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Nearly all engineered tissues must eventually be vascularized to survive. To this end, we and others have
recently developed methods to synthesize extracellular matrix-based scaffolds that contain open
microfluidic networks. These scaffolds serve as templates for the formation of endothelial tubes that can
be perfused; whether such microvascular structures are stable and/or functional is largely unknown.
Here, we show that compounds that elevate intracellular concentrations of the second messenger cyclic
AMP (cAMP) strongly normalize the phenotype of engineered human microvessels in microfluidic type I
collagen gels. Cyclic AMP-elevating agents promoted vascular stability and barrier function, and reduced
cellular turnover. Under conditions that induced the highest levels of cAMP, the physiology of engineered
microvessels in vitro quantitatively mirrored that of native vessels in vivo. Computational analysis
indicated that cAMP stabilized vessels partly via its enhancement of barrier function.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The formation of a functional microcirculation is critical to
obtaining clinically relevant volumes of engineered tissue [1e3].
Many approaches to vascularization have been studied, such as the
incorporation of angiogenic growth factors [4] or vascular cells [5,6]
in scaffolds, the assembly of endothelialized microscale tissues into
packed beds [7], and the sprouting of an arteriovenous loop in a
confined space [8]. To engineer human blood microvessels in vitro,
we and others have proposed to form microfluidic channels in
extracellular matrix (ECM)-based gels, and to use these channels as
templates to grow endothelial tubes [9,10] and networks [11,12].
Although the resulting vascular structures appear stable, little is
known about their functionality or how to enhance it. For instance,
long-term stability is required to maintain perfusion, but the
signals that can promote vascular stability in these scaffolds are
largely unknown. Likewise, size- and charge-selective barrier
function is desirable in maintaining appropriate levels of transport
between the vascular and tissue compartments [13]. Methods to
replicate the barrier function of continuous vascular beds would be
useful to avoid excessive interstitial flows or water content in
engineered tissues.

In this work, we examined the effect of the second messenger
cyclic adenosinemonophosphate (cAMP) on the long-term stability
: þ1 617 353 6766.

All rights reserved.
and barrier function of blood microvessels in microfluidic type I
collagen gels. We chose to study cAMP in part because a large body
of literature has shown that this compound enhances barrier
function in vivo [14e16] and in vitro [17e19]. Previously,we showed
that cAMP reduced the permeability to bovine serum albumin (BSA)
and 10 kDa dextran in engineered lymphatic tubes in vitro [20];
since micro-lymphatics provide a non-selective, leaky wall that
helps to drain tissues, cAMP inhibited the barrier “function” of the
lymphatic tubes. Given the substantial differences between endo-
thelial cells derived from blood and lymphatic microvessels [21], it
was not clear whether cAMP would result in the same or opposite
effects in tubes of blood microvascular endothelial cells. In the
current study, we examined the effect of cAMP on the size and
charge selectivities of engineered blood microvessels. We also
determined whether cAMP affected other vascular behav-
iorsdspecifically, long-term stability and quiescencedthat would
be of benefit when engineering functional vessels for perfusion. We
then used computational models to understand how the down-
stream effects of cAMP could be causally linked.

2. Materials and methods

2.1. Formation of perfused human microvessels in collagen gels

Endothelial tubes (n ¼ 207) were formed by seeding human dermal microvas-
cular blood endothelial cells (lot # 5F1293 and 6F4144 from Lonza; lot # 7082905.1
from PromoCell) in 120-mm-diameter channels in type I collagen gels (8 mg/mL final
concentration; BD Biosciences), essentially as previously described [10,20]. Tubes
were perfused with media that contained 0 mM, 20 mM, or 80 mM dibutyryl cAMP (db-
cAMP; Sigma), or 400 mM db-cAMP and 20 mM Ro-20-1724 (Calbiochem), a cAMP-
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specific phosphodiesterase inhibitor [22]. The pressure difference across the ends of
tubes was w4.4 cm H2O. All media was supplemented with 3% dextran (70 kDa;
Sigma).

