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Abstract
Background  The perivascular conduct pathway that connects the cerebrospinal fluid spaces with the interstitial 
fluid in the parenchyma are of importance for solute clearance from the brain. In this pathway, the relatively 
wide perivascular space (PVS) surrounding the pial arteries provides a low-resistant passage while around the 
perforating arteries, the solute movement is along the basement membrane (BM), that prevents the free exchange 
of interstitial fluids and solutes. We hypothesize that this selectivity involves specific components of the vascular 
BM, which is mainly composed of type IV collagen (Col IV) and laminin networks interconnected by nidogens and 
heparan sulphate proteoglycans (HSPGs). Perlecan is the major HSPG in the BM that binds to Col IV and laminin via 
glycosaminoglycan (GAG) chains to form a molecular sieve. GAGs may also provide the charge selectivity required 
for filtration, and also a scaffold for amyloid-β (Aβ) aggregation. The purpose of this study was the functional 
characterization of perivascular fluid transport and brain clearance in mice lacking perlecan GAG chains.

Methods  We generated a novel mouse line (Hspg2∆3∆91) lacking perlecan GAG side chains and investigated 
perivascular flow and brain clearance in these mice using intravital multiphoton and fluorescence recovery after 
photobleaching techniques, and functional assays with various tracers. Potentially deleterious effects on brain 
homeostasis were investigated using transcriptomic, proteomic and immunohistochemical methods. The Hspg2∆3∆91 
mice were crossed with a 5xFAD line to examine the importance of GAGs in Aβ aggregation.

Results  We observed a delayed inflow of CSF tracer into the Hspg2∆3∆91 brain with no changes in the clearance of 
parenchymal injected tracers. Quantification of the Aβ plaques revealed fewer and smaller plaques in the walls of 
the pial arteries at six months of age, but not in the brain parenchyma. Surprisingly, perlecan GAG deficiency had no 
severe deleterious effects on brain homeostasis in transcriptomic and proteomic analyses.

Conclusions  Potential brain clearance mechanisms are dependent on the flow through special ECM structures. BM 
is mainly known for its barrier function, whereas very little is known about how passage along the perivascular ECM is 
established. This study shows that the GAG composition of the BM affects the solute dynamics and Aβ deposition in 
the periarterial space.

Keywords  Amyloid beta, Basement membrane, Cerebrospinal fluid, Extracellular matrix, Heparan sulphate 
proteoglycan, Perivascular space, Perlecan, Glycosaminoglycans
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Background
The central nervous system (CNS) is surrounded by cere-
brospinal fluid (CSF), which protects the brain from inju-
ries, provides nutrients and functions as a reservoir for 
metabolic waste removal from the brain parenchyma. 
Previous multiphoton and electron microscopy studies 
have identified the perivascular space (PVS) as a con-
ductive pathway between the CSF and the parenchymal 
neuronal tissues along which solutes can be distributed 
within the CNS [1, 2]. The PVS on the brain surface 
can be defined as a relatively low-resistant pathway [3], 
characterized by the presence of fibrillar collagen types I 
and III and the reticular (pial) fibroblast marker, ERTR7, 
expressing cells [4, 5], while the PVS around the pen-
etrating arteries/arterioles, at the site where the pial cell-
defined PVS terminates [4, 5], is composed of a basement 
membrane (BM) that regulates the dynamics of solute 
movement in a size and charge-dependent manner [2, 4]. 
While it remains unclear whether there is a fluid space 
existing around the arteriole and peri-capillary compart-
ments, the presence of CSF-injected tracers around these 
vessels [4, 6] suggests a continuation of the fluid pathway 
from the CSF space.

Brain vascular BM is produced by endothelial, smooth 
muscle and glial cells (astrocytes), the latter bordering on 
the parenchymal side of the PVS. Interestingly, the sol-
utes in the brain parenchyma and in the CSF appear to 
follow different pathways along the BMs [7]. Accordingly, 
tracers injected into the brain parenchyma are found 
within the BM surrounding the capillaries and arterial 
smooth muscle cells while those injected into the CSF 
additionally occupy the outer aspects of the PVS, the 
pial-glial BM [1, 2, 4, 7, 8]. The molecular composition of 
the BM varies across the PVS [4, 8], although it remains 
unclear whether these differences influence solute trans-
port. The major constituents of the BMs are type IV col-
lagen (Col IV), laminins, nidogens, and heparan sulphate 
proteoglycans (HSPGs). Of the three main BM HSPGs 
(agrin, Col XVIII and perlecan), it is perlecan (HSPG2) 
that is most abundant [9], consisting of large, complex 
core proteins and N and C-terminal attachment sites 
for glycosaminoglycan (GAG) chains [10]. The putative 
functions mediated by the GAGs that are of importance 
for the selective passage of solutes between the tissue 
compartments include collateral interactions among the 
BM components to form a three-dimensional network 
that provides them with a poroelastic nature [11]. GAG 
chains may also be largely responsible for hydration of 
the BM [11], and significantly impact the diffusivity of the 
charged particles [12]. Apart from their structural role, 
perlecan GAGs may also be of functional importance in 
binding and presenting growth factors for their cell mem-
brane receptors, as is necessary for the development of 
the perivascular environment for CSF transport [13–15]. 

In addition to their physiological roles, HSPGs have been 
implicated in the pathogenesis of Alzheimer’s disease 
(AD), as they have been shown to accumulate in senile 
plaques [16–18]. Interestingly, the expression of compo-
nents of BM, including perlecan, has been reported to be 
significantly altered in human brains with AD pathology 
[19–26], implying a possible role of BM in AD pathogen-
esis. Supporting this, in vitro experiments have demon-
strated that perlecan GAG chains can stabilize Aβ fibril 
formation [27], although the in vivo importance of this is 
not currently known.

As stated above, previous studies suggest that GAG 
chains may contribute to solute movement within the 
BM of the cerebral vasculature and may affect amyloid 
pathogenesis. To investigate this hypothesis, we gener-
ated a mouse line deficient in GAG binding sites on exons 
3 and 91 (Hspg2Δ3Δ91), resulting in the complete absence 
of GAG chains from the perlecan protein. We then used 
these Hspg2Δ3Δ91 mice to investigate the effect of perlecan 
GAG deficiency on perivascular solute movement and 
brain clearance. In addition, we crossed the Hspg2∆3∆91 
mice with a 5xFAD line to examine the importance of 
perlecan GAG chains in Aβ aggregation.

Results
Generation and characterization of a mouse line lacking in 
glycosaminoglycan chains from the Perlecan core protein
Perlecan core protein deficiency is lethal in mice as it 
leads to cardiac malformations and severe chondrodys-
plasia [28–30]. As GAG chains are functional moieties 
that may contribute to the selective passage of solutes 
through the BM and affect the formation of perivascu-
lar ECM [11, 12, 14], we were interested in generating a 
mouse line to address the specific importance of perlecan 
GAG side chains for perivascular transport. As shown in 
Fig.  1A, perlecan protein consists of 5 domains, among 
which domain I (Ser-Gly-Asp, SGD) and domain V (Glu-
Gly-Ser-Gly, EGSG) have sites for the linkage of GAGs 
at the serine residue [10, 31, 32]. Using gene targeting 
in embryonic mouse stem cells, we removed the SGD 
triplet encoding exon 3 (ex3) and the EGSG encoding 
exon 91 (ex91) from the Hspg2 gene, thereby generating 
a mouse model lacking in GAG chain attachment sites 
(Hspg2∆3∆91). The SGD triplet, split between ex2 and ex3, 
is also expected to be disrupted (Fig.  1A), thus achiev-
ing removal of all the putative GAG attachment sites 
from the perlecan core protein. PCR primer pairs were 
designed to anneal to wild-type (wt) and mutated (mut) 
exons for mouse genotyping (Fig. 1B). Analysis of homo-
zygous Hspg2∆3∆91 mice indicated that, in contrast to the 
perlecan core protein deficient mice, deletion of the GAG 
attachment sites did not lead to lethality, as the homozy-
gous Hspg2∆3∆91 mice were born in the expected Mende-
lian ratio (1:2:1) and without any other readily apparent 
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phenotypic change. Likewise, deletion of the attachment 
sites did not induce changes related to the expression of 
any other BM component in the brain (Fig. 1E-H). More-
over, we similarly did not observe any significant altera-
tions in the transcriptomic or proteomic profile of the 
brain in Hspg2∆3∆91 mice (Supplementary Fig. 1). Primer 
pairs designed to multiply mRNA sequences corre-
sponding to the deleted exons ex3 and ex91 showed that 
these sequences are not included in Hspg2∆3∆91 mRNA 

(Fig.  1C), indicating successful removal of GAG bind-
ing sites from the Hspg2∆3∆91 gene. To confirm the GAG 
deficiency, proteins isolated from the brain hemispheres 
of Hspg2+/+ and Hspg2∆3∆91 mice were treated with hepa-
rinase followed by SDS-PAGE and western-blot analysis. 
As a positive control, we utilized a BM matrix extracted 
from Engelbreth-Holm-Swarm mouse sarcomas (Matri-
gel®) [33, 34], which contains perlecan together with 
other BM proteins. Heparinase-untreated controls from 

Fig. 1  Generation and characterization of mice lacking glycosaminoglycan chains from perlecan core protein. A) Perlecan primary structure. Ser-
ine residues (S, asterisks) in domains I and V are predicted attachment sites for glycosaminoglycan (GAG) chains. Exons 3 and 91 (red boxes) were removed 
from the perlecan gene (Hspg2) and exon 3 was replaced with a neo cassette (grey box). Black triangles, loxP sequences. B) Genotyping of Hspg2+/+, 
Hspg2+/- and Hspg2∆3∆91 mice. C) Primers from the targeted exons 3 and 91 showed no qPCR amplicon in the Hspg2∆3∆91 mice, indicating the absence of 
GAG attachment sites. qPCR using primers from exons 2, 4 or 94 showed no differences between the genotypes, demonstrating unaltered Hspg2 mRNA 
expression (n = 5 mice per genotype). D) Brain homogenates were treated with heparinase (+) or left untreated (-) and analysed by western blot using 
anti-perlecan antibody. In the control samples (Hspg2+/+ and Matrigel®) perlecan is visible in western blot only after removal of the GAGs (heparinase +). 
Perlecan core protein is readily detectable in the Hspg2∆3∆91 mice without heparinase, and the treatment does not affect perlecan mobility, indicating the 
absence of GAGs in the Hspg2∆3∆91 protein. Vinculin was used as a loading control. E) Immunofluorescence staining of perlecan core protein (red) and Col 
IV (green). Perlecan is located in the perivascular BMs of the Hspg2+/+ and Hspg2∆3∆91 mice, quantification of the data in F and G (n = 5–6 per genotype). 
There is no perlecan immunoreactivity in the mice devoid of perlecan core protein (Hspg2-/-). H) qPCR of the brain hemisphere shows no differences in 
the expression level of basement membrane components in Hspg2∆3∆91 (n = 5) mice relative to Hspg2+/+ (n = 5). Scale bar, 200 μm (E). The statistical tests 
used were the multiple unpaired two-tailed t-test with Welch’s correction followed by Benjamini and Hochberg correction for multiple tests (C, H), the 
Mann-Whitney unpaired two-tailed t-test (F) and the unpaired two-tailed t-test with Welch’s correction (G). ***p < 0.001, ****p < 0.0001. ns, non-significant. 
Mean ± SEM
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both the mice brain and Matrigel® did not show any band 
corresponding to native perlecan (Fig. 1D), possibly due 
to masking of the epitope by the GAGs and/or the pres-
ence of charged GAGs that may prevent perlecan trans-
fer onto a membrane [35, 36]. Compared to untreated 
controls, the heparinase-treated samples presented 
a prominent band of the expected molecular weight 
(Fig.  1D, perlecan core protein being 470 kDa [37]). In 
the Hspg2∆3∆91 samples, the perlecan core protein was 
detectable in western-blot analysis without heparinase 
and its mobility in SDS-PAGE did not differ between the 
heparinase-treated and non-treated samples (Fig.  1D), 
confirming that the core protein in the Hspg2∆3∆91 mice 
lacked GAG chains, as expected.

