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Abstract: Vascular basement membranes (BMs), composed of laminins, collagen IV, fi-
bronectin, and perlecan, are secreted by endothelial cells, pericytes, smooth muscle cells
(SMCs), and astrocytes. In the brain, amyloid beta (Af) is eliminated along cerebrovas-
cular BMs of capillaries and arteries as intramural periarterial drainage (IPAD). Ageing
modifies vascular BMs, impairing IPAD and leading to A3 deposition as cerebral amy-
loid angiopathy. To better understand the molecular determinants of IPAD in ageing, we
quantified the relative abundance of BMs secreted by human-derived cerebral endothelial
cells, pericytes, brain vascular SMCs, and astrocytes in vitro. We then assessed BM protein
levels in SMCs under hypercapnia (8% CO;) as a model of vascular ageing, with and
without A exposure. Of the four cell types, we found SMCs secreted the highest levels of
fibronectin, laminin, and perlecan, whilst pericytes secreted the highest levels of collagen IV.
Hypercapnia increased the expression of collagen IV and fibronectin in SMCs but decreased
the expression of laminin. The expression of perlecan increased under hypercapnia, but
only in the presence of A. This work highlights the varying compositions of vascular
BMs and the dynamic differential responses of SMCs to A and hypercapnia, helping to
elucidate the age-related changes that impair IPAD in cerebral vessels.

Keywords: amyloid beta; basement membranes; cerebral amyloid angiopathy; hypercapnia;
intramural periarterial drainage

1. Introduction

Most cells are surrounded by a supporting scaffold of extracellular glycoproteins and
proteoglycans that offer anchorage and structural support, forming dense sheets known
as basement membranes (BMs). In the absence of traditional lymphatic vessels, the BMs
of cerebral capillaries and arteries represent a conduit for the drainage of interstitial fluid
and soluble amyloid beta (Af3) as intramural periarterial drainage (IPAD) (Figure 1) [1-3].
The motive force for IPAD is provided by the spontaneous contraction of vascular smooth
muscle cells (SMCs) [4].
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Figure 1. Route of AB drainage along basement membranes (BM) of cerebral capillaries and arteries
as intramural periarterial drainage (IPAD). IPAD occurs in the opposite direction to blood flow and
the motive force is provided by the spontaneous contraction of smooth muscle cells. Apart from the
basement membrane of the endothelium (light blue), there are basement membranes surrounding
smooth muscle cells (orange) and basement membranes of the astrocytes also known as glia limitans
(green). Pericytes are embedded in basement membranes (purple). A sheath of leptomeninges
represents the adventitia of arteries but is not present at the capillary level. With ageing, the structure
of the basement membranes changes, impairing IPAD and increasing A deposition as a cerebral
amyloid angiopathy (CAA).

Ageing leads to arteriolosclerosis, whereby changes in the composition of BMs, a
decline in the bioavailability of nitric oxide, and a reduction in the strength of contractions
of vascular SMCs lead to hypoperfusion, hypercapnia, and an impairment of IPAD [5-7].
The age-associated failure of IPAD leads to the accumulation of Af3 within BMs of cerebral
capillaries and arteries as cerebral amyloid angiopathy (CAA), identifiable in over 80%
of Alzheimer’s disease (AD) cases [8,9]. In human CAA, the accumulation of A begins
between the layers of cerebral vascular SMCs in arterioles and the leptomeningeal arteries,
eventually leading to the destruction of the SMCs [10]. This proposed sequence, based on
observations in human post-mortem brains and brains of transgenic mice overexpressing
A, suggests that soluble A3 drains along the BMs of vascular SMCs [11]. The BMs secreted
by vascular SMCs are morphologically distinct from the endothelial BM [12]. The exact
composition of BMs varies in a temporal and tissue-specific manner [13], but it is highly
conserved and consists of a core set of proteins. Typically, each BM is composed of laminin,
collagen IV, nidogen, and a heparan sulphate proteoglycan such as perlecan or agrin [14].
Fibronectin is also an abundant, ubiquitous extracellular matrix (ECM) component that acts
as a critical mediator of cell-ECM interactions by bridging structural components of the BM
with cell surface receptors, such as integrins [15,16]. Following deposition by resident cells
of the cerebrovasculature, laminin and collagen IV self-assemble into three-dimensional
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networks that interconnect with nidogen and perlecan [17]. Collagen 1V is essential for BM
stability, resilience, and vascular integrity, with mouse models exhibiting aberrantly spliced
collagen IV, developing pathology reminiscent of small vessel disease [9,18]. Laminin is the
most abundant non-collagenous BM protein and it exists as distinct isoforms depending on
the vessel type [9,19]. Laminin a2 isoform-knockout mice exhibit a defective blood-brain
barrier (BBB), suggesting an essential role of laminin in BBB integrity [20]. Perlecan is
one of the most abundant heparin sulphate proteoglycans (HSPGs), and once embedded
in the collagen IV /laminin network, perlecan helps to maintain BM integrity as well as
bind important growth factors [21]. The production and secretion of these aforementioned
BM proteins is provided by the cells of the cerebrovasculature, although the proportional
contribution of each cell type remains unknown. Nonetheless, it is widely accepted that
the precise levels, distribution, and interaction of BM proteins mutually support the health
of and communication between the cells of the cerebrovasculature.

Ageing leads to reduced respiratory response and cerebrovascular reactivity to hy-
percapnia; thus, cells of ageing cerebrovasculature are likely exposed to higher levels of
COy, [22,23] and it remains unknown how the BMs of cerebrovascular cells may respond to
these conditions. A better understanding of the BM composition of cerebral vascular cells,
in particular SMCs and their response to A and hypercapnia as a model of hypoperfusion
and ageing, will offer insights into the vascular extracellular changes that influence IPAD
and contribute to CAA. Here, we tested the following hypotheses: (a) the composition of
BMs of human endothelial cells, pericytes, astrocytes, and SMCs differ from each other
when grown in culture under normocapnic conditions (5% CO,) and (b) exposure to A3
1-40 or AP 1-42 and hypercapnia (8% CO,) modifies the composition of BMs of SMCs [24].

2. Materials and Methods
2.1. Amyloid Beta Preparation

The HiLyte 555 A3 140 is a synthetic protein provided by AnaSpec (Fremont,
CA, USA) (#AS-60492-01), with a fluorescent tag that allows for observation by fluo-
rescent microscopy. The sequence for this protein was as follows: HiLyte Fluor 555-
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV. This corresponds to the
human A {3 which is 40 amino acids in length and commonly found in CAA [25]. The HiLyte
647 A3 1-42 was also provided by AnaSpec (#AS-64161) and has the following sequence:
HiLyte Fluor 647-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA. This
sequence corresponds to the human A commonly found in senile plaques and is 42 amino
acids in length [26]. Both products were supplied as a lyophilized powder and reconstituted
in 1% ammonium hydroxide to a final concentration of 200 mM before being aliquoted and
stored at —80 °C. Aliquots were only thawed immediately prior to use and were added
directly to pre-warmed media to obtain a final concentration of 100 nM.

