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The α‑dystrobrevins play a key role 
in maintaining the structure and function 
of the extracellular matrix–significance 
for protein elimination failure arteriopathies
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Abstract 

The extracellular matrix (ECM) of the cerebral vasculature provides a pathway for the flow of interstitial fluid (ISF) and 
solutes out of the brain by intramural periarterial drainage (IPAD). Failure of IPAD leads to protein elimination failure 
arteriopathies such as cerebral amyloid angiopathy (CAA). The ECM consists of a complex network of glycoproteins 
and proteoglycans that form distinct basement membranes (BM) around different vascular cell types. Astrocyte 
endfeet that are localised against the walls of blood vessels are tethered to these BMs by dystrophin associated 
protein complex (DPC). Alpha-dystrobrevin (α-DB) is a key dystrophin associated protein within perivascular astrocyte 
endfeet; its deficiency leads to a reduction in other dystrophin associated proteins, loss of AQP4 and altered ECM. In 
human dementia cohorts there is a positive correlation between dystrobrevin gene expression and CAA. In the pre-
sent study, we test the hypotheses that (a) the positive correlation between dystrobrevin gene expression and CAA is 
associated with elevated expression of α-DB at glial-vascular endfeet and (b) a deficiency in α-DB results in changes to 
the ECM and failure of IPAD. We used human post-mortem brain tissue with different severities of CAA and transgenic 
α-DB deficient mice. In human post-mortem tissue we observed a significant increase in vascular α-DB with CAA (CAA 
vrs. Old p < 0.005, CAA vrs. Young p < 0.005). In the mouse model of α-DB deficiency, there was early modifications to 
vascular ECM (collagen IV and BM thickening) that translated into reduced IPAD efficiency. Our findings highlight the 
important role of α-DB in maintaining structure and function of ECM, particularly as a pathway for the flow of ISF and 
solutes out of the brain by IPAD.
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Introduction
Cerebral blood vessels serve a dual function; forming an 
essential component of the neuro-vascular unit to reg-
ulate cerebral blood flow [1] and providing extracellular 
matrix (ECM) pathways within the walls of capillaries, 

arterioles and arteries for the flow of cerebrospinal fluid 
(CSF) into the brain by convective influx/glymphatic 
flow [2, 3] and for the interstitial fluid (ISF) and sol-
utes out of the brain by intramural periarterial drainage 
(IPAD) [4–8]. CSF tracer studies in rodents show that 
glymphatic flow occurs in the direction of blood flow, 
facilitated by the action of glial aquaporin 4 (AQP4), 
although the contribution of AQP4 is debated in the 
field [3, 9]. ISF and solutes flow out of the brain along 
the fused endothelial and glial basement membranes 
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of capillaries in the parenchyma and continue towards 
the basement membranes surrounding smooth muscle 
cells in the arterioles and arteries, as IPAD [7, 10–12]. 
Failures in this process are linked to Protein Elimina-
tion Failure Arteriopathies, such as Cerebral Amyloid 
Angiopathy (CAA).

Pathological characteristics of CAA consist of the pro-
gressive accumulation of congophilic amyloid peptides of 
different amino acid lengths in the walls of leptomenigeal 
arteries, and in the walls of cortical arterioles and capil-
laries, very rarely affecting venules [13, 14]. Based on this 
pattern of amyloid deposition in both humans [13, 14] 
and transgenic mouse models, as well as experimental 
studies involving the study of drainage of tracers from 
the brain, it is recognised that a key mechanism for the 
development of CAA is the failure of clearance of amy-
loid along vascular basement membranes represented by 
IPAD [4, 15–19].

The complex network of glycoproteins and proteo-
glycans of the ECM that constitute the IPAD pathway 
ensheath the abluminal side of endothelia, separating the 
endothelia from intramural cells (pericytes or smooth 
muscle cells) and the intramural cells from the endfeet of 
astrocytes, thus forming distinct basement membranes 
(BM) between the different cell types [20, 21]. Astrocyte 
endfeet are tethered to the BM by the interactions of 
laminin/agrin with integrin adhesion receptors and the 
dystroglycan complex, a transmembrane domain of the 
dystrophin associated protein complex (DPC). The dys-
troglycan complex is localised at the cell membrane by 
dystrophin and its associated dystrobrevin and syntro-
phin proteins [22]. Dystrophin is bound to intracellular 
cytoskeleton proteins such as actin, effectively forming a 
bridge between the cytosol and surrounding BM. Alpha-
dystrobrevin (α-DB), the most prominent dystrobrevin 
isoform within perivascular astrocyte endfeet [23, 24], is 
an essential organiser of dystrophin-associated protein, 
showing continuous expression throughout develop-
ment in BBB models. This is unlike dystrophin, high-
lighting the role of α-DB in maintaining BBB function 
[25]. α-DB shares homology to the cysteine-rich C-ter-
minal region of dystrophin, binding with its reciprocal 
regions [26]. The syntrophins interact with α-DB and 
dystrophin to provide multiple anchor points for trans-
membrane proteins, important for the localisation of the 
potassium channel KIR4.1 and the water channel aqua-
porin 4 (AQP4) at the glial vascular interface [27, 28] 
(Fig. 1). This localisation is lost in mice deficient in α-DB, 
in a similar way to that observed in post-stroke dementia 
[25, 29, 30]. AQP4 has been implicated in glymphatic/
convective influx of cerebrospinal fluid into the brain but 
its role in the tethering of astrocyte endfeet to the BM is 
unclear [31].

In α-DB deficient mice, astrocytes show reduced 
levels of syntrophin and dystrophin [34] and there is 
age-related modifications to the vessel wall, such as 
expanded ECM (BM) [25]. Remodelling of the ECM is 
a common feature of ageing and neurodegeneration, 
often associated with changes in expression of laminin 
and COL4 [35–39]. Although astrocytes cultured 
from α-DB deficient mice have been demonstrated 
to produce abnormal ECM with less laminin [25], the 
biochemical profile of the ECM and thus the effect of 
α-DB on COL4 has not been investigated in-vivo. This 
may be important in the context of protein elimination 
failure arteriopathies, as alterations to the ECM have 
been shown to impede the elimination of ISF by IPAD, 
favouring the accumulation of amyloid proteins as CAA 
[36, 40–43]. In a recent study using human cohorts, 
changes in astroglial gene products were observed to 
be associated with dementia status. In particular, there 
was a positive correlation between dystrobrevin gene 
expression and Protein Elimination Failure Arteriopa-
thies [44], highlighting a potential role for the dystro-
brevins and DPCs in regulating astrocyte-endfeet 
interactions with ECM in neurodegenerative disease. 
The role of the dystrobrevins and the DPC in the regu-
lation of astrocyte-endfeet interactions and vascular 
ECM in heathy vasculature has received little attention 
and is relatively unknown. In the present study, we test 
the hypotheses that (a) the positive correlation between 
dystrobrevin gene expression and Protein Elimination 
failure Arteriopathies is due to elevated expression of 
α-DB at glial-vascular endfeet and (b) a deficiency in 
α-DB and loss of its function of binding AQP4 to glial-
vascular endfeet results in changes to the ECM and 
IPAD pathways that promote Protein Elimination Fail-
ure Arteriopathies.

Methods
Animals
Mice deficient for AQP4 and C57BL/6 wild-type con-
trols were generated by Ikeshima-Kataoka et el. at Keio 
University, Japan [45], who kindly donated fixed brains 
perfused and processed for TEM following our pub-
lished protocols [4, 46]. Mice deficient for α-DB [29] were 
purchased from The Jackson laboratory (B6;129-Dtna 
tm1Jrs/J, 010,976) and bred in the Biomedical Research 
Unit, University of Southampton. All Mice were kept 
on a standard 12-h light/dark cycle and allowed food 
and water ad  libitum. All procedures carried out at the 
University of Southampton were in accordance with ani-
mal care guidelines stipulated by the United Kingdom 
Animals (Scientific Procedures) Act 1986, Home Office 
licence P12102B2A.
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Human tissue samples
Sections of 10  μm thickness of post-mortem human 
occipital cortex were used in this study. Human tissue 
from young post-mortem donors (≤ 60  years old) was 
supplied by the MRC funded Edinburgh Sudden Death 

Tissue Brain Bank (Ethics REC 16/ES/0084). Tissue 
from old (≥ 65  years old) and CAA-affected post-mor-
tem donors was supplied by the Newcastle Brain Tissue 
Resource (Ethics REC 08/H0906/136 + 5). The demo-
graphics of the cases used are summarised in Table 1. The 

Fig. 1  The dystrophin associated protein complex at astrocyte endfeet. a Astrocyte endfeet (blue) are anchored to the basement membrane 
(extracellular matrix) (purple) via the dystrophin associated protein complex located on the astrocyte cell membrane (b, white arrows). c The 
dystrophin associated protein complex. Transmembrane proteins are localised to the cell membrane by C-terminal tail binding to syntrophin. 
The dystroglycan complex anchors the cell membrane to laminin/agrin of the extracellular matrix. Dystrophin forms a bridge between the cell 
cytoskeleton and the cell membrane. The ECM in C is adapted from [32, 33]
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cases from the MRC Sudden Death Brain & Tissue Bank 
(Edinburgh) had no neurological disease during life and 
no significant neuropathological changes post-mortem. 
As the cardiovascular and cerebrovascular risk factors 
are important in the pathogenesis of CAA, we have listed 
the available information in Table 1.

