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The integrity of the endothelial barrier between circulating blood
and tissue is important for blood vessel function and, ultimately, for
organ homeostasis. Here, we developed a vessel-on-a-chip with
perfused endothelialized channels lined with human bone marrow
stromal cells, which adopt a mural cell-like phenotype that recapitulates barrier function of the vasculature. In this model, barrier
function is compromised upon exposure to inflammatory factors
such as LPS, thrombin, and TNFα, as has been observed in vivo. Interestingly, we observed a rapid physical withdrawal of mural cells
from the endothelium that was accompanied by an inhibition of
endogenous Rac1 activity and increase in RhoA activity in the mural
cells themselves upon inflammation. Using a system to chemically
induce activity in exogenously expressed Rac1 or RhoA within minutes of stimulation, we demonstrated RhoA activation induced loss
of mural cell coverage on the endothelium and reduced endothelial
barrier function, and this effect was abrogated when Rac1 was simultaneously activated. We further showed that N-cadherin expression in mural cells plays a key role in barrier function, as CRISPRmediated knockout of N-cadherin in the mural cells led to loss of
barrier function, and overexpression of N-cadherin in CHO cells promoted barrier function. In summary, this bicellular model demonstrates the continuous and rapid modulation of adhesive
interactions between endothelial and mural cells and its impact
on vascular barrier function and highlights an in vitro platform
to study the biology of perivascular–endothelial interactions.
3D culture

blood vessel contractility, vascular integrity, and, overall, organ
homeostasis (10–14). For example, for proper organ function in
kidney and brain, where barrier properties in the microvasculature
need to be finely tuned, an appropriate mural cell–EC ratio is
important (15–17). Whereas mural cells are thought to be important in vivo, much of our understanding of barrier function
regulation is focused solely on the endothelium (18, 19). This may
be, in part, because barrier function is widely studied in endothelial monolayers (20, 21) and is also due to the lack of an in vitro
system that incorporates both ECs and mural cells, which can be
exposed to fluid flow (22).
Here, we have developed a biomimetic 3D platform that recapitulates perivascular-mediated barrier function in an engineered
microvessel with a perfusable lumen and then investigated whether
inflammatory cues would impact the endothelial–mural cell interaction. We showed that both primary human bone marrow stromal cells (hBMSCs) and pericytes reside perivascularly and adopt
mural functions within the engineered vasculature. Interestingly, we
found that vascular inflammation induces a Ras homolog family
member A (RhoA)-dependent detachment of mural cells and reduces N-cadherin–mediated coverage of vessels, leading to vascular
permeability. Furthermore, we were able to substantiate these
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Organ homeostasis requires integrity of blood vessels; alterations or disruption of the vascular barrier between blood and
tissue contribute to numerous diseases. Endothelial cells and
mural cells are two key cell types, which play significant roles for
the maintenance of barrier function. Here, we present a 3D
bicellular vascular model to mimic this barrier function and study
the role of mural cells in vascular inflammation. Importantly, by
using this 3D model we identified RhoA, Rac1, and N-cadherin as
important regulators in mural–endothelial cell-mediated vascular
barrier function. Given the recognized fundamental importance
of this barrier in numerous disease settings, this in vitro microphysiological system presented herein could provide a tool for
studying vascular barrier function in 3D microenvironments.

B

arrier properties of blood vessels play a major role in organ
function and homeostasis (1). Upon tissue injury, activation of
inflammatory cascades causes a loss of barrier function, which
results in fluid leakage into the interstitial tissue, ultimately leading to edema. When blood and platelets are exposed to the underlying extracellular matrix, clotting and further inflammation
can also be triggered. Thus, in acute settings, such as in ischemic
or hemorrhagic stroke, massive changes in barrier function can
compromise vital organs (2, 3). Even mild but prolonged loss of
barrier function can ultimately result in compromised perfusion,
chronic inflammation, and tissue damage (4–7).
Although endothelial cells (ECs) are the primary effectors of
barrier control, it has long been appreciated that there is a supporting mesenchymal population known as mural cells that are
important for modulating endothelial function. Vascular mural
cells are a heterogeneous cell population consisting of vascular
smooth muscle cells and pericytes, which were defined originally
based on their anatomical location, covering the abluminal surface
and sharing the basement membrane with the endothelium of
capillaries, arterioles, and venules (8, 9). The functional role of
mural cells is to modulate vessel function by regulating blood flow,
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findings in an in vivo model of LPS-driven skin inflammation.
Hence, our 3D bicellular system enables us to deconvolute the
contribution of different blood vessel cell types on vascular barrier
function and to detect molecular targets for potential therapeutics to
treat blood vessel diseases.
Results
Bicellular Perfusable 3D Platform Recapitulates Pericyte Role in
Regulating Vascular Barrier Function. To study the role of peri-