2.2. Measurement of permeabilities and leak densities

On day 3 past seeding, permeability assays were performed using methods
adapted from previous studies [20,23,24]. Fluorescent solutes were introduced
through the lumen of a microvessel from an inlet reservoir. Fluorescence images
were obtained through a Plan-Neo 10�/0.3 NA objective each minute from the ninth
to thirtieth minute of perfusion in an environmental chamber held at 37 �C. All
images were corrected for non-uniform illuminationwith Axiovision ver. 4.3 (Zeiss).

Effective permeability coefficients Pe were calculated from Pe ¼ 1
DI$

dI
dt$

R
2, where

DI was the average intensity of the image at complete filling of the lumen, dI/dtwas
the linear rate of increase of average intensity after filling, and Rwas the radius of the
lumen. In contrast to previous work [20,24], here the regions-of-interest for
permeability calculations were not chosen to avoid leaky regions. The pairwise
solutes used (all from Invitrogen) were Alexa Fluor 594-conjugated bovine serum
albumin (50 mg/mL) and Alexa Fluor 488-conjugated 10 kDa dextran (20 mg/mL), or
Texas Red-conjugated 40 kDa dextran (125 mg/mL) and fluorescein-conjugated 40
kDa dextran (35 mg/mL). The 40 kDa dextrans were spun down in a 10 kDa cut-off
filter (Millipore) before use to remove free dye.

Leaks within vessels consisted of two types. “Focal” leaks, defined as localized
leakage of solutes, were counted manually and presented as number of leaks per
frame per millimeter. Smaller leaks (“IgG leaks”) were visualized by perfusion with
antibody to type I collagen (mAb COL-1; Sigma). Antibodies were bound to Alexa
Fluor 488-conjugated Fab fragments before use (Zenon; Invitrogen). Microvessels
were perfused for 1 h with media that contained 1 mg/mL antibody (i.e., w2 mg/mL
antibodyedye complex), flushedwith antibody-freemedia for 1 h, and then fixed for
20 min in 4% paraformaldehyde by perfusion. Confocal images of IgG leaks were
obtained with a Plan-Apo 10�/0.40 NA objective using an Olympus IX81 inverted
microscope. Sequential images from each microvessel were taken at 4.3 mm spacing,
and stacked with ImageJ ver. 1.41o (NIH). Relative amounts of IgG leaks were quan-
tified by measuring the area stained (within the microvessel but excluding edges) in
the stacked images and normalizing to the total image area of the microvessel.

To obtain the effective permeability of a single focal leak, we re-analyzed the
fluorescence images from the permeability assay and calculated the permeability in
a region-of-interest clearly away from focal leaks. The permeability per focal leak
was obtained by subtracting this value from the original permeability (which
included leaks), normalized by the number of leaks.

2.3. Lifespan assay

We definedmicrovessel “death” as the day when endothelial delamination from
the gel was first observed and/or when the flow rate decreased to below 50% of the
peak flow rate. Delamination near vessel outlets occurred, but did not appear to alter
the functionality or stability of regions upstream. Vessels that survived to day 14
were given a lifespan of 14 days, and considered “censored” in the statistical analysis
of survival curves. For lifespan measurements, microvessels were supplied with
fresh media every 2 days.

2.4. Proliferation and apoptosis assays

Proliferation rates were determined by measuring incorporation of the thymi-
dine analog 5-ethynyl-20-deoxyuridine (EdU), using a commercial kit (Invitrogen)
[25]. On day 3 past seeding, vessels were perfused with media that contained 10 mM
EdU for 4 h and then flushed with EdU-free media for at least 1 h. Microvessels were
then fixed by perfusing with 4% paraformaldehyde, and EdU-stained nuclei were
labeled with Alexa Fluor 594 with a “click” reaction, according to manufacturer's
instructions. To stain all nuclei, microvessels were perfused with Hoechst 33342 (2
mg/mL; Invitrogen) for 10 min. The number of EdU-positive cells were counted from
fluorescence images, and normalized by total number of nuclei; out-of-focus nuclei
near vesselwallswere not counted. At least 500 nucleiwere countedpermicrovessel.

Pyknotic nuclei were recognized by fragmented or shrunken morphology [26],
and their numbers were expressed as a percentage of total number of nuclei.