Immunohistochemistry—human tissue
Two adjacent tissue sections of 10  µm thickness of the 
occipital grey matter from each case were deparaffinised 
and then rehydrated through a graded series of alcohols. 
Endogenous peroxidase activity was quenched with 10% 
hydrogen peroxide for 15 min at room temperature. Heat 
mediated antigen retrieval was then performed by micro-
waving in 0.01 M citrate buffer (pH 6) for 15 min. After 
blocking in 15% goat serum (Sigma, 9023) for 15 min at 
room temperature, sections were incubated in anti- α-DB 
primary antibody (1:25; Santa Cruz) or anti-collagen IV 
(1:100, Abcam) overnight at 4 °C in a moist chamber. Sec-
tions were then washed 3 × 10 min in 0.01 M phosphate 
buffered saline (PBS), incubated for 1  h in Biotinylated 
goat anti rabbit IgG (1:400, Vector) and then incubated 
at room temperature in ABC vector (Vector laborato-
ries, PK-6100) for 1  h. Sections were developed using 
glucose oxidation enhancement with 3,3’-Diaminobenzi-
dine (DAB) (Sigma-Aldrich, UK) for 5 min, dehydrated, 
cleared in xylene and coverslipped using DPX mounting 
medium (Sigma-Aldrich, UK).

An Olympus dotSlide digital virtual microscope was 
used to produce high powered tile scans of each section 
(magnification of × 40) (1 × section per case). Tile scans 
were imported into VS Desktop imaging software (Olym-
pus) to produce 4 regions of interest (ROI)s 0.5  mm in 

width by 0.5 mm in height with an area of 1mm2 of occip-
ital grey matter for further image analysis. Each ROI was 
imported into Adobe Photoshop CS6 and assessed for 
either vessel density, calculated by counting the number 
of COL4 positively vessels per 1 mm2, or for percentage 
of vessels stained for α-DB, determined by normalising 
the number of vessels stained for α-DB against vessel 
density and expressing as a percentage. Values generated 
for each ROI were combined to give total vessel density 
and total percentage of vessels positive for α-DB per sec-
tion. Statistical analysis was performed using SPSS and 
an independent t-test with significance set at P < 0.05.

Electron microscopy
10-week old α-DB deficient (n = 3), wild-type control 
mice (n = 3), AQP4 deficient (n = 2) and aged matched 
wild-type control mice (n = 2) were terminally anes-
thetised with pentobarbitone (200  mg/kg) and then 
intracardially perfused with 0.1  M piperazine-N,N’-bis 
(2-ethanesulfonic acid) buffer (PIPES, pH 7.2) followed by 
4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES 
buffer (pH 7.2). Brains were removed from the skull and 
subsequently placed in fresh 4% formaldehyde plus 3% 
glutaraldehyde in 0.1  M PIPES buffer (pH 7.2) at 4  °C 
for 24 h. Brains were microdissected for grey matter and 
processed according to our previous published proto-
cols [46, 47]. Polymerised resin blocks were trimmed and 
sectioned using an Reichurt Ultracut E ultramicrotome 
(Reichurt, Germany). 80 nm ultrathin sections were cut, 
transferred onto copper grids (TAAB laboratories, UK) 
and counter-stained with lead citrate for 3  min. Grids 
were examined using a Tecnai T12 transmission elec-
tron microscope operating a Morada G3 digital camera 

Table 1  Case demographics

Source Age Sex pm delay/hr Category Risk factors

Edinburgh 50 M 46 Young Hypercholesterolaemia

Edinburgh 50 M 84 Young Hypercholesterolaemia

Edinburgh 49 M 79 Young Asthma

Edinburgh 32 M 93 Young Depression

Newcastle 79 F 9 old non-demented Parkinson’s disease

Newcastle 72 M 89 old non-demented Angina

Newcastle 81 M 52 old non-demented Hypertension

Newcastle 89 F 98 old non-demented Congestive heart failure

Newcastle 75 M 82 CAA—dementia Ischaemic heart 
disease, hypertension, 
type 2 diabetes

Newcastle 79 M 13 CAA—no dementia Ischaemic heart dis-
ease, stroke, hypercho-
lesterolaemia

Newcastle 87 F 54 CAA—dementia Stroke

Newcastle 77 M 78 CAA—dementia Hypertension
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and Radius image capture software (EMSIS, Münster, 
Germany). Each grid was methodically scanned from top 
right to bottom left. High resolution low power images 
of the first 20 capillaries in transverse section with well-
defined and clearly resolved vessel walls from each mouse 
were digitally photographed. Each capillary was first ana-
lysed qualitatively for ultrastructural changes to capillary 
endothelium, BM and intramural cells. Capillaries were 
then analysed quantitatively for changes in expression of 
these components. Adobe Photoshop CS6 was used to 
manually demarcate the lumen, endothelium, intramural 
cells and BM, based on electron dense staining of lipid 
bilayers. Once demarcated, each feature was segmented, 
measured for surface area in µm2 and, other than the 
lumen, percentage area occupied of the vessel wall. Sta-
tistical analysis was performed using SPSS and a univari-
ate Analysis of Variance (two-way Anova) adjusting for 
multiple sample points (40 per mouse) with significance 
set at P < 0.05.

Immunohistochemistry‑α‑DB deficient mice
10-week-old α-DB deficient mice (n = 3) and wild-type 
control (n = 3) mice were terminally anesthetised with 
pentobarbitone (200 mg/kg) and then intracardially per-
fused with 0.01  M PBS followed by 4% Paraformalde-
hyde (PFA) in 0.01 M PBS, pH 7.4 at a rate of 5 ml min-1. 
Brains were dissected and post fixed for 6 h in fresh 4% 
PFA in 0.01 M PBS, pH 7.4 at 4 °C and then cryoprotected 
in 30% sucrose in distilled H2O at 4 °C for a further 48 h. 
Cryoprotected brains were removed from 30% sucrose 
and imbedded in OCT compound before serial section-
ing into 20 μm coronal slices using a Leica CM1860 UV 
cryostat. Sections were collected onto SuperFrost Plus™ 
adhesion slides (Thermo Scientific™, 10,149,870) and 
stored at −20 °C.

Enzyme-linked immunohistochemistry using DAB 
(Sigma-Aldrich, UK) as chromogen was used to visualise 
COL IV positive vessels in the grey matter of α-DB defi-
cient and wild-type control mice using 20  μm coronal 
frozen sections. One section per mouse was chosen based 
on matching the anatomy with sections used for TEM. 
Adjacent sections posterior and anterior to the chosen 
section were used as negative controls. After defrosting 
sections in an incubator at 37 °C for 15 min, endogenous 
peroxidase activity was quenched with 3% hydrogen 
peroxide (Sigma-Aldrich, UK) for 15  min at room tem-
perature. Pepsin digest (1  mg/ml in 0.2  M hydrochloric 
acid) antigen retrieval was then performed at 37  °C for 
4 min. After blocking in 15% normal goat serum (Sigma-
Aldrich, UK) at room temperature for 30  min, sections 
were incubated with Rabbit anti-COL IV (1:400, abcam, 
ab6586) overnight at 4  °C in a moist chamber. This step 
was omitted with the negative controls to ascertain the 

level of background non-specific antigen binding of the 
tissue. Sections were then washed 3 × 10 min in 0.01 M 
PBS, incubated for 1  h in Biotinylated goat anti rabbit 
IgG (1:200, ThermoFisher Scientific, 31,820) and then 
incubated at room temperature in ABC vector (Vector 
laboratories, PK-6100) for 1  h. Sections were developed 
using glucose oxidation enhancement with DAB (Sigma-
Aldrich, UK) for 12  min, dehydrated, cleared in xylene 
and coverslipped using DPX mounting medium (Sigma-
Aldrich, UK).