To investigate whether GAG chain deletion affects the 
localization of perlecan core protein in the perivascular 
regions, we performed immunofluorescence analyses 
of brain sections using Col IV and perlecan antibodies 
(Fig. 1E). Perlecan immunostaining co-localized with Col 
IV and its distribution was not affected in the Hspg2∆3∆91 
mice as compared to Hspg2+/+ (Fig.  1E-F). Quantifica-
tion of the immunoreactive area of Col IV, which marks 
the BMs of blood vessels, did not show any significant 
changes in the Hspg2∆3∆91 mice (Fig.  1G). Altogether, 
these results showed that the deletion of ex3 and ex91 
resulted in GAG chain deficiency in Hspg2∆3∆91 mice but 
did not alter Hspg2 gene expression, core protein local-
ization in the PVS, or the viability of the Hspg2 mice.

Absence of Perlecan glycosaminoglycan chains delays 
perivascular inflow but does not affect the perivascular 
penetrance of solutes
To investigate the influence of perlecan GAG chain 
deletion on the perivascular CSF flow, we injected 
2-3-month-old mice with fixable tracer ovalbumin-
Texas Red (OVA-TxRed) and measured the area fraction 
of the tracer in brain sections collected at certain time 
points (Fig. 2A). Perivascular CSF influx, evaluated based 
on the area covered by the tracer, was reduced in the 
Hspg2∆3∆91 mice relative to the Hspg2+/+ at 30 min after 
infusion (Fig.  2B, E). This reduction was more promi-
nent in the ventral aspect (Fig. 2C', D') of the brain than 
in the dorsal aspect (Fig. 2C, D). Analysis of other time 
points, however, did not yield any significant alterations 
in perivascular tracer influx between the Hspg2∆3∆91 and 
Hspg2+/+ mice (Fig. 2B, E). Interestingly, we did observe a 
significant increase in tracer coverage in the Hspg2∆3∆91 
animals between 30 min and 60 min (Fig. 2E), with val-
ues comparable to Hspg2+/+. No additional increase was 
observed at 90  mins, suggesting a delay in fluid influx. 
Importantly, this delay in fluid influx was not a result of 
pressure changes between Hspg2Δ3Δ91 and Hspg2+/+ as 
we observed no significant difference in the intracranial 
pressure (ICP) (Fig.  2F). Moreover, changes in tracer 

area in the Hspg2∆3∆91 mice were not a result of altered 
AQP4 expression (Supplementary Fig. 1), which has been 
shown to be critical for perivascular flow [1, 38].

To analyse further the tracer penetrance along the pen-
etrating arteries, we measured the distribution of tracer 
fluorescence with respect to the previously described 
pial cell marker ERTR7 [4, 5] 30  min after tracer infu-
sion. ERTR7-positive cells have been observed lining a 
fluid-filled space that extends into the brain parenchyma 
along the penetrating arteries [4, 5]. For this purpose, we 
used Col IV to label the vascular BM and considered Col 
IV-positive areas in the brain parenchyma which did not 
overlap with ERTR7 as BM filled PVS (Fig.  3A-D). As 
reported before [5], we observed a significant difference 
in ERTR7-positive vessel coverage between the dorsal 
and ventral/lateral parts of the brain in both genotypes 
(Fig.  3E), the former having higher coverage. However, 
there were no differences in ERTR7-positive vessel cover-
age between the genotypes (Fig. 3E), nor did we observe 
any significant differences between the genotypes in the 
penetration depth of the tracer from the regions where 
the ERTR7-positive labelling terminated (Fig.  3I). This 
result suggests that, despite the reduced presence of the 
tracer (Fig. 3F), the penetration depth of the tracer along 
the BM was not affected in the Hspg2∆3∆91 mice (Fig. 3H, 
I).

To investigate whether the CSF fluid dynamics along 
the pial arteries could explain the observed difference 
in tracer inflow kinetics, we infused 500 nm fluorescent 
beads into the CSF and measured their speed in the PVS 
of the middle cerebral artery. No differences were noted 
between the Hspg2Δ3Δ91 and Hspg2+/+ mice (Supplemen-
tary Fig.  2), suggesting that the low resistance periarte-
rial conduct pathways of the CSF are not affected by the 
removal of GAG chains from the perlecan. Consistent 
with previous findings [3, 39], no fluorescent micro-
spheres were found surrounding the penetrating arteries.

We then analysed the periarterial solute dynamics 
along the penetrating arteries (Fig.  4A, B) using FITC-
Dextran of different molecular weights, since these had 
been shown previously to be distributed along the pen-
etrating arteries [1, 39]. Fluorescence recovery after pho-
tobleaching (FRAP) was performed on the tracer-filled 
perivascular compartments of penetrating and pial arter-
ies to compare their tracer kinetics (Fig.  4C-E). No dif-
ferences in fluorescence recovery time emerged between 
the tracers of different molecular weights in the pial 
arteries (Fig.  4F), which is consistent with the convec-
tive flow hypothesis [39]. Similarly, the genotypes did not 
show any differences in fluorescence recovery times, thus 
supporting the result on perivascular flow of fluorescent 
beads. In the penetrating arteries of Hspg2+/+ (at a depth 
of 100 μm), in contrast, half-time of fluorescence recov-
ery was significantly different between various molecular 
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weight tracers (Fig.  4G), suggesting the presence of dif-
fusive rather than convective flow. In the Hspg2∆3∆91 
mice, this diffusive characteristic was disrupted (Fig. 4G), 
which could plausibly explain the delayed fluid influx 
observed in the ex vivo analysis (Fig. 2E).

Altogether these results thus suggest that a perlecan 
GAG chain deficiency delay the solute inflow and alter 
the diffusive characteristics of solute movement in the 
BM of the penetrating arteries.

Solute clearance from the brain parenchyma in Hspg2∆3∆91 
mice
The glymphatic theory suggests that the perivascu-
lar compartments act as fluid conduits for the influx of 
CSF and the clearance of brain interstitial fluid (ISF) that 
contains metabolites [1]. To investigate the influence of 
GAG chain removal on brain ISF clearance, we injected 
mouse brains with OVA-TxRed at the age of 2–3 months 
(Fig. 5A). The Hspg2∆3∆91 mice did not display any differ-
ences in tracer spreading in the brain parenchyma over 

Fig. 2  Deletion of glycosaminoglycan chain attachment sites from the perlecan core protein delays cerebrospinal fluid influx into the brain. 
A) Schematic timeline for the experiment and sample collection. B) Coronal sections of mice brains for the time points indicated, showing the presence 
of OVA-TxRed tracer (magenta) in the perivascular spaces of the Hspg2+/+ and Hspg2∆3∆91 mice. White arrowheads indicating the locations with reduced 
perivascular influx in Hspg2∆3∆91 as compared to Hspg2+/+. Enlarged images of brain sections highlighting reduced tracer (magenta) in dorsal (D) and 
ventral (D’) locations in Hspg2∆3∆91. E) Quantification of the tracer area showing a statistically significant difference between Hspg2+/+ and Hspg2∆3∆91 
at 30 min (n = 6) but not at 60 min (n = 6) or 90 min (n = 5–6 mice per genotype). Intracranial pressure (ICP) measurements did not show any difference 
between the Hspg2+/+ (n = 10) and Hspg2∆3∆91 (n = 11) mice. Scale bar, 1 mm (B). The statistical tests used were 2-way ANOVA followed by Sidak’s post-
hoc test (E) and the Mann-Whitney unpaired two-tailed t-test (F).  *p < 0.05, **p < 0.01. ns, non-significant. Mean ± SEM
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Fig. 3  Penetrating vasculature in the Hspg2∆3∆91 mice. A, C) Brain sections from mice euthanized 30 min after OVA-TxRed tracer (white) infusion 
into the cisterna magna were co-stained with ERTR7 (red), Col IV (blue) and aSMA (green). B, D) Enlarged insets from A and C respectively, showing 
the distribution of tracer (white) and its co-localization with ERTR7 and Col IV+aSMA+ vessels (arteries, white arrowhead). E, F) Numbers of ERTR7 and 
tracer-positive vessels and their distribution based on location in Hspg2+/+ (n=6) and Hspg2∆3∆91 (n=6) mice. G-I) Quantification of penetration lengths 
of ERTR7, tracer, and their relative distance along with their distribution based on their location in the Hspg2+/+ (n=6) and Hspg2∆3∆91 (n=6) mice. Scale 
bar; 1 mm (A, C), 50 µm (B, D). The statistical test used was 2-way ANOVA followed by Sidak’s post-hoc test (E-I). *p < 0.05, ***p < 0.001, ****p < 0.0001. ns, 
non-significant. Mean ± SEM
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30 min (Fig. 5B, C). Deep cervical lymph nodes (dcLNs) 
have been described as the primary drainage site of the 
CSF [40–42] as well as brain derived metabolites [41, 
43]. Quantification of the OVA-TxRed tracer amount in 
dcLNs did not yield any significant difference between 
the Hspg2∆3∆91 and Hspg2+/+ mice (Fig. 5B, D). Previous 

studies have shown that brain-derived solutes enter the 
CSF before it drains into the dcLNs via the lymphatic ves-
sels in the meninges [43–46]. Additionally, clearance of 
brain solutes such as Aβ has been shown to occur across 
the blood-brain barrier (BBB) via transporters such as 
Lrp1 or p-gp [47–49]. To analyse further whether the 

Fig. 4  Kinetics of fluorescent tracers of differing molecular weights in the perivascular spaces of penetrating and pial arteries in the Hspg2+/+ 
and Hspg2∆3∆91 mice. A) Schematic setup with the location of the cranial window (circle) and the timeline of the imaging experiment. B) Image of 
cortical blood vessels (red, i.v. rhodamine). B) with the locations (1 and 2) of the bleaching experiment. C) Series of images showing baseline, bleach and 
recovery of the tracer (green), when injected via the cisterna magna, around the pial and in the penetrating vessels. D-E) Plots indicating a faster recov-
ery of fluorescence post bleaching next to the pial artery and less steep recovery around the penetrating artery. F) Analysis of the half-time of recovery, 
showing no significant difference between tracers of different molecular weights (FITC-40 kDa and FITC-2000 kDa) around the pial vessels in the Hspg2+/+ 
(n = 6–7) and Hspg2∆3∆91(n = 6–7) mice. G) Analysis demonstrating a significant increase in the half-time of the recovery of FITC-2000 kDa tracer as com-
pared to FITC-40 kDa around the penetrating arteries in the Hspg2+/+ (n = 6–7) mice but not in Hspg2∆3∆91(n = 6–8). Scale bar, 50 μm (B, C). The statistical 
test used was the multiple unpaired two-tailed t-test with Welch’s correction followed by Benjamini and Hochberg correction for multiple t-tests (F, G). 
**p < 0.01. ns, non-significant. Mean ± SEM
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solute clearance routes from the brain are affected in 
Hspg2∆3∆91 mice, we injected a small molecular weight 
tracer (FITC-Dex 4  kDa) into the striatum followed by 
CSF and blood sampling for fluorescence quantification 
(Fig.  6A). In 30  min the amount of tracer in the blood 
increased by ~ 20% (normalized to the baseline) with-
out any further increase at 60 min (Fig. 6D). There were 
no differences in tracer in the blood between genotypes 
(Fig.  6C-D). CSF sampling at 60  min confirmed that 
similar amounts of tracer enter the CSF from the brain 
in both Hspg2+/+ and Hspg2∆3∆91 mice (Fig. 6B). In addi-
tion to the CSF and blood, the tracer was found in dcLNs 
in similar amounts in both genotypes (Fig.  6E), thus 

suggesting that altering the GAG content of the BM does 
not affect the clearance of solutes from the brain.