2.2. Cell Cultures

Human astrocytes (HAs), human brain vascular smooth muscle cells (HBVSMCs), and
human pericytes (HP) were purchased from Sciencell (#1800, #1100 and #1200, respectively).
The human cerebral microvascular endothelial cell line (hCMEC/D3) was purchased from
Sigma Millipore (#SCC006). Cells were grown according to the manufacturer’s instructions
and maintained in specialised media. Cells at passage number < 10 were used for exper-
iments to guarantee the retention of cell properties, as stated by the manufacturers. The
HAs and HBVSMCs were guaranteed to retain properties for 10 population doublings and
the HPs for up to 15, hence the cells were used within these parameters for all experiments.
Media for HAs, HBVSMCs and HPs were obtained from Sciencell (Carlsbad, CA, USA)
(#1801, #1101 and #1201), whilst hCMEC /D3 was maintained in EndoGRO basal medium
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and a supplement kit (SCME-004, Merck Millipore, Darmstadt, Germany) enhanced with
Ing/mL basic fibroblast growth factor (F0291, Sigma) and 1% penicillin-streptomycin
(15140-122, Thermo Fisher Scientific, Cambridge, UK). Cultures were maintained in a
humidified environment (5% CO;/95% air) at 37 °C. For the analysis of basement mem-
brane protein deposition by each cell type, HAs, HPs, and HBVSMCs were plated from
24-well plates onto 1 mm round glass coverslips coated with poly-L-lysine or collagen I for
hCMEC/D3 (n = 4). The initial cell seeding density was 0.5 x 10° cells per well in 1 mL
of media, and cells were left to grow for 72 h before fixation and immunostaining. For
hypercapnia/Af experiments, HBVSMC were plated in 12 well plates onto 1 mm round
glass coverslips coated with poly-L-lysine at a density of 0.1 x 10° cells in 1 mL smooth
muscle medium (#1101 Sciencell) and left for 4 h to attach. The cell media was then replaced
with either fresh media or media supplemented with 100 nM Ap1-40 or A 1-42. Cells
were incubated for 72 h in separate incubators set at either 5% CO,/95% air (normocapnic)
or 8% CO,/92% air (hypercapnic) conditions (1 = 3). Our pilot data showed 100 nM Af to
be the lowest concentration that elicited a cellular response.

2.3. Immunocytochemistry for BM Components

Further, 72 h after seeding, cells were fixed in 1 mL 4% PFA for 10 min at room
temperature and immunostained for BM proteins: collagen IV, laminin, fibronectin, and
perlecan, as described previously [24]. Briefly, cells were rinsed three times with phosphate-
buffered saline (PBS) before quenching residual PFA with 100 nM glycine for 10 min.
Cells were washed three times in PBS and incubated overnight at 4 °C in 3% bovine serum
albumin (BSA) for 1 h at room temperature. The BSA was removed and cells were incubated
with antibodies against collagen IV (ab6586, Abcam, Cambridge, UK 1:400), laminin (L9393,
Sigma, Burlington, MA, USA 1:200), fibronectin (F3648, Sigma, Burlington, MA, USA,
1:400), or perlecan (sc-25848, Santa Cruz, Dallas, TX, USA, 1:400). Cells were washed three
times with PBS and incubated with goat anti-rabbit Alexa Fluor 555 conjugated secondary
antibody for 1 h at room temperature. For hypercapnia/Af experiments, HBVSMCs were
incubated with goat anti-rabbit Alexa Fluor 488 conjugated secondary antibody, due to the
presence of HiLyte 555 A3 1-40 in a subset of the cells. Cells were then washed three times
before 2 pg/mL DAPI (D1306, Thermo Fisher, Cambridge, UK) was applied for 10 min
to stain cell nuclei. Cells were rinsed three times with PBS and the coverslips inverted
and mounted onto slides with Mowiol (81381, Sigma, Burlington, MA, USA) containing
Citifluor (AGR1320, Agar Scientific, Rotherham, UK). An isotype control was used to
estimate the non-specific binding of target primary antibodies as a result of Fc binding.
Cells were treated with an IgG isotype control (ab37415, Abcam, Cambridge, UK) at the
same protein concentration as the primary antibody. In addition, a negative control was
also carried out whereby the primary antibody was omitted to assess any non-specific
reactivity of the secondary antibody.

2.4. Imaging and Analysis

Cells were imaged with a Leica SP8 confocal microscope. Isotype and negative control
cells were used to set the gain and exposure to adjust for background and non-specific
staining. Four non-overlapping z-stacks (16 um stack, 1 um per slice) were captured per
coverslip (each an area of 0.1 mm?), with a minimum of three coverslips per experiment
group. Maximum projection Z-stack TIF images were analysed using Image] software,
(version 1.54g) (NIH, Bethesda, MD, USA) to quantify the number of nuclei from DAPI
staining and the arbitrary fluorescence area of antibody staining using image thresholding
(24, 255) of the desired colour channel. The fluorescence area was normalised to the number
of cells by dividing the area of fluorescence by the number of nuclei per image.
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2.5. MTS Assay

The CellTiter 96 AQueous one solution cell proliferation colorimetric assay kit (G3582,
Promega, Hampshire, UK) was used to assess HBVSMC viability in the presence of A3 and
under hypercapnic conditions. Three timepoints were chosen to monitor cell proliferation
over a time course: 2 h (day 0), 24 h (day 1), and 72 h (day 3). Cells were seeded onto
poly-L-lysine coated wells at a density of 5 x 10% cells per well on a black 96-well plate and
cultured in smooth muscle medium containing either no A3, 100 nM A 1-40, or 100 nM
AP 142 at 37 °C under normocapnia (5% CO,, 95% air) or hypercapnia (8% CO,, 92%
air) conditions. At each timepoint, 20 uL of MTS reagent was added to each well and the
plate was incubated in the dark for 90 min. Absorbance was measured at 490 nm with a
SPECTROstar Nano plate reader (BMG Labtech, Aylesbury, UK). Wells containing only
media without cells were used to determine the baseline absorbance, the average value
of which was subtracted from the test samples. All samples were run in triplicate and
repeated three times (1 = 3).

2.6. Data Analysis and Statistics

For the assessment of the BM composition in all four cell types, the four mean fluores-
cent values of each BM protein, calculated using Image] from four separate confocal images
of each sample and normalised to cell number, were averaged (n = 4). Differences in the
mean fluorescence of each BM protein were compared between cell types and analysed us-
ing a two-way ANOVA and Tukey Post Hoc multiple comparisons statistical analysis using
Graph Pad Prism 10 software. For the assessment of the BM composition in HBVSMCs in
response to hypercapnia and A exposure, the four mean fluorescent values for each BM
protein, per sample, calculated using Image] and normalised to cell number, were averaged
(n = 3). Differences in mean fluorescence of each BM protein were compared between
treatment conditions and analysed using a two-way ANOVA and Tukey Post Hoc multiple
comparisons statistical analysis using Graph Pad Prism 10 software. For the MTS assay, the
absorbance values of triplicate readings were averaged per sample (n = 3). Differences in
mean absorbance were compared between treatment groups and analysed using a two-way
ANOVA and Tukey Post Hoc multiple comparisons statistical analysis using Graph Pad
Prism 10 software. For all analyses, p values above 0.05 were considered significant.

3. Results
3.1. Smooth Muscle Cells Produce the Highest Total Amount of Basement Membrane Proteins

Qualitative comparison of the BM protein immunofluorescence levels from the various
cerebrovascular cells showed that HBVSMCs produced the greatest amount of fibronectin,
perlecan, and laminin compared to the other cell types (Figure 2a). In all cell types, a
fibrous expression pattern of varying degrees was observed for fibronectin and perlecan,
whilst laminin exhibited a more punctate pattern for astrocytes and pericytes. Similarly,
the expression pattern of collagen IV was distinct in endothelial cells, with a more speckled
appearance than the other cell types. Quantification of BM protein expression levels across
cell types revealed that HBVSMCs expressed 73% more BM proteins (6986 mean total
arbitrary fluorescence (AF)) relative to ECs (1876 mean total AF), 64% more than HAs (2503
mean total AF), and 14% more than pericytes (5954 mean total AF) (Figure 2b,c).
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Figure 2. Relative abundance of basement membrane proteins in cerebrovascular cells measured
by immunocytochemistry. (a) Representative confocal microscopy images of human astrocytes,
endothelial cells (hCMEC/D3), pericytes, and human brain vascular smooth muscle cells (HBVSMCs)
grown in culture for 72 h and immunostained for basement membrane proteins collagen IV, laminin,
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fibronectin, and perlecan, shown in green, and counterstained with the nuclear stain DAPI, shown in
blue. Scale bar = 100 pm. (b) The mean fluorescence area per nuclei of each basement membrane
protein was quantified and plotted as a stacked bar graph for each cell type (1 = 4 per cell type, per
protein). (c) Statistical significance between the mean fluorescence area per nuclei of each basement
membrane protein between cell types (n = 4). ** p = 0.0001, **** p < 0.0001.

