden-the
Hague. 

Results
uPA in rTg-DI rodent models and wild-type controls

We performed immunolabeling experiments to evaluate the expression of uPA in the brains of 12 months old rTg-DI rats with
abundant microvascular CAA. As shown in Fig. 1A-C, we observed signi�cant perivascular expression of uPA in cerebral capillaries
harboring amyloid deposits in rTg-DI rats. In contrast, uPA expression was not appreciably detected in cerebral capillaries of WT
rats (Fig. 1D).

We next evaluated uPA mRNA levels in the brain tissue of rTg-DI rats at three and twelve months of age (Fig. 2A). At 3 months of
age, i.e. the age of the onset of microvascular CAA, there was a highly signi�cant (p < 0.01) 6-fold increase in uPA mRNA
expression compared to WT rats. The increased uPA mRNA levels were sustained with a 8-fold increase in rTg-DI rats at 12 months
of age compared to similarly aged WT rats (p < 0.01).

The early-onset uPA expression in rTg-DI rats prompted us to perform ELISA analysis to measure uPA levels in the CSF of these
transgenic rats compared to WT controls at 3 months of age. Fig. 2B shows elevated levels of uPA in CSF in rTg-DI rats at 3
months of age compared to similarly aged WT rats (39.11 ± 3.28 pg/mL vs. 30.46 ± 3.26 pg/mL; p=0.03).

uPA in human CAA patients and control subjects

We next determined if we could con�rm the increased perivascular uPA expression in our rTg-DI preclinical model of CAA in human
CAA. Fig. 1E-F shows that in the presence of CAA pathology perivascular uPA expression was increased, whereas we found
negligible uPA expression in vessels in a control subject lacking CAA pathology.

We next performed ELISA analysis to evaluate uPA levels in the CSF of human CAA patients and controls.

In the discovery groups (Fig. 3A; Table 1), median uPA levels in CSF (92.5 (IQR: 79.8 – 109.6) pg/mL) were higher in patients with
sCAA than in control subjects (68.4 (IQR: 56.6 – 78.4) pg/mL; p < 0.001). This difference was also observed when solely
comparing patients with a diagnosis of probable sCAA (92.5 (IQR: 77.3 – 115.8) pg/ml) to controls. (68.4 (IQR: 56.6 – 78.4)
pg/mL; p<0.001). After adjustment for age, the difference in CSF uPA levels between sCAA patients and controls was signi�cantly
different (95% CI: [0.22 : 34.82], p=0.05).

In the validation groups (Fig. 3B; Table 2), median uPA levels did not differ signi�cantly between sCAA patients (100.5 (85.8 –
127.5) pg/mL) and controls (91.5 (73.4 – 114.5) pg/mL), but did show a trend towards elevation of uPA levels in sCAA (p=0.08).
Adjustment of uPA levels for age resulted in a signi�cant difference in uPA levels between sCAA patients and controls (95% CI:
[1.49 : 32.7], p=0.03).

Comparisons between asymptomatic D-CAA patients and age-matched controls yielded a signi�cant elevation of median CSF uPA
levels in asymptomatic D-CAA patients (90.2 (74.2 – 99.9) pg/mL) vs. age-matched controls (68.3 (60.3 – 88.1) pg/mL), with
p=0.01. This difference was not observed when comparing symptomatic D-CAA patients with age-matched controls, with median
uPA levels of 83.4 (72.4 – 95.5) pg/mL in D-CAA and 76.8 (66.1 – 92.7) in controls (p=0.46). After adjustment for age signi�cance
was lost for the differences between asymptomatic D-CAA and controls (95% CI: [-0.99 : 14.30], p=0.09) and the signi�cance level
was unaffected in symptomatic D-CAA vs. controls (95% CI: [-4.54 : 10.21], p=0.44). Additional adjustment for total protein levels
resulted in non-signi�cant differences between asymptomatic D-CAA (95% CI: [-1.25 : 11.24], p=0.11) and symptomatic D-CAA



Page 9/16

(95% CI: [-4.53 : 9.96], p=0.45), and their respective controls. Lastly, we compared the uPA CSF levels between symptomatic and
asymptomatic D-CAA patients. Levels between these two groups were found to be similar (p=0.31).

Discussion
This study demonstrates an elevation of CSF uPA in patients suffering from CAA pathology. In two separate cohort studies, CSF
uPA levels, after adjustment for age, were signi�cantly elevated in sCAA patients, when compared with respective controls. In
contrast, no elevation of uPA levels was observed after adjustment for age in (a)symptomatic D-CAA patients, compared to their
respective age-matched controls. Perivascular uPA in amyloid-affected cerebral vessels was overexpressed in rTg-DI rats and a
sCAA patient. Moreover, uPA (mRNA) levels were increased in CSF from the rTg-DI CAA rodent model.  