We also analysed dural LVs using the LYVE1 marker 
and found no significant changes around the confluence 
of the sinus (COS) area in the Hspg2∆3∆91 mice (Supple-
mentary Fig. 3). The lack of changes in the LVs was fur-
ther reflected by the absence of alterations in the drainage 
of the CSF-injected tracer (Supplementary Fig. 3).

Altogether, this dataset showed that the clearance of 
solutes from the brain primarily occurs via the CSF, and 
that this pathway, along with the drainage of solutes from 
the cranium, remains unaltered in Hspg2∆3∆91 mice.

Fig. 5  Clearance of ovalbumin-Texas Red tracer (45 kDa) from the brain parenchyma into the deep cervical lymph nodes. A) Schematic timeline of tracer 
infusion into the brain parenchyma along the anterior/posterior (A/P), medial/lateral (M/L) and dorsal/ventral (D/V) axes and collection of the tissue 
samples. B) Illustrative images of the brain and deep cervical lymph nodes (dcLNs) from Hspg2+/+ and Hspg2∆3∆91 mice, with quantification (C-D, n = 7 
mice per genotype). Scale bar, 1 mm (brain), 500 μm (dcLN). The statistical test used was the unpaired two-tailed t-test with Welch’s correction (C, D). ns, 
non-significant. Mean ± SEM
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Loss of Perlecan glycosaminoglycan chains results in 
reduced amyloid beta deposition around the pial arteries
Previous studies have linked impaired solute clear-
ance along proposed perivascular routes to the accu-
mulation of Tau and Aβ [44, 50–53]. Interestingly, 
HSPGs have been shown to co-localize with congo-
philic plaques in human brain tissues [16, 54]. To test 
the importance of perlecan GAGs in Aβ clearance, we 
crossed the Hspg2Δ3Δ91 mice with the 5xFAD AD model 
(Hspg2Δ3Δ91;5xFAD). Consistent with previous find-
ings [55], the 5xFAD mice showed an age-dependent 

increase in Aβ deposition over the whole brain area and 
separately in the hippocampus (Fig.  7B-H), but no dif-
ference in plaque deposition was observed between the 
Hspg2Δ3Δ91;5xFAD and Hspg2+/+;5xFAD mice at either 
6 or 12 months of age (Fig.  7B-H). This finding sug-
gests that the deletion of GAGs from perlecan does not 
affect amyloid deposition and thus clearance of the brain 
parenchyma. This finding is further supported by lack of 
significant changes in expression levels of Aβ in the pro-
teomic analysis of the brain samples from Hspg2Δ3Δ91 

Fig. 6  FITC-Dextran (4  kDa) tracer dye clearance from the brain parenchyma into the cerebrospinal fluid, blood and deep cervical lymph 
nodes. A) Schematic timeline of tracer infusion into the brain parenchyma along the anterior/posterior (A/P), medial/lateral (M/L) and dorsal/ventral 
(D/V) axes and the collection of blood, cerebrospinal fluid (CSF) and tissue samples. B) Quantification of tracer concentrations in CSF from the Hspg2+/+ 
(n = 7) and Hspg2∆3∆91 (n = 7) mice. C, D) Tracer concentration or its change relative to baseline in blood samples in the Hspg2+/+ (n = 7) and Hspg2∆3∆91 
(n = 7) mice. E) Deep cervical lymph nodes (dcLNs) collected from Hspg2+/+ and Hspg2∆3∆91 mice 60 min after FITC-dextran 4 kDa injection. F, G) Quan-
tification of tracer intensity and size of dcLNs in Hspg2+/+ (n = 7) and Hspg2∆3∆91(n = 7) mice. Scale bar, 500 μm (E). The statistical tests used were the 
Mann-Whitney unpaired two-tailed t-test (B, G), the unpaired two-tailed t-test with Welch’s correction (F) and 2-way ANOVA followed by Sidak’s post-hoc 
test (C, D). ns, non-significant. Mean ± SEM

 



Page 10 of 21Singh et al. Fluids and Barriers of the CNS           (2025) 22:48 

Fig. 7  Hspg2∆3∆91;5xFAD mice show no alterations in amyloid-β (Aβ) load in the brain parenchyma. A) Timeline of the experiment showing the 
timing of sample collection. B) Images of brain sections (Aβ, red) from the Hspg2+/+;5xFAD and Hspg2∆3∆91;5xFAD mice at 6 months (n = 12) and 12 
months (n = 9) of age. C-E) Quantification of Aβ (red) in the whole brain section. F-H) Quantification of Aβ (red) in the hippocampus (white dashed line). 
Scale bar, 1 mm (B). The statistical test used was 2-way ANOVA followed by Sidak’s post-hoc test (B-G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, 
non-significant. Mean ± SEM
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Fig. 8 (See legend on next page.)
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which would suggest an unaltered brain clearance (Sup-
plementary Fig. 1).

Previous findings have demonstrated dysregulated BM 
composition and altered Aβ deposition in the vascular 
BM in aged and in heparanase-overexpressing transgenic 
mice [56, 57]. Given the absence of changes in the brain 
parenchyma, we next examined the potential impact on 
the perivascular deposition of Aβ in the left parietal cor-
tex, and particularly in the pial vessels (Fig. 8A, B), which 
had been primarily affected by amyloid load in a previ-
ous study [58]. Based on strong alpha smooth muscle 
actin (αSMA) staining, arteries were distinguished from 
the veins (αSMA−). Consistent with previous findings in 
the 5xFAD mouse model [58], Aβ deposition was promi-
nent around the arteries, while the veins were devoid of 
detectable deposition (Fig.  8C). The Hspg2Δ3Δ91;5xFAD 
mice showed reduced plaque volume (Fig.  8D) and 
plaque number (Fig.  8E) around the pial arteries at 6 
months of age compared to Hspg2+/+;5xFAD mice. At 12 
months of age, the difference in plaque volume was no 
longer significant, although there was a trend (p = 0.07) 
for reduced plaque volume in the Hspg2Δ3Δ91;5xFAD 
mice (Fig.  8D). Interestingly, in contrast to plaque vol-
ume, the number of plaques at the age of 12 months was 
significantly higher in the Hspg2Δ3Δ91;5xFAD mice than 
in their Hspg2+/+;5xFAD counterparts (Fig. 8E), suggest-
ing unstable plaques resulting in a greater number but 
smaller sized aggregates. The vessel volume did not dif-
fer between the genotypes (Fig. 8F), indicating a lack of 
influence on the plaque volume.

To determine whether the reduced Aβ deposition in 
the Hspg2Δ3Δ91;5xFAD mice at 6 months of age could be 
due to altered CSF clearance, we analysed Aβ deposition 
in the dura mater with co-immunostaining of podoca-
lyxin (highlighting the venous sinus) and an Aβ antibody. 
The staining showed vessel-associated Aβ deposition 
with no difference in immunoreactive area between the 
genotypes (Supplementary Fig.  4). Interestingly, we did 
observe an age-dependent increase in the plaque area in 
the Hspg2+/+;5xFAD group (Supplementary Fig.  4). This 
result suggests that Aβ similarly accumulates in the dura 
mater, which contains lymphatic vessels and large col-
lecting venous sinuses and serves as a CSF drainage route 
of solutes [59]. Altogether, the data in Hspg2Δ3Δ91;5xFAD 
mice indicated that perlecan GAG chains have a role in 
Aβ aggregation around arteries but not in Aβ clearance 
from the brain parenchyma.

Discussion
In this study, we provide evidence of the contribution 
of perlecan GAG chains on solute movement and brain 
clearance. In contrast to the detrimental effect of per-
lecan deletion on development and viability [28, 29], 
deletion of the GAG attachment sites appears to be well 
adapted, causing relatively minor defects [60, 61]. Upon 
complete removal of GAG chains, our proteomic and 
transcriptomic analysis, along with the immunofluores-
cence data, revealed no significant changes associated 
with the brain ECM, further supporting previously pub-
lished findings in which only N-terminal GAG attach-
ment sites were deleted [60]. Also, we did not observe 
any changes in the parenchymal border macrophages, 
which have been shown in a previous study to con-
trol ECM remodelling [62]. Instead, we found that the 
complete removal of GAG chains from perlecan had a 
transient effect on CSF influx in mice as defined by the 
smaller number of tracer-positive PVSs in the brain cor-
tex and changes in the diffusivity characteristics of the 
perivascular BM.

The glymphatic hypothesis states that fluid flows into 
the brain parenchyma along the PVS [1]. PVS around the 
pial arteries may provide a relatively low-resistance path-
way [3] between the brain cortex and the subarachnoid 
space, while there may be higher resistance around the 
penetrating arteries and arterioles (following the merg-
ing of pial layers with the vessel wall [5]) and capillaries, 
where the PVS is filled with BM [4]. The perivascular 
movement is probably regulated more in this compart-
ment than in the PVS of the pial arteries, and may occur 
based on the size, shape, binding and the charge of sol-
utes and composition of the BM. Accordingly, 1  μm 
fluorescent beads injected into the CSF are reported to 
be confined to the superficial aspects of the brain [3]. In 
another study, the penetration of 150 kDa immunoglobu-
lin molecules was found to be more restricted than that 
of ~ 17  kDa single domain antibodies [6]. The impor-
tance of the perivascular BM for the regulation of solute 
movement was assessed in a more recent study in which 
CSF access to PVS was hindered in mice with abnormal 
accumulation of BM proteins (Col IV and laminin) in the 
penetrating arteries as a result of depletion of the ECM 
remodelling parenchymal bordering macrophages [62]. 
The GAG chains of HSPGs in BM provide the hydro-
gel with a net negative charge and may thus contribute 
to the permeability and hydration status of the BM. Our 

(See figure on previous page.)
Fig. 8  Reduced amyloid burden around the pial arteries in 6-month-old Hspg2∆3∆91;5xFAD mice. A) Timeline of the experiment showing the tim-
ing of sample collection. B) Schematic of sample collection strategy. C) Images of the pial artery stained with Col IV (green) and αSMA (red) in the mice 
at the ages indicated. The amyloid beta (Aβ) plaques were stained using methoxy-X04 (MX04, white). D-E) Quantification of the volume and number 
of MX04+ Aβ plaques surrounding the pial vessels shows significantly fewer Aβ plaques in the Hspg2∆3∆91;5xFAD mice at 6 months (n = 12) than at 12 
months (n = 9). F) The volume of the pial arteries shows no significant differences between the genotypes at timepoints indicated. Scale bar, 100 μm 
(C). The statistical test used was 2-way ANOVA followed by Sidak’s post-hoc test (D-F). *p < 0.05, **p < 0.01, ***p < 0.001. ns, non-significant. Mean ± SEM



Page 13 of 21Singh et al. Fluids and Barriers of the CNS           (2025) 22:48 

FRAP analysis suggested that diffusion contributes to 
the dynamics of fluorescent tracers around the penetrat-
ing arteries/arterioles and that deletion of the perlecan 
GAG chains affected that characteristic. This does not, 
however, explain the delayed inflow in Hspg2Δ3Δ91 mice, 
as the penetrance of the tracer from the ERTR7-defined 
perivascular compartment onwards was similar between 
the genotypes. It is thus possible that the altered peri-
arterial diffusion found in Hspg2Δ3Δ91 mice is compen-
sated by improved bulk flow, which has been suggested 
as the main driver of solute movement along the pene-
trating arteries [39]. The differences in fluid influx were 
not accompanied with changes in the expression of the 
ERTR7-positive pial layer in relation to the penetrating 
vessels. Moreover, no differences were observed in bulk 
flow along the branches of the middle cerebral artery. It 
should be noted, however, that multiphoton analysis cov-
ers only a very limited region below the parietal bone, 
and it is still possible that some alteration in speed exists 
in the more distal branches of the middle cerebral artery. 
Vasomotor waves and vascular pulsatility have both been 
shown to contribute to the periarterial flow of solutes [63, 
64], and impaired ICP has also been shown to influence 
periarterial transport [65]. However, in Hspg2Δ3Δ91 mice 
the ICP was not altered. It is thus plausible that there may 
exist local variations in arterial function/cerebral auto-
regulation in Hspg2Δ3Δ91 mice which could account for 
the observed transient change in tracer influx.