vascular cells in regulating barrier function, we used a microfluidic
device in which human bone marrow stromal cells (hBMSCs), a
cell population that exhibit mural cell characteristics (23–28), lined
a perfusable endothelialized channel. The device was assembled
based largely on previously described models of endothelialized
channels (29), in this case by casting a single, hollowed cylindrical
channel (160 μm diameter) into type-I collagen within a polydimethylsiloxane (PDMS) mold containing a bulk chamber hosting
the vessel and reservoir chambers for introducing media into the
system. hBMSCs were seeded 4 h before ECs and allowed to adhere and spread on the collagen wall (Fig. 1A). After hBMSCs
were allowed to adhere to the collagen (∼4 h), human umbilical
vein endothelial cells (HUVECs) were seeded into the vessel
mold. Within 24 h, the cells organized into an engineered
microvessel within our device and consisted of an inner layer of
endothelial cells connecting to each other through platelet endothelial cell adhesion molecule (PECAM-1 or CD31, Fig. 1B),
VE-cadherin, and JAM-A (SI Appendix, Fig. S1) surrounded by an
outer layer of hBMSCs. Akin to anatomical organization of pericytes in vivo, the hBMSCs decorated the abluminal surface of the
confluent endothelium in our device (Fig. 1B) along the longitudinal axis of the microvessel and expressed the mural membrane
surface markers PDGFRβ, NG2, desmin, CD146, and RSG5 (30–
33) (SI Appendix, Fig. S2). To evaluate whether our vascular chip
recapitulates in vivo barrier-like features of vessels and whether
hBMSCs contribute to that barrier, we seeded different ratios of
hBMSCs to HUVECs (0:1, 1:1, 1:5, 1:10, and 1:100) (SI Appendix,

Fig. S3) and quantified permeability by measuring the extravasation of fluorescently labeled 10 kDa or 70 kDa dextran from the
vessel lumen (34) (Fig. 1C). We found that the presence of
hBMSCs in ratios of 1:1 and 1:5 relative to HUVECs significantly
reduced leakage of fluorescent dextran into the interstitial space
compared with control microvessels containing ECs alone. Further
decreasing the ratio of hBMSCs-HUVECs (from 1:1 to 1:100)
resulted in dye extravasation, indicating increased vascular permeability (Fig. 1C). To further validate that hBMSCs are indeed
an appropriate cell type to study barrier function, we compared the
vascular permeability of endothelialized channels covered with
human kidney pericytes (PCs), hBMSCs, and human lung fibroblasts (hFs). Whereas hFs reduced permeability compared with
HUVECs alone, the effect was much smaller than the near complete reduction in permeability seen with either hBMSCs or PCs
(SI Appendix, Fig. S4). In contrast to hFs, hBMSCs do not exhibit
migratory behavior, and they cover the endothelium by sharing the
basement membrane with ECs (SI Appendix, Fig. S5 A and B), thus
further reinforcing that hBMSCs emulate vascular mural cells anatomically and functionally in our model. Taken together, our findings
demonstrate that a coculture model comprised of an endothelialized
channel covered with hBMSCs is a valid model for studying EC–
mural cell interactions in the context of barrier function.
Inflammatory Factors Impair Mural Coverage and Permeability. To examine mural cell behavior during inflammation, we introduced
different proinflammatory stimuli into the chip, including lipopolysaccharides (LPS) (100 ng/mL), thrombin (THBN) (0.3 U/mL),
and tumor necrosis factor alpha (TNFα) (50 ng/mL), each of which
has been shown to affect vascular integrity and endothelial blood
barrier function (20, 21, 35–37), although the contribution of mural
cells in this response is unclear. One hour after treatment in
bicellular microvessels, we measured an increase in permeability of
20-fold (LPS), 25-fold (THBN), and twofold (TNFα), compared
with the untreated (CTRL) bicellular microvessels (Fig. 2A). Interestingly, we observed that treatment with these proinflammatory