2.5. Contractility assay

We measured radial strain of microvessels under “dropwise” perfusion [27], in
which the pressure head was 0e1 mm H2O, to minimize pressure-induced disten-
tion of the channels. Diameters of channels before seeding were measured at two
spots and averaged, and likewise for vessels on day 3 past seeding. Strain was
calculated as the difference in diameters divided by the initial, unseeded diameter.

2.6. Measurement of physical properties of collagen scaffolds

We performed creep tests on collagen gels using a rheometer (AR2000; TA
Instruments) with a cone diameter of 41 mm and tilt angle of 2� . Gels were formed at
24 �C for 2 h directly on the sample plate. To avoid dehydration of gels, we added
droplets of PBS to the edge of the gel after 30 min of gelation; since a large fraction of
collagen fibrils have formed by this time [28], adding PBS should not alter gel prop-
erties substantially. Gels were strained for 5 h at shear stresses of 25, 50, 75, or 100 Pa.

Tomeasure the hydraulic conductivity of collagen gels, we subjected rectangular
collagen gels to a pressure drop andmeasured the resulting flow of PBS at 37 �C [29].
Hydraulic conductivity K was calculated according to K ¼ QL

ADP$
hPBS
hmedia

, where Q is the
measured flow rate, L ¼ 8 mm is the length of the gel, A ¼ 1.25 mm2 is the cross-
sectional area of the gel, DP ¼ 5.3 cm H2O is the imposed pressure difference,
hPBS ¼ 0.7 cP is the viscosity of PBS at 37 �C, and hmedia ¼ 1.35 cP is the viscosity of
perfusate at 37 �C.

2.7. Numerical modeling of pressure diffusion in collagen gels

To understand the coupling between focal leaks and vascular stability, we
modeled changes in scaffold pressure upon the introduction of one or more focal
leaks of various sizes. Following Detournay and Cheng [30] and Mow et al. [31], we
treated the fibers and liquid in the gel as incompressible. The diffusion constant for
pressure in a porous medium is given by K$2Gð1�nÞ

1�2n , where G is the shear modulus
from rheometry and n is the Poisson's ratio under drained condition (assumed to be
0.2 [32]). We implemented the diffusion equation vP

vt ¼ K$2Gð1�nÞ
1�2n V2P in a finite

element model with Comsol Multiphysics ver. 3.5a (Comsol) to obtain pressures
within the gel as a function of time after introduction of one or more leaks.

2.8. Statistical analysis

Permeabilities and size and charge selectivities are presented as geometric
means � 95% CI. Densities of focal leaks and IgG leaks, and proliferative and
apoptotic fractions are presented as arithmetic means � SD. Pairwise comparisons
used the ManneWhitney U test with Bonferroni correction; correlations used the
Spearman's test. For lifespan assays, KaplaneMeier survival curves were con-
structed, and significance in trend and pairwise comparisons were tested with the
log-rank test. All tests were performed with Prism ver. 5 (GraphPad).

3. Results

3.1. Formation of microvessels in the absence and presence of cyclic
AMP-elevating agents

Under all conditions, seeded endothelial cells formed a confluent
monolayerwithin twodays after seeding. As noted previously, tubes
expanded slightly once confluence was reached [10]. Measured on
day 3 past seeding, the lengths of these tubeswere 7.8� 0.2mm, the
diameters were 139.3 � 6.3 mm, and the flow rates were 0.9 � 0.1
mL/h. Under phase-contrast imaging, vessels with or without
cAMP-elevating agents looked very similar at day 3 (Fig. 1).

3.2. Effect of cyclic AMP on barrier function of engineered
microvessels

In the absence of cAMP, microvessels exhibited a high perme-
ability and numerous focal leaks (Fig. 1). The permeabilities to BSA,
Da dextran, fluorescein-40 kDa dextran, and Texas Red-40 kDa
dextran were 10 k1:6þ1:2

�0:6 � 10�6 cm=s, 2:0þ1:3
�0:8 � 10�6 cm=s,

1:6þ1:7
�0:8 � 10�6 cm=s, and 1:9þ1:7

�0:9 � 10�6 cm=s, respectively. The
density of focal leaks was 1.6 � 2.1 per mm. Focal leaks were often
dynamic structures that opened and closed transiently (see Movie
in Supplementary Data).