In addition to serving as an inflow route, it has been 
suggested that the vascular BM may provide a clearance 
pathway of brain-derived solutes [2, 7]. Fluorescent trac-
ers injected in the brain parenchyma rapidly end up in 
the BM of the arterial walls, from which it is postulated 
that they are transferred to the CSF [2, 7]. Alternatively, 
according to the glymphatic hypothesis, solutes in the 
interstitial space are transported to the perivenous space, 
where they move to the CSF [1]. These solutes have been 
shown to enter the CSF [44, 45, 66] and be cleared by 
the dural lymphatic vessels [41]. We could not observe 
any alteration in the spreading of the fluorescent tracer 
in the brain parenchyma of our Hspg2Δ3Δ91 mice in the 
same time window as we observed the delay in the inflow 
of CSF tracers, nor could we see any impaired drainage 
into the dcLNs or blood. Our results thus suggest that 
the GAG content of the vascular BMs (where perlecan 
is exclusively located in the brain) does not contribute to 
brain clearance, as similar amounts of solutes ended up in 
the CSF in both genotypes. It is possible that other efflux 
pathways such as nerve fibre tracts, may play a more sig-
nificant role in the transfer of solutes from the brain to 
the CSF, as shown in a previous study [67].

To establish the relevance of altered BM GAG con-
tent and solute clearance to pathological contexts, 
we analysed amyloid accumulation in the brains of 

Hspg2∆3∆91;5xFAD mice. In AD patients, perlecan has 
been shown to be localised together with the amyloid 
fibrils of neuritic plaques and cerebrovascular amy-
loid deposits, with a possible role in plaque formation 
[16]. Moreover, perlecan has been found to be essential 
for the formation and stability of Aβ fibrils in vitro [27] 
and additional studies have confirmed that the sulphate 
moieties of GAG chains, or more specifically heparan 
sulphate (HS) GAG chains, play a crucial role in accel-
erating the formation of the fibrillar form of Aβ [27, 68]. 
Furthermore, neuron specific deletion of Ext1, which led 
to a lack of the enzyme required for GAG chain elon-
gation, also led to a reduced Aβ load in mice [51]. We 
found that perlecan GAG deficiency does not influence 
amyloid deposition in the brain, thus further supporting 
the finding of unaltered clearance of fluorescent trac-
ers. Interestingly, the 5xFAD mouse model displayed 
little to no amyloid deposition in the vascular walls of 
the brain parenchyma, while the pial arteries were exten-
sively decorated with amyloid deposits [58]. We observed 
smaller-sized and less numerous Aβ plaques around the 
pial arteries in the Hspg2∆3∆91;5xFAD mice at 6 months 
of age, while no change was observed in the clearance 
kinetics of differently sized fluorescent tracers from CSF 
of young mice. This suggests that a reduction of HS GAG 
chains rather than impaired clearance may contribute to 
amyloid deposition in the arterial walls, a finding that is 
supported by in vitro studies [27, 68]. An in vitro study 
has also demonstrated that the presence of perlecan HS 
GAG chains enhances Aβ1−40 fibril formation at early 
time points [27], and interestingly, it also found that the 
stability of the Aβ1−42 isoform [27], which is considered 
to be the main isoform driving aggregation [69, 70], was 
reduced in the absence of perlecan HS GAG chains. In 
5xFAD mice, the CSF concentration of the aggregation-
prone Aβ1−42 isoform declines markedly with age while 
the concentration of the Aβ1−40 isoform remains unal-
tered [71]. The favoured isoform profile in aged 5xFAD 
mice is Aβ1−40 [71], fibrillization of which is only tran-
siently influenced by HS GAG chains in vitro [27]. This 
may explain why the reduced HS GAG content in the 
Hspg2∆3∆91 mice had less influence on amyloid deposi-
tion in the case of 12-month-old mice than in those aged 
6 months. Interestingly, recombinant perlecan domain V, 
which contains C-terminal GAG binding sites in exon 91, 
has been shown to inhibit Aβ-induced cytotoxic effects 
in cultured hippocampal and cortical neurons [72, 73] 
and endothelial cells [74]. Thus, while the GAG chains 
of perlecan promote the stability of Aβ fibrils in vascu-
lar walls, they may simultaneously reduce the cytotoxic 
effects of Aβ. The role of HS GAG chains as a potential 
therapeutic target for regulating amyloid deposition in 
the walls of cerebral arteries thus clearly warrants further 
investigation.
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Conclusions
The PVS surrounding cerebral blood vessels serves as a 
pathway for fluid and solute inflow and outflow, thereby 
contributing to brain clearance. At the level of the per-
forating arteries/arterioles, the PVS is formed of BM, 
although it has not been known how transport along and 
through this BM is facilitated. To address the importance 
of perlecan as a major perivascular BM proteoglycan, we 
generated a novel mouse line Hspg2∆3∆91, lacking N- and 
C-terminal GAG attachment sites from the perlecan core 
protein. For the first time, we demonstrate that perlecan 
GAG deficiency affects the solute movement and diffu-
sion in the PVS of the penetrating arteries but not their 
clearance from the brain parenchyma. The results addi-
tionally showed that perivascular BM GAG chains have 
a role in Aβ plaque formation on the walls of pial arter-
ies. Thus, our findings also open up avenues for future 
research in targeting GAG chains as a therapeutic mea-
sure for reducing Aβ aggregation and alleviating AD 
pathology.

Materials and methods
Generation of the Hspg2∆3∆91 mouse line
The targeting vector for Hspg2 exon 91 deletion 
(Hspg2Δ91) was first generated by the recombineering 
approach described previously [75]. Briefly, genomic 
BAC-clones RP23-345J3 overlapping the Hspg2 gene 
locus were obtained from BACPAC resources (Chil-
dren’s Hospital Oakland). Bacterial cells carrying these 
BAC-clones were electroporated with pSC101-Bad-
gbaA vector and a floxed neo-cassette with homologous 
arms (5′-cggctcctcccatgtccatcaggaagctcatagctgcctat-
gact-loxp-PGK-EM7-Neo-loxP-gcttccattggatcccctggga-
caggagttatagggagctgtaca-3′) was electroporated  
into the same bacterial cells to replace the exon 91. 
Next, a gene targeting vector was cloned into the 
p15A-amp-HSV-DTA-rpsL-BSD plasmid. Two homol-
ogous arms were generated by PCR using a P15A-
amp-HSV-DTA-rpsL-BSD plasmid as the template and  
the primers: 5′-gaaccaggttccctggctgcgccgaggtatgttctg-
gaattatggtggcatatggaggacgtcgacaaatcaccggtgacccgggtc-3′ 
and  5 ′-gg acc tg ac t aagggg t aagc aggccc ag ac tg tg-
gctcttgggtcctagagggaaccccaaatcgccggcgacttaagtc-3'. 
The PCR-fragment with its homology arms was electro-
porated into bacterial cells having BAC-clones with a 
Neo-cassette in the Hspg2 exon 91 and colonies were con-
firmed by sequencing. The SalI-linearized targeting con-
struct was electroporated into B6 mouse embryonic stem 
(ES) cells and selected with G418. Genomic DNA isolated 
from resistant colonies was screened by PCR. Mutation 
in the resulting Hspg2Δ91 mouse line was confirmed by 
sequencing cDNA from several tissues. The Neo-cassette 
was removed from the Hspg2Δ91 allele by crossing with 
the Cag-Cre mouse line. Isolation and expansion of ES 

cells (homozygous for Δ91) was performed using the 2i 
method [76].

The targeting vector for Hspg2 exon 3 deletion (Δ3) 
was generated by the recombineering approach [75]. 
Briefly, genomic BAC-clones RP23-345J3 overlapping 
the Hspg2 gene locus were obtained from BACPAC 
resources (Children’s Hospital Oakland). Bacterial cells 
carrying BAC-clones were electroporated with the 
pSC101-Bad-gbaA vector and a Cre-Neo-cassette with 
homologous arms flanking the third exon (5′-tcaggc-
catacgctatgatggaggcctccaagctaactaggcatggggtgtgggtgggg-
loxp-PGK-EM7-Neo-loxP- tcagttcaactgatgggcccta-
agcctccagcctcagctctgcgcggctggctgcccttggggtgtggc−3′) 
was electroporated into the same bacterial cells to 
replace the exon 3. Next, a targeting vector was cloned 
into the p15A-amp-HSV-DTA-rpsL-BSD plasmid. Two 
homologous arms were generated by PCR using P15A-
amp-HSV-DTA-rpsL-BSD plasmid templates and the 
primers: 5′-tgccagcaggtcctcatcatcagagaggtatgagtaggtc-
cagccataccggctcgctgtttaccaatgcttaatcagtgaggc−3′ and 
5′-tgccccagttcccaagagtctgcacggagacggagtttgcttgcca-
cagctataatgagtgtcgacttaataagatgatcttcttgagatcg−3′. Then 
the PCR-fragment with its homology arms was electro-
porated into bacterial cells having BAC-clones with the 
Neo-cassette in the Hspg2 exon 3 locus and colonies were 
confirmed by sequencing. The SalI-linearized target-
ing construct was electroporated into the resulting exon 
91-deleted ES cells and selected with G418. Genomic 
DNAs isolated from resistant colonies were screened by 
PCR to identify ES cells having exon 3 and 91 deletions 
in the same allele. Correctly targeted ES clones were used 
for blastocyst injection to generate the Hspg2Δ3Δ91 mouse 
line. The presence of Hspg2Δ3Δ91 deletion was confirmed 
at the cDNA level from several tissues by sequencing the 
exon 3 and exon 91 regions.

Animals and housing
All the experiments were performed on adult (2–3 
months of age) Hspg2Δ3Δ91 mice and Hspg2+/+ litter-
mates. Heterozygote 5xFAD mice (Jackson Laborato-
ries) were crossed with Hspg2Δ3Δ91 mice to obtain the 
Hspg2Δ3Δ91;5xFAD mouse line. Age-matched littermates 
(Hspg2+/+;5xFAD) were used as controls. Both male and 
female mice were used in all the experiments. All the 
genetically modified mouse lines used in the experiments 
were bred and maintained at Oulu Laboratory Animal 
Centre and kept in a C57BL/6NCrl background (Charles 
River Laboratories). The animals were housed in a tem-
perature and moisture-controlled room under a 12-light/
dark cycle with ad libitum access to food and water. 
The experiments were performed on animals anaesthe-
tized using a cocktail of ketamine (100 mg/kg) and xyla-
zine (20  mg/kg), and lidocaine (10  mg/kg) was injected 
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subcutaneously into the surgical sites 5  min before the 
procedure.