3.2. Perlecan Levels Were Consistent Between Pericytes, Astrocytes, and Endothelial Cells

HBVSMCs expressed significantly greater levels of perlecan (1165 mean AF) compared
to HPs (327 mean AF), HAs (408 mean AF), and ECs (272 mean AF) (p < 0.001). No
significant difference was observed between HPs, HAs, and ECs, suggesting these cell
types express similar amounts of perlecan (p > 0.05) (Figure 2c).

3.3. Pericytes and Astrocytes Express Similar Amounts of Laminin

HBVSMCs expressed significantly greater levels of laminin (2741 mean AF) compared
to HPs (1351 mean AF), HAs (1389 mean AF), and ECs (466 mean AF) (p < 0.001). No
significant difference was observed between HPs and HAs, suggesting that they express
similar amounts of laminin (p = 0.9844) (Figure 2c).

3.4. Astrocytes and Endothelial Cells Express Similar Amounts of Fibronectin

HBVSMCs expressed significantly greater levels of fibronectin (2488 mean AF) com-
pared to HPs (1382 mean AF), HAs (614 mean AF), and ECs (473 mean AF) (p < 0.001). No
significant difference was observed between HAs and ECs, suggesting that they express
similar amounts of fibronectin (p = 0.5488) (Figure 2c).

3.5. Pericytes Expressed the Highest Amount of Collagen IV

Whilst HBVSMCs expressed the highest amount of fibronectin, perlecan, and laminin,
collagen IV was expressed at the greatest levels in pericytes, with more than four times
more collagen IV in HPs (2892 mean AF) than HBVSMCs (590 mean AF) and ECs (664
mean AF) (Figure 2b,c). Astrocytes expressed very low levels of collagen IV (91 mean AF)
compared to the other cell types. Statistical analyses (two-way ANOVA) confirmed that
collagen IV levels were significantly different between all cell types (p < 0.0001), except
for HBVSMCs and ECs (p = 0.8969), suggesting that these two cell types produce similar
amounts of collagen IV (Figure 2c).

3.6. Hypercapnia and AB Exposure Do Not Affect HBVSMC Viability

Cerebrovascular SMCs are the source of the motive force required for intramural peri-
arterial drainage, and the BMs of these cells represent the conduits for IPAD [4]. Therefore,
we wanted to investigate how hypercapnia (8% CO,) and exposure to A influence the
levels of BM proteins in these cells. Firstly, using an MTS colorimetric assay, we determined
the viability of HBVSMCs over 72 h following exposure to hypercapnia and Af to deter-
mine whether any potential changes observed in BM composition was related to the health
of the cells (Figure 3). Cell viability and metabolism, as measured by arbitrary absorbance,
increased in all conditions over the 3 days, confirming cell proliferation. Overall, there
was no significant difference in the viability of cells cultured at 5% versus 8% CO;, or in
the presence/absence of A 1-40 and A3 1-42. These findings suggests that physiological
concentrations of A3 do not adversely affect the metabolism and viability of HBVSMCs.
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Figure 3. Cell viability of HBVSMCs cultured under normoxia verses hypercapnia, and in the pres-
ence/absence of amyloid beta. An MTS assay was used to assess the viability and metabolic activity
of HBVSMC cultures exposed to normoxia or hypercapnia conditions, in the presence/absence of 100
nM AB40 or AB42 for 72 h. The mean MTS absorbance was calculated from triplicate wells for each
condition over three experimental runs (1 = 3). Black dots represent mean MTS from each run.

3.7. Hypercapnia Increased Collagen IV Expression in HBVSMCs

To understand how hypoperfusion and ageing can influence the basement membranes
of HBVSMCs, cells were cultured for 72 h under normocapnia (5% CO,) or hypercapnia
(8% COy), in the presence or absence of Ap 1-40 or AB 1-42. Quantification of the im-
munofluorescence showed that hypercapnia in the absence or presence of A3 140 or A
1-42 increased the levels of collagen IV deposition (p = 0.0031) in HBVSMCs (Figure 4a).
The presence of A 1-40 and 1-42 alone did not significantly affect collagen IV levels.

3.7.1. Hypercapnia Decreased Laminin Expression in HBVSMCs

Hypercapnia, in the presence or absence of Ap 1-40 or Ap 1-42, decreased laminin
expression in HBVSMCs (p = 0.004) (Figure 4b). Under normocapnia, the presence of Af3
1-40 decreased laminin expression relative to cells not exposed to A, and the presence Af3
1-42 further decreased laminin expression relative to A3 1-40; however, these changes were
not statistically significant (p < 0.05). This pattern was not observed under hypercapnia
conditions. Therefore, the presence of A3 alone did not affect laminin expression in cells
cultured under normocapnic or hypercapnic conditions (Figure 4b).

3.7.2. Hypercapnia Increased Fibronectin Expression in HBVSMCs

Hypercapnia, in the absence or presence of A3 1-40 or Af3 1-42, increased the levels
of fibronectin in HBVSMCs (p = 0.0031) (Figure 4c). Under hypercapnia, the presence of
AP 1-40 or AP 1-42 increased fibronectin levels relative to no A, although this was not
statistically significant. Therefore, the presence of A3 alone did not significantly affect
fibronectin expression in cells cultured under normocapnia or hypercapnia (Figure 4c).
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3.7.3. Hypercapnic Conditions Increase the Expression of Perlecan in HBVSMCs, but Only
in the Presence of Ap

The presence of AP 1-42 increased perlecan expression in HBVSMCs cultured under
normocapnia (p = 0.0484) or hypercapnia (p = 0.0123) conditions relative to cells not exposed
to A (Figure 4d). Perlecan was also increased in the presence of A3 1-40 relative to no A
under hypercapnia, although this was only a trend (p = 0.0589). Furthermore, the presence
of A 1-40 and A3 142 under hypercapnia increased perlecan expression relative to the
HBVSMC culture under normocapnia in the absence of A (Figure 4d).
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Figure 4. BM protein expression in HBVSMCs cultured under normocapnia or hypercapnia, in the
absence or presence of 100 nM A {340 or A342. (a) Collagen IV expression was significantly increased
under hypercapnia conditions. The presence of AB40 or AB42 did not significantly affect collagen
IV levels. (b) Laminin expression was significantly decreased under hypercapnia conditions. The
presence of AP40 or AP42 did not significantly affect laminin levels. (c) Fibronectin expression
was significantly increased under hypercapnia conditions. The presence of AB340 or AB42 did
not significantly affect collagen IV levels. (d) Perlecan expression was significantly increased under
hypercapnia conditions relative to normocapnia but only in the presence of A340 or AB342. HBVSMCs
cultured under hypercapnia but in the absence of A3 showed no change in collagen expression
relative to normocapnia. Error bars represent standard deviation. p < 0.05 (*), p < 0.01 (**). Black dots
represent biological replicates (1 = 3).
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4. Discussion

