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Introduction

The glycosaminoglycan hyaluronan (HA) is a long, 
non-branching polymer of repeating disaccharides of 
N-acetyl glucosamine and glucuronic acid (GlcUA). HA 
is an important structural component of the extracellu-
lar matrix (ECM) of many tissues, where it regulates 
tissue hydration and osmotic balance,1 contributes to 
tissue viscoelasticity and lubrication, and serves as a 
scaffold for support of HA-associated proteins and 
proteoglycans (hyaladherins).2 In addition to a struc-
tural role, HA binds to cell surface receptors to regu-
late a variety of cell behaviors (e.g., proliferation, 
motility, adhesion) involved in blood vessel growth, 
wound repair, tumor metastasis, inflammation, and 
other processes.3–6 HA is synthesized by hyaluronan 
synthases (HASes), which, in mammals, exist in three 
isoforms (HAS1, HAS2, HAS3).7 In healthy tissues, HA 
is present as a high-molecular-weight (> ~1000 kDa) 

(HMW-HA) polymer, but in inflammation or infection, 
HA is degraded by mechanical forces, oxidation, and 
hyaluronidases8 into shorter chains of relatively low-
molecular-weight (<500–700 kDa) (LMW-HA) polymer 
and HA oligosaccharides (o-HA). A number of studies 
have contributed to the concept that HMW-HA sup-
presses inflammation, whereas LMW-HA and o-HA are 
proinflammatory4,5,9,10; however, other studies have 
called the validity of this idea into question.11–14
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Summary
Although many studies have focused on a role for hyaluronan (HA) of interstitial extracellular matrix (presumably produced 
by non-vascular “stromal” cells) in regulating vascular growth, we herein examine the influence of “autocrine HA” produced 
by vascular endothelial cells themselves on tubulogenesis, using human umbilical vein endothelial cells (HUVECs) in angiogenic 
and vasculogenic three-dimensional collagen gel cultures. Relative to unstimulated controls, tubulogenic HUVECs upregulated 
HAS2 mRNA and increased the synthesis of cell-associated HA (but not HA secreted into media). Confocal microscopy/
immunofluorescence on cultures fixed with neutral-buffered 10% formalin (NBF) revealed cytoplasmic HAS2 in HUVEC 
cords and tubes. Cultures fixed with NBF (with cetylpyridinium chloride added to retain HA), stained for HA using “affinity 
fluorescence” (biotinylated HA-binding protein with streptavidin-fluor), and viewed by confocal microscopy showed HA 
throughout tube lumens, but little/no HA on the abluminal sides of the tubes or in the surrounding collagen gel. Lumen 
formation in angiogenic and vasculogenic cultures was strongly suppressed by metabolic inhibitors of HA synthesis (mannose 
and 4-methylumbelliferone). Hyaluronidase strongly inhibited lumen formation in angiogenic cultures, but not in vasculogenic 
cultures (where developing lumens are not open to culture medium). Collectively, our results point to a role for autocrine, 
luminal HA in microvascular sprouting and lumen development. (J Histochem Cytochem 69: 415–428, 2021)
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Many studies of the influence of HA on vascular 
growth (vasculogenesis/angiogenesis) have focused on 
exposure of intact vasculature in vivo or of endothelial 
cells (ECs) in vitro to purified forms of HMW-HA or its 
degradation products. Such studies, which report anti-
angiogenic15 and proangiogenic16–19 effects by HMW-HA 
and o-HA, respectively, have sought to explain how dif-
ferent forms of HA present in interstitial ECM (presum-
ably produced by non-vascular “stromal” cells) affect 
blood vessel growth. Beyond such a role for interstitial 
HA, less attention has been directed to investigating the 
potential for HA produced by ECs themselves (“auto-
crine HA”) to influence vascular growth and morphogen-
esis. In this context, this study examines the HA 
produced by human umbilical vein ECs (HUVECs) 
undergoing tubulogenesis in three-dimensional (3D) 
collagen gel culture systems that model vasculogenesis 
and angiogenesis. The results of the study point to an 
unexpected role for EC-derived HA in the processes of 
lumen formation and vascular sprouting.