Cisterna magna cannulation and infusion
Mice were placed in a stereotaxic frame after checking 
the depth of their anaesthesia by pedal reflex. The cis-
terna magna was exposed by gently separating the neck 
muscles, and BTPE-10 tubing filled with saline (0.9%) and 
connected to a 30G dental needle was inserted in the cis-
terna magna and fixed in place with superglue [77]. The 
tracers were diluted in artificial CSF (Tocris Bio) and 
infused into the cisterna magna via a connecting line into 
the cannula using a Hamilton syringe operated with a 
microinjector (KD Scientific). 4 µl (two-photon imaging) 
or 10 µl (ex vivo analysis) of tracer was infused at a rate 
of 1 µl/min or 2 µl/min, respectively. The connecting line 
was removed after the infusion and the cannula sealed 
using an electrocauter (Bovie, change a tip DEL1). For ex 
vivo analysis, animals were kept in a warm chamber until 
the end of the experiments.

The tracers used for the cisterna magna infusions were: 
FITC Dextran 40  kDa (FD40S-250MG, Sigma; 50  mg/
ml), FITC Dextran 2000 kDa (52471-1MG, Sigma; 50 mg/
ml), ovalbumin Texas Red 45  kDa (O23021, Thermo-
Fisher Scientific; 1 mg/ml) and fluorescent microspheres 
(505/515) 500 nm (F8813, ThermoFisher; 1:4 dilution).

Femoral vein cannulation
Anaesthetized animals were placed in a supine position 
on a heat pad to maintain a body temperature of 37  °C. 
A small incision was made using scissors to expose the 
femoral vessels, followed by cannulation of the femoral 
vein with BTPE-50 tubing. Either Rhodamine-B dextran 
70  kDa (R9379-250MG, Sigma; 5  mg/ml) or Evans blue 
(E2129-50G, Sigma; 0.5  mg/ml) was injected intrave-
nously during the in vivo imaging to visualize the blood 
vasculature.

Skull thinning and two-photon imaging
Anaesthetized mice were placed on a stereotaxic frame 
and the head was stabilized using ear bars. The parietal 
bone was thinned using a dental drill with a 1 mm bit to 
improve light penetration. A four-wing head plate (Neu-
rotar) was attached to the top of the skull and secured 
using dental acryl. Electrocardiogram (ECG) and respira-
tion recordings were made by inserting subdermal elec-
trodes and a respiration sensor, respectively, linked to an 
iWorx data acquisition system (iWorx IX-RA-834). The 
head was stabilized using a stabilizer (Neurotar) and the 
animal was placed under the objective. Imaging was per-
formed using Nikon A1R MP + multiphoton and a CFI75 
APO LWD 25x/1.10 water immersion objective after 
identification of the middle cerebral artery, a large-calibre 
vessel which emerged from the lateral aspect of the skull 

window and traversed towards the midline. The image 
data were acquired using a resonant scanner at 30  Hz 
using 920  nm laser. Time-lapse imaging was performed 
for 1  min each, as indicated in the experimental time-
line. Videos were imported into MATLAB (MathWorks) 
and bead tracking was performed with the Kalman filter 
approach [78].

Fluorescent recovery after photobleaching
Various molecular weight FITC-dextran tracers were 
injected into the CSF. The focal plane was set to the max-
imum diameter of the middle cerebral artery and 100 μm 
from the surface of the vessel for the penetrating arter-
ies. Fluorescence recovery after photobleaching (FRAP) 
was performed using a 920 nm laser to bleach the circu-
lar region of interest (ROI) defined in the PVS containing 
the tracers. Arteries penetrating the brain parenchyma 
were identified and a ROI was established in the PVS at 
a depth of 100 μm from the surface of the vessel. Stimu-
lations that achieved ~ 40–50% bleaching of the baseline 
fluorescent intensity were used in the analysis, and imag-
ing was performed with a Galvano scanner to follow the 
recovery of the tracer fluorescence. For analysis, raw files 
were imported into a Fiji processing package of Image J2 
software (Version 1.53, National Institute of Health) and 
the intensity value of the ROI was exported into Micro-
soft Excel. The fluorescence change was calculated for 
each ROI based on the bleached values and using Graph-
Pad Prism 10 (GraphPad Software), non-linear regression 
with one phase association was performed to calculate 
the half-time of fluorescence recovery and the average 
value of half-time of recovery per location was reported.

Intraparenchymal injection
Anaesthetized mice were placed in a stereotaxic frame 
and the head was fixed using ear bars. 1 µl of tracer was 
injected A/P (anterior/posterior) + 1.0, M/L (medial/
lateral) + 1.5, D/V (dorsal/ventral) -3.0, relative to the 
bregma through a 33G needle (7747, Hamilton) at a rate 
of 0.2  µl/min using microinjector (KD Scientific). The 
needle was left in place for 4 min after the infusion and 
slowly retracted to avoid backflow. The tracers used were 
ovalbumin Texas Red 45  kDa (O23021, ThermoFisher 
Scientific; 1  mg/ml) and FITC Dextran 4  kDa (46944-
500MG, Sigma; 25 mg/ml).

Intracranial pressure measurement
A 30G dental needle connected to a BTPE-10 tube filled 
with saline (0.9%) was inserted through the dura overlay-
ing the cisterna magna and secured with superglue. The 
tubing was connected to a pressure transducer (BP-102) 
and recordings were made using the iWorx data acqui-
sition system (iWorx IX-RA-834) for 10  min. The data 
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were analysed using Labscribe 4 software and the mean 
value over 10 min per animal was reported.

Cerebrospinal fluid collection
CSF was collected at the time points indicated in the 
experimental timeline. The cisterna magna of anaesthe-
tized mice was exposed and a 30G dental needle attached 
to BTPE-10 tubing and a Hamilton syringe was used 
to puncture the dura overlying it. The tubing was held 
in place with forceps and CSF was withdrawn using a 
syringe connected to a microinjector (KD Scientific). The 
CSF was then transferred to a 1.5 ml test tube, frozen in 
liquid nitrogen and stored at -70 °C until further use. CSF 
with blood contamination was discarded from further 
analysis.

Blood sampling and serum collection
The skin of a hind limb of each anaesthetized mouse was 
cut, and the underlying femoral vein was exposed. A tiny 
hole was made in the ascending saphenous vein with a 
27G needle and 80–100 µl blood sample was collected as 
indicated in the experimental timelines. The blood sam-
ples were allowed to stand for 30–60 min on ice and then 
centrifuged at 5000 g for 10 min to separate the serum, 
which was snap frozen in liquid nitrogen and stored at 
-70 °C until use.

Fluorescence analysis
For the quantification of fluorescence tracers in the CSF 
and blood serum, samples were thawed on ice and diluted 
(1:20) in saline (0.9%). Samples were pipetted in tripli-
cate on a 96-well plate and signal were measured using 
a fluorometer (PerkinElmer, VICTOR3V 1420 Multilabel 
counter) with excitation / emission of 485 nm / 535 nm 
(25 nm band-pass filter).

RNA extraction and quantitative PCR
Brain samples were harvested from the mice after trans-
cardial perfusion with 1xPBS and split into two hemi-
spheres. The left hemisphere was snap frozen, sterile 
metal beads were used to lyse the tissue samples in Qia-
gen TissueLyser LT and total RNA was isolated using the 
Fibrous Tissue Mini Kit (Qiagen) following the manufac-
turer’s protocol. 3  µg of total RNA was used to synthe-
size cDNA. 5  µl of Brilliant III Ultra-Fast SYBR Green 
QPCR master mix (600882, Agilent Technologies) with 
1 µl of forward and 1 µl of reverse primers were used. 2 µl 
of cDNA (diluted 1:3 in H2O) was used for the reaction. 
qPCR was performed in duplicates using a CFX96 qPCR 
instrument (Bio-Rad). Sdha was used as a reference gene. 
The primer sequences are presented in Supplementary 
Table 1.

Protein isolation
Brain hemispheres isolated after transcardial perfusion 
were snap frozen in liquid nitrogen and stored at -70 °C. 
Samples were lysed in lysis buffer (25 nM Tris-HCl pH 
7.6, 1% NP40, 1% sodium deoxycholate, 0.1% SDS in ster-
ile water) containing 1:100 protease inhibitors (P8340, 
Sigma Aldrich). Protein concentrations were quantified 
using PierceTM BCA Protein assay kit (23227, Thermo 
Scientific) and protein samples stored as aliquots at 
-70 °C.

Heparinase treatment of brain homogenates
A small aliquot of protein isolated from the brain hemi-
sphere was thawed on ice and the protein amount was 
re-quantified. An equal amount of protein was taken 
and 0.02 IU/ml of heparinase I and III (H3917, Sigma) 
was added to it. 8 µl of Matrigel® (356234, Corning) was 
mixed with 10 µl of heparinase I and III (H3917, Sigma). 
For treatment control, 1xPBS was added to all the sam-
ples in equal volume. All the samples were incubated at 
37  °C for 2  h and further processed for SDS-PAGE and 
western blotting.

SDS PAGE and Western blot analysis
A small aliquot of protein was thawed on ice and the 
proteins were denatured (reduced) by heating at 98  °C 
for 5  min with 1% β-mercaptoethanol (M3148, Sigma-
Aldrich). Proteins were separated with SDS-PAGE using 
12% separating polyacrylamide gels and transferred onto 
a nitrocellulose membrane (Perkin Elmer). Brain and 
Matrigel® samples treated with heparinase (and their 
untreated controls) were denatured (reduced) by heat-
ing at 37  °C and 98  °C, respectively, for 10 min with 1% 
β-mercaptoethanol (M3148, Sigma-Aldrich). The sam-
ples were separated with SDS-PAGE using self-prepared 
4% concentrating and 5% separating polyacrylamide 
gels and then transferred onto a nitrocellulose mem-
brane (Perkin Elmer). The membranes were blocked in 
5% milk powder – 0.05% Tween 20 in 1×PBS for 1 h at 
room temperature (RT) and incubated with primary anti-
bodies (Supplementary Table 2) diluted in solution A (1% 
bovine serum albumin and 0.05% Tween 20 in 1xPBS) 
overnight at + 4 °C. The membranes were then incubated 
with horseradish peroxidase (HRP)–conjugated second-
ary antibodies (Supplementary Table 2) for 1  h at RT, 
and the signals were detected using Lumi-Light Western 
blotting substrate (Roche) and imaged with a LAS-3000 
luminescent image analyser (Fujifilm). The western blot 
images were analysed with ImageJ software (Version 
1.53, National Institute of Health).

Liquid chromatography - mass spectrometry
A 10 µl aliquot of protein (isolated as described earlier) 
was mixed with 50  µl acetone, vortexed and incubated 
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overnight at -20  °C. The samples were centrifuged at 
15,000  g for 30  min at 4  °C and the pellet was washed 
with 80% acetone and centrifuged in the same way before 
further processing by a derivative of the SPEED-method 
[79]. The protein concentration was estimated by UV 
absorption using a nanodrop device and about 1  µg of 
each sample was applied to nano LC-MS.

For data acquisition, Waters nano-Aquity system 
(Thermo) was operated with a Lumos Fusion Orbitrap 
mass spectrometer (Thermo) as the detector. Samples 
were trapped onto a Waters nano ease MZ symmetry 
0.18 × 20  mm precolumn and eluted over a nano ease 
peptide BEH C18 (300Å, 75 μm x 15 cm, 1.7 μm beads 
(Waters)) analytical column under the following condi-
tions: flow 0.3 µl/min, column temperature 40 °C, gradi-
ent from 97% solvent A (0.1 formic acid in water) to 3% 
solvent B (0.1% formic acid in acetonitrile), followed by 
20% solvent B for 65  mins, and increase to 35% solvent 
B for 31  min before a 14  min increase to 80% solvent 
B, where it was kept until the next run. MS data were 
acquired in data-dependent acquisition mode with sur-
vey scans at a resolution setting of 120,000, mass range 
375–1500, automatic gain control (AGC) 4e5, fill time 
under 100 msec. MS-MS interrogation was triggered so 
that multiple charged ions with an intensity above 2e4 
were analysed in the orbitrap, while ions between 1e3 
and 3e4 were passed into the ion trap. AGC was set to 
5e4 with 100 msec maximum and resolution setting of 
15,000 for the orbitrap analyses, while the ion trap was 
filled with AGC 10,000 for a maximum of 300 msec. High 
energy collision dissociation with 30% collision energy 
was used for fragmentation in both cases.