Cyclic AMP-elevating agents play amajor role in the regulation of
microvascular barrier function in vivo [16,33], such as during
inflammation-induced vascular hyperpermeability and edema [34].
We therefore hypothesized that cAMP would also improve the
barrier function of engineered blood microvessels. We perfused
blood microvessels with 20 mM or 80 mM dibutyryl cAMP (db-cAMP),
or 400 mM db-cAMP and 20 mM cAMP-specific phosphodiesterase
inhibitor Ro-20-1724; this last condition should lead to saturating
amounts of cAMP, as described previously in an in vitromodel of the
bloodebrain barrier [35]. We found that cAMP reduced the perme-
ability to BSA (p < 0.0001; Fig. 2A), 10 kDa dextran (p ¼ 0.001; Fig.
2B), fluorescein-40 kDa dextran (p < 0.0001; Fig. 3A) and Texas
Red-40 kDa dextran (p < 0.0001; Fig. 3B). The density of focal leaks



Fig. 1. Phase-contrast and fluorescence images of vessels perfused with 0 mM db-cAMP, 20 mM db-cAMP, 80 mM db-cAMP, or 400 mM db-cAMP and 20 mM Ro-20-1724, and flu-
orescently labeled BSA. Asterisks denote focal leaks.

K.H.K. Wong et al. / Biomaterials 31 (2010) 4706e47144708
greatly decreased to 0.1 � 0.2 per mm with 80 mM db-cAMP (p <

0.0001), and further tow0permmwith400 mMdb-cAMPandRo-20-
1724 (p < 0.0001) (Fig. 2D). Perfusion with fluorescently labeled
antibodies to collagen type I provided ameans to probe for leaks that
were smaller than focal leaks (so-called “IgG leaks”), thus dis-
tinguishing barriers with the lowest permeabilities. Microvessels
cultured with 80 mM db-cAMP showed 3.5 times more stained area
than those cultured with 400 mM db-cAMP and Ro-20-1724 (p ¼
0.0006; Fig. 2E).

To study how cAMP altered the selectivity of the vascular
barrier, we measured permeabilities to BSA and 10 kDa dextran, or
to anionic fluorescein-40 kDa dextran and neutral Texas Red-40
kDa dextran simultaneously. Higher concentrations of cAMP
increased charge selectivity, defined as the ratio of permeabilities
to Texas Red over fluoresceinated dextrans (p < 0.0001), with the
highest selectivity at 1:5þ0:1

�0:2 culturedwith 400 mM db-cAMP and Ro-
20-1724 (Fig. 3C). The size selectivity between BSA (Sto-
keseEinstein radius of 3.6 nm) and 10 kDa dextran (2.4 nm [36]),
defined as the ratio of permeabilities to 10 kDa dextran over BSA,
also increased with cAMP concentrations (p< 0.0001; Fig. 2C), with
the highest selectivity of 2:5þ0:4

�0:4 in tubes cultured with 400 mM db-
cAMP and Ro-20-1724. Altogether, these data demonstrate that
cAMP reduced solute permeabilities, decreased the occurrence of
leaks, and increased selectivities in engineered vessels.
3.3. Effect of cyclic AMP on mechanical stability of engineered
microvessels

Survival curves showed that cAMP increased vascular lifespan
(p< 0.0001; Fig. 4A). Vessels grownwithout cAMP invariably failed
within 14 days, with most dying within 8e9 days. These vessels
typically delaminated throughout the tube, leaving large gaps
between the endothelium and collagen gel (Fig. 4B, left). Vessels
cultured with 80 mM db-cAMP had a two-week survival rate of 71%
(p ¼ 0.0031, compared to 0 mM db-cAMP). Remarkably, all vessels
that were perfused with 400 mM db-cAMP and Ro-20-1724 were
stable for at least two weeks (p < 0.0001, compared to 0 mM db-



Fig. 2. Effect of cAMP-elevating agents on barrier function of engineered vessels. (A) Permeability to bovine serum albumin (PBSA). (B) Permeability to 10 kDa dextran (Pdex10).
(C) Size selectivity, defined as Pdex10/PBSA. (D) Density of focal leaks. (E) Density of IgG leaks labeled by antibody to type I collagen, expressed as normalized area. Right, fluorescence
images of vessels labeled by antibody to collagen, with dotted lines denoting vessel walls and arrows indicating IgG leaks.
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cAMP); the longest lifespan we observed was seven weeks. These
tubes did not delaminate from the gel (Fig. 4B, right).