Fig. 1. Three-dimensional biomimetic platform to study mural–endothelial cell interaction and vascular barrier function. (A) Device schematic mimicking mural
cell-mediated barrier function. A cylindrical channel is formed in a 3D collagen matrix within a microfabricated PDMS gasket. GFP-hBMSCs cells and the endothelial cells (ECs), HUVECs, were seeded in the device. (B) Representative confocal immunofluorescence images showing the formed endothelial vessel surrounded
by GFP-hBMSCs; HUVECs were stained for CD31 (red), and GFP-hBMSCs cells were stained for anti-GFP antibody (green) and nuclei for DAPI (blue). (Scale bar,
20 μm.) (C) Heat map panels are relative to dextran diffusion of different molecular sizes (10 and 70 kDa) traced 2 min after dye injection into device, measured
across devices seeded with different ratios of GFP–hBMSCs:HUVECs. (Scale bar, 100 μm.) Histogram reports diffusive permeability coefficient (Pd) in different ratios
of hBMSCs:ECs. Data are expressed as mean ± SEM. N = 6. *, P value < 0.05; $, P value < 0.05.
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vascular length. Almost half of hBMSCs were detached when
treated with THBN and TNFα, and the remaining adherent cells
covered only 40% of the vascular length (Fig. 2B). We further
confirmed our in vitro findings in an in vivo model of s.c. LPSmediated inflammation. Thirty minutes after LPS injection, abdominal skin was dissected, whole-mount stained for endothelial
[isolectin B4 (IB4)] and smooth muscle cell marker (α-SMA), and
vessels (50 to 100 μm in diameter) branching from the abdominal
epigastric bundle were imaged. Similar to in vitro observations,
acute inflammation, as induced by LPS, caused openings in the
perivascular part of those vessels, and the vascular surface covered
by α-SMA positive cells was visibly reduced compared with vessels
of untreated (Veh) skin (Fig. 2C). Taken together, these data
demonstrate that inflammatory cytokines induced detachment of
mural cells from vessels and showed a concomitant increase in
vascular permeability.

has been shown that several proinflammatory cytokines induce
junction disruption directly in ECs in part through activation of
RhoA signaling (20, 21, 37–39). We asked whether RhoA would be
activated in hBMSCs upon inflammatory stimuli. Indeed, we found
an increase in active GTP-loaded RhoA levels and a decrease in
GTP-loaded Ras-related C3 botulinum toxin substrate 1 (Rac1) in
hBMSCs treated with LPS, THBN, and TNFα (Fig. 3A). To investigate the role of this increased RhoA activity in vascular mural
cells and function, we first blocked Rho-associated coiled-coil–
containing protein kinase (ROCK), a major downstream effector of
RhoA, with the inhibitor Y27632 (10 μM) and asked whether
this might rescue barrier function in our system. Indeed,
Y27632 abrogated the hyperpermeability induced by LPS treatment,

Fig. 2. Modeling vascular inflammation on a chip. (A) Representative heat map
panel of 70 kDa Texas Red dextran perfused into the engineered microvessels
treated with LPS (100 ng/mL), Thrombin (THBN) (0.3 U/mL), or TNFα (10 ng/mL)
and compared with untreated (CTRL) vessels. Histogram reports the diffusive
permeability coefficient (Pd) for the different treatments. (Scale bar, 100 μm.)
Data are expressed as mean ± SEM. N = 6. *, P value < 0.05; **, P value < 0.01.
(B) Representative images of engineered microvessels not treated (CTRL) or
treated with LPS, THBN, or TNFα; HUVECs were stained for CD31 (red), and GFPhBMSCs cells were stained using an anti-GFP antibody (green) and counterstained with DAPI (blue). (Scale bar, 20 μm.) Histograms reported detached
hBMSCs (percent of total hBMSCs per field of view) and vascular length covered
by hBMSCs (percent of total length) in the different treatment groups. Data are
expressed as mean ± SEM. N = 9 (three fields of view per device, three devices). *,
P value < 0.05; **, P value < 0.01. (C) Gross appearance of skin injected with
Vehicle (Veh) or LPS. Skin vessels were immunostained for IB4 (red) labeling
endothelium and α-SMA (green) labeling vascular mural cells (perivascular cells),
and nuclei are counterstained with DAPI (blue), revealing openings (red arrows)
within the mural wall of inflamed skin vasculature. (Scale bar, 20 μm.)

cytokines caused the hBMSCs to either detach or cover a smaller
portion of endothelium (Fig. 2B). Specifically, after LPS treatment,
∼70–80% of hBMSCs assumed a migratory phenotype, with protrusions extending further into the interstitial matrix, and the few
cells left in contact with the endothelium only covered 20% of the
Alimperti et al.