An Olympus dotSlide digital virtual microscope was 
used to produce high powered tile scans of each section 
at a magnification of × 40 using 1 × section per mouse. 
Tile scans were imported into VS Desktop imaging soft-
ware (Olympus) to produce 5 ROIs 250 µm in width by 
250 µm in height with an area of 62,500 µm2 for further 
image analysis. Each ROI was assessed for DAB (COL4) 
staining using Image J [48] and a custom macro modified 
by colleagues from the Biomedical Imaging Unit, Univer-
sity of Southampton. Values generated for each ROI were 
combined to give a total number of vessels and total area 
of DAB staining per region per section. These values were 
then divided by the overall surface area (312,500 µm2) 
and multiplied by 500,000 and expressed as total num-
ber of vessels (vessel density) and total area stained per 
0.5mm2. The amount of COL IV per vessel was calculated 
by dividing the total area stained by the total number of 
vessels. Each ROI was further assessed for differences in 
vessel distribution by counting the number of capillar-
ies (vessels with diameter of less than 10 µm) and arteri-
oles and venules which, which due to limitations of DAB 
staining, could not be easily differentiated and so were 
classified together as vessel with a diameter of 10 µm or 
larger. Inbuilt measurement and analysis tools in Adobe 
Photoshop CS6 were used to identify and count the num-
ber of vessels with a diameter of 10 µm or larger per ROI 
using imported layer masks of each ROI (generated from 
the ImageJ macros). The number of capillaries of each 
ROI was calculated by deducting the counted number 
of arterioles/venules from the overall total vessel count 
(generated previously using the ImageJ macros). Values 
generated for each ROI were combined to give the total 
number of capillaries and arterioles/venules per region 
per section. These values were then divided by the over-
all surface area (312,500 µm2) and multiplied by 500,000 
and expressed per 0.5mm2. Adobe Photoshop CS6 was 
also used to measure and calculate overall COL IV stain-
ing per vessel type. First, the arterioles/venules identified 
previously from the layer masks of each ROI were meas-
ured for total area of COL IV staining. This value was 
then deducted from the overall area of COL IV staining 
to give total area of COL IV staining for capillaries per 
ROI. Values generated for each ROI were combined to 



Page 6 of 15Sharp et al. acta neuropathol commun           (2021) 9:171 

give the total area of COL IV staining per capillaries and 
per arterioles/venules per region per section. These val-
ues were then divided by the overall surface area (312,500 
µm2) and multiplied by 500,000 to be expressed per 
0.5mm2. The amount of COL IV per vessel was calculated 
by dividing the total area stained by the total number of 
vessels for each vessel group per 0.5mm2. Statistical anal-
ysis was performed using SPSS and an independent t-test 
with significance set at P < 0.05.

Assessment of IPAD in α‑DB deficient mice
10-week-old α-DB deficient (n = 5) and wild-type control 
mice (n = 5) were anaesthetised with Isoflurane mixed 
with concentrated O2 (1.7 L min-1), induced with 3% and 
maintained using 2%. The level of anaesthesia was moni-
tored by using pedal withdrawal reflex response. Internal 
body temperature was regulated at 37  °C using a rectal 
probe and homoeothermic blanket and temperature con-
trol system (BASi). Lacri-lube ointment was applied to 
the eyes to preserve cornea during anaesthesia.

Anaesthetised mice were placed in a stereotaxic frame 
(Model 900, KOPH instruments) and the head secured 
with jaw bars. After performing a midline incision, a 
Tech2000 Micromotor drill (RAM Products, INC) with 
0.7 mm burr was used to create a burr hole in the skull 
above the injection site (Anterior–Posterior—2  mm; 
Medial–Lateral 1.5 mm; Dorsal–Ventral—1.7 mm). 0.5 µl 
of 100  µM amyloid-β (1–40) HiLyte Fluor 555 (Cam-
bridge Bioscience) was injected into the hippocampus 
using a Hamilton Neuros Syringe with a 33-gauge needle 
(Essex Scientific Laboratory Supplies Ltd.) and Micro-
injection syringe pump (UMP3T-1; World Precision 
Instruments) at a rate of 0.25  µl  min-1. The hippocam-
pus was chosen based on the occurrence of CAA in the 
hippocampus of Amyloid precursor protein (APP) trans-
genic mouse models [49, 50]. The syringe was left in situ 
for 2 min for bolus diffusion and to prevent reflux. The 
tracers were left to drain for a further 5 min and then the 
mouse was terminally anaesthetised with pentobarbitone 
(200 mg/kg) and intracardially perfused with 0.01 M PBS 
followed by 4% PFA in 0.01  M PBS, pH 7.4 at a rate of 
5  ml/min. Brains were dissected and post fixed for 6  h 
in fresh 4% PFA in 0.01 M PBS, pH 7.4 at 4 °C and then 
cryoprotected in 30% sucrose in distilled H2O at 4 °C for 
a further 48 h. Brains were embedded in OCT compound 
and then sectioned into 20  μm coronal slices using a 
Leica CM1860 UV cryostat. Sections were collected onto 
SuperFrost Plus™ adhesion slides (Thermo Scientific™, 
10,149,870) and viewed using a Zeiss Axioskop 2 fitted 
with a rhodamine filter to identify the section containing 
the site of injection. Our previous studies showed that 
the drainage of Aβ40 in mice occurs predominantly in a 
posterior direction and can be visualised in the walls of 

blood vessels as close as 200 μm to the injection site [51]. 
We therefore chose coronal Sects.  200  μm posterior to 
the injection site for immunohistochemistry.

Sections were washed 2 × 3 min in 0.01 M PBS, pH 7.4 
and then blocked in 15% goat serum (Sigma 9023) for 
1  h at room temperature. Sections were then incubated 
in rabbit anti-collagen IV 1/400 in 0.01 M PBSt (AbCam, 
ab6586) and anti-smooth muscle actin (SMA) FITC con-
jugated 1/200 in 0.01  M PBSt (Sigma, F3777) overnight 
in a moist chamber at 4 ̊C. Sections were then washed 
3 × 10  min in 0.01  M PBS and incubated in conjugated 
secondary antibody goat antirabbit Alexa Fluor 633 
0.01 M PBSt (ThermoFisher Scientific, A-21070) for 1 h 
at room temperature. Sections were further incubated in 
1% Sudan Black for 5  min to remove auto fluorescence 
before being mounted in Mowiol Citifluor and imaged 
using confocal microscopy.

For each section, tile scans of the left hippocampus or 
corpus callosum were captured using a Leica SP8 confo-
cal microscope fitted with × 20 objective set at an opti-
cal zoom of 1. Laser power and detection windows were 
kept consistent for all scans. Sequential imaging was used 
to prevent cross excitation of fluorophores. Quantifica-
tion of IPAD of Aβ40 HiLyte Fluor 555 was performed 
using a maximum projection of each tile scan uploaded 
into Adobe Photoshop CS6. IPAD was assessed by using 
Adobe Photoshop CS6 to manually measure vessel den-
sity of capillaries, arterioles and venules and counting 
the number of vessels containing Aβ40 HiLyte Fluor 
555 in their vessel walls. Vessel density was calculated 
by dividing the total number of capillaries, arterioles or 
venules by the overall surface area (in µm2) and multi-
plying this value by 500,000 to be expressed as number 
of vessels per 0.5mm2. This was also performed for the 
number of capillaries, arterioles or venules with Aβ40 in 
their vessel walls. Vessels were identified based on lumen 
diameter and immunoreactivity to SMA (< 10 μm = cap-
illaries, ≥ 10  μm and SMA positive = arterioles, ≥ 10  μm 
and SMA negative = venules [7, 51]. The overall surface 
area was determined by choosing regions of interest 
that were based on key anatomical features that could 
be observed in each section analysed. Regions of inter-
est were outlined using Adobe Photoshop CS6. For the 
hippocampus, a transverse area from the edge of the 
suprapyramidal [52] was outlined. Statistical analysis was 
performed using SPSS Statistics version 26.0 (IBM) and 
an independent t-test with significance set at P < 0.05.