3.4. Effect of cyclic AMP on cell turnover in engineered microvessels

Cyclic AMP also induced cellular quiescence within vessels, as
determined by labeling cells in S phase with the thymidine analog
EdU and by counting pyknotic nuclei (Fig. 5). Tubes cultured with
400 mM db-cAMP and Ro-20-1724 showed drastically lower EdU
labeling at 0.05 � 0.08% per hour, compared with 0 mM db-cAMP
(p < 0.0001), 20 mM db-cAMP (p < 0.0001), and 80 mM db-cAMP
(p ¼ 0.0008). Apoptotic fractions, measured as the fraction of
cells that exhibited pyknotic nuclei, also decreased with higher
cAMP concentrations (p ¼ 0.0009; Fig. 5B).

3.5. Roles of decreased contractility and improved barrier function
in cAMP-mediated stability

Since cAMP is known to reduce endothelial cell contractility
[37,38], we reasoned that high levels of cAMP might prolong
vascular lifespan by preventing endothelial collapse. Surprisingly,
we found that only the highest concentrations of cAMP affected
contractility (Fig. 6A): 0, 20 and 80 mM db-cAMP resulted in �5%
radial strain (i.e., contraction), whereas 400 mM db-cAMP and Ro-
20-1724 resulted in þ4% strain (i.e. distension) (p < 0.0001, ¼
0.0002, and <0.0001 for 400 mM db-cAMP and Ro-20-1724
compared to 0, 20 and 80 mM db-cAMP, respectively). Thus, reduc-
tion in contractility may partly explain the enhanced lifespan of
microvessels cultured with saturating amounts of cAMP, but it
cannot explain why 80 mM db-cAMP also promoted longer survival.

Vessels that were cultured without cAMP had numerous focal
leaks (Fig. 2D) and exhibited poor survival (Fig. 4A). Since focal
leaks act to equilibrate pressures between the lumen and the
collagen gel, we hypothesized that enhancement of the barrier by
cAMPmay prevent vessel collapse bymaintaining a low pressure in
the collagen gel and, thus, a high transmural pressure (lumenal
pressure minus gel pressure). As we cannot measure pressures in
the gel directly, we used computational models to determine the
effects of focal leaks in reducing transmural pressure.

First, we estimated the physical size of focal leaks based on their
contribution to permeability.We reasoned that the opening of focal
leaks led to fluid flux into the gel, and that this flux enhanced



Fig. 3. Effect of cAMP-elevating agents on charge barrier of engineered vessels. (A) Permeability to anionic fluorescein-40 kDa dextran (PFl-dex40). (B) Permeability to neutral Texas
Red-40 kDa dextran (PTR-dex40). (C) Charge selectivity, defined as PTR-dex40/PFl-dex40. (D) Plot of normalized permeabilities PeeZFJ=RT=D versus solute radius. The potential difference J

was calculated from the selectivities in (C) using a solute-partitioning model [50] (see text).
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convective transport of fluorescent solutes, leading to an increase
in permeability. Flow in collagen gels obeys Darcy's law v ¼ �KVP,
where v is the velocity vector, K is hydraulic conductivity of gel, and
P is the fluid pressure in the gel. Assuming focal leaks can be
modeled as circular apertures, the fluid flux from a leak is given by
Q ¼ 4KPtr0, where Pt is the transmural pressure and r0 is the radius
of the focal leak [39]. Thus, the effective permeability Pleak
due to convective flux of solute from leaks is given by
Pleak ¼ Q

2pR$
# of leaks

mm ¼ 2KPtr0
pR $# of leaks

mm , where R is the vascular
radius.