Fig. 3. Modulation of RhoGTPase activity in mural cells under inflammatory
conditions. (A) Active GTP-RhoA and GTP-Rac1 were assessed by pull-down
assay after treatment with LPS (100 ng/mL), Thrombin (THBN) (0.3 U/mL), or
TNFα (10 ng/mL) and compared with an untreated control (CTRL). Amounts of
GTP-RhoA and GTP-Rac were normalized to the total RhoA or Rac1, respectively. Data are expressed as mean ± SEM. N = 3. *, P value < 0.05; §, P value <
0.05. (B) Representative heat map panel of 70 kDa Texas Red dextran perfused
into the engineered microvessels under no activation (no Act), RhoA activation (iRhoA;12.5 μM GA3-AM), Rac1 activation (iRac1;25 nM Rapalog), and
RhoA+Rac1 activation (iRhoA+iRac1;12.5 μM GA3-AM + 25 nM Rapalog).
(Scale bar, 100 μm.) Histogram reports the diffusive permeability coefficient
(Pd) for the considered different activation. Data are expressed as mean ± SEM.
At least N = 6. *, P value < 0.05.
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Inflammatory Cues Drive Mural Cell Detachment and Vascular
Permeability via Changes in Pericyte Rho GTPase Signaling. It

restoring barrier function (SI Appendix, Fig. S6), but it was unclear
whether the effect was due to inhibition of ROCK in the mural cells
or in the endothelium. We therefore turned to a genetic approach to
directly target RhoA activity in mural cells. hBMSCs were transduced with lentivirus harboring (i) a RhoA(CA) activating mutant,
but lacking its endogenous farnesylation site, thus preventing
membrane localization and activation; and (ii) a membranetethered anchor, in which the addition of gibberellinanalog (GA3-AM) induced coupling of the RhoA construct to
the membrane-tethered anchor to rapidly activate the construct
(40). hBMSCs expressing these constructs but not yet exposed to
gibberellin behaved normally, adhered to the endothelialized
channel similar to nontransduced cells, and maintained confluency
and barrier function of endothelium (Fig. 3B). When GA3-AM
(12.5 μM, for 1 h) was given to induce RhoA activity (iRhoA) in
hBMSCs within the engineered vessels, the permeability of the
vessel to fluorescently labeled 70 kDa dextran was significantly upregulated (Fig. 3B). Interestingly, the RhoA-activated hBMSCs were
less spread, highly detached from the endothelium (70% of total
hBMSCs), and covered only 20% of endothelial length (SI Appendix, Fig. S7), phenocopying what we observed upon treatment with
proinflammatory cytokines. Similar to RhoA-activated hBMSCs,
activation of RhoA in endothelium triggered hBMSC detachment
from the endothelium, indicating that RhoA signaling in both cell
types regulates mural cell behavior (SI Appendix, Fig. S8A).
Given that Rac1 can be anticorrelated with RhoA signaling (41)
we asked whether overexpression of Rac1 modulates RhoA-induced
vascular permeability. To address this question, we transfected
RhoA-expressing hBMSCs with a Rac1 construct featuring another
orthogonal chemical dimerization system to gibberellin-analog,
Rapalog, that induced Rac1 localization to the plasma membrane to
enable activation. Indeed, exposure to Rapalog (25 nM, for 1 h)
(iRac1) rescued vascular barrier function (Fig. 3B). Taken together,
these findings suggest that inflammation up-regulates RhoA activity
and down-regulates Rac1 activity in hBMSCs, resulting in a reduction of vessel coverage by the hBMSCs, and these changes increase vascular leakage.
Inflammation Disrupts hBMSCs–Endothelial Junctional N-cadherin to
Impact Barrier Function. Given that inflammatory factors reduced