Raw data were analysed with Proteome Discoverer 2.2 
(Thermo). Sequest was used as a search engine with the 
following settings: Swiss Prot homo database (v2017-07-
05) with trypsin digestion allowing up to 2 missed cleav-
ages, mass accuracy 10 ppm for parent ions, 0.02 Da for 
fragments analysed by the orbitrap and 0.6 Da for-ion 
trap data. Carbamidomethylation on cysteine was speci-
fied as a fixed modification and acetylation of protein 
N-termini, deamidation on glutamine and asparagine, 
and oxidation of methionine were specified as dynamic 
modifications. Sequest results were passed to the Per-
colator node with 0.01 and 0.05 set as the limits for the 
strict and relaxed false discovery rates (FDR), with delta 
C below 0.05. The same FDRs were used in protein iden-
tification for the Peptide Validator and Protein FDR Vali-
dator nodes.

Bulk mRNA sequencing and analysis
RNA isolation was performed for brain tissues from 5 to 
6 biological replicates per genotype. RNA samples were 
sent for sequencing to Novogene (Cambridge UK), and 
sequencing was performed at a depth of 25–30  million 

pair reads. FASTQ files with raw sequencing reads were 
aligned to mm10 genomes using the HISAT2 alignment 
tool [80]. HTSeq [81] was utilized to sort the reads into 
feature counts. Counts were then imported into R-Studio 
(v4.1), and DESeq2 [82] was used to normalize the raw 
counts and perform differential expression analyses. To 
correct for the false positives arising from multiple test-
ing, p-values were corrected using the Benjamini-Hoch-
berg method and genes with adjusted p-value < 0.1 were 
used for downstream enrichment analysis. Enrichment 
analysis was performed using the gene set collections 
obtained from MSigDB [83]. Packages such as ggplot2 
[84] and pheatmap were used for plotting the graphs.

Tissue harvesting and processing
The anaesthetized mice were euthanized either by cer-
vical dislocation or transcardial perfusion using 1xPBS. 
The skin around the head was removed and a fine scis-
sor was inserted in the cisterna magna to cut the dura 
along the parietal bone until the rostral part was reached 
from both sides. The top of the skull was carefully lifted, 
dropped into 4% paraformaldehyde (PFA) and incubated 
overnight at + 4  °C. The brain was lifted from the bot-
tom and isolated by removal of the optic chiasm. Brain 
samples for the drainage (mice with i.c.m. injections) or 
efflux (mice with intraparenchymal injections) experi-
ments were fixed overnight at + 4  °C in 4% PFA before 
being transferred to 1xPBS with Azide (0.02%) until fur-
ther processing.

The brains from the AD mice were isolated after perfu-
sion with 1xPBS and dissected into halves using a brain 
matrix. A small portion of the parietal lobe from the left 
hemisphere was cut transversely using fine scissors and 
fixed in 4% PFA overnight at + 4 °C, while the remainder 
of the left hemisphere was snap frozen using liquid nitro-
gen and stored at -80  °C for future use. The right hemi-
sphere was fixed in 4% PFA overnight at + 4 °C. The base 
of the skull attached to the spinal cord was isolated and 
fixed in 4% PFA overnight at + 4 °C. All the samples were 
transferred to 1xPBS with Azide (0.02%) after fixation. 
The fixed brain tissues were cut into either 50–100  μm 
sections using a vibratome (Leica VT1200). The sec-
tions ranging from the bregma A/P + 1.8 to -3.0 were col-
lected in 1xPBS and stored at + 4 °C in 1xPBS with 0.02% 
sodium azide.

Both the superficial cervical lymph nodes (scLNs) and 
the dcLNs were isolated in all the experiments and fixed 
overnight in 4% PFA at + 4 °C before being transferred to 
1xPBS with Azide (0.02%) for long-term storage.

Immunohistochemistry
After the i.c.m injections, the brain samples were washed 
with 1xPBS once for 10  min and incubated in DAPI 
(1:1000, D1306, Invitrogen) diluted in 1xPBS overnight at 
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+ 4 °C on a shaker. Samples were then washed three times 
the next day using 1xPBS for 5  min each and mounted 
on slides. Finally, they were allowed to dry, cover-slipped 
using Epredia™Immu-Mount™ (9990402, Fisher Scien-
tific) mounting media and stored at + 4 °C until imaging.

For immunofluorescence staining of the brain sections, 
samples were washed with 1xPBS containing 0.1% Triton-
X-100 (PBS-T) for 10 min at RT on a shaker. The samples 
were then treated with Tris-EDTA (pH 8.0) at 80  °C for 
30 min for antigen retrieval and cooled down at RT for 
1  h before washing with PBS-T three times for 10  min 
each at RT. Brain sections were then incubated in block-
ing solution (5% normal donkey serum (Jackson Immu-
noResearch), 1% bovine serum albumin and 0.5% Triton 
X-100 in 1xPBS) overnight on a shaker at + 4 °C. Samples 
were incubated in primary and secondary antibodies 
(Supplementary Table 2), diluted in blocking solution, for 
72 h at + 4 °C each with three times 10 min washing with 
PBS-T in between. After three times 10 min washing with 
1xPBS, the samples were mounted on objective glass and 
cover-slipped using Epredia™Immu-Mount™ (9990402, 
Fisher Scientific) mounting media. Imaging was per-
formed within a week of staining. Similar steps to those 
described above, apart from the antigen retrieval step, 
were followed for Aβ staining of the cortex samples and 
brain sections (three sections per animal 600  μm apart 
ranging from bregma A/P -1.2 to 3.0). Methoxy (4920, 
Tocris) diluted in 1xPBS was added to the cortical brain 
samples on the final day of incubation and they were then 
incubated for a further 24 h on the shaker at + 4  °C fol-
lowed by washing with 1xPBS and sample clearing.

Tissue clearing
After immunostaining, the cortex samples were incu-
bated in 50% CUBIC-1 (v/v) reagent [85] (diluted in 
1xPBS) overnight at RT on a shaker. Samples were 
wrapped in foil to protect them from light. The follow-
ing day, samples were transferred to 100% (v/v) CUBIC-1 
reagent on a shaker at RT and kept protected from light. 
The solution was changed every second day for 10 days. 
The samples were imaged after 10 days of treatment and 
imaging finished within 1 week.

Tissue imaging and image analysis
All the staining, imaging and analyses were performed in 
a blind manner. Brain sections (from drainage, efflux and 
AD experiments), skull whole mounts and lymph nodes 
(from drainage and efflux experiments) were imaged 
using AxioZoom V16 stereomicroscope (Carl Zeiss), 
equipped with an Orca-Fusion BT sCMOS camera (Ham-
amatsu Systems), and using Zen 3.3 pro software (Carl 
Zeiss). The objectives used were PlanNeoFluar Z 2.3x and 
PlanNeoFluar Z 1.0x and the imaging parameters were 
same for all the samples. Analysis of the acquired images 

was performed using the Fiji processing package of Image 
J2 software (Version 1.53, National Institute of Health). 
For the brain tracer analyses, the background was sub-
tracted uniformly from the brain sections. The slices 
were outlined manually, auto-thresholded and their area 
fractions were measured. The average value of eight sec-
tions per animal was reported. To quantify the Aβ load in 
the brain sections, brain sections were outlined using a 
freehand tool from ImageJ. The images were thresholded 
and analyse particle plugin (circularity 0–1, size 4-infin-
ity) was used. The average value of three sections per 
mouse was reported.

A free hand tool was used to make a ROI and the mean 
pixel intensities of the dcLNs for each mouse were mea-
sured, and the average value per mouse was reported. 
For analysis of LYVE1 staining from skull whole mounts, 
a freehand tool was used to highlight the regions manu-
ally and thresholding was utilized to measure the area 
fraction.

Immunofluorescence staining of the brain sections 
was imaged using a Leica STELLARIS 8 DIVE or Leica 
SP8 Falcon with a DMI8 microscope using LASX (4.5.0) 
acquisition software. The objectives used were HC PL 
APO 10x/0.40 CS2 (air), HC PL APO 20x/0.75 CS2 (air) 
and HC PL APO 63x/1.40 W motCORR CS2 (oil immer-
sion) and the image acquisition settings being the same 
for all the samples. The images acquired were analysed 
using the Fiji processing package of Image J2 software 
(Version 1.54, National Institute of Health). Threshold-
ing tool was used to measure the area fraction for each 
ROI, and the average value of ten ROIs per animal was 
reported. To analyse ERTR7 staining of the brain sec-
tions, a line tool from ImageJ was used to measure the 
length of the ERTR7 positive vessels and the length of a 
vessel that was positive for the CSF injected tracer, after 
which the exported data were further analysed using 
Excel. The average value of twenty ROIs per animal was 
reported.

The cleared brain cortical samples were imaged using 
Leica SP8 Falcon with a DMI8 microscope using LASX 
(4.5.0) acquisition software. The objective used was HC 
PL APO 40x/1.10 W motCORR CS2 (water immersion) 
and the image acquisition settings were kept constant 
for all the samples. The images were rendered in 3D with 
Imaris Software (Bitplane) for analysis and the surface 
was added using the same thresholding parameters. The 
volume of vessels from the brain cortical samples was 
calculated, the statistics were exported, and the average 
value of three ROIs per animal was reported. In addi-
tion to the surfaces of the vessels in the cortical samples, 
surfaces were also added to Methoxy+ plaques. Col IV+ 
and αSMA+ vessels were identified as arteries and only 
the plaques adjacent to the arteries were quantified. The 
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volume of plaques was calculated, exported and an aver-
age value of three ROIs per animal was reported.

Statistical analysis
The statistical analysis was carried out using GraphPad 
Prism 10 (GraphPad Software). All values are reported in 
the figures as mean ± standard error of the mean (SEM). 
The normality of the distribution of the data was tested 
using the Shapiro-Wilk test, and the unpaired two-tailed 
student’s t-test with Welch’s correction was used to com-
pare differences between two groups in the normally dis-
tributed data and the Mann-Whitney unpaired two-tailed 
student’s t-test when the data were not normally distrib-
uted. One-way ANOVA followed by the Tukey post-hoc 
test was used for comparisons between more than two 
groups with one variable and two-way ANOVA followed 
by Sidak’s post-hoc test for comparisons between mul-
tiple groups with two or more variables. Differences were 
considered statistically significant at p < 0.05.

Abbreviations
AD	� Alzheimer’s disease
ANOVA	� Analysis of variance
αSMA	� Alpha smooth muscle actin
Aβ	� Amyloid beta
CM	� Cisterna magna
COS	� Confluence of sinus
CSF	� Cerebrospinal fluid
dcLN	� Deep cervical lymph node
FITC	� Fluorescein isothiocyanate
FRAP	� Fluorescent recovery after photobleaching
GAG	� Glycosaminoglycan
HSPG	� Heparan sulphate proteoglycan
ISF	� Interstitial fluid
LYVE1	� Lymphatic vessel endothelial hyaluronan 1
PVS	� Perivascular space
SEM	� Standard error of mean

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​8​7​-​0​2​5​-​0​0​6​4​8​-​7.