Materials and Methods

HUVEC Source and Culture Media

For routine culture, pooled HUVECs (Lonza America, 
Inc.; Allendale, NJ) were grown in a “base medium” 
consisting of complete EGM-MV2 medium (Lonza) 
supplemented with 100 U/ml of penicillin and 100 µg/ml 
of streptomycin. Medium to induce HUVEC tubulo-
genesis (“T-medium”) consisted of EGM-MV2 base 
medium with a lower concentration (1%) of fetal bovine 

serum (FBS), 30 ng/ml of recombinant human basic 
fibroblast growth factor (bFGF) (PeproTech, Inc.; Rocky 
Hill, NJ), 30 ng/ml of recombinant human vascular 
endothelial growth factor (VEGF)165 (PeproTech), and 
100 ng/ml of phorbol 12-myristate 13-acetate (PMA) 
(Sigma-Aldrich; St. Louis, MO).20 HUVECs were used 
for experiments at passage 6 or less.

Tubulogenesis by HUVECs cultured in contact with 
3D collagen gels was induced from dispersed cells (a 
vasculogenic model—Fig. 1A–E) or from confluent 
monolayers (an angiogenic model—Fig. 1F and G), as 
described below.

Tubulogenesis From Dispersed HUVECs

“Multiaxial” HUVEC cultures (Fig. 1A and B) used for 
confocal imaging were established using a nylon mesh 
ring support system that facilitates handling, cell staining, 
and imaging (Fig. 2A–C).21 A 2.5-mg/ml collagen solution 
was prepared by combining 1 volume of rat tail type I col-
lagen stock (BD Biosciences; Bedford, MA), 1/9 volume 
of 10-strength Medium 199 (Sigma-Aldrich), 1% FBS, 
and base medium (added q.s.). HUVECs were dis-
persed in the collagen solution at 1 × 106 cells/ml and 
applied in 150 µl volumes to custom-made rings (Sefar 
America, Inc.; Monterey Park, CA) made from woven 
Nitex nylon 250/50 mesh (a simple over/under weave 
with 250 µm square openings comprising 50% of the 
total mesh area). Outer and inner diameters of each ring 
were 12.6 and 7.9 mm, respectively (Fig. 2A).21 The col-
lagen was then polymerized for 30 min in a 37C/5% CO2 

Figure 1.  In vitro models of HUVEC tubulogenesis. (A, B) Multiaxial vasculogenesis. (A) Cells (blue) are dispersed in a three-dimensional 
collagen gel (orange). (B) T-medium induces formation of tubes (T) with patent lumens (yellow) oriented randomly in all three axes. (C–E) 
Planar vasculogenesis. (C) Subconfluent monolayer of cells is grown on top of a collagen gel (orange) covered with medium (pink). (D) A 
second layer of collagen (asterisks) is gelled on top of the cells. (E) T-medium induces formation of tubes (T) in a single plane of depth 
(Z-axis). (F, G) Monolayer-sprout angiogenesis. (F) Confluent HUVEC monolayer on top of a collagen gel (orange). (G) T-medium 
induces the monolayer to produce sprouts (Sp) that enter the collagen. Sprout lumens are open to the culture medium (pink) at the “sprout 
throat” (asterisk). Abbreviations: HUVEC, human umbilical vein endothelial cell; T-medium, tubulogenesis medium.
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Figure 2.  Nylon mesh ring system used to study HUVEC tubulo-
genesis. (A) Image of a nylon mesh ring (MR) on which the collagen 
gel is cast. HUVEC tubes that form in the collagen gel are viewed 
in the central “window” region (W) of the gel. (B–D) Side-view 
diagrams of the setup for multiaxial (B, C) and monolayer-sprout 
(D, E) culture modes. (B) HUVECs (black dots) are dispersed in 
the collagen gel (CG). Nylon mesh ring (MR) and window region 
(W) of the collagen gel are indicated. (C) The dispersed cells orga-
nize into multiaxial HUVEC tubes in response to T-medium. In 
monolayer-sprout cultures (D), a confluent monolayer (CM) of 
HUVECs on top of the collagen gel is induced to sprout into the 
gel (E). Scale bar size: A = 5 mm. Abbreviations: HUVEC, human 
umbilical vein endothelial cell; T-medium, tubulogenesis medium.

incubator.21,22 The collagen gel/ring assemblies were cul-
tured in 24-well plates in T-medium for up to 7 days with 
a change of medium daily.