the mural cell coverage of the endothelium, we hypothesized that
under inflammatory conditions, heterotypic cell–cell adhesion is
impaired between endothelial and mural cells. The main adhesion
molecule responsible for mediating interactions between the two
cell types is N-cadherin (42, 43). Using antibody staining, we found
N-cadherin to be abundantly located at the interface between ECs
and hBMSCs in normal conditions (Fig. 4A). In contrast, the signal
for N-cadherin appeared more diffuse in cocultures treated with
LPS or in RhoA (iRhoA) activated hBMSCs (Fig. 4A). Similarly,
RhoA (iRhoA) activated HUVECs showed disrupted junctions
with their neighboring ECs or hBMSCs (SI Appendix, Fig. S8B),
thus confirming the role of small GTPases in junction stability (44).
To directly examine whether N-cadherin engagement might
contribute to barrier function, we treated our engineered vessels
with neutralizing antibodies against the extracellular domain of
N-cadherin (N-cad Ab) and observed a massive increase in
permeability compared with the microvessels treated with IgG
isotype control (IgG) (Fig. 4B). However, N-cadherin junctions
exist homotypically between neighboring ECs, and thus the
antibody approach could not isolate the contribution of mural
cells to the response. To specifically investigate the role of
N-cadherin in hBMSCs, we blocked N-cadherin expression in
hBMSCs using a CRISPR-mediated approach (SI Appendix, Fig.
S9A). Indeed, the permeability increased significantly in microvessels composed of N-cadherin–deleted hBMSCs (Fig. 4C). To
test whether the role of N-cadherin in mediating barrier function is
conserved in other perivascular cells as well, we knocked out
N-cadherin in human primary smooth muscle cells (SMCs) and
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1618333114

Fig. 4. N-cadherin (N-cad)–mediated permeability in inflammation and in
RhoA-activated mural cells. (A) Representative confocal immunofluorescence
images N-cadherin (red) in monolayers of HUVECs covered with GFP–hBMSCs
(green, anti-GFP antibody staining) under no treatment (CTRL) or LPS treatment
and no activation (no Act) or RhoA activation (iRhoA). Nuclei are counterstained
with DAPI (blue). (Scale bar, 20 μm.) (B) Representative heat map panel of
70 kDa Texas Red dextran perfused into the engineered microvessels treated
with IgG isotype (IgG) or N-cadherin–blocking antibody (N-cad Ab). (Scale bar,
100 μm.) Histogram reports the diffusive permeability coefficient (Pd) for the
different treatments. (C) Representative heat map panel of 70 kDa Texas Red
dextran perfused into the engineered microvessels holding scrambled (SCR) and
CDH2 knockout (CDH2-KO) hBMSCs. (Scale bar, 100 μm.) Histogram reports the
diffusive permeability coefficient (Pd) under scrambled and CDH2 knockout
conditions. (D) Representative heat map panel of 70 kDa Texas Red dextran
perfused into the engineered microvessels holding HUVECs, HUVECs+CHO, and
HUVECs+CHO-N (CHO cells overexpressing N-cadherin). (Scale bar, 100 μm.)
Histogram reports the diffusive permeability coefficient (Pd) under HUVECs,
HUVECs+CHO, and HUVECs+CHO-N conditions. Data are expressed as mean ±
SEM. N = 6. *, P value < 0.05.

human kidney pericytes (PCs) and showed that permeability increased when N-cadherin is deleted in these cell populations (SI
Appendix, Fig. S10). Finally, to investigate whether N-cadherin is
sufficient to support barrier function, we overexpressed N-cadherin
in CHO cells to see if they could phenocopy the effects of mural
cells on endothelial barrier function (SI Appendix, Fig. S9B).
Indeed, endothelialized channels lined abluminally with N-cadherin–
expressing CHO cells displayed lower permeability than endothelialized channels with control CHO cells (Fig. 4D). Together, these
findings indicate that junctional N-cadherin between mural and
endothelial cells is a key mediator of barrier function.
Discussion
Perivascular cells have been implicated in diseases related to chronic
inflammation and fibrosis, especially in organs such as kidney, liver,
and skin (45, 46). Activated mural cells, pericytes in particular, have
been shown to detach from local capillaries and migrate to sites of
chronic injury (47–49), where they can be major contributors to the
Alimperti et al.