Supplementary Material 1

Acknowledgements
The authors acknowledge the technical assistance provided by Riita Jokela, 
Minna Siurua and Jaana Träskelin. Biocenter Oulu Light Microscopy, Transgenic 
and Tissue Phenotyping, Proteomics, and Sequencing Core Facilities 
supported by University of Oulu and Biocenter Finland are acknowledged for 
technical advice, analysis of samples, and help with the interpretation of the 
results.

Author contributions
LE, MK and AS planned and conceived the experiments. HE generated the 
Hspg2∆3∆91 line. AS performed all the experiments and analysed the data. AS, 
MK and LE participated in data interpretation and writing the original draft. 
LE and MK supervised the research. VK and LE provided financial resources. All 
the authors have read and commented on the manuscript.

Funding
Open Access funding provided by University of Oulu (including Oulu 
University Hospital).

This research was supported by the Academy of Finland (LE 314501 and 
335722, VK 335720, 338599, 314497 and 275342), Biocenter Oulu strategic 
spearhead project funding (AS, HE), EU JPND2022-120 (LE, VK) and the Jane & 
Aatos Erkko Foundation (VK).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All experimental and animal care procedures were in accordance with 
the Finnish and European legislation and were approved by the national 
Project Authorization Board (license numbers ESAVI/2362/04.10.07/2017 and 
ESAVI/13626/202121/2021).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 29 January 2025 / Accepted: 28 March 2025

References
1.	 Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates CSF flow 

through the brain parenchyma and the clearance of interstitial solutes, 
including amyloid Β. Sci Transl Med. 2012;4:ra147111–147111.

2.	 Morris AWJ, Sharp MMG, Albargothy NJ, Fernandes R, Hawkes CA, Verma 
A, Weller RO, Carare RO. Vascular basement membranes as pathways 
for the passage of fluid into and out of the brain. Acta Neuropathol. 
2016;131:725–36.

3.	 Bedussi B, Almasian M, de Vos J, VanBavel E, Bakker EN. Paravascular spaces 
at the brain surface: low resistance pathways for cerebrospinal fluid flow. J 
Cereb Blood Flow Metab. 2018;38:719–26.

4.	 Hannocks M-JJ, Pizzo ME, Huppert J, Deshpande T, Abbott NJ, Thorne RG, 
Sorokin L. Molecular characterization of perivascular drainage pathways in 
the murine brain. J Cereb Blood Flow Metab. 2018;38:669–86.

5.	 Mestre H, Verma N, Greene TD, et al. Periarteriolar spaces modulate cere-
brospinal fluid transport into brain and demonstrate altered morphology in 
aging and Alzheimer’s disease. Nat Commun. 2022;13:3897.

6.	 Pizzo ME, Wolak DJ, Kumar NN, et al. Intrathecal antibody distribution in the 
rat brain: surface diffusion, perivascular transport and osmotic enhancement 
of delivery. J Physiol. 2018;596:445–75.

7.	 Carare RO, Bernardes-Silva M, Newman TA, Page AM, Nicoll JAR, Perry VH, 
Weller RO. 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 Neurobiol. 
2008;34:131–44.

8.	 Albargothy NJ, Johnston DA, MacGregor-Sharp M, Weller RO, Verma A, 
Hawkes CA, Carare RO. Convective influx/glymphatic system: tracers injected 
into the CSF enter and leave the brain along separate periarterial basement 
membrane pathways. Acta Neuropathol. 2018;136:139–52.

9.	 Sarrazin S, Lamanna WC, Esko JD. Heparan sulfate proteoglycans. Cold Spring 
Harb Perspect Biol. 2011;3:a004952–004952.

10.	 Melrose J. Perlecan, a modular instructive proteoglycan with diverse func-
tional properties. Int J Biochem Cell Biol. 2020;128:105849.

11.	 Fabris G, Lucantonio A, Hampe N, Noetzel E, Hoffmann B, DeSimone A, 
Merkel R. Nanoscale topography and poroelastic properties of model tissue 
breast gland basement membranes. Biophys J. 2018;115:1770–82.

12.	 Lieleg O, Baumgärtel RM, Bausch AR. Selective filtering of particles by the 
extracellular matrix: an electrostatic bandpass. Biophys J. 2009;97:1569–77.

13.	 Göhring W, Sasaki T, Heldin CH, Timpl R, Gohring W, Sasaki T, Heldin CH, 
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;255:60–6.

https://doi.org/10.1186/s12987-025-00648-7
https://doi.org/10.1186/s12987-025-00648-7


Page 20 of 21Singh et al. Fluids and Barriers of the CNS           (2025) 22:48 

14.	 Munk AS, Wang W, Bèchet NB, et al. PDGF-B is required for development of 
the glymphatic system. Cell Rep. 2019;26:2955–e29693.

15.	 Ostman A, Andersson M, Betsholtz C, Westermark B, Heldin CH, Östman A, 
Andersson M, Betsholtz C, Westermark B, Heldin CH. Identification of a cell 
retention signal in the B-chain of platelet-derived growth factor and in the 
long splice version of the A-chain. Cell Regul. 1991;2:503–12.

16.	 Snow AD, Mar H, Nochlin D, Kimata K, Kato M, Suzuki S, Hassell J, Wight TN. 
The presence of Heparan sulfate proteoglycans in the neuritic plaques and 
congophilic angiopathy in Alzheimer’s disease. Am J Pathol. 1988;133:456–63.

17.	 Verbeek MM, Otte-Höller I, van den Born J, van den Heuvel LPWJ, David G, 
Wesseling P, de Waal RMW. Agrin is a major Heparan sulfate proteoglycan 
accumulating in Alzheimer’s disease brain. Am J Pathol. 1999;155:2115–25.

18.	 Perlmutter LS, Barrón E, Saperia D, Chui HC. Association between vascular 
basement membrane components and the lesions of Alzheimer’s disease. J 
Neurosci Res. 1991;30:673–81.

19.	 Lepelletier F-XF-X, Mann DMA, Robinson AC, Pinteaux E, Boutin H. Early 
changes in extracellular matrix in Alzheimer’s disease. Neuropathol Appl 
Neurobiol. 2017;43:167–82.

20.	 Magaki S, Tang Z, Tung S, Williams CK, Lo D, Yong WH, Khanlou N, Vinters HV. 
The effects of cerebral amyloid angiopathy on integrity of the blood-brain 
barrier. Neurobiol Aging. 2018;70:70–7.

21.	 Claudio L. Ultrastructural features of the blood-brain barrier in biopsy tissue 
from Alzheimer’s disease patients. Acta Neuropathol. 1995;91:6–14.

22.	 Farkas E, De Jong GI, de Vos RAI, Jansen Steur ENH, Luiten PGM. Pathological 
features of cerebral cortical capillaries are doubled in Alzheimer’s disease and 
Parkinson’s disease. Acta Neuropathol. 2000;100:395–402.

23.	 Kalaria RN, Pax AB. Increased collagen content of cerebral microvessels in 
Alzheimer’s disease. Brain Res. 1995;705:349–52.

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

25.	 Zarow C, Barron E, Chui HC, Perlmutter LS. Vascular basement membrane 
pathology and Alzheimer’s disease. Ann N Y Acad Sci. 1997;826:147–60.

26.	 Shimizu H, Ghazizadeh M, Sato S, Oguro T, Kawanami O. Interaction between 
β-amyloid protein and Heparan sulfate proteoglycans from the cerebral 
capillary basement membrane in Alzheimer’s disease. J Clin Neurosci. 
2009;16:277–82.

27.	 Castillo GM, Ngo C, Cummings J, Wight TN, Snow AD. Perlecan binds to the 
β-Amyloid proteins (Aβ) of Alzheimer’s disease, accelerates Aβ fibril forma-
tion, and maintains Aβ fibril stability. J Neurochem. 1997;69:2452–65.

28.	 Arikawa-Hirasawa E, Watanabe H, Takami H, Hassell JR, Yamada Y. Perlecan is 
essential for cartilage and cephalic development. Nat Genet. 1999;23:354–8.

29.	 Costell M, Gustafsson E, Aszódi A, Mörgelin M, Bloch W, Hunziker E, Addicks 
K, Timpl R, Fässler R. Perlecan maintains the integrity of cartilage and some 
basement membranes. J Cell Biol. 1999;147:1109–22.

30.	 Costell M, Carmona R, Gustafsson E, González-Iriarte M, Fässler R, Muñoz-
Chápuli R. Hyperplastic Conotruncal endocardial cushions and transposition 
of great arteries in perlecan-null mice. Circ Res. 2002;91:158–64.

31.	 Tapanadechopone P, Hassell JR, Rigatti B, Couchman JR. Localization of gly-
cosaminoglycan substitution sites on domain V of mouse Perlecan. Biochem 
Biophys Res Commun. 1999;265:680–90.

32.	 Dolan M, Horchar T, Rigatti B, Hassell JR. Identification of sites in domain 
I of Perlecan that regulate Heparan sulfate synthesis. J Biol Chem. 
1997;272:4316–22.

33.	 Kleinman HK, McGarvey ML, Hassell JR, Star VL, Cannon FB, Laurie GW, Martin 
GR. Basement membrane complexes with biological activity. Biochemistry. 
1986;25:312–8.

34.	 Hassell JR, Robey PG, Barrach HJ, Wilczek J, Rennard SI, Martin GR. Isolation of 
a Heparan sulfate-containing proteoglycan from basement membrane. Proc 
Natl Acad Sci. 1980;77:4494–8.

35.	 Arikawa-Hirasawa E, Le AH, Nishino I, et al. Structural and functional muta-
tions of the Perlecan gene cause Schwartz-Jampel syndrome, with myotonic 
myopathy and chondrodysplasia. Am J Hum Genet. 2002;70:1368–75.

36.	 Govindraj P, West L, Koob TJ, Neame P, Doege K, Hassell JR. Isolation and 
identification of the major Heparan sulfate proteoglycans in the developing 
bovine rib growth plate. J Biol Chem. 2002;277:19461–9.

37.	 Murdoch AD, Dodge GR, Cohen I, Tuan RS, Iozzo RV. Primary structure of the 
human Heparan sulfate proteoglycan from basement membrane (HSPG2/
perlecan). A chimeric molecule with multiple domains homologous to the 
low density lipoprotein receptor, laminin, neural cell adhesion molecules, and 
epidermal growt. J Biol Chem. 1992;267:8544–57.

38.	 Mestre H, Hablitz LM, Xavier ALR et al. (2018) Aquaporin-4-dependent glym-
phatic solute transport in the rodent brain. Elife. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​5​5​4​​/​e​​L​i​f​e​
.​4​0​0​7​0

39.	 Mestre H, Tithof J, Du T, Song W, Peng W, Sweeney AM, Olveda G, Thomas 
JH, Nedergaard M, Kelley DH. Flow of cerebrospinal fluid is driven by arterial 
pulsations and is reduced in hypertension. Nat Commun. 2018;9:4878.

40.	 Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of cerebrospinal fluid is 
predominantly through lymphatic vessels and is reduced in aged mice. Nat 
Commun. 2017;8:1434.

41.	 Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, Wiig H, 
Alitalo K. A dural lymphatic vascular system that drains brain interstitial fluid 
and macromolecules. J Exp Med. 2015;212:991–9.

42.	 Louveau A, Smirnov I, Keyes TJ, et al. Structural and functional features of 
central nervous system lymphatic vessels. Nature. 2015;523:337–41.

43.	 Ahn JH, Cho H, Kim JH, et al. Meningeal lymphatic vessels at the skull base 
drain cerebrospinal fluid. Nature. 2019;572:62–6.

44.	 Harrison IF, Ismail O, Machhada A, et al. Impaired glymphatic function and 
clearance of Tau in an Alzheimer’s disease model. Brain. 2020;143:2576–93.