In this study, we characterised the composition of BMs secreted in vitro by cerebrovas-
cular cells using human-derived endothelial cells, pericytes, HBVSMCs, and astrocytes.
We showed that HBVSMCs secrete significantly higher levels of laminin, perlecan, and
fibronectin relative to cerebral endothelial cells, astrocytes, and pericytes, equating to the
highest overall BM protein expression, although pericytes expressed significantly greater
levels of collagen IV relative to the other cell types. It is unsurprising that HBVSMCs
deposit the greatest overall level of BM proteins given the contractility capacity of these
cells and their need for adequate anchorage within the complex layers of the arterial wall,
although it was surprising that collagen IV, which is the major form of collagen present
in the vasculature, was not one of the major BM protein components of these cells [27].
Perlecan was expressed at much lower levels relative to the other BM proteins in each cell
type and was found at similar levels in pericytes, astrocytes, and endothelial cells. This is
surprising considering the important structural and biochemical function of perlecan in
supporting the cerebrovasculature in response to dynamic blood flow [28]. Pericytes and
astrocytes also expressed similar amounts of laminin, whilst astrocytes and endothelial
cells expressed similar amounts of fibronectin. The unique location of pericytes embedded
within the endothelial BM indicate that these cells contribute significantly to the vascular
BM [9] and may in fact be important for the induction of BM protein synthesis by ECs [29].
The secretion of collagen IV and fibronectin at relatively high levels in cultured pericytes
in our study is consistent with these being major proteins produced by neurovascular
pericytes in vivo [30]. The constituents and relative abundance of vascular BMs directly
influence their biomechanical properties and therefore the observed differences between
relative BM protein compositions across cell types are consistent with their distinct roles
within the cerebral vessel wall.

Ageing is associated with the thickening of cerebrovascular BMs, especially in the
cortex and hippocampus [5]. Furthermore, thickening of these BMs in the context of CAA
and AD has been reported in multiple studies in both human and mouse brains [5,9,31-34].
BM thickening of cerebral microvessels caused by increased levels of BM proteins in trans-
genic mice overexpressing TGF-f3 was observed 5 months prior to the detection of CAA,
providing strong evidence that BM thickening precedes and is a significant contributing
factor of cerebrovascular A3 deposition [35]. Stroke and AD share common risk factors, and
stroke itself may be a risk factor for AD, suggesting an important relationship between the
cerebrovascular changes seen in age-associated pathology and neurodegeneration [9]. In
contrast to AD and CAA, animal models suggest that stroke is associated with the degrada-
tion of cerebrovascular BMs, caused by the upregulation of proteases following an ischemic
event [36-38]. We exposed HBVSMCs to elevated CO; to model the hypoperfusion and
subsequent hypercapnia that is observed in ageing [39,40], and combined this with A3
exposure to better understand how the HBVSMC BMs respond to these age-associated
conditions and influence downstream pathology.

Our results show increased depositions of collagen 1V, fibronectin, and perlecan by
HBVSMCs under hypercapnia conditions; however, increased perlecan deposition was
dependent on the presence of Af3, suggesting that whilst elevated CO, alone is sufficient
to modify collagen IV and fibronectin, it is the combination of hypoperfusion and Af3
exposure that alters perlecan expression in HBVSMCs. Whilst findings from AD mouse
models have been mixed, the levels of collagen 1V, fibronectin, and perlecan have con-
sistently been shown to be elevated in BMs from human AD postmortem brains [31,40].
The observed increase in fibronectin is significant in the context of small vessel disease,
as fibronectin accumulates in hereditary cerebral autosomal recessive arteriopathy with
subcortical infarcts and leukoencephalopathy (CARASIL). Whilst the exact mechanism
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remains unknown, treatment with the angiotensin II type I receptor antagonist Candesar-
tan has been shown to downregulate fibronectin gene expression in a mouse model of
CARASIL [41]. Dysregulated TGFf3 signalling has also been proposed in CARASIL, with
increased fibronectin expression after experimental stroke in cultured astrocytes and in vivo
associated with reactive gliosis and an impaired influx of CSF showing reversal after inhi-
bition of TGFf3 [42,43]. These findings suggest that similar mechanisms could be linked
to elevated fibronectin in aged and AD vessels. Furthermore, fibronectin has been shown
to directly bind A3, suggesting that age-related and pathological changes to fibronectin
levels in cerebrovascular BMs could directly influence A} deposition in vessel walls [43]
and CAA risk.

Whilst the presence of A3 alone did not significantly affect the levels of collagen IV,
fibronectin, or laminin, we found that under normocapnia, perlecan levels were increased
in the presence of A3 1-42. This may be because A 1-42 species are more toxic than
Ap 140, in part due to having higher amyloidogenicity and lower solubility than A
1-40 [44-46]. A exposure alone also had no effect on laminin deposition; however, we
found that hypercapnia decreased laminin levels in HBVSMCs, contrasting the increase
observed for the other BM proteins. This supports our previous findings that laminin
decreases in vascular BMs in the cortex and striatum of mouse brains with age [5] and in
brains from mice with the APOE4 variant [47].

Our choice to use hypercapnia to model ageing was based on the strong relation-
ship between age, arteriolosclerosis, and hypoperfusion, as well as reduced nitric oxide
bioavailability, thus responsible for impaired vessel compliance [7]. While there is no direct
evidence that hypoperfusion results in hypercapnia, ageing leads to an impaired respira-
tory response to hypercapnia, as well as reduced cerebrovascular reactivity in response to
hypercapnia [22,23]. Furthermore, the major technical limitations of using hypoxia in a cell
culture model justify the use of hypercapnia in this study to demonstrate that basement
membranes are dynamic entities that respond to changes in blood gases. The findings from
this study suggest that hypoperfusion, in combination with other factors characteristic of
age-associated cerebrovascular dysfunction not tested in this model, may initiate changes
to vessel BMs, including thickening and compositional changes, which encourage the
deposition of Af3. This remodelling of the BM may slow the clearance of A3 1-40/42 via
IPAD pathways and promote CAA via multiple pathophysiological mechanisms, including
(1) altered specific binding of ECM proteins to soluble A{340/42, (2) increased tortuosity of
the perivascular spaces to the diffusion of interstitial fluid solutes and reduced vascular
reactivity due to (3) reduced vessel compliance, and (4) impaired contractility of mural cells.

The molecular mechanisms by which hypoperfusion modulates the BM composition
remains unclear. Matrix metalloproteinases (MMPs) mediate the proteolytic cleavage
of ECM proteins, and studies have shown that age-related changes including hypoxia,
blood-brain barrier dysfunction, inflammation, and oxidative stress induce MMP activity,
compromising the functional integrity of the ECM [48-50]. This could explain the reduction
in laminin levels in HBVSMCs following exposure to hypercapnia in this study, and future
studies should quantify MMP levels to further interrogate this. This is also consistent with a
study that found that serum MMP-2 and MMP-9 levels were increased in patients with acute
ischemic stroke, whilst intact serum laminin was significantly decreased [51]. However,
this does not align with the other results from this study and indeed other studies that have
shown increased levels of BM proteins in ageing and AD [5,9,31-34]. Tissue Inhibitor of
Metalloproteinases (TIMPs) are secreted extracellular proteins that inhibit the activities
of MMPs, and the family member TIMP-3 has a broad MMP inhibitory capacity [52].
Our previous study using quantitative proteomics to investigate protein changes in CAA
revealed TIMP-3 to be upregulated in leptomeningeal arteries from CAA patients compared
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to young and elderly controls. Qualitative immunohistochemical analyses also confirmed
increased TIMP-3 levels in elderly vessels versus young controls [53], suggesting that TIMP-
3 levels correlate with ageing. These findings were supported by a more recent proteomic
study that detected TIMP-3 in CAA vessels, alongside an upregulation of ECM-associated
proteins in both CAA and age-matched control vessels [54]. Therefore, future studies
should focus on TIMP-3 as a potential key causal protein of vascular BM dysfunction in
ageing and CAA, leading to ECM protein accumulation, vessel fibrosis, impaired IPAD.