We measured the effective permeability per focal leak per mm
to be 1.7 � 2.1 � 10�6 cm/s (range: 2.6 � 10�7 to 6.4 � 10�6 cm/s),
corresponding to an average focal leak radius of 0.23 mm (range:
0.04e0.86 mm), using K ¼ 3.1 � 10�8 cm4/dyn s and R ¼ 75 mm.

Second, we modeled the collagen gel surrounding the micro-
vessel as a thick-walled, linearly elastic cylinder, so that er ¼ Pt=2G,
where er is the radial strain of vessels at day 3 (w25%), and G is the
shear modulus of the gel [40]. Since microvessels reached conflu-
ence on day 2 and permeability measurements were performed on
day 3, we used the long-term G from creep experiments by
extrapolating the linear portion of compliance values to 1 day,
obtaining G¼ 440� 60 Pa (n¼ 4). Average transmural pressurewas
thus calculated to be 220 Pa.

Finally, we modeled pressure diffusion in collagen gels
numerically. Because focal leaks opened and closed on the time-
scale of minutes, we used a short-term G of 1500 Pa obtained
from creep experiments. The computational models placed various
numbers of focal leaks (radii of 0.3 or 0.9 mm) on the tube with an
initial transmural pressure of 220 Pa. We then calculated the
transmural pressure at a point diametrically opposed to a leak as
a function of time after leak opening. These results showed that
focal leaks substantially lowered transmural pressure within
minutes (Fig. 6B): In 10 min, a leak of 0.9 mm per mm of vessel
length decreased transmural pressure by nearly 30%, and five leaks
of the same size decreased transmural pressure by over 75%. Our
results thus indicate that, in vessels cultured with low levels of
cAMP, the resulting focal leaks can destabilize vessels through loss
of transmural pressure.

4. Discussion

4.1. Summary of major findings

In tubes formed from blood microvascular endothelial cells
within microfluidic collagen gels in vitro, the major effects of cAMP
were: 1) reduction of permeability to BSA and dextrans (10 kDa and
40 kDa) and increase in size and charge selectivity, 2) reduction in
number of leaks, 3) enhancement in vessel stability, and 4) reduc-
tion in cell turnover. Reduction in cell contraction with high cAMP
levels was not sufficient in explaining enhanced vessel stability;
rather, computational studies showed that the non-leaky pheno-
type induced by cAMP can contribute to vascular stability by
maintaining a large, positive transmural pressure.

4.2. Comparison with in vivo vessels

To what extent does treatment with cAMP normalize vascular
phenotype in collagen gels in vitro? Previous results with tubes of
lymphatic endothelial cells showed that cAMP increased size
selectivity [20], but since micro-lymphatics are normally non-
selective structures in vivo [41], cAMP acts against vascular
normalization in these tubes. In contrast, continuous blood vessels
exhibit strong, selective barrier function in vivo. Moreover, these
vessels do not collapse or delaminate (except under pathological



Fig. 4. Effect of cAMP-elevating agents on vascular stability. (A) KaplaneMeier survival curves. Vessel “death” was defined as the day when the flow rate decreased to below 50% of
its maximum and/or when delamination was observed in the upstream half of the tube. (B) Representative images of vessels under long-term perfusion. Dotted lines indicate walls
of the collagen channels.
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conditions), and the substantial enhancement of lifespan by cAMP
in vitro is important to obtain in vivo-like stability. Below, we
compare the barrier function and turnover rates of blood vessels in
vitro (with and without cAMP) and in vivo.

4.2.1. Normalization of barrier function
In vivo, continuous vessels of the skin, muscle, brain, lung, and

other organs have strong barrier function [13,42,43]. Few, if any,
focal leaks are observed under baseline conditions; leaks appear
primarily during endothelial activation (e.g., during inflammation)
[44]. Permeabilities to BSA typically lie in the range of 1e5 � 10�7

cm/s in venules [13]. Vessels exhibit both size and charge selec-
tivity, and various models have estimated the vessel wall to contain
pores of 4e5 nm in radius, which is small enough to restrict the
transport of BSA and larger solutes [43]. Solute-partitioning models
estimate that the negative fixed charge density is at least 10 meq/L
[45,46].