Results
Expression of α‑DB at glial‑vascular endfeet is elevated 
in protein elimination failure arteriopathies
To assess whether the positive correlation between dys-
trobrevin gene expression and protein elimination failure 
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arteriopathies in human dementia cohorts previously 
reported in [44] could be associated with elevated expres-
sion of α-DB at glial-vascular endfeet, post-mortem 
occipital brain sections from young, old non-demented 
and severe CAA brains were immunostained for α-DB. 
In all cases, astrocytes and blood vessels were found to 
be positively stained for α-DB, but the intensity of stain-
ing depended on age and disease. In tissue from young 
cases, immunoreactivity for α-DB appeared to be higher 
around cells with morphology similar to astrocytes while 
in severe CAA, immunoreactivity appeared greatest 
around blood vessels with punctate staining consistent 
with astrocyte endfeet (Fig.  2 a-d). Assessment of ves-
sel density, shown by staining vessels for COL4, revealed 
a slight but non-significant reduction between young 

(196.5 vessels per 1mm2), old non demented (177.44 ves-
sels per 1mm2) and severe CAA cases (165.88 vessels 
per 1mm2) (Fig. 2 e–h). Quantification of the number of 
positively stained vessels for α-DB, after normalisation 
against vessel density, revealed no significant differences 
between young (2.08%) or old (2.82%) cases. However, 
the percentage of vessels positive for α-DB in CAA cases 
(21.71%) was significantly greater compared to both old 
(p < 0.005) and young (p < 0.005) cases (Fig. 2 i).

A lack of α‑dystrobrevin alters the structure of IPAD 
pathways by altering ECM morphology
In CAA, vessels laden with amyloid show severe ultras-
tructural abnormalities and alterations to the endothe-
lium [53, 54], smooth muscle cells [54, 55] and intramural 

Fig. 2  Expression of α-dystrobrevin (α-DB) in the grey matter of occipital lobe in young, old and CAA brains. Immunoreactivity for α-DB appeared 
greatest around cells with morphology similar to astrocytes in young cases (a, orange arrows) but also outlined blood vessels in all cases (b, c, green 
arrows), most notably in CAA cases with punctate staining consistent with astrocyte endfeet (d, red arrows). Scale bars a–c = 100 µm, g = 20 µm. 
Immunohistochemistry for COL4 revealed no notable differences in vessel staining (e–g, green arrows) or vessel density (h) between young, old or 
CAA cases. Scale bars e–g = 100 µm. When normalised against vessel density, the percentage of vessels positively stained for α-DB was significantly 
higher in CAA cases when compared to both old and young cases (i). Each data point in h and i represents overall mean values (n = 4) from each 
case. Data points labelled with # were identified as outliers and excluded from analysis
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cells (pericytes) [56]. In severe CAA, extensive deposi-
tion of amyloid results in focal fragmentation of the ves-
sel wall [56]. As vascular expression of α-DB significantly 
increased in cases of severe CAA, we next used quantita-
tive electron microscopy on grey matter capillaries from 
α-DB deficient and aged matched wild-type control mice 
to investigate whether α-DB plays a key role in maintain-
ing the structure of IPAD pathways. When compared 
to wild-type control mice, the structural appearance of 
grey matter capillaries in α-DB deficient mice appeared 
altered with a thickened BM. There were no notable 
differences in endothelium, intramural cells, astrocyte 
endfeet or adjacent parenchyma (Fig. 3 a and b). Quan-
titative assessment of capillaries by image segmentation 
revealed that capillaries in α-DB deficient mice were 
significantly larger in overall surface area (11.82 μm2 vs. 
8.02 μm2, p < 0.01) with larger lumina (8.74 μm2 vs. 5.62 
μm2, p < 0.001) and thickness of vessel wall (3.08 μm2 vs. 
2.40 μm2, p < 0.001). This increase in vessel wall thickness 
was due to a thicker endothelium (1.79 μm2 vs. 1.43 μm2, 
p < 0.01) and BM (0.92 μm2 vs. 0.65 μm2, p < 0.001) (Fig. 3 
c). To account for these differences in vessel size, the sur-
face areas of the endothelium, intramural cells and BM 
were normalised against the overall vessel wall surface 
area and expressed as percentage occupied of the ves-
sel wall. This showed that the surface area of the vessel 
wall occupied by BM was significantly increased in α-DB 
deficient mice (27.28% vs. 30.22%, p < 0.01). There was 
no difference between endothelium (58.78% vs. 59.82%, 
p = 0.490) or intramural cells compared to control wild-
type mice (12.88% vs. 11.00%, p = 0.094) (Fig. 3d).

Loss of α‑dystrobrevin mediated localisation of AQP4 
to glial vascular endfeet results in larger vessels but does 
not alter vessel wall morphology
As localisation of AQP4 to astrocyte endfeet is lost in 
mice deficient in α-DB [25], we next sought to ascertain 
if this could explain our observations of a thickened BM 
in α-DB deficient mice. We therefore repeated the ultra-
structural study of the cerebral vasculature using mice 
deficient for AQP4. We found that when compared to 
wild-type control mice, the structural appearance of 
grey matter capillaries in AQP4 deficient mice appeared 

unaltered. There were no notable differences in endothe-
lium, intramural cells, BM, astrocyte end-feet or adjacent 
parenchyma (Fig. 4 a and b). Quantitative assessment of 
capillaries by image segmentation revealed that capillar-
ies in AQP4 deficient mice were significantly larger in 
overall surface area (19.90 μm2 vs. 14.53 μm2, p < 0.001) 
with larger lumina (15.58 μm2 vs. 11.45 μm2, p < 0.001) 
and thickness of vessel wall (4.32 μm2 vs. 3.08 μm2, 
p =  < 0.01). The endothelium (2.65 μm2 vs. 1.93 μm2, 
p < 0.05), BM (1.08 μm2 vs. 0.80 μm2, p < 0.01) and intra-
mural cells (0.59 μm2 vs. 0.35 μm2, p < 0.05) were all sig-
nificantly larger in AQP4 deficient mice (Fig. 4 c). As was 
the case with α-DB deficient mice, we next normalised 
this data against the overall vessel wall surface area. This 
revealed no significant differences in the surface area of 
the vessel wall occupied by the endothelium (60.98% vs. 
62.13%, p = 0.530), BM (26.28% vs. 26.57%, p = 0.811) or 
intramural cells (12.83% vs. 11.30%, p = 0.298) (Fig.  4d), 
suggesting that our observations in α-DB deficient mice 
were not due to the loss of AQP4.

A lack of α‑DB is associated with biochemical changes 
to the ECM
Morphological changes to cerebral vascular BM, such as 
thickening, are associated with alterations to their bio-
chemical composition. In particular, BM thickening has 
been linked to elevated levels of COL4 in both aging [37, 
38] and in protein elimination failure arteriopathies, such 
as CAA [35, 57]. Previous studies by Lien et al. and our 
group show BM thickening in aged α-DB deficient mice 
but the biochemical composition of the BM was not 
assessed [25]. Therefore, we investigated whether altera-
tions to the BM in α-DB deficient mice could be attrib-
uted to changes in expression of COL4, one of the main 
constituents of vascular BMs. Qualitative assessment by 
light microscopy was accompanied by quantitative analy-
sis of the expression of COL4 by comparing the number 
of vessels (vessel density) and mean area stained per ves-
sel. Qualitative assessment revealed that the majority of 
COL4 immunoreactivity was confined to vascular walls 
that appeared more intense and less diffuse in the α-DB 
deficient mice (Fig. 3 f and g). Assessment of vessel den-
sity revealed no significant difference in the distribution 

(See figure on next page.)
Fig. 3  Analysis of the perivascular compartment in α-DB deficient mice. a and b Assessment by transmission electron microscopy revealed a 
thicker appearing basement membrane (false coloured orange) in α-DB deficient mice when compared to wild-type control mice (a3 and b3). 
No other notable differences were observed between endothelium (a1 and b1, false coloured blue) or intramural cells (a2 and b2, false coloured 
green). The red arrows in (a) indicate the location of glial α-DB in wild-type control mice. When analysed for mean surface area, capillaries in α-DB 
deficient mice showed larger lumens and thicker vessel walls (c). The ratio of endothelium, intramural cells and basement membrane were altered 
with basement membrane occupying a significantly larger percentage area of the vessel wall (d). Each box plot represents the range of data 
from three mice. The scatter plots represent the means of repeated measures (20 per mouse, n = 3). Immunohistochemistry for COL4 revealed no 
notable differences in vessel density between α-DB deficient and wild-type control mice (e) but did show vessels with more intense staining (red 
arrows in f and g, scale bar 50 μm) in α-DB deficient mice. Expression of COL4 per vessel was found to be significantly higher in all vessel types in 
α-DB deficient mice (h). Each column represents overall mean values (n = 3). Error bars: ± 2 SE
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Fig. 3  (See legend on previous page.)
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of COL4 stained capillaries between wild-type control 
(188 per 0.5 mm2) and α-DB deficient mice (156 per 0.5 
mm2) p = 0.173. There was also no difference in the dis-
tribution of COL4 stained arterioles and venules (8 per 
0.5 mm2 vs. 10 per 0.5 mm2, p = 0.275) (Fig. 3 e). How-
ever, in α-DB deficient mice, capillaries and arterioles and 
venules showed a significantly higher mean area staining 
of COL4 per vessel (capillaries, 49.25 μm2 vs 11.00 μm2, 
p < 0.05, arterioles and venules, 162.75 μm2 vs 96.27 μm2, 
p < 0.05) (Fig.  3  h). This suggests that basement mem-
brane thickening in α-DB deficient mice is linked to 

alterations in COL4 expression, a finding not dissimilar 
to that observed with human ageing and dementia [35, 
37, 38, 57].