The finding that A alone did not initiate changes to collagen IV, fibronectin, or
laminin suggests that age-associated BM changes are causative rather than correlative of
A deposition. However, our study also suggests that certain BM proteins such as perlecan
may also be particularly reactive to the presence of Af, specifically AR 1-42, further
disturbing and amplifying age-associated pathological changes in the cerebrovasculature
that contribute to CAA. In fact, it has been proposed that an early accumulation of heparan
sulphate proteoglycans (HSPGs), of which perlecan is a major type, shows a common
link with and is a possible key initiating event in AD pathobiology [55]. The increase
in perlecan in the presence of Af3 1-42 is also important in the context of immunisation
protocols against A species, as after A} immunisation, there is an increase in vascular
A, suggesting a process by which solubilized A3 plaques are entrapped or retained in the
IPAD pathway [56,57], which may subsequently result in changes to cerebral SMC BMs that
negatively influence long-term cerebral vessel health and the clearance of A via IPAD.

The highly ordered and web-like expression pattern of collagen IV and fibronectin
observed in HVSMSCs was lacking in hCMEC /D3 cell cultures. Whilst these cells have
been extensively characterised and are regularly used as a model of the human blood-brain
barrier, a limitation of this immortalised cell line relative to the other primary cell types used
in this study is the possibility that genetic modifications have influenced their capacity to
produce and assemble functional BMs that are representative of in vivo cells. Furthermore,
whilst the hCMEC /D3 cell line is derived from temporal lobe microvessels, it is not possible
to determine if the vessels were capillaries, venules, or small arterioles, which may influence
BM composition. The punctate expression pattern of laminin in astrocytes and pericytes
was distinct from the fibrous pattern seen in HBVSMCs and ECs. It has been shown
that different isoforms of laminin are present in different cells of the cerebral vasculature,
suggesting that they may play distinct functions [58-61]; however, it was not possible for
us to assess individual isoforms of laminin expressed in our cultures. It is important to
acknowledge that whilst in vitro cell models are useful tools, they may not fully recapitulate
vascular cell behaviour occurring in vivo. It is also important to acknowledge that the
distinct media required for each cell type may also influence the production and deposition
of BM proteins. Furthermore, hypercapnia and normocapnia environments were achieved
using separate cell culture incubators, and as such, it is important to acknowledge this as a
possible variable that could have influenced cell behaviour.

In this study, we focused on the response of HBVSMCs to hypercapnia/Af{3 due to
the critical role of these cells in driving the clearance of A along BMs of cerebrovascular
arterioles via intramural periarterial drainage (IPAD). With ageing, the vasomotive force of
HBVSMCs is diminished and their basement membrane is altered, impairing A3 clearance
and contributing to cerebral amyloid angiopathy. Whilst the basement membranes of en-
dothelial cells, pericytes, and astrocytes play import roles in vascular health, their response
to ageing in the context of IPAD may not be as critical. However, future studies investigat-
ing the effects of hypercapnia and A3 on these cells would offer a more comprehensive
understanding of the influence of these factors on cerebrovascular BM dynamics with age.

Furthermore, the dynamic nature of BM protein secretion is such that a quantitative
analysis of protein expression through immunostaining may not be capable of fully captur-
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ing the changes to density, composition, and thickness of BM proteins in response to ageing
factors; therefore, future studies should also incorporate techniques capable of measuring
structural and molecular modifications to BMs. Furthermore, the crosstalk between the
different cells is critical in regulating the deposition and maintenance of BM proteins within
the brain’s vasculature, which is crucial for maintaining the integrity of the blood—brain
barrier and the conduit for the drainage of interstitial fluid and soluble AP as IPAD. As
such, future studies should investigate the effects of hypoperfusion and A3 1-40/42 on all
the cells of the cerebrovasculature, and do so in conditions that better mimic the physiology
and structure of vascular walls, such as co-cultures of endothelial cells and mural cells and
in vitro fluidic systems that simulate interstitial fluid flow [5,62].

5. Conclusions

The individual cell types that compose cerebral arteries secrete varying proportions of
the BM proteins laminin, perlecan, collagen IV, and fibronectin in vitro, suggesting distinct
roles for these cells in contributing to the extracellular composition of cerebral vessels.
Furthermore, hypercapnia and A{340, the presence of which is associated with vascular
ageing, modify the composition of HBVSMCBMs, which may contribute to the failure of
IPAD in ageing.
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Abbreviations

The following abbreviations are used in this manuscript:

BMs Basement Membranes

SMCs Smooth Muscle Cells

ApB Amyloid Beta

IPAD Intramural Periarterial Drainage
AD Alzheimer’s Disease

CAA Cerebral Amyloid Angiopathy
BBB Blood-Brain barrier

HSPGs Heparin Sulphate Proteogylcans
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HA Human Astrocytes
HBVSMCs Human brain Vascular Smooth Muscle Cells
HP Human Pericytes
hCMEC/D3 Human Cerebral Endothelial Cell Line
PBS Phosphate-Buffered Saline
BSA Bovine Serum Albumin
AF Arbitary Fluorescence
CARASIL Cerebral Autosomal Recessive Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy
MMP Matrix Metalloproteinases
ECM Extracellular Matrix
TIMPs Tissue Inhibitor of Metalloproteinases
References
1. Carare, R.O.; Bernardes-Silva, M.; Newman, T.A.; Page, A.M.; Nicoll, ].A.; Perry, VH.; Weller, R.O. Solutes, but not cells, drain

10.

11.

12.

13.

14.

15.

16.

17.

from the brain parenchyma along basement membranes of capillaries and arteries: Significance for cerebral amyloid angiopathy
and neuroimmunology. Neuropathol. Appl. Neurobiol. 2008, 34, 131-144. [CrossRef] [PubMed]

Hawkes, C.A.; Jayakody, N.; Johnston, D.A.; Bechmann, I.; Carare, R.O. Failure of perivascular drainage of beta-amyloid in
cerebral amyloid angiopathy. Brain Pathol. 2014, 24, 396-403. [CrossRef] [PubMed]

Morris, A.W.; Carare, R.O.; Schreiber, S.; Hawkes, C.A. The Cerebrovascular Basement Membrane: Role in the Clearance of
beta-amyloid and Cerebral Amyloid Angiopathy. Front. Aging Neurosci. 2014, 6, 251. [CrossRef]

Carare, R.O.; Aldea, R.; Bulters, D.; Alzetani, A.; Birch, A.A.; Richardson, G.; Weller, R.O. Vasomotion Drives Periarterial Drainage
of Abeta from the Brain. Neuron 2020, 105, 400—401. [CrossRef] [PubMed]

Hawkes, C.A.; Gatherer, M.; Sharp, M.M.; Dorr, A.; Yuen, H.M.; Kalaria, R.; Weller, R.O.; Carare, R.O. Regional differences in the
morphological and functional effects of aging on cerebral basement membranes and perivascular drainage of amyloid-beta from
the mouse brain. Aging Cell 2013, 12, 224-236. [CrossRef]