To facilitate quantification of lumen formation, dis-
persed HUVECs were induced to form tubes in a single 
plane (Fig. 1C–E). To accomplish this, 1 ml of a 2-mg/ml 
collagen solution was dispensed into each well of  
Lab Tek two-well chambered coverglasses (Product 
155380; Nalge Nunc International, Naperville, IL) and 
polymerized at 37C. Subsequently, 2 × 105 HUVECs in 

base medium were plated on top of the collagen and 
cultured for 3 hr to allow the cells to attach. Subsequently, 
the medium was removed, 1 ml (per well) of collagen 
was pipetted on top of the subconfluent cells, and the 
chambers were cultured for 1 hr to polymerize the col-
lagen overlay. The completed gel “sandwiches” were 
removed from the Lab Tek chambers, transferred to six-
well culture plates, and exposed to T-medium (changed 
daily) to induce tube formation. The reason for the 
transfer to culture plates was to ensure a better pene-
tration/exchange of culture medium into the gels after 
each change of medium, in that (1) the gels were able 
to free-float in the culture medium of the plate wells, 
thereby permitting the medium to exchange through 
the bottoms of the gels as well as their tops, and (2) the 
plate wells allowed the use of a larger volume of 
medium per gel. In selected experiments, the cultures 
(treatment groups) were exposed to T-medium only 
(control) or T-medium supplemented with 300 µM of 
4-methylumbelliferone (4-MU) Na salt (≥98% purity; 
Product M1508), 20 mM of D-(+)-mannose (cell culture 
tested), 20 mM of D-(+)-glucose (USP), or 200 U/ml of 
hyaluronidase (type IV-S from bovine testis, embryo 
tested; Product H4272) (all from Sigma-Aldrich). Media 
were changed daily. After 6 days of culture, the gels 
were fixed overnight with neutral-buffered 10% formalin 
(NBF) and exposed for 4 hr to 2 µg/ml of propidium 
iodide (PI) in phosphate-buffered saline (PBS) to label 
nuclear DNA and cytoplasmic RNA.23 Luminal area per 
unit of sprout length (µm2 per µm) of the tubes that 
formed in the cultures was measured from wide-field 
fluorescence images of standardized (1 mm2) area 
using National Institutes of Health ImageJ public 
domain software (https://imagej.nih.gov/ij). Data were 
collected from five gels per treatment group, using five 
images per gel and >10 measurements per image, for 
a total n>250 measurements for each treatment group.

Formation of Tubular Sprouts From Confluent 
HUVEC Monolayers

Tubular angiogenic sprouts from confluent HUVEC 
monolayers (“monolayer-sprout cultures”) (Fig. 1F 
and G) were prepared using collagen gel/ring assem-
blies, but without added cells. HUVECs were plated on 
the upper surface of the gels, cultured in 24-well plates 
until confluent (Fig. 2D), and then exposed to T-medium 
(changed daily). Penetration of the collagen gel by 
multicellular sprouts from the monolayer (Fig. 2E) was 
monitored by phase-contrast microscopy. In selected 
experiments, confluent monolayer cultures (treatment 
groups) were exposed to T-medium only (control) or 
to T-medium supplemented with 300 µM of 4-MU, 
20 mM of D-(+)-mannose, 20 mM of D-(+)-glucose, or 
200 U/ml of hyaluronidase (changed daily). After 6 days 

https://imagej.nih.gov/ij
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of culture, the gels were fixed overnight with NBF, 
mounted on slides under coverslips, and sprout num-
ber (per gel) and average sprout length measured 
using ImageJ from high-magnification, phase-contrast 
images stitched into a single composite image of each 
gel. Experiments were repeated three times with n=3 
gels per treatment group per experiment.

Cytochemical Staining

Routine bright-field microscopy was performed on 
whole-mounted multiaxial tubulogenic cultures with a 
Leica DM2500 (Leica Microsystems; Wetzlar, Germany) 
equipped with a SPOT Insight 4 mpx color CCD cam-
era (Diagnostic Instruments; Sterling Heights, MI) on 
specimens fixed overnight with NBF and stained with 
1% crystal violet. For wide-field epifluorescence micros-
copy, NBF-fixed specimens were stained with 1 µg/ml 
of 4,6-diamidino-2-phenylindole (DAPI) to label nuclei 
and 1 U/ml of Alexa Fluor 568–conjugated phalloidin 
(Molecular Probes/ThermoFisher Scientific; Waltham, 
MA) to label cytoplasmic f-actin. Fluorescence was 
imaged using a Leica DMR microscope equipped with 
a SPOT RT 1.4 mpx color/monochrome CCD camera 
(Diagnostic Instruments).

For “affinity fluorescence” (AF) confocal imaging of HA 
in whole-mounted, multiaxial tubulogenic cultures, the 
specimens were fixed with NBF supplemented with 1% 
cetylpyridinium chloride (CPC; Sigma-Aldrich). CPC is a 
cationic, quaternary ammonium compound that precipi-
tates HA (a polyanion), thereby preventing the HA from 
diffusing out of whole-mounts fixed with NBF. The fixed 
specimens were stained overnight with 4 µg/ml of bioti-
nylated HA-binding protein (bHABP) and counterstained 
with 1 U/ml of Alexa Fluor 568 phalloidin. For immuno-
fluorescence (IF) confocal imaging of HAS2, the whole-
mounts were stained with 5 µg/ml of a rabbit polyclonal 
IgG to a cytoplasmic segment (HEKGPGETDESHKEC) 
of human HAS2 (Product PA5-25593; Invitrogen/
ThermoFisher). Bound bHABP and anti-HAS2 antibod-
ies were visualized, respectively, with Alexa Fluor 488 
streptavidin and Alexa Fluor 488 or Alexa Fluor 568 poly-
clonal anti-rabbit IgG (Molecular Probes). Cell nuclei 
were stained with TO-PRO-3 Iodide (Molecular Probes). 
AF/IF-labeled specimens were viewed with a TCS-SP5 II 
scanning confocal microscope (Leica Microsystems).

Western Blot Assays

The protein target for anti-HAS2 antibody binding to 
HUVECs was characterized by SDS-PAGE/Western 
blots of cell extracts. HUVECs grown on tissue culture 
plastic in T-medium were extracted with a solution con-
sisting of 50 mM Tris, 50 mM NaCl, 1% IGEPAL 
CA-630, 0.25% Na-deoxycholate, 1 mM phenylmethyl-
sulfonyl fluoride (all from Sigma-Aldrich), and a 

protease inhibitor cocktail for mammalian cells (Product 
P8340; Sigma-Aldrich). Protein concentration was 
determined with a Pierce Coomassie Protein Assay Kit 
(Product 23200; ThermoFisher). Extracts (40 µg total 
protein/lane) were resolved on polyacrylamide gels 
(3.5% stacking/8% separating), transferred to nitrocel-
lulose, and probed with 0.5 µg/ml of the HAS2 anti-
body in conjunction with IRDye 800CW-conjugated 
goat anti-rabbit IgG (LI-COR Biosciences; Lincoln, 
NE). Immunoreactive bands on the blots were visual-
ized using a two-channel (red-green) Odyssey CLx 
flatbed infrared imager (LI-COR).

HAS mRNA Analyses

For analysis of HAS mRNAs, HUVECs were cultured 
in base medium to confluence on top of 1-mm-thick 
collagen gels in 24-well plates. Subsequently, the 
base medium was replaced with 1 ml of T-medium, 
which was either removed and discarded immediately 
(“0 hr”) or removed after 1, 3, 5, 10, or 24 hr of culture. 
After removal of the media, the collagen gels with 
attached cells were placed in individual 2 ml ceramic-
bead homogenization tubes (Product D1032-15; 
Benchmark Scientific, Sayerville, NJ), each filled with 
1 ml of TRIzol Reagent (ThermoFisher). Subsequently, 
the tubes were shaken for 1 min in a BeadBug homog-
enizer (Benchmark), and the resulting solutions were 
collected and stored at −80C until analysis.

To assay mRNA levels, the samples were thawed, 
mixed with 0.2 ml chloroform, incubated at room tem-
perature for 5 min, and spun at 12,000 × g for 10 min at 
4C. The aqueous phase was collected, mixed with an 
equal volume of 70% ethanol, and purified using 
EconoSpin columns (Epoch Life Science; Missouri City, 
TX). The samples were washed with RNA Pre-Wash 
Buffer followed by RNA Wash Buffer (Zymo Research; 
Irvine, CA). RNA was eluted with water. cDNA was pre-
pared from the isolated RNA with a High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher). Real-time 
PCR was carried out with TaqMan Gene Expression 
Master Mix (ThermoFisher) on an Applied Biosystems 
7900HT Fast Real-Time PCR System. For each sample, 
assays were run as technical duplicates. cDNA levels 
were then expressed as estimated copy numbers (CNs) 
of mRNA relative to 1 × 105 18S rRNA using the master-
template approach.24 TaqMan probes (ThermoFisher) 
corresponding to human HAS1 (Hs00758053), HAS2 
(Hs00193435), HAS3 (Hs00193436), and eukaryotic 
18S rRNA (4319413E) were used.

Assay of HA Production by HUVECs

HUVECs were plated on top of 1-mm-thick collagen 
gels prepared in 12-well tissue culture plates and 
allowed to grow to confluence for 3 days in base 
medium. Subsequently, the cultures were exposed for 
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3 days either to T-medium or to a “control” medium 
(EGM-MV2 base medium with 1% FBS, 2 ng each of 
bFGF and VEGF, but no PMA). Media were changed 
daily, with addition, on day 3, of 30 µCi/ml of 
[3H]-glucosamine to radiolabel newly synthesized HA. 
After 24 hr of labeling, media and cellular fractions 
were collected separately and digested with 16 μg/ml 
of pronase from Streptomyces griseus (Roche 
Diagnostics; Indianapolis, IN) in 0.5 M Tris, pH 6.5 for 
18 hr at 37C. Following digestion, the pronase was 
inactivated by heating to 100C for 20 min. Radiolabeled 
macromolecules were then recovered and separated 
from unincorporated [3H]-glucosamine by precipitation 
on nitrocellulose as follows: samples (200 µl) were 
added to an equal volume of 2% CPC/50 mM NaCl and 
the solution blotted onto nitrocellulose membranes. 
The membranes were washed 6× in 2% CPC/50 mM 
NaCl and once in deionized water, then air-dried at 
room temperature, and assayed in a scintillation coun-
ter. Incorporation of [3H]-glucosamine specifically into 
HA was measured subtractively, that is, by the reduc-
tion in radioactive signal of sample aliquots digested 
with Streptomyces hyaluronidase (2 U/ml) (Sigma-
Aldrich) for 24 hr at 37C, before slot blotting.25

Statistical Analyses

For statistical analyses, p values were calculated 
with Prism (GraphPad Software, Inc.; San Diego, CA) 
using paired, two-tailed t-tests. Each experiment was 
repeated at least 3×.

Results

HUVECs Upregulate HAS and HA Synthesis in 
Response to T-Medium

Initial studies examined the time-course of HAS mRNA 
expression by HUVECs following a tubulogenic stimu-
lus (exposure to T-medium). Quantitative RT-PCR 
mRNA assays of confluent HUVEC monolayers cul-
tured on top of collagen hydrogels (Fig. 1F) showed 
an increase in HAS2 mRNA from non-detectable at 
0–1 hr to a significant level of expression (avg. CN 
360) at 3 hr. HAS2 mRNA expression declined by 5 hr 
and was non-detectable at the 10- and 24-hr time 
points (Fig. 3A). A similar expression profile was seen 
for HAS3 mRNA, but the peak CN was substantially 
(~10-fold) lower than that of HAS2 mRNA (Fig. 3A). 
HAS1 mRNA was not detected at any time point. 
When similar confluent cultures were maintained for 3 
days in T-medium or control medium (changed daily) 
followed by a 24-hr exposure to [3H]-glucosamine and 
measurement of radioactivity incorporated into HA 
(Fig. 3B), both control and T-medium cultures had 
similar quantities of HA in the culture medium. In 

Figure 3.  Exposure of HUVECs to T-medium upregulates HAS 
mRNA and HA. (A) Time-course, following exposure to T-medium, 
of HAS2 and HAS3 mRNA expression by confluent HUVEC mono-
layers grown on top of collagen gels. HAS2 (top) and HAS3 (bottom) 
mRNA both peak at 3 hr. Peak copy number of HAS3 mRNA is ~10-
fold lower than that of HAS2. n=3 or 4 samples per time point. (B) 
Cultures similar to those of “A” were exposed for 3 days to con-
trol medium (control cultures) or T-medium (tubulogenic cultures) 
followed by metabolic radiolabeling of HA for 24 hr. Levels of HA 
secreted into the culture medium (white bars) are similar in both con-
trol and tubulogenic cultures. In contrast, the level of HA incorporated 
into the cell layer (gray bars) is significantly higher in the tubulogenic 
cultures compared with the control cultures. In this bar graph, individ-
ual sample values for the four groups are shown as scatter plots (open 
circles, n=6 per group) superimposed over the bars. Abbreviations: 
HUVEC, human umbilical vein endothelial cell; HAS, hyaluronan syn-
thase; HA, hyaluronan; T-medium, tubulogenesis medium. *p<0.001.
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contrast, the quantity of HA deposited in the cell layer 
was markedly (> 5.7-fold) higher in the T-medium cul-
tures vs the controls. Of note, most (~72%) of the HA 
in the T-medium cultures was found in the cell layer 
(i.e., was cell-associated) rather than in the culture 
medium (i.e., freely soluble).

Association of HAS2 and HA With Vasculogenic 
HUVEC Tubes

HUVECs dispersed within a 3D native type I collagen 
gel and exposed to tubulogenic medium organize into 

a network of thin-walled, multicellular tubes with rela-
tively wide, fluid-filled lumens that closely resemble 
native capillaries.22,26 In this model, tube formation is 
thought to represent aspects of vasculogenesis and 
begins when the individual cells acquire spindle 
shapes within 24 hr (Fig. 4A), organize into a net-
work of multicellular cords within 48 hr (Fig. 4B), and 
become fully developed tubes with patent lumens 
and thin walls after 3–7 days (Fig. 4C). Using this 
model, we subjected whole-mount cultures to AF/IF 
and confocal microscopy to localize HAS2 and HA 
within HUVEC tubes. Multiaxial cultures (Figs. 1A 

Figure 4.  Expression of HAS2 in HUVEC cords and tubes. (A–C) Stages of tube formation in whole-mount, multiaxial vasculogenic 
cultures, as shown by epifluorescence microscopy in (A) and (B) (red, phalloidin stain for f-actin; blue, DAPI nuclear stain) and bright-field 
microscopy in (C) (crystal violet stain). At 24 hr (A), cells acquire spindle shapes with long, narrow pseudopodia (e.g., arrows). By 48 hr (B), 
the cells form a network of multicellular cords (arrows indicate three cords). Appearance of fully developed tubes (one is indicated in C), 
each with a patent lumen (Lu) and thin walls (arrows), occurs at 3–7 days. Areas of cytoplasm containing nuclei (asterisks) bulge into the 
lumen. In a Western blot of tubulogenic HUVEC extract (D), anti-HAS2 antibody (green stain) recognizes 53 and 64 kDa bands (asterisks). 
β-actin (red stain, arrowhead) marks 42 kDa. Ponceau S stain reveals many non-immunoreactive protein bands. (E–G) Whole-mounts of 
HUVEC cords and tubes in three-dimensional collagen gels evaluated by IF/confocal microscopy for HAS2 (green stain). (E) Cord of a 48-hr 
culture showing three cells (arrows) at a branch point. (F, G) Cross-sections of large-diameter (F) and small-diameter (G) tubes with pat-
ent lumens in a 4-day culture. In (F), arrows indicate the cells comprising the tube wall. In (E)–(G), f-actin is stained with phalloidin (red) 
and nuclei are stained with TO-PRO-3 (blue). Scale bar sizes: A, B = 100 µm; C = 50 µm; E, F = 10 µm; G = 5 µm. Abbreviations: HUVEC, 
human umbilical vein endothelial cell; DAPI, 4, 6-diamidino-2-phenylindole; IF, immunofluorescence; DF, dye front; MW, molecular weight.
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and B, and 2B and C) were used, as both cross-sec-
tional and longitudinal section views are easily found 
in the same specimen. Before IF for HAS2, we evalu-
ated HAS2 antibody reactivity to HUVECs by Western 
blot (Fig. 4D). The antibody we selected recognized 
two bands of 53 and 64 kDa, which corresponded to 
previously published HUVEC Western blots labeled 
with a different anti-HAS2 antibody.27 In the present 
study, HAS2 was strongly expressed in multicellular 
cords, appearing as aggregates of puncta (Fig. 4E). A 
similarly robust, punctate expression in cytoplasm 
was observed in HUVECs that had formed tubes with 
patent lumens (Fig. 4F and G). AF staining for HA 
showed HA to be concentrated in the lumens of the 
tubes. This luminal HA was revealed by incorporating 
CPC into the fixative, which promoted retention of the 
HA in the specimens during processing for AF/IF (see 
section “Cytochemical staining”). The stained HA 
appeared as brightly fluorescent, punctate precipi-
tates dispersed throughout the tube lumens and also 
attached to the luminal wall (Fig. 5), with essentially 
no HA present on the EC abluminal surfaces and very 
scant HA in the supportive collagen gel. In the 
absence of CPC treatment of the specimens, luminal 

HA staining appeared as a barely detectable uniform 
fluorescence (data not shown).

Effect of Inhibitors of HA Accumulation on 
Lumen Formation by Vasculogenic HUVECs

Given the accumulation of HA in the lumens of vas-
culogenic HUVEC tubes, we evaluated the effects of 
hyaluronidase and of inhibitors of HA synthesis (man-
nose and 4-MU) on the development of lumens in 
these cultures. Mannose inhibits HA production by 
specifically reducing cellular pools of HA precursor 
UDP-N-acetylhexosamines,28 whereas 4-MU reduces 
pools of the other building block of HA synthesis, 
UDP-GlcUA, by covalently attaching (via UDP-GlcUA 
transferase catalysis) to UDP-GlcUA and reducing its 
available concentration.28,29 In our studies, we sup-
plemented T-medium with concentrations of 4-MU 
(0.3 mM)30–33 and mannose (20 mM)28,34 known to 
inhibit HA synthesis in cultured cells. To control for 
potential osmotic effects of mannose and its func-
tion as an energy supply,28 HUVECs were also 
cultured in 20 mM (high)-glucose T-medium (the 
control T-medium contained 5.77 mM glucose). 

Figure 5.  HA is localized to the lumens of HUVEC tubes. HUVEC tubes in whole-mount, multiaxial vasculogenic cultures are viewed 
by confocal microscopy after AF/IF staining for HA and HAS2. Tubes are imaged in longitudinal (A) and cross-sectional (B, C) planes. 
Specimens were fixed with NBF with 1% CPC added to precipitate the HA. In (A)–(C), precipitated HA (green) appears as punctate 
masses in the tube lumens (Lu), in some cases attached to the luminal wall (e.g., A, arrows). HA is largely absent from abluminal EC 
surfaces. In the supportive collagen gel (asterisks), HA is very scant. The CPC treatment has reduced the IF signal for HAS2, resulting 
in a relatively weak red staining of cytoplasm, but the staining reveals that HA is generally absent from the cytoplasm. In all images, cell 
nuclei are stained with TO-PRO-3 (blue). Scale bar sizes: A–C = 10 µm. Abbreviations: HA, hyaluronan; HUVEC, human umbilical vein 
endothelial cell; AF, affinity fluorescence; IF