Biochemical changes to the basement membrane in α‑DB 
deficient mice are linked to impaired Aβ clearance by IPAD
The development of sporadic CAA is due to a failure 
of clearance of Aβ by IPAD [4, 15, 16]. As we observed 
an increase in vascular expression of α-DB in cases of 
CAA and alterations to vascular BMs in α-DB defi-
cient mice, similar to that observed in the early stages 

Fig. 4  Analysis of the perivascular compartment in AQP4 deficient mice. a and b Assessment by transmission electron microscopy revealed no 
notable differences in morphology of the endothelium (a1 and b1, false coloured blue), intramural cells (a2 and b2, false coloured green) or 
basement membrane (a3 and b3, false coloured orange) between wild-type control and AQP4 deficient mice. The red arrows in (a) indicate the 
location of glial AQP4 in wild-type control mice. When analysed for mean surface area, capillaries in AQP4 deficient mice showed larger lumens and 
thicker vessel walls (C). The ratio of endothelium/intramural cells or basement membrane were not significantly altered (d). Each box plot represents 
the range of data from two mice. The scatter plots represent the means of repeated measures (20 per mouse, n = 2)
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of CAA [35, 57], we next investigated if removal of 
Aβ by IPAD would also be affected in α-DB deficient 
mice. To assess IPAD, α-DB deficient and wild-type 
control mice received a stereotaxic injection of Aβ 
HiLyte Fluor 555 into the hippocampus. The elimina-
tion Aβ by IPAD was assessed using confocal micros-
copy. Within 5  min of injection, fluorescent Aβ was 
observed in the granule cell layer of the parenchyma 
and colocalising with COL IV within the walls of arte-
rioles, capillaries and few venules in both wild-type 
control (Fig.  5 a–h) and α-DB deficient mice (Fig.  5 
i–p). In wild-type control mice, fluorescent Aβ was 
distributed diffusely (Fig. 5 d) while in α-DB deficient 
mice, Aβ appeared less diffuse and more focally con-
centrated within the parenchyma. Aβ was also seen 
aggregating around arterioles that did not have Aβ in 
their BMs, in a location consistent with glia limitans, 
a feature not observed in wild-type mice (Fig.  5  l). 
Assessment of the density of vessels with fluorescent 
Aβ in their vessel walls showed a significant reduc-
tion in Aβ positive arterioles in α-DB deficient mice 
compared to wild-type controls (2.27 vs 0.90 per 0.5 
mm2, p < 0.05). The density of Aβ positive capillaries 
(1.13 vs 0.37 per 0.5 mm2, p = 0.193) and venules (0.84 
vs 0.29 per 0.5 mm2, p = 0.98) also decreased in α-DB 
deficient mice but did not reach significance (Fig. 5 r). 
To confirm that these findings were not due to general 
differences in vessel density, we next assessed the same 
regions of interest for the vascular density of all arte-
rioles, capillaries and venules, using immunoreactivity 
for COL4 as a vessel marker. There was no difference 
in the vessel density of arterioles (4.4 vs. 5.4 per 0.5 
mm2, p = 0.270) or capillaries (84 vs. 74.7 per 0.5 mm2, 
p = 0.270) but the density of venules was significantly 
decreased in α-DB deficient mice (1.9 vs. 1.3 per 0.5 
mm2, p < 0.05) (Fig.  5 q) suggesting that the decrease 
in amyloid positive arterioles and capillaries observed 
in α-DB deficient mice was not due to differences in 
vascular density. To further establish if the removal 
of Aβ by IPAD is impaired in α-DB deficient mice, we 
assessed the distribution of parenchymal Aβ by fluo-
rescent density analysis. In α-DB deficient mice, there 
was an increase in mean area of fluorescent signal 

(0.02 mm2 vs. 0.03 mm2, p = 0.199) (Fig.  5  s) and a 
significant increase in mean fluorescent pixel density 
(2.18 × 106 vs. 4.25 × 106 pixels, p < 0.05) (Fig. 5 t), mir-
roring the qualitative observations of a more intense 
amyloid positive signal in α-DB deficient mice (Fig. 5 K 
and i). This suggests an increase in accumulation of 
Aβ in the parenchyma of α-DB deficient mice, further 
supporting the notion of impaired IPAD.

Discussion
We used immunohistochemistry (IHC) for α-DB on 
grey matter from human post mortem samples to show 
a significant increase in the expression of α-DB in CAA 
compared to age-matched non-demented controls and 
young brains. To help understand why this might occur 
in neurodegenerative diseases affecting the vasculature, 
we next examined more closely the structural and func-
tional consequences of a lack of α-DB on cerebral blood 
vessels. Previous studies in old α-DB deficient mice dem-
onstrated abnormalities of the vascular walls and fluid 
homeostasis, leading to swollen astrocyte endfeet and 
tissue oedema [25]. Even though abnormalities in BBB 
function have been documented in α-DB deficient mice 
[25] other possible effects of α-DB deficiency on vascu-
lar ECM are not clear. To ascertain more clearly the exact 
consequence of α-DB deficiency on the cerebral vascu-
lature, we performed a detailed quantitative ultrastruc-
tural study on the vessel wall using TEM, first in α-DB 
deficient mice and then in AQP4 deficient mice. We show 
that while a redistribution of AQP4 away from astrocyte 
endfeet does not appear to impact on the structure of the 
vascular wall, α-DB appears essential for vessel wall mor-
phology. In α-DB deficient mice, we observed an increase 
in expression of COL4, a feature also concurrent to the 
early stages of CAA [35, 57]. Due to this similarity, we 
assessed the functional consequences of α-DB deficiency 
on the elimination of amyloid proteins by IPAD. We show 
that α-DB deficiency led to reduced efficiency of IPAD 
and the accumulation of amyloid in the parenchyma, 
highlighting a key role for α-DB and the DPC not only in 
the structure of the ECM but also in IPAD.

The lack of consistent morphological modifications to 
the vessel wall in our AQP4 deficient mice suggests it is 

(See figure on next page.)
Fig. 5  IPAD in α-DB deficient mice. In wild-type control mice, Aβ was observed diffusely distributed in the parenchyma (e and d) and co-localised 
with collagen IV in the walls of arterioles (white arrows), capillaries (yellow arrow) and few venules (green arrow). In α-DB deficient mice, the 
fluorescence due to Aβ appeared more intense in the parenchyma (k and I) but also co-localised with collagen IV in the walls of arterioles (white 
arrows) and few venules (green arrow). Representative high-power images of an arteriole shows amyloid-β (red) in the wall of the blood vessel, 
indicated by the white arrow in both wild-type control (e–h) and -DB deficient mice (m–p). Scale bars a–d and I–l = 200 µm, e–h and m-p = 10 µm. 
There was no difference in vessel density of capillaries or arterioles between wild-type control and α-DB deficient mice, but α-DB deficient 
mice showed both a significantly lower density of venules (q) and a significantly lower density of Aβ positive arterioles (r). The spread of Aβ in 
the parenchyma as measured by surface area was similar between wild-type control and α-DB deficient mice (s) but fluorescent intensity was 
significantly greater in α-DB deficient mice (t). Each box plot represents the range of data from five mice. The scatter plots represent vessel density 
(q and r), fluorescent area (s) or pixel density (t) from each mouse
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not critical for the morphology of the vessel wall. How-
ever, the function of AQP4 in the regulation of cerebral 
fluid homeostasis has been well documented [3, 10, 58–
60] and it is accepted that AQP4 plays a significant role 

in the formation or prevention of oedema [27, 61–67]. It 
has been suggested that a loss of both KIR4.1 and AQP4 
from the glial-vascular interface would impair ion and 
water homeostasis and lead to the osmotic opening of 