Kitaguchi, H.; Tomimoto, H.; Thara, M.; Shibata, M.; Uemura, K.; Kalaria, R.N.; Kihara, T.; Asada-Utsugi, M.; Kinoshita, A.;
Takahashi, R. Chronic cerebral hypoperfusion accelerates amyloid beta deposition in APPSwInd transgenic mice. Brain Res. 2009,
1294, 202-210. [CrossRef]

Hosoki, S.; Hansra, G.K,; Jayasena, T.; Poljak, A.; Mather, K.A ; Catts, V.S.; Rust, R.; Sagare, A.; Kovacic, J.C.; Brodtmann, A.; et al.
Molecular biomarkers for vascular cognitive impairment and dementia. Nat. Rev. Neurol. 2023, 19, 737-753. [CrossRef]
Hawkes, C.A.; Hartig, W.; Kacza, J.; Schliebs, R.; Weller, R.O.; Nicoll, ].A.; Carare, R.O. Perivascular drainage of solutes is impaired
in the ageing mouse brain and in the presence of cerebral amyloid angiopathy. Acta Neuropathol. 2011, 121, 431-443. [CrossRef]
Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. . Cereb. Blood
Flow. Metab. 2017, 37, 3300-3317. [CrossRef]

Keable, A.; Fenna, K.; Yuen, HM.; Johnston, D.A.; Smyth, N.R.; Smith, C.; Al-Shahi Salman, R.; Samarasekera, N.; Nicoll, J.A.;
Attems, J.; et al. Deposition of amyloid beta in the walls of human leptomeningeal arteries in relation to perivascular drainage
pathways in cerebral amyloid angiopathy. Biochim. Biophys. Acta 2016, 1862, 1037-1046. [CrossRef]

Jakel, L.; Van Nostrand, W.E.; Nicoll, J.A.R.; Werring, D.].; Verbeek, M.M. Animal models of cerebral amyloid angiopathy. Clin.
Sci. 2017, 131, 2469-2488. [CrossRef] [PubMed]

Yousif, L.E; Di Russo, J.; Sorokin, L. Laminin isoforms in endothelial and perivascular basement membranes. Cell Adhes. Migr.
2013, 7, 101-110. [CrossRef] [PubMed]

Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A ; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

Yurchenco, P.D. Basement membranes: Cell scaffoldings and signaling platforms. Cold Spring Harb. Perspect. Biol. 2011, 3, a004911.
[CrossRef]

Wang, J.; Yin, L.; Chen, Z. New insights into the altered fibronectin matrix and extrasynaptic transmission in the aging brain. J.
Clin. Gerontol. Geriatr. 2011, 2, 35-41. [CrossRef]

Kadler, K.E; Hill, A.; Canty-Laird, E.G. Collagen fibrillogenesis: Fibronectin, integrins, and minor collagens as organizers and
nucleators. Curr. Opin. Cell Biol. 2008, 20, 495-501. [CrossRef]

Wright, S.A.; Lennon, R.; Greenhalgh, A.D. Basement membranes’ role in immune cell recruitment to the central nervous system.
J. Inflamm. 2024, 21, 53. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1365-2990.2007.00926.x
https://www.ncbi.nlm.nih.gov/pubmed/18208483
https://doi.org/10.1111/bpa.12159
https://www.ncbi.nlm.nih.gov/pubmed/24946077
https://doi.org/10.3389/fnagi.2014.00251
https://doi.org/10.1016/j.neuron.2020.01.011
https://www.ncbi.nlm.nih.gov/pubmed/32027828
https://doi.org/10.1111/acel.12045
https://doi.org/10.1016/j.brainres.2009.07.078
https://doi.org/10.1038/s41582-023-00884-1
https://doi.org/10.1007/s00401-011-0801-7
https://doi.org/10.1177/0271678X17722436
https://doi.org/10.1016/j.bbadis.2015.08.024
https://doi.org/10.1042/CS20170033
https://www.ncbi.nlm.nih.gov/pubmed/28963121
https://doi.org/10.4161/cam.22680
https://www.ncbi.nlm.nih.gov/pubmed/23263631
https://doi.org/10.1126/science.1260419
https://doi.org/10.1101/cshperspect.a004911
https://doi.org/10.1016/j.jcgg.2010.12.002
https://doi.org/10.1016/j.ceb.2008.06.008
https://doi.org/10.1186/s12950-024-00426-6
https://www.ncbi.nlm.nih.gov/pubmed/39707430

Cells 2025, 14, 614 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gould, D.B.; Phalan, EC.; Breedveld, G.J.; van Mil, S.E.; Smith, R.S.; Schimenti, ].C.; Aguglia, U.; van der Knaap, M.S.; Heutink,
P,; John, SW.M. Mutations in Col4al Cause Perinatal Cerebral Hemorrhage and Porencephaly. Science 2005, 308, 1167-1171.
[CrossRef]

Hallmann, R.; Horn, N.; Selg, M.; Wendler, O.; Pausch, E; Sorokin, L.M. Expression and Function of Laminins in the Embryonic
and Mature Vasculature. Physiol. Rev. 2005, 85, 979-1000. [CrossRef]

Menezes, M.].; McClenahan, FK; Leiton, C.V.; Aranmolate, A.; Shan, X.; Colognato, H. The Extracellular Matrix Protein Laminin
a2 Regulates the Maturation and Function of the Blood—Brain Barrier. J. Neurosci. 2014, 34, 15260-15280. [CrossRef]

Gohring, W.; Sasaki, T.; Heldin, C.-H.; Timpl, R. Mapping of the binding of platelet-derived growth factor to distinct domains of
the basement membrane proteins BM-40 and perlecan and distinction from the BM-40 collagen-binding epitope. Eur. J. Biochem.
1998, 255, 60-66. [CrossRef]

Leoni, R.E; Oliveira, .A.; Pontes-Neto, O.M.; Santos, A.C.; Leite, ].P. Cerebral blood flow and vasoreactivity in aging: An arterial
spin labeling study. Braz. ]. Med. Biol. Res. 2017, 50, €5670. [CrossRef] [PubMed]

Sharma, G.; Goodwin, J. Effect of aging on respiratory system physiology and immunology. Clin. Interv. Aging 2006, 1, 253-260.
[CrossRef] [PubMed]

MacGregor Sharp, M.; Saito, S.; Keable, A.; Gatherer, M.; Aldea, R.; Agarwal, N.; Simpson, ].E.; Wharton, S.B.; Weller, R.O.; Carare,
R.O. Demonstrating a reduced capacity for removal of fluid from cerebral white matter and hypoxia in areas of white matter
hyperintensity associated with age and dementia. Acta Neuropathol. Commun. 2020, 8, 131. [CrossRef]

Vargas-George, S.; Dave, K.R. Models of cerebral amyloid angiopathy-related intracerebral hemorrhage. Brain Hemorrhages 2022,
3, 189-199. [CrossRef]

Sun, X.; Chen, W.-D.; Wang, Y.-D. 3-Amyloid: The Key Peptide in the Pathogenesis of Alzheimer’s Disease. Front. Pharmacol.
2015, 6, 221. [CrossRef]

Neyazi, B.; Stein, K.-P.; Wilkens, L.; Maslehaty, H.; Dumitru, C.A.; Sandalcioglu, I.E. Age-dependent changes of collagen alpha-
2(IV) expression in the extracellular matrix of brain arteriovenous malformations. Clin. Neurol. Neurosurg. 2020, 189, 105589.
[CrossRef]

Trout, A.L.; Rutkai, I; Biose, 1.].; Bix, G.J. Review of Alterations in Perlecan-Associated Vascular Risk Factors in Dementia. Int. J.
Mol. Sci. 2020, 21, 679. [CrossRef]