Earlier studies have demonstrated a decreased of uPA levels in plasma, but not CSF, in mild-cognitive impairment (MCI) patients
with decreased Aβ42/Aβ40 ratios (indicative of amyloid pathology) compared to controls [27]. Similarly, no differences in the CSF
concentrations of plasminogen, tPA or plasminogen activator inhibitor-1 between AD patients and controls were discovered.
Moreover, in this study zymography analysis in CSF revealed no difference in tPA activity between AD and controls, whereas uPA
activity could not be detected in CSF of either AD or control cases [28]. However, in one other study, increased levels of CSF tPA
were observed in AD vs. patients with subjective cognitive impairment, but not in AD vs. MCI patients [29]. In summary, these
studies show that uPA as an in�uential factor in CAA is barely being researched and that uPA CSF levels are not increased in AD,
whereas inconsistent results were obtained for tPA levels in AD. Despite the partial overlap in pathology of AD and CAA, elevated
levels of uPA in CSF seem to be restricted to CAA. Future studies should reveal if uPA levels are increased in AD patients with
severe CAA compared to AD cases without CAA [3]. 

Endothelial cells are a major source of vascular uPA expression, thereby suspected of major contributors to the activation of the
plasminogen activation system, through the conversion of plasminogen into plasmin [30, 31]. Because of this role in plasmin
production, uPA and other components of the plasminogen activation system, are often associated with tissue remodeling
processes, like cellular migration and metastasis, hemostasis, �brinolysis or angiogenesis [32]. Earlier studies have shown
elevated expression of both uPA and its receptor, uPAR, after stimulation of human smooth muscle cells with Aβ [23]. Whereas the
colocalization of uPA with Aβ in CAA patients and rTg-DI models we describe here has not been described before, tPA, the tissue-
counterpart of uPA, has been found to colocalize with Aβ in the cerebral vasculature of Tg2576 mice, an AD mouse model [33].
The co-localization of tPA and Aβ may be explained by the observations that both tPA and plasminogen bind  to lysine-rich
structures which are present both in fribrin and in Aβ [19]. 

Elevated cerebrovascular expression of uPA may stimulate the localized conversion of plasminogen to plasmin, which in a
compensatory feedback-mechanism might directly decrease the vascular amyloid load through plasmin, a known Aβ-cleaver [20,
25, 33-35]. This proposed mechanism for the plasminogen activation system in cleaving (vascular) Aβ may also take place in
senile plaques [36-43]. Whereas the uPA-induced elevated plasmin level may thus decrease vascular amyloid load, elevated
plasmin levels may also negatively affect the integrity of the extracellular matrix (ECM) of affected tissues. This secondary effect
could occur either directly, through plasmin-mediated focal degradation of matrix proteins, or indirectly, through the uPA- or
plasmin-mediated activation of other proteolytic factors, such as the matrix metalloproteinases MMP-2, MMP-3, MMP-9, MMP-12
and MMP-13 [44-47]. Degradation of the ECM directly compromises the integrity of the vascular wall and potentially contributes to
the development of cerebral (micro)haemorrhages associated with CAA. 

Speci�c protein biomarkers in CSF may discriminate between CAA patients, AD patients and/or control subjects: e.g. decreased
CSF Aβ40 discriminates sCAA from controls [12, 14, 48]. These previous studies also revealed decreased CSF Aβ42 levels in sCAA
patients in comparison with controls. Also, in D-CAA decreased CSF Aβ40 and Aβ42 levels were found in asymptomatic and
symptomatic mutation carriers in comparison with age-matched controls [49]. However, CSF Aβ42 levels were similarly decreased
in AD patients as well, limiting the  speci�city of CSF Aβ42 as a biomarker for CAA. Other protein biomarkers have been associated
with sCAA, but again, with limited speci�city (e.g. CSF Apolipoprotein D) [50].

We observed no signi�cant differences in CSF uPA levels between symptomatic D-CAA patients (either unadjusted or when
adjusted for age of subjects) and asymptomatic D-CAA patients (borderline insigni�cant, after adjustment for age of subjects). We
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did however observe a difference in unadjusted CSF uPA levels between asymptomatic D-CAA patients and controls. This could be
induced by age-effects (as the difference is not present in our age-adjusted model), but could also have a physiological cause. We
can only speculate on the origins of this difference, but it is not unlikely that progessive deposition of Aβ induces an elevation of
uPA expression and secretion in sCAA and asymptomatic D-CAA patients. The loss of uPA-producing endothelial cells following
cerebral vessel rupture, may lead to a normalization of uPA expression in symptomatic D-CAA patients relative to asymptomatic D-
CAA patients. Longitudinal studies on changes in CSF uPA levels in sCAA and D-CAA patients may yield more insight into these
possible sequence of events . 