Fig. 5  (See legend on previous page.)
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tight junctions in response to changes in cell volume [25]. 
Ordinarily, a loss of glial AQP4 would impair the removal 
of excess water from the glial vascular interface [25, 68–
70] without altering blood–brain barrier (BBB) function 
[62, 63, 67, 71]. However, in α-DB deficient mice, BBB 
function is impaired due to an increase in permeability 
of the endothelia [25]. Examination of the cerebral vascu-
lature in 20-month-old α-DB deficient mice using trans-
mission electron microscopy (TEM) reveals this is most 
likely due to damaged endothelium and abnormal tight 
junctions, highlighting the importance of α-DB and the 
DPC to BBB structure and function [25]. We observed 
no evidence of vasogenic oedema in young α-DB defi-
cient mice or AQP4 deficient mice. However, our assess-
ment of the cerebral vasculature in young α-DB deficient 
mice revealed similar changes to the BM as previously 
observed by Lien et al. [25], although we did not observe 
any modifications to the endothelium or astrocyte end-
feet, most likely due to the younger age of our mice. In 
our α-DB deficient mice we showed thicker BM that 
occupied a larger area of the vessel wall, similar to aged 
wild-type control mice [35], suggesting that the cerebro-
vasculature in α-DB deficient mice show signs of pre-
mature ageing. Examination of the cerebral BM in more 
detail revealed an increase in expression of COL4, a fea-
ture frequently observed in aged human brains and CAA 
[37, 38]. Considering that α-DB is entirely an intracellu-
lar protein, its role in the formation and maintenance of 
the BM is likely due to indirect interactions via the DPC. 
Its deletion from the glial vascular interface may affect 
other interactions between DPC components, such as a 
weakening of the connection between α-dystroglycan 
and BM. This may stimulate a compensatory over pro-
duction of ECM resulting in a thickened BM with altered 
morphology.

Regulation of the ECM is in part, due to the activ-
ity of matrix metalloproteinases (MMP)s and tissue 
inhibitors of metalloproteases (TIMP)s [72]. In particu-
lar, the matrix metalloproteinase MMP9, also known 
as Gelatinase B, is a COL4 collagenase that also digests 
β-dystroglycan in response to enhanced synaptic activ-
ity [73]. α-DB deficient astrocytes show reduced levels of 
β-dystroglycan [25] and although not confirmed in α-DB 
deficient mice, the loss of β-dystroglycan as an MMP9 
substrate may disrupt the regulation of the ECM by 
MMP9, leading to the alterations to the BM. It is impor-
tant to note that while changes to COL4 are a key con-
tributor to BM remodelling, other BM proteins, such as 
the laminins can also play a significant role [35, 57]. Even 
though we only analysed COL4 in our α-DB deficient 
mice, a lack of α-DB is associated with abnormal levels 
of laminin [25]. It is therefore likely that the BM remod-
elling in our α-DB deficient mice is in part, also due to 

alterations in laminin and other BM proteins, highlight-
ing the need to clarify the exact BM components that are 
at risk from the modifications of the DPC.

The failure of clearance of amyloid along IPAD path-
ways is a key pathogenic factor in CAA [4, 15, 16]. Math-
ematical modelling by our group has highlighted the 
importance of the BM to the process of vasomotion, a 
force generated by cycles of contraction and relaxation 
of smooth muscle cells that induces BM deformations, 
effectively opening and closing a valve like system allow-
ing the flow of IPAD in the direction of the vasomotor 
wave [74]. Vasomotion is sensitive to alterations to the 
biochemical composition of the BM. Elevated levels of 
COL4, as we observed in our α-DB deficient mice would 
most likely stiffen the vessel wall, reducing deformations 
induced by the SMCs and altering IPAD. Our α-DB defi-
cient mice demonstrated a reduced capacity of the IPAD 
pathway, highlighting the importance of α-DB and the 
DPC to the clearance of fluid from the brain via IPAD. 
One limitation of the study is that all the CAA cases 
used, all but one of the non-demented control brains and 
two out of the four young brains had cerebrovascular risk 
factors prior to death and it is not known what impact 
these risk factors had on the current analysis.

Conclusion
Our work has demonstrated that α-DB is key in main-
taining the morphology and composition of cerebral BMs 
and a normal IPAD, with a significant increase in α-DB in 
human CAA.

Acknowledgements
Work in the individual CFAS centres is supported by the UK NIHR Biomedical 
Research Centre for Ageing and Age—awarded to Newcastle-upon-Tyne 
Hospitals Foundation Trust; Cambridge Brain Bank supported by the NIHR 
Cambridge Biomedical Research Centre; Nottingham University Hospitals 
NHS Trust; University of Sheffield, Sheffield Teaching Hospitals NHS Founda-
tion Trust and the Sheffield NIHR Biomedical Research Centre; The Thomas 
Willis Oxford Brain Collection, supported by the Oxford Biomedical Research 
Centre; The Walton Centre NHS Foundation Trust, Liverpool. We would like 
to acknowledge the essential contribution of the liaison officers, the general 
practitioners, their staff, and nursing and residential home staff. We are grate-
ful to our respondents and their families for their generous gift to medical 
research, which has made this study possible.

Authors’ contributions
MS performed all animal experiments, data analysis and prepared the 
manuscript for submission, JL helped with electron microscopy, JC and MG 
performed immunohistochemistry on animal tissue, TT and AK performed 
the human post-mortem immunohistochemistry; MY, AY and SS provided 
processed tissue from AQP4 mice, ROW and DCG had important intellectual 
contributions to the manuscript. ROC designed the study. All authors read 
andapproved the final manuscript.

Funding
The authors gratefully acknowledge the Stroke Association Priority Pro-
gramme Award PPA 2016/01 and the MRC CFAS grants MRC/G9901400 and 
MRC U.1052.00.0013.



Page 14 of 15Sharp et al. acta neuropathol commun           (2021) 9:171 

Availability of data and material
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethical approval and consent to participate
Human autopsy CNS tissue was obtained from the MRC Cognitive Func-
tion and Ageing Study (CFAS, ethical approval 15/SW/0246). Control cases 
were from CFAS and Parkinson’s UK brain bank (REC Reference numbers 15/
SW/0246 and 08/MRE09/31 + 5). The Parkinson’s UK Brain Bank is funded by 
Parkinson’s UK, a charity registered in England and Wales (258197) and in 
Scotland (SC037554). All procedures involving animals were carried out in 
accordance with animal care guidelines stipulated by the United Kingdom 
Animals (Scientific Procedures) Act 1986, Home Office licence P12102B2A.

Consent for publication
All human data are post-mortem tissue obtained with consent by the MRC 
CFAS and Parkinson’s UK Brain Banks.

Competing interests
Dr. Roxana O Carare is a member of the Editorial Board for Acta Neuropatho-
logica Communications.

Author details
1 Faculty of Medicine, University of Southampton, Southampton General 
Hospital, Tremona Road, Southampton SO16 6YD, UK. 2 Keio University School 
of Medicine, Tokyo, Japan. 3 Molecular Medicine, School of Pharmacy and Bio-
medical Sciences, University of Portsmouth, Portsmouth, England. 4 Military 
Institute of Hygiene and Epidemiology, Kozielska 4, 01‑001 Warsaw, Poland. 

Received: 24 August 2021   Accepted: 11 October 2021

References
	1.	 Joris PJ, Mensink RP, Adam TC, Liu TT (2018) Cerebral blood flow measure-

ments in adults: a review on the effects of dietary factors and exercise. 
Nutrients 10:5

	2.	 Rennels ML, Gregory TF, Blaumanis OR, Fujimoto K, Grady PA (1985) Evi-
dence for a “paravascular” fluid circulation in the mammalian central nerv-
ous system, provided by the rapid distribution of tracer protein through-
out the brain from the subarachnoid space. Brain Res 326(1):47–63

	3.	 Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA et al (2012) A 
paravascular pathway facilitates CSF flow through the brain parenchyma 
and the clearance of interstitial solutes, including amyloid beta. Sci Transl 
Med 4(147):147ra11

	4.	 Morris AW, Sharp MM, Albargothy NJ, Fernandes R, Hawkes CA, Verma A 
et al (2016) Vascular basement membranes as pathways for the passage 
of fluid into and out of the brain. Acta Neuropathol 131(5):725–736

	5.	 Dobson H, Sharp MM, Cumpsty R, Criswell TP, Wellman T, Finucane C et al 
(2017) The perivascular pathways for influx of cerebrospinal fluid are most 
efficient in the midbrain. Clin Sci (Lond) 131(22):2745–2752

	6.	 Albargothy NJ, Johnston DA, MacGregor-Sharp M, Weller RO, Verma A, 
Hawkes CA et al (2018) Convective influx/glymphatic system: tracers 
injected into the CSF enter and leave the brain along separate periarterial 
basement membrane pathways. Acta Neuropathol

	7.	 Carare RO, Bernardes-Silva M, Newman TA, Page AM, Nicoll JA, Perry VH 
et al (2008) Solutes, but not cells, drain from the brain parenchyma along 
basement membranes of capillaries and arteries: significance for cerebral 
amyloid angiopathy and neuroimmunology. Neuropathol Appl Neuro-
biol 34(2):131–144