Hill, J.; Rom, S.; Ramirez, S.H.; Persidsky, Y. Emerging roles of pericytes in the regulation of the neurovascular unit in health and
disease. ]. Neuroimmune Pharmacol. 2014, 9, 591-605. [CrossRef]

Park, T1.H.; Feisst, V.; Brooks, A.E.S.; Rustenhoven, ].; Monzo, H.J.; Feng, S.X.; Mee, E.W,; Bergin, P.S.; Oldfield, R.; Graham,
E.S.; et al. Cultured pericytes from human brain show phenotypic and functional differences associated with differential CD90
expression. Sci. Rep. 2016, 6, 26587. [CrossRef]

Lepelletier, EX.; Mann, D.M.; Robinson, A.C.; Pinteaux, E.; Boutin, H. Early changes in extracellular matrix in Alzheimer’s
disease. Neuropathol. Appl. Neurobiol. 2017, 43, 167-182. [CrossRef]

Merlini, M.; Meyer, E.P.; Ulmann-Schuler, A.; Nitsch, R.M. Vascular (3-amyloid and early astrocyte alterations impair cere-
brovascular function and cerebral metabolism in transgenic arcAp mice. Acta Neuropathol. 2011, 122, 293-311. [CrossRef]
[PubMed]

Mehta, D.C.; Short, J.L.; Nicolazzo, ].A. Altered brain uptake of therapeutics in a triple transgenic mouse model of Alzheimer’s
disease. Pharm. Res. 2013, 30, 2868-2879. [CrossRef] [PubMed]

Okoye, M.I.; Watanabe, 1. Ultrastructural features of cerebral amyloid angiopathy. Hum. Pathol. 1982, 13, 1127-1132. [CrossRef]

Wyss-Coray, T.; Lin, C.; Sanan, D.A.; Mucke, L.; Masliah, E. Chronic Overproduction of Transforming Growth Factor-31 by
Astrocytes Promotes Alzheimer’s Disease-Like Microvascular Degeneration in Transgenic Mice. Am. J. Pathol. 2000, 156, 139-150.
[CrossRef] [PubMed]

Fukuda, S.; Fini, C.A.; Mabuchi, T.; Koziol, J.A.; Eggleston, L.L., Jr.; del Zoppo, G.J. Focal cerebral ischemia induces active
proteases that degrade microvascular matrix. Stroke 2004, 35, 998-1004. [CrossRef]

Katsu, M.; Niizuma, K.; Yoshioka, H.; Okami, N.; Sakata, H.; Chan, P.H. Hemoglobin-induced oxidative stress contributes to
matrix metalloproteinase activation and blood-brain barrier dysfunction in vivo. J. Cereb. Blood Flow. Metab. 2010, 30, 1939-1950.
[CrossRef]

Hamann, G.E; Okada, Y.; Fitridge, R.; del Zoppo, G.J. Microvascular basal lamina antigens disappear during cerebral ischemia
and reperfusion. Stroke 1995, 26, 2120-2126. [CrossRef]

Yamaguchi, T.; Kanno, I.; Uemura, K.; Shishido, E; Inugami, A.; Ogawa, T.; Murakami, M.; Suzuki, K. Reduction in regional
cerebral metabolic rate of oxygen during human aging. Stroke 1986, 17, 1220-1228. [CrossRef]

Takada, H.; Nagata, K.; Hirata, Y.; Satoh, Y.; Watahiki, Y.; Sugawara, J.; Yokoyama, E.; Kondoh, Y.; Shishido, F.; Inugami, A.; et al.
Age-related decline of cerebral oxygen metabolism in normal population detected with positron emission tomography. Neurol.
Res. 1992, 14 (Suppl. S2), 128-131. [CrossRef]


https://doi.org/10.1126/science.1109418
https://doi.org/10.1152/physrev.00014.2004
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1046/j.1432-1327.1998.2550060.x
https://doi.org/10.1590/1414-431x20175670
https://www.ncbi.nlm.nih.gov/pubmed/28355354
https://doi.org/10.2147/ciia.2006.1.3.253
https://www.ncbi.nlm.nih.gov/pubmed/18046878
https://doi.org/10.1186/s40478-020-01009-1
https://doi.org/10.1016/j.hest.2022.05.001
https://doi.org/10.3389/fphar.2015.00221
https://doi.org/10.1016/j.clineuro.2019.105589
https://doi.org/10.3390/ijms21020679
https://doi.org/10.1007/s11481-014-9557-x
https://doi.org/10.1038/srep26587
https://doi.org/10.1111/nan.12295
https://doi.org/10.1007/s00401-011-0834-y
https://www.ncbi.nlm.nih.gov/pubmed/21688176
https://doi.org/10.1007/s11095-013-1116-2
https://www.ncbi.nlm.nih.gov/pubmed/23794039
https://doi.org/10.1016/S0046-8177(82)80251-7
https://doi.org/10.1016/S0002-9440(10)64713-X
https://www.ncbi.nlm.nih.gov/pubmed/10623661
https://doi.org/10.1161/01.STR.0000119383.76447.05
https://doi.org/10.1038/jcbfm.2010.45
https://doi.org/10.1161/01.STR.26.11.2120
https://doi.org/10.1161/01.STR.17.6.1220
https://doi.org/10.1080/01616412.1992.11740031

Cells 2025, 14, 614 16 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kato, T.; Manabe, R.I; Igarashi, H.; Kametani, F.; Hirokawa, S.; Sekine, Y.; Fujita, N.; Saito, S.; Kawashima, Y.; Hatano, Y,;
et al. Candesartan prevents arteriopathy progression in cerebral autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy model. J. Clin. Investig. 2021, 131, €140555. [CrossRef] [PubMed]

Howe, M.D.; Furr, ].W.; Munshi, Y.; Roy-O’Reilly, M.A.; Maniskas, M.E.; Koellhoffer, E.C.; d’Aigle, J.; Sansing, L.H.; McCullough,
L.D.; Urayama, A. Transforming growth factor-beta promotes basement membrane fibrosis, alters perivascular cerebrospinal
fluid distribution, and worsens neurological recovery in the aged brain after stroke. Geroscience 2019, 41, 543-559. [CrossRef]
Howe, M.D.; Atadja, L.A.; Furr, ] W.; Maniskas, M.E.; Zhu, L.; McCullough, L.D.; Urayama, A. Fibronectin induces the
perivascular deposition of cerebrospinal fluid—derived amyloid-p in aging and after stroke. Neurobiol. Aging 2018, 72, 1-13.
[CrossRef] [PubMed]

Phillips, J.C. Why Abeta42 Is Much More Toxic than Abeta40. ACS Chem. Neurosci. 2019, 10, 2843-2847. [CrossRef] [PubMed]
Chang, Y.J.; Chen, Y.R. The coexistence of an equal amount of Alzheimer’s amyloid-f3 40 and 42 forms structurally stable and
toxic oligomers through a distinct pathway. FEBS ]. 2014, 281, 2674-2687. [CrossRef]

Krishtal, J.; Bragina, O.; Metsla, K.; Palumaa, P.; Tougu, V. Toxicity of amyloid beta 140 and 142 on SH-SY5Y cell line.
SpringerPlus 2015, 4, P19. [CrossRef]

Hawkes, C.A_; Sullivan, PM.; Hands, S.; Weller, R.O.; Nicoll, J.A.; Carare, R.O. Disruption of arterial perivascular drainage of
amyloid-p from the brains of mice expressing the human APOE ¢4 allele. PLoS ONE 2012, 7, e41636. [CrossRef]