Several limitations apply to our study. First, the number of rats included in the CSF study was relatively small. However, the
homogeneity of this particular transgenic rat population reduces the in�uence of confounding factors. Second, despite the
observation that our clinical cohorts were of relatively moderate sizes, these sizes are comparable to those in previously peer-
reviewed CAA studies, which have been proven capable of producing reliable results [14, 50]. Third, it would have been interesting
to also include patients suffering from AD (with vs. without evidence of CAA) and hypertensive vasculopathy as a different cause
of haemorrhages in this study to address the speci�city of our �ndings. Unfortunately these samples were not available to us, but
including them in future studies could offer novel opportunities for research about the speci�city of this biomarker. 

Strengths of our study include the use of a unique animal model of CAA. This animal model not only recapitulates many of the
characteristics of human CAA, but also allows for relatively easy collection of CSF for biomarker studies. Furthermore, the cohorts
of all types of CAA patients (sporadic, asymptomatic D-CAA and symptomatic D-CAA) and controls (well-phenotyped using MRI,
CSF and clinical data) are unique and a valuable source for studies of novel biomarkers of both sporadic, as well as hereditary
CAA. Finally, the similarities between the animal and human �ndings strengthen the translational capacity of the rat model to
study the pathogenesis of CAA and vice versa. 

In conclusion, our �ndings show a multifaceted relationship between uPA and CAA pathophysiology, in both the rTg-DI CAA model
and in CAA patients. Increased cerebrovascular uPA expression was observed in both rat and human CAA tissue; elevated CSF uPA
levels were found in both rTg-DI CAA model rats and sCAA patients (after adjustments for age). Symptomatic D-CAA patients did
not show robust differences when compared to control groups, but CSF uPA levels trended towards an elevation in asymptomatic
D-CAA patients vs. controls. The association of uPA with CAA provides new insights in pathophysiological processes in both
sporadic and hereditary CAA and could serve as a vascular biomarker for CAA in conjunction with other CAA-speci�c biomarkers.
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Figure 1

Cerebral vascular Aβ deposition and uPA expression in rTg-DI rats, WT rats, human CAA patients and control subjects. Twelve
months old rTg-DI rat brain sections were stained for (A) �brillar amyloid using thio�avin S and (B) immunolabeled for uPA. (C)
Composite image showing co-localization of thio�avin S + uPA in rTg-DI models. (D) Composite image showing absence of Aβ
deposits and uPA expression in a WT model. (E) Composite image showing co-localization of thio�avin S + uPA in a human
sporadic CAA patient. (F) Composite image showing absence of Aβ deposits and uPA expression in a human control subject.
Scale bars = 50 µm and Aβ in green, uPA in red.
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Figure 2

Elevated uPA expression in brain tissue and CSF of rTg-DI rats. (A) mRNA expression of PLAU gene was assessed by qPCR in
WT/rTg-DI rats at 3 (n=4/7) and 12 months (n=5/5). Expression was signi�cantly elevated at each age in rTg-DI rats compared
with WT rats (T-test; p<0.01). (B) CSF uPA levels were assessed using a rat uPA ELISA in rTg-DI and WT rats at 3 months of age.
uPA levels were signi�cantly elevated in rTg-DI rats (T-test, n=6, p=0.03).

Figure 3

Comparison of human CSF uPA levels in CAA patient and control groups. Scatter plots of CSF uPA levels in our (A) discovery and
(B) validation studies. In our discovery study, uPA levels were signi�cantly elevated in sCAA (in dark grey; n=27) compared to
control subjects (in light grey; n=40) (MU p<0.001), even after adjusting for age (MU p=0.05). In our validation studies, uPA levels
in sCAA (in dark grey; n=38) were borderline non-signi�cant (MU p=0.08), but signi�cantly elevated after adjusting for age (MU
p=0.03) compared to controls (in light grey; n=40). Asymptomatic D-CAA patients (in dark purple; n=11) presented elevated uPA
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levels in CSF compared to their respective controls (in light purple; n=22; MU p=0.01; after adjusting for age, MU p=0.09), whereas
symptomatic D-CAA patients (in dark blue; n=12) did not show an elevation (MU p=0.46; after adjusting for age, MU p=0.44)
compared to age-matched controls (in light blue; n=28). All data presented as median with IQR.