cell–cell junctions, including gap junctional proteins, connexin-43
(CX43), may also be involved in mural–endothelial regulation (8,
75). In our study, gain and loss-of-function of N-cadherin indicate
that N-cadherin engagement between mural cells and ECs is essential for retaining vascular barrier function and illustrates how
cell-based biomimetic platforms can be used to isolate contributions of different cell types and molecular players in complex
tissue functions.
A deeper understanding of human pathophysiology requires the
development of robust on-chip systems that can recapitulate the
structures, mechanics, and complex cell–cell interactions that occur
in vivo (76–80). Whereas we demonstrate herein the feasibility to
capture these interactions in on-chip systems, a challenge in the
future is to establish tissue-specific features of vascular beds such
as low permeable brain vasculature (blood brain barrier) or high
permeable liver sinusoids consisting of endothelial cells with fenestrae. Our culture platform captures the essential features of a
simplified vasculature, consisting of a perfused vessel lined with a
polarized endothelium surrounded by mural cells, and an interstitial extracellular matrix context for perivascular cells to freely
remodel between cell–cell and cell–matrix interactions. As a result,
these features provide a platform for better understanding the
contributions of endothelial cells, mural cells, and their interactions in pathophysiological contexts such as inflammation and thus
offers a powerful complement to animal models for understanding
this important physiologic structure.
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Materials and Methods
To determine the permeability of endothelial monolayers and endothelial–
mural cocultures in vitro, microvessels were formed in microfluidic devices as
described previously (29). Cells were seeded in 160-μm diameter tubes formed
in collagen type I hydrogels to create lumenized microvessels. Ten and seventy
kilodaltons of dextran was perfused through the vessel lumens, and extravasation of the dextrans was measured as a function of time to quantify the
diffusive permeability (34). Human kidney pericytes (PCs) were purified from
fetal human kidneys. Informed permission for the use of fetal tissues was
obtained from all patients. The isolation of cells was approved by the University of Washington Institutional Review Board (IRB447773EA) and performed at the University of Washington Medical Center as previously
described (81). Details of the materials and methods for this study can be
found in SI Appendix, SI Materials & Methods.
Statistical analysis of the data was performed using ANOVA one-way test. P
value was set to be significant if <0.05, unless differently stated in the text.
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myofibroblast population such as during skin, muscle, renal, and
lung fibrosis (50–55). Here, we provide a demonstration in a culture
setting that mural cells detach from the endothelium and migrate
away from the vessel, and this can occur rapidly during acute exposure to proinflammatory cytokines. The ability to recapitulate
this migratory effect in culture, where the concentrations of cytokines are highest at the vessels (versus the interstitial spaces),
suggests an active process whereby cytokine stimulation drives
mural cells into the matrix and not via a chemoattractant mechanism, as has previously been postulated (56). Given that mural
cells dynamically alter their adhesions with the endothelium, this
suggests a more active role for mural–endothelial interactions in
acute responses than perhaps was previously appreciated.
Several groups have reported that inflammatory stimuli, such as
thrombin and LPS, activate the RhoA pathway in endothelium,
leading to disruption of cell–cell contact and thus directly increasing vascular permeability (36, 44, 57). RhoA activation is
known to disrupt cell–cell adhesions (involving cadherins) by increasing the tension on the cadherin bonds (58–62), but primarily
in a context where Rac1 is also down-regulated (63). Here in our
study we find that RhoA is activated in mural cells in response to
inflammatory stimuli. By using methods to rapidly activate RhoA
either at the membrane of mural cells or in endothelial cells, we
demonstrate that hyperactive RhoA disrupts EC-PC adhesion, and
this cell–cell adhesion is important for the ability of PCs to reinforce barrier function. Concomitant with RhoA activation, we
observed a suppression of Rac1 signaling and showed that activating Rac1 in the PCs stabilizes junctional integrity and barrier
function even when RhoA is activated. These findings are consistent with previous studies, demonstrating a role for Rac1 in stabilizing junctions (64–66), and more generally opposing roles for
Rac1 and RhoA in driving numerous cell functions (41, 67–70).
Further understanding the underlying mechanisms by which
Rac1 and RhoA impact PC signaling, structural organization, and
function will lead to a deeper appreciation for how these cells
contribute to vascular function.
N-cadherin is a critical adhesion receptor that mediates cell–cell
coupling in neuronal or mesenchymal populations. Among perivascular cells such as hBMSC-derived mural cells or SMCs,
N-cadherin not only supports homotypic cell–cell adhesion, but also
regulates proliferation and differentiation (71, 72). Although ECs
primarily mediate barrier function through tight junctions and VEcadherin–mediated adherens junctions, they also express N-cadherin
and are thus able to form heterotypic cell interactions with other
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