Haorah, J.; Ramirez, S.H.; Schall, K.; Smith, D.; Pandya, R.; Persidsky, Y. Oxidative stress activates protein tyrosine kinase and
matrix metalloproteinases leading to blood-brain barrier dysfunction. J. Neurochem. 2007, 101, 566-576. [CrossRef]

Rosenberg, G.A ; Sullivan, N.; Esiri, M.M. White matter damage is associated with matrix metalloproteinases in vascular dementia.
Stroke 2001, 32, 1162-1168. [CrossRef]

Duncombe, J.; Kitamura, A.; Hase, Y.; Ihara, M.; Kalaria, R.N.; Horsburgh, K. Chronic cerebral hypoperfusion: A key mechanism
leading to vascular cognitive impairment and dementia. Closing the translational gap between rodent models and human
vascular cognitive impairment and dementia. Clin. Sci. 2017, 131, 2451-2468. [CrossRef]

Horstmann, S.; Kalb, P; Koziol, J.; Gardner, H.; Wagner, S. Profiles of Matrix Metalloproteinases, Their Inhibitors, and Laminin in
Stroke Patients. Stroke 2003, 34, 2165-2170. [CrossRef]

Dewing, ].M.; Carare, R.O.; Lotery, A.J.; Ratnayaka, J.A. The Diverse Roles of TIMP-3: Insights into Degenerative Diseases of the
Senescent Retina and Brain. Cells 2019, 9, 39. [CrossRef]

Manousopoulou, A.; Gatherer, M.; Smith, C.; Nicoll, ].A.R.; Woelk, C.H.; Johnson, M.; Kalaria, R.; Attems, J.; Garbis, S.D.; Carare,
R.O. Systems proteomic analysis reveals that clusterin and tissue inhibitor of metalloproteinases 3 increase in leptomeningeal
arteries affected by cerebral amyloid angiopathy. Neuropathol. Appl. Neurobiol. 2017, 43, 492-504. [CrossRef] [PubMed]

Leitner, D.; Kavanagh, T.; Kanshin, E.; Balcomb, K.; Pires, G.; Thierry, M.; Suazo, ].I.; Schneider, J.; Ueberheide, B.; Drummond,
E.; et al. Differences in the cerebral amyloid angiopathy proteome in Alzheimer’s disease and mild cognitive impairment. Acta
Neuropathol. 2024, 148, 9. [CrossRef] [PubMed]

Snow, A.D.; Cummings, J.A.; Lake, T. The Unifying Hypothesis of Alzheimer’s Disease: Heparan Sulfate Proteogly-
cans/Glycosaminoglycans Are Key as First Hypothesized Over 30 Years Ago. Front. Aging Neurosci. 2021, 13, 710683. [CrossRef]
Boche, D.; Zotova, E.; Weller, R.O.; Love, S.; Neal, ].W.; Pickering, R.M.; Wilkinson, D.; Holmes, C.; Nicoll, J.A. Consequence of
Abeta immunization on the vasculature of human Alzheimer’s disease brain. Brain 2008, 131, 3299-3310. [PubMed]

Sakai, K.; Boche, D.; Carare, R.; Johnston, D.; Holmes, C.; Love, S.; Nicoll, ].A. Abeta immunotherapy for Alzheimer’s disease:
Effects on apoE and cerebral vasculopathy. Acta Neuropathol. 2014, 128, 777-789. [CrossRef]

Frieser, M.; Nockel, H.; Pausch, F.; Roder, C.; Hahn, A.; Deutzmann, R.; Sorokin, L.M. Cloning of the mouse laminin alpha 4
cDNA. Expression in a subset of endothelium. Eur. J. Biochem. 1997, 246, 727-735. [CrossRef]

Sorokin, L.M.; Pausch, F; Frieser, M.; Kroger, S.; Ohage, E.; Deutzmann, R. Developmental regulation of the laminin alpha5 chain
suggests a role in epithelial and endothelial cell maturation. Dev. Biol. 1997, 189, 285-300. [CrossRef]

Wu, C,; Ivars, F; Anderson, P.; Hallmann, R.; Vestweber, D.; Nilsson, P.; Robenek, H.; Tryggvason, K.; Song, J.; Korpos, E.; et al.
Endothelial basement membrane laminin alpha5 selectively inhibits T lymphocyte extravasation into the brain. Nat. Med. 2009,
15, 519-527. [CrossRef]

Hannocks, M.].; Pizzo, M.E.; Huppert, ].; Despande, T.; Abbott, N.J.; Thorne, R.G.; Sorokin, L. Molecular characterization of
perivascular drainage pathways in the murine brain. J. Cereb. Blood Flow. Metab. 2017, 38, 669—-686. [CrossRef] [PubMed]

Burke, M.].; Nelson, L; Slade, ].Y.; Oakley, A.E.; Khundakar, A.A.; Kalaria, R.N. Morphometry of the hippocampal microvascula-
ture in post-stroke and age-related dementias. Neuropathol. Appl. Neurobiol. 2014, 40, 284-295. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1172/JCI140555
https://www.ncbi.nlm.nih.gov/pubmed/34779414
https://doi.org/10.1007/s11357-019-00118-7
https://doi.org/10.1016/j.neurobiolaging.2018.07.019
https://www.ncbi.nlm.nih.gov/pubmed/30172921
https://doi.org/10.1021/acschemneuro.9b00068
https://www.ncbi.nlm.nih.gov/pubmed/31042351
https://doi.org/10.1111/febs.12813
https://doi.org/10.1186/2193-1801-4-S1-P19
https://doi.org/10.1371/journal.pone.0041636
https://doi.org/10.1111/j.1471-4159.2006.04393.x
https://doi.org/10.1161/01.STR.32.5.1162
https://doi.org/10.1042/CS20160727
https://doi.org/10.1161/01.STR.0000088062.86084.F2
https://doi.org/10.3390/cells9010039
https://doi.org/10.1111/nan.12342
https://www.ncbi.nlm.nih.gov/pubmed/27543695
https://doi.org/10.1007/s00401-024-02767-1
https://www.ncbi.nlm.nih.gov/pubmed/39039355
https://doi.org/10.3389/fnagi.2021.710683
https://www.ncbi.nlm.nih.gov/pubmed/18953056
https://doi.org/10.1007/s00401-014-1340-9
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00727.x
https://doi.org/10.1006/dbio.1997.8668
https://doi.org/10.1038/nm.1957
https://doi.org/10.1177/0271678X17749689
https://www.ncbi.nlm.nih.gov/pubmed/29283289
https://doi.org/10.1111/nan.12085
https://www.ncbi.nlm.nih.gov/pubmed/24003901

	Introduction 
	Materials and Methods 
	Amyloid Beta Preparation 
	Cell Cultures 
	Immunocytochemistry for BM Components 
	Imaging and Analysis 
	MTS Assay 
	Data Analysis and Statistics 

	Results 
	Smooth Muscle Cells Produce the Highest Total Amount of Basement Membrane Proteins 
	Perlecan Levels Were Consistent Between Pericytes, Astrocytes, and Endothelial Cells 
	Pericytes and Astrocytes Express Similar Amounts of Laminin 
	Astrocytes and Endothelial Cells Express Similar Amounts of Fibronectin 
	Pericytes Expressed the Highest Amount of Collagen IV 
	Hypercapnia and A Exposure Do Not Affect HBVSMC Viability 
	Hypercapnia Increased Collagen IV Expression in HBVSMCs 
	Hypercapnia Decreased Laminin Expression in HBVSMCs 
	Hypercapnia Increased Fibronectin Expression in HBVSMCs 
	Hypercapnic Conditions Increase the Expression of Perlecan in HBVSMCs, but Only in the Presence of A 


	Discussion 
	Conclusions 
	References