	8.	 MacGregor Sharp M, Saito S, Keable A, Gatherer M, Aldea R, Agarwal N 
et al (2020) 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 8(1):131

	9.	 Smith AJ, Akdemir G, Wadhwa M, Song D, Verkman AS (2021) Applica-
tion of fluorescent dextrans to the brain surface under constant pressure 
reveals AQP4-independent solute uptake. J Gen Physiol 153:8

	10.	 Smith AJ, Yao X, Dix JA, Jin BJ, Verkman AS (2017) Test of the “glymphatic” 
hypothesis demonstrates diffusive and aquaporin-4-independent solute 
transport in rodent brain parenchyma. Elife 6:2017

	11.	 Cserr HF, Ostrach LH (1974) Bulk flow of interstitial fluid after intracranial 
injection of Blue Dextran 2000. Exp Neurol 45(1):50–60

	12.	 Carare RO, Aldea R, Agarwal N, Bacskai BJ, Bechman I, Boche D et al (2020) 
Clearance of interstitial fluid (ISF) and CSF (CLIC) group-part of Vascular 
Professional Interest Area (PIA): Cerebrovascular disease and the failure of 
elimination of Amyloid-beta from the brain and retina with age and Alz-
heimer’s disease-Opportunities for Therapy. Alzheimers Dement (Amst) 
12(1):e12053

	13.	 Pantoni L (2010) Cerebral small vessel disease: from pathogenesis 
and clinical characteristics to therapeutic challenges. Lancet Neurol 
9(7):689–701

	14.	 Thal DR, Ghebremedhin E, Rub U, Yamaguchi H, Del Tredici K, Braak H 
(2002) Two types of sporadic cerebral amyloid angiopathy. J Neuropathol 
Exp Neurol 61(3):282–293

	15.	 Carare RO, Hawkes CA, Jeffrey M, Kalaria RN, Weller RO (2013) Review: 
cerebral amyloid angiopathy, prion angiopathy, CADASIL and the spec-
trum of protein elimination failure angiopathies (PEFA) in neurodegen-
erative disease with a focus on therapy. Neuropathol Appl Neurobiol 
39(6):593–611

	16.	 Keable A, Fenna K, Yuen HM, Johnston DA, Smyth NR, Smith C et al 
(2016) Deposition of amyloid beta in the walls of human leptomeningeal 
arteries in relation to perivascular drainage pathways in cerebral amyloid 
angiopathy. Biochim Biophys Acta 1862(5):1037–1046

	17.	 Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC et al 
(2010) Decreased clearance of CNS beta-amyloid in Alzheimer’s disease. 
Science 330(6012):1774

	18.	 Bekris LM, Yu CE, Bird TD, Tsuang DW (2010) Genetics of Alzheimer dis-
ease. J Geriatr Psychiatry Neurol 23(4):213–227

	19.	 Yamada M, Tsukagoshi H, Otomo E, Hayakawa M (1987) Cerebral amyloid 
angiopathy in the aged. J Neurol 234(6):371–376

	20.	 Hallmann R, Horn N, Selg M, Wendler O, Pausch F, Sorokin LM (2005) 
Expression and function of laminins in the embryonic and mature vascu-
lature. Physiol Rev 85(3):979–1000

	21.	 Morris AW, Carare RO, Schreiber S, Hawkes CA (2014) The Cerebrovascular 
basement membrane: role in the clearance of beta-amyloid and cerebral 
amyloid angiopathy. Front Aging Neurosci 6:251

	22.	 Garrod D (2008) Chapter 6-Cell adhesion and the extracellular matrix. 
In: Goodman SR (ed) Medical cell biology, 3rd edn. Academic Press, San 
Diego, pp 191–225

	23.	 Blake DJ, Hawkes R, Benson MA, Beesley PW (1999) Different dystro-
phin-like complexes are expressed in neurons and glia. J Cell Biol 
147(3):645–658

	24.	 Blake DJ, Nawrotzki R, Loh NY, Gorecki DC, Davies KE (1998) beta-dystro-
brevin, a member of the dystrophin-related protein family. Proc Natl Acad 
Sci USA 95(1):241–246

	25.	 Lien CF, Mohanta SK, Frontczak-Baniewicz M, Swinny JD, Zablocka B, 
Gorecki DC (2012) Absence of glial alpha-dystrobrevin causes abnormali-
ties of the blood-brain barrier and progressive brain edema. J Biol Chem 
287(49):41374–41385

	26.	 Loh NY, Nebenius-Oosthuizen D, Blake DJ, Smith AJ, Davies KE (2001) Role 
of beta-dystrobrevin in nonmuscle dystrophin-associated protein com-
plex-like complexes in kidney and liver. Mol Cell Biol 21(21):7442–7448

	27.	 Nielsen S, Arnulf Nagelhus E, Amiry-Moghaddam M, Bourque C, Agre P, 
Petter OO (1997) Specialized membrane domains for water transport in 
glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in 
rat brain. J Neurosci 17(1):171

	28.	 Lien CF, Hazai D, Yeung D, Tan J, Fuchtbauer EM, Jancsik V et al (2007) 
Expression of alpha-dystrobrevin in blood-tissue barriers: sub-cellular 
localisation and molecular characterisation in normal and dystrophic 
mice. Cell Tissue Res 327(1):67–82

	29.	 Grady RM, Grange RW, Lau KS, Maimone MM, Nichol MC, Stull JT et al 
(1999) Role for alpha-dystrobrevin in the pathogenesis of dystrophin-
dependent muscular dystrophies. Nat Cell Biol 1(4):215–220

	30.	 Chen A, Akinyemi RO, Hase Y, Firbank MJ, Ndung’u MN, Foster V et al 
(2016) Frontal white matter hyperintensities, clasmatodendrosis and glio-
vascular abnormalities in ageing and post-stroke dementia. Brain 139(Pt 
1):242–258



Page 15 of 15Sharp et al. acta neuropathol commun           (2021) 9:171 	

	31.	 Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans 
E et al (2015) Clearance systems in the brain-implications for Alzheimer 
disease. Nat Rev Neurol 11(8):457–470

	32.	 Hohenester E, Yurchenco PD (2013) Laminins in basement membrane 
assembly. Cell Adh Migr 7(1):56–63

	33.	 Yurchenco PD (2011) Basement membranes: cell scaffoldings and signal-
ing platforms. Cold Spring Harb Perspect Biol 3:2

	34.	 Bragg AD, Das SS, Froehner SC (2010) Dystrophin-associated protein scaf-
folding in brain requires alpha-dystrobrevin. NeuroReport 21(10):695–699

	35.	 Hawkes CA, Gatherer M, Sharp MM, Dorr A, Yuen HM, Kalaria R et al (2013) 
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 12(2):224–236

	36.	 Held F, Morris AWJ, Pirici D, Niklass S, Sharp MMG, Garz C et al (2017) 
Vascular basement membrane alterations and beta-amyloid accumula-
tions in an animal model of cerebral small vessel disease. Clin Sci (Lond) 
131(10):1001–1013

	37.	 Uspenskaia O, Liebetrau M, Herms J, Danek A, Hamann GF (2004) Aging 
is associated with increased collagen type IV accumulation in the basal 
lamina of human cerebral microvessels. BMC Neurosci 5:37

	38.	 Kalaria RN, Pax AB (1995) Increased collagen content of cerebral 
microvessels in Alzheimer’s disease. Brain Res 705(1–2):349–352

	39.	 Farkas E, De Jong GI, de Vos RA, Jansen Steur EN, Luiten PG (2000) Patho-
logical features of cerebral cortical capillaries are doubled in Alzheimer’s 
disease and Parkinson’s disease. Acta Neuropathol 100(4):395–402

	40.	 Li JG, Pratico D (2015) High levels of homocysteine results in cerebral 
amyloid angiopathy in mice. J Alzheimers Dis 43(1):29–35

	41.	 Kumar-Singh S, Pirici D, McGowan E, Serneels S, Ceuterick C, Hardy J et al 
(2005) Dense-core plaques in Tg2576 and PSAPP mouse models of Alz-
heimer’s disease are centered on vessel walls. Am J Pathol 167(2):527–543

	42.	 Winkler DT, Bondolfi L, Herzig MC, Jann L, Calhoun ME, Wiederhold 
KH et al (2001) Spontaneous hemorrhagic stroke in a mouse model of 
cerebral amyloid angiopathy. J Neurosci 21(5):1619–1627

	43.	 Herzig MC, Winkler DT, Burgermeister P, Pfeifer M, Kohler E, Schmidt 
SD et al (2004) Abeta is targeted to the vasculature in a mouse model 
of hereditary cerebral hemorrhage with amyloidosis. Nat Neurosci 
7(9):954–960