Using these benchmarks, engineered vessels that are grown
without cAMP compare poorly. Without cAMP, tubes contained
numerous leaks that were much larger (>0.1 mm) than the size of
solutes examined. Thus, these vessels exhibited essentially no
selectivity, with all permeability coefficients being nearly identical
(w2 � 10�6 cm/s).

Supplementation with high levels of cAMP normalized barrier
function in several respects. First, the number of focal leaks was
reduced to essentially zero. Second, the selectivity of 10 kDa
dextran to BSA increased to 2.5; for comparison, a ratio of 3.6 was
found from a study of clearance in canine hindpaw [47]. Third, the
selectivity of neutral (Texas Red-labeled) to anionic (fluorescei-
nated) 40 kDa dextran increased to 1.5.

To better understand the effects of cAMP on transport pathways
in these tubes, we used pore theory and solute-partitioning models
to explain the observed data. For solutes of same size but different
charge, these models yield a charge selectivity of e�DZFJ=RT , where
DZ is the difference in solute charges,J is the membrane potential,
F is Faraday's constant, R is the gas constant and T is temperature.
The charge of fluoresceinated dextran 40 kDa was �10, considering
the charge of fluorescein at pH 7.4 [48] and the stoichiometry of
labeling, according to the manufacturer; Texas Red-conjugated
dextran is neutral. The measured selectivity of 1.5 is thus equiva-
lent to a membrane potential of �1.0 mV. A negative potential
indicates a negatively charged membrane; using a Donnan poten-
tial analysis [49,50], we found this potential to be equivalent to
a negative fixed charge density of 10.4 meq/L.

Normalizing permeabilities to the charge selectivity and to the
solute diffusion coefficient D yielded a picture of the transport
pathways (Fig. 3D). If solute transport was purely diffusional, then
the normalized permeability PeeZFJ=RT=D would be a decreasing
function of solute radius [51]. If solute transport was purely
convective, then the normalized permeability would be an



Fig. 5. Effect of cAMP-elevating agents on cellular turnover. (A) Proliferation rate,
measured from incorporation of EdU. (B) Apoptotic fraction, measured from pyknotic
nuclei.

Fig. 6. Mechanisms of cAMP-induced vascular stabilization. (A) Effect of cAMP-
elevating agents on contraction of collagen gels. (B) Plots of transmural pressure
versus time for various densities and sizes of focal leaks. These plots were compiled
from computational models of fluid pressure within the gels upon opening of leak(s).
Densities and sizes of leaks were taken from experimental results (Fig. 2D and text).
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increasing function of solute radius [51,52]. Fig. 3D thus shows that
convection dominates in the absence of cAMP, presumably via the
focal leaks. In contrast, transport becomes more balanced between
diffusion and convection as cAMP levels increase.

Although cAMP greatly suppresses the hyper-leaky phenotype
in engineered microvessels, it does not completely normalize the
barrier function. Plots of Pe/D versus solute radius for in vivo data
decrease rapidly beyond a threshold ofw3 nm [13], whereas our in
vitro data did not exhibit this sharp drop. Even with high levels of
cAMP, the size selectivity of vessels in vitro did not match that in
vivo, and methods to enhance the formation of additional size-
selective structures (e.g., glycocalyx [53]) may be required for
complete normalization.

4.2.2. Normalization of cell turnover
Endothelial turnover is extremely low in vivo [54,55], except in

pathological conditions such as wound healing or tumor angio-
genesis [55,56]. Normal turnover rates are on the order of 0.1% per
day, as measured by labeling with radioactive thymidine [54].
Without cAMP, engineered vessels exhibited a hyperproliferative
phenotype, withw2% of cells incorporating EdU during a 4-h pulse.
This phenotype is consistent with the rich content of growth factors
in the perfusate. Only at the highest levels of cAMP did proliferative
rates decrease; surprisingly, these rates reached values comparable
with those in vivo, with most tubes devoid of labeled cells.
Although addition of cAMP did reduce the number of pyknotic
nuclei, we consistently observed such nuclei even at the highest
concentrations; these dying cells may be residual artifacts from the
seeding procedure.