45.	 Ishida K, Yamada K, Nishiyama R, Hashimoto T, Nishida I, Abe Y, Yasui M, 
Iwatsubo T. Glymphatic system clears extracellular Tau and protects from Tau 
aggregation and neurodegeneration. J Exp Med. 2022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​
4​​/​j​​e​m​.​2​0​2​1​1​2​7​5.

46.	 Cserr HF, Cooper DN, Suri PK, Patlak CS. Efflux of radiolabeled polyethylene 
glycols and albumin from rat brain. Am J Physiol Physiol. 1981;240:F319–28.

47.	 Kanekiyo T, Cirrito JR, Liu C-C, Shinohara M, Li J, Schuler DR, Shinohara M, 
Holtzman DM, Bu G. Neuronal clearance of Amyloid-β by endocytic receptor 
LRP1. J Neurosci. 2013;33:19276–83.

48.	 Cirrito JR. P-glycoprotein deficiency at the blood-brain barrier increases 
amyloid- deposition in an alzheimer disease mouse model. J Clin Invest. 
2005;115:3285–90.

49.	 Wahrle SE, Jiang H, Parsadanian M, Hartman RE, Bales KR, Paul SM, Holtzman 
DM. Deletion of Abca1 increases Aβ deposition in the PDAPP Transgenic 
mouse model of alzheimer disease. J Biol Chem. 2005;280:43236–42.

50.	 Hawkes CA, Härtig W, Kacza J, Schliebs R, Weller RO, Nicoll JA, Carare RO. 
Perivascular drainage of solutes is impaired in the ageing mouse brain 
and in the presence of cerebral amyloid angiopathy. Acta Neuropathol. 
2011;121:431–43.

51.	 Liu C-C, Zhao N, Yamaguchi Y, Cirrito JR, Kanekiyo T, Holtzman DM, Bu G. 
Neuronal Heparan sulfates promote amyloid pathology by modulating brain 
amyloid-β clearance and aggregation in Alzheimer’s disease. Sci Transl Med. 
2016;8:332ra44.

52.	 Hawkes CA, Sullivan PM, Hands S, Weller RO, Nicoll JAR, Carare RO. Disruption 
of arterial perivascular drainage of amyloid-β from the brains of mice express-
ing the human APOE Ε4 allele. PLoS ONE. 2012;7:e41636.

53.	 Xu Z, Xiao N, Chen Y, Huang H, Marshall C, Gao J, Cai Z, Wu T, Hu G, Xiao M. 
Deletion of aquaporin-4 in APP/PS1 mice exacerbates brain Aβ accumulation 
and memory deficits. Mol Neurodegener. 2015;10:58.

54.	 Snow AD, Mar H, Nochlin D, Sekiguchi RT, Kimata K, Koike Y, Wight TN. Early 
accumulation of Heparan sulfate in neurons and in the beta-amyloid protein-
containing lesions of Alzheimer’s disease and Down’s syndrome. Am J Pathol. 
1990;137:1253–70.

55.	 Forner S, Kawauchi S, Balderrama-Gutierrez G, et al. Systematic phenotyping 
and characterization of the 5xFAD mouse model of Alzheimer’s disease. Sci 
Data. 2021;8:270.

56.	 Hawkes CA, Gatherer M, Sharp MM, Dorr A, Yuen HM, Kalaria R, Weller RO, 
Carare RO. Regional differences in the morphological and functional effects 
of aging on cerebral basement membranes and perivascular drainage of 
amyloid-β from the mouse brain. Aging Cell. 2013;12:224–36.

57.	 Zhang X, O’Callaghan P, Li H, et al. Heparanase overexpression impedes peri-
vascular clearance of amyloid-β from murine brain: relevance to Alzheimer’s 
disease. Acta Neuropathol Commun. 2021;9:84.

58.	 Giannoni P, Arango-Lievano M, Neves I, Das, Rousset M-C, Baranger K, 
Rivera S, Jeanneteau F, Claeysen S, Marchi N. Cerebrovascular pathology 
during the progression of experimental Alzheimer’s disease. Neurobiol Dis. 
2016;88:107–17.

59.	 Da Mesquita S, Louveau A, Vaccari A, et al. Functional aspects of meningeal 
lymphatics in ageing and Alzheimer’s disease. Nature. 2018;560:185–91.

60.	 Rossi M. Heparan sulfate chains of Perlecan are indispensable in the lens 
capsule but not in the kidney. EMBO J. 2003;22:236–45.

61.	 Tran P-K, Tran-Lundmark K, Soininen R, Tryggvason K, Thyberg J, Hedin U. 
Increased intimal hyperplasia and smooth muscle cell proliferation in Trans-
genic mice with Heparan Sulfate–Deficient Perlecan. Circ Res. 2004;94:550–8.

https://doi.org/10.7554/eLife.40070
https://doi.org/10.7554/eLife.40070
https://doi.org/10.1084/jem.20211275
https://doi.org/10.1084/jem.20211275


Page 21 of 21Singh et al. Fluids and Barriers of the CNS           (2025) 22:48 

62.	 Drieu A, Du S, Storck SE, et al. Parenchymal border macrophages regulate the 
flow dynamics of the cerebrospinal fluid. Nature. 2022;611:585–93.

63.	 van Veluw SJ, Hou SS, Calvo-Rodriguez M, Arbel-Ornath M, Snyder AC, Frosch 
MP, Greenberg SM, Bacskai BJ. Vasomotion as a driving force for paravascular 
clearance in the awake mouse brain. Neuron. 2020;105:549–e5615.

64.	 Iliff JJ, Wang M, Zeppenfeld DM, Venkataraman A, Plog BA, Liao Y, Deane R, 
Nedergaard M. Cerebral arterial pulsation drives paravascular CSF–Interstitial 
fluid exchange in the murine brain. J Neurosci. 2013;33:18190–9.

65.	 Matrongolo MJ, Ang PS, Wu J, Jain A, Thackray JK, Reddy A, Sung CC, Barbet 
G, Hong Y-K, Tischfield MA. Piezo1 agonist restores meningeal lymphatic 
vessels, drainage, and brain-CSF perfusion in craniosynostosis and aged mice. 
J Clin Invest. 2024. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​2​​/​J​​C​I​1​7​1​4​6​8.

66.	 Rustenhoven J, Drieu A, Mamuladze T, et al. Functional characterization of the 
dural sinuses as a neuroimmune interface. Cell. 2021;184:1000–e101627.

67.	 Cserr HF, Cooper DN, Milhorat TH. Flow of cerebral interstitial fluid as indi-
cated by the removal of extracellular markers from rat caudate nucleus. Exp 
Eye Res. 1977;25:461–73.

68.	 Castillo GM, Lukito W, Wight TN, Snow AD. The sulfate moieties of glycos-
aminoglycans are critical for the enhancement of β-Amyloid protein fibril 
formation. J Neurochem. 1999;72:1681–7.

69.	 Younkin SG. The role of Aβ42 in Alzheimer’s disease. J Physiol. 
1998;92:289–92.

70.	 McGowan E, Pickford F, Kim J, et al. Abeta42 is essential for parenchymal and 
vascular amyloid deposition in mice. Neuron. 2005;47:191–9.

71.	 Andersson E, Blennow K, Zetterberg H, Hansson O. CSF Aβ42 and Aβ40 and 
their relation to brain soluble and insoluble Aβ in the 5xFAD mouse model of 
Alzheimer’s disease. Alzheimers Dement. 2021;17:e055684.

72.	 Wright S, Parham C, Lee B, et al. Perlecan domain V inhibits Α2 integrin-medi-
ated amyloid-β neurotoxicity. Neurobiol Aging. 2012;33:1379–88.

73.	 Parham CL, Shaw C, Auckland LD, Dickeson SK, Griswold-Prenner I, Bix G. Per-
lecan domain V inhibits Amyloid-β induced activation of the Α2β1 Integrin-
Mediated neurotoxic signaling cascade. J Alzheimers Dis. 2016;54:1629–47.

74.	 Parham C, Auckland L, Rachwal J, Clarke D, Bix G. Perlecan domain V inhibits 
amyloid-β induced brain endothelial cell toxicity and restores angiogenic 
function. J Alzheimers Dis. 2013;38:415–23.

75.	 Wang J, Sarov M, Rientjes J, Fu J, Hollak H, Kranz H, Xie W, Stewart AF, Zhang Y. 
An improved recombineering approach by adding RecA to Λ red recombina-
tion. Mol Biotechnol. 2006;32:043–54.

76.	 Nichols J, Silva J, Roode M, Smith A. Suppression of Erk signalling pro-
motes ground state pluripotency in the mouse embryo. Development. 
2009;136:3215–22.

77.	 Xavier ALR, Hauglund NL, von Holstein-Rathlou S, Li Q, Sanggaard S, Lou N, 
Lundgaard I, Nedergaard M. Cannula implantation into the cisterna magna of 
rodents. J Vis Exp. 2018. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​3​7​​​9​1​​/​5​7​3​7​8.

78.	 Kaakinen M, Huttunen S, Paavolainen L, Marjomaki V, Heikkila J, Eklund L. 
Automatic detection and analysis of cell motility in phase-contrast time-
lapse images using a combination of maximally stable extremal regions and 
Kalman filter approaches. J Microsc. 2014;253:65–78.

79.	 Doellinger J, Schneider A, Hoeller M, Lasch P. Sample Preparation by easy 
extraction and digestion (SPEED) - A universal, rapid, and Detergent-free 
protocol for proteomics based on acid extraction. Mol Cell Proteom. 
2020;19:209–22.

80.	 Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol. 
2019;37:907–15.

81.	 Anders S, Pyl PT, Huber W. HTSeq—a python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31:166–9.

82.	 Love MI, Huber W, Anders S. Moderated Estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

83.	 Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov JP, Tamayo P. 
The molecular signatures database hallmark gene set collection. Cell Syst. 
2015;1:417–25.

84.	 Wickham H. (2016) ggplot2: Elegant Graphics for Data Analysis.
85.	 Susaki EA, Tainaka K, Perrin D, et al. Whole-Brain imaging with Single-Cell 

resolution using chemical cocktails and computational analysis. Cell. 
2014;157:726–39.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1172/JCI171468
https://doi.org/10.3791/57378

	﻿The glycosaminoglycan chains of perlecan regulate the perivascular fluid transport
	﻿Abstract
	﻿Background
	﻿Results
	﻿Generation and characterization of a mouse line lacking in glycosaminoglycan chains from the Perlecan core protein
	﻿Absence of Perlecan glycosaminoglycan chains delays perivascular inflow but does not affect the perivascular penetrance of solutes
	﻿Solute clearance from the brain parenchyma in ﻿Hspg2﻿﻿∆3∆91﻿ mice
	﻿Loss of Perlecan glycosaminoglycan chains results in reduced amyloid beta deposition around the pial arteries

	﻿Discussion
	﻿Conclusions
	﻿Materials and methods
	﻿Generation of the ﻿Hspg2﻿﻿∆3∆91﻿ mouse line
	﻿Animals and housing
	﻿Cisterna magna cannulation and infusion
	﻿Femoral vein cannulation
	﻿Skull thinning and two-photon imaging
	﻿Fluorescent recovery after photobleaching
	﻿Intraparenchymal injection
	﻿Intracranial pressure measurement
	﻿Cerebrospinal fluid collection
	﻿Blood sampling and serum collection
	﻿Fluorescence analysis
	﻿RNA extraction and quantitative PCR
	﻿Protein isolation
	﻿Heparinase treatment of brain homogenates
	﻿SDS PAGE and Western blot analysis
	﻿Liquid chromatography - mass spectrometry
	﻿Bulk mRNA sequencing and analysis
	﻿Tissue harvesting and processing
	﻿Immunohistochemistry
	﻿Tissue clearing
	﻿Tissue imaging and image analysis
	﻿Statistical analysis

	﻿References