	44.	 Simon MJ, Wang MX, Murchison CF, Roese NE, Boespflug EL, Woltjer RL 
et al (2018) Transcriptional network analysis of human astrocytic endfoot 
genes reveals region-specific associations with dementia status and tau 
pathology. Sci Rep 8(1):12389

	45.	 Ikeshima-Kataoka H, Abe Y, Abe T, Yasui M (2013) Immunological function 
of aquaporin-4 in stab-wounded mouse brain in concert with a pro-
inflammatory cytokine inducer, osteopontin. Mol Cell Neurosci 56:65–75

	46.	 Sharp MM, Page A, Morris A, Weller RO, Carare RO (2017) Quantitative 
assessment of cerebral basement membranes using electron micros-
copy. Methods Mol Biol (Clifton, NJ) 1559:367–375

	47.	 MacGregor Sharp M, Criswell TP, Dobson H, Finucane C, Verma A, Carare 
RO (2019) Solving an Old Dogma: Is it an Arteriole or a Venule? Front 
Aging Neurosci 11:289

	48.	 Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET et al 
(2017) Image J2: ImageJ for the next generation of scientific image data. 
BMC Bioinform 18(1):529

	49.	 Sturchler-Pierrat C, Abramowski D, Duke M, Wiederhold KH, Mistl C, 
Rothacher S et al (1997) Two amyloid precursor protein transgenic mouse 
models with Alzheimer disease-like pathology. Proc Natl Acad Sci USA 
94(24):13287–13292

	50.	 Davis J, Xu F, Deane R, Romanov G, Previti ML, Zeigler K et al (2004) 
Early-onset and robust cerebral microvascular accumulation of amyloid 
beta-protein in transgenic mice expressing low levels of a vasculotropic 
Dutch/Iowa mutant form of amyloid beta-protein precursor. J Biol Chem 
279(19):20296–20306

	51.	 Hawkes CA, Hartig W, Kacza J, Schliebs R, Weller RO, Nicoll JA et al (2011) 
Perivascular drainage of solutes is impaired in the ageing mouse brain 
and in the presence of cerebral amyloid angiopathy. Acta Neuropathol 
121(4):431–443

	52.	 Diem AK, MacGregor Sharp M, Gatherer M, Bressloff NW, Carare RO, Rich-
ardson G (2017) Arterial pulsations cannot drive intramural periarterial 
drainage: significance for abeta drainage. Front Neurosci 11:475

	53.	 Kalaria RN, Premkumar DR, Pax AB, Cohen DL, Lieberburg I (1996) Produc-
tion and increased detection of amyloid beta protein and amyloidogenic 

fragments in brain microvessels, meningeal vessels and choroid plexus in 
Alzheimer’s disease. Brain Res Mol Brain Res 35(1–2):58–68

	54.	 Wisniewski HM, Frackowiak J, Mazur-Kolecka B (1995) In vitro produc-
tion of beta-amyloid in smooth muscle cells isolated from amyloid 
angiopathy-affected vessels. Neurosci Lett 183(1–2):120–123

	55.	 Kiuru S, Salonen O, Haltia M (1999) Gelsolin-related spinal and cerebral 
amyloid angiopathy. Ann Neurol 45(3):305–311

	56.	 Rensink AA, de Waal RM, Kremer B, Verbeek MM (2003) Pathogenesis of 
cerebral amyloid angiopathy. Brain Res Brain Res Rev 43(2):207–223

	57.	 Lepelletier FX, Mann DM, Robinson AC, Pinteaux E, Boutin H (2017) Early 
changes in extracellular matrix in Alzheimer’s disease. Neuropathol Appl 
Neurobiol 43(2):167–182

	58.	 Iliff JJ, Wang M, Zeppenfeld DM, Venkataraman A, Plog BA, Liao Y et al 
(2013) Cerebral arterial pulsation drives paravascular CSF-interstitial fluid 
exchange in the murine brain. J Neurosci 33(46):18190–18199

	59.	 Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M et al (2013) 
Sleep drives metabolite clearance from the adult brain. Science 
342(6156):373–377

	60.	 Gakuba C, Gaberel T, Goursaud S, Bourges J, Di Palma C, Quenault A et al 
(2018) General anesthesia inhibits the activity of the “glymphatic system.” 
Theranostics 8(3):710–722

	61.	 Papadopoulos MC, Verkman AS (2013) Aquaporin water channels in the 
nervous system. Nat Rev Neurosci 14(4):265–277

	62.	 Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen AW et al (2000) 
Aquaporin-4 deletion in mice reduces brain edema after acute water 
intoxication and ischemic stroke. Nat Med 6(2):159–163

	63.	 Papadopoulos MC, Verkman AS (2005) Aquaporin-4 gene disruption in 
mice reduces brain swelling and mortality in pneumococcal meningitis. J 
Biol Chem 280(14):13906–13912

	64.	 Papadopoulos MC, Verkman AS (2007) Aquaporin-4 and brain edema. 
Pediatr Nephrol 22(6):778–784

	65.	 Papadopoulos MC, Binder DK, Verkman AS (2005) Enhanced macro-
molecular diffusion in brain extracellular space in mouse models of 
vasogenic edema measured by cortical surface photobleaching. FASEB J 
19(3):425–427

	66.	 Bloch O, Auguste KI, Manley GT, Verkman AS (2006) Accelerated progres-
sion of kaolin-induced hydrocephalus in aquaporin-4-deficient mice. J 
Cereb Blood Flow Metab 26(12):1527–1537

	67.	 Feng X, Papadopoulos MC, Liu J, Li L, Zhang D, Zhang H et al (2009) 
Sporadic obstructive hydrocephalus in Aqp4 null mice. J Neurosci Res 
87(5):1150–1155

	68.	 Peters MF, O’Brien KF, Sadoulet-Puccio HM, Kunkel LM, Adams ME, 
Froehner SC (1997) Beta-dystrobrevin, a new member of the dystrophin 
family. Identification, cloning, and protein associations. J Biol Chem 
272(50):31561–9

	69.	 Ueda H, Baba T, Terada N, Kato Y, Fujii Y, Takayama I et al (2000) Immunolo-
calization of dystrobrevin in the astrocytic endfeet and endothelial cells 
in the rat cerebellum. Neurosci Lett 283(2):121–124

	70.	 Papadopoulos MC, Manley GT, Krishna S, Verkman AS (2004) Aquaporin-4 
facilitates reabsorption of excess fluid in vasogenic brain edema. FASEB J 
18(11):1291–1293

	71.	 Haj-Yasein NN, Vindedal GF, Eilert-Olsen M, Gundersen GA, Skare Ø, Laake 
P et al (2011) Glial-conditional deletion of aquaporin-4 (Aqp4) reduces 
blood–brain water uptake and confers barrier function on perivascular 
astrocyte endfeet. Proc Natl Acad Sci USA 108(43):17815–17820

	72.	 Dewing JM, Carare RO, Lotery AJ, Ratnayaka JA (2019) The diverse roles of 
TIMP-3: insights into degenerative diseases of the senescent retina and 
brain. Cells 9:1

	73.	 Michaluk P, Kolodziej L, Mioduszewska B, Wilczynski GM, Dzwonek 
J, Jaworski J et al (2007) Beta-dystroglycan as a target for MMP-
9, in response to enhanced neuronal activity. J Biol Chem 
282(22):16036–16041

	74.	 Aldea R, Weller RO, Wilcock DM, Carare RO, Richardson G (2019) Cerebro-
vascular smooth muscle cells as the drivers of intramural periarterial 
drainage of the brain. Front Aging Neurosci 11:1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The α-dystrobrevins play a key role in maintaining the structure and function of the extracellular matrix–significance for protein elimination failure arteriopathies
	Abstract 
	Introduction
	Methods
	Animals
	Human tissue samples
	Immunohistochemistry—human tissue
	Electron microscopy
	Immunohistochemistry-α-DB deficient mice
	Assessment of IPAD in α-DB deficient mice

	Results
	Expression of α-DB at glial-vascular endfeet is elevated in protein elimination failure arteriopathies
	A lack of α-dystrobrevin alters the structure of IPAD pathways by altering ECM morphology
	Loss of α-dystrobrevin mediated localisation of AQP4 to glial vascular endfeet results in larger vessels but does not alter vessel wall morphology
	A lack of α-DB is associated with biochemical changes to the ECM
	Biochemical changes to the basement membrane in α-DB deficient mice are linked to impaired Aβ clearance by IPAD

	Discussion
	Conclusion
	Acknowledgements
	References