4.3. Mechanisms of vascular normalization

How does cAMP exert its pleotropic benefits? We noticed that
the dose-response curves to cAMP differed among the various
vascular functions: Some outputs (e.g., leaks) were sensitive to
small amounts of cAMP, whereas others (e.g., proliferation)
required saturating amounts. These characteristic dose-responses
allowed the downstream effects to be grouped, and provided
hints of the underlying mechanisms of normalization.

Changes to lifespan and density of focal leaks reached saturating
effects by 80 mM db-cAMP; thus, we expected these two outputs to
be related. Indeed, computational models indicated that leaks
would increase the pressure within the gel, leading to a loss of
transmural pressure and favoring collapse. To the best of our
knowledge, our results are the first to suggest a causal link between
barrier dysfunction (specifically, the presence of focal leaks) and
eventual collapse in engineered vessels. If the same link exists
when vascularizing other types of scaffolds, then a strong barrier
function will be required (but not necessarily sufficient) to obtain
patent vessels for long-term perfusion.

In contrast, cAMP-mediated reduction in contractility did not
appear to correlate with either lifespan or focal leaks. Instead,
lowered contractility was observed only with 400 mM db-cAMP and
Ro-20-1724, a dose-response that mirrored that for proliferation.
Thus, we suspect that contractility and proliferation are coupled in
these tubes, which is consistent with the proliferative effect of
contraction-mediated signaling observed in cultured cells [57].

4.4. Applications in tissue engineering

It is natural to ask how one might use cAMP to normalize
microvessels in tissue engineering applications that involve other
cell types. Cyclic AMP is a ubiquitous second messenger whose
effects are hardly confined to endothelial cells [58]. Thus, onewould
expect that flooding an engineered tissue with cAMPdalthough it
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may lead to functional vessels for perfusiondmayexert undesirable
effects on surrounding non-vascular cells. Moreover, cAMP also
tightens the barrier of lymphatic tubes [20], which may lead to loss
of drainage capacity.We believe that, for our results tofind eventual
application, cAMP must be delivered locally via liposomes or some
other targeting agent. For instance, cellular uptake of cAMP can be
an order of magnitude higher if cAMP is loaded in phospholipid
vesicles rather than in free solution [59,60]; these studies suggest
that a working concentration of cAMP could be significantly low-
ered with controlled release from encapsulating agents in the
perfusate that selectively deliver cAMP locally to the endothelium.

Assuming cAMP can be sequestered and locally delivered, our
work indicates a remarkably simple way to obtain in vivo-like
barrier function and vascular stability. In vivo, failure to maintain
a proper barrier is usually associated with pathological conditions,
such as edema [61] and compartment syndrome [62]. When
engineering tissues, barrier function in engineered microvessels
could be tuned to create an optimal tissue microenvironment. For
example, cardiac cells are sensitive to interstitial shear stress [63],
and the incorporation of functional vessels within engineered
cardiac constructs may be one way to shield these cells from
excessive convective flow. We note that the large numbers of
vascular leaks observed without cAMP would likely lead to inter-
stitial flows of several micrometers per second, which is roughly an
order of magnitude higher than normal [64].

In view of the wide variety of natural and synthetic biomaterials
used as scaffolds, it would be useful to know whether cAMP can
normalize bloodmicrovessels in scaffolds other than type I collagen
gels. Due to the rich documentation of cAMP in enhancing endo-
thelial function, we expect that most normalization effects would
still hold in non-collagenous microfluidic scaffolds.

5. Conclusions

This study demonstrates how the second messenger cAMP can
control the phenotype of engineered bloodmicrovessels in vitro.We
found that increasing cAMP provides a simple method to normalize
the function of vessels in microfluidic collagen gels in vitro. Vessels
that were treated with the highest levels of cAMP-elevating agents
resembled in vivo tissues in their quantitative physiology, albeit not
completely. Methods to further increase size selectivity are a natural
next step. More broadly, our work suggests that functional vascu-
larization of other microfluidic scaffolds [65,66] may benefit from
supplementation with cAMP-elevating agents.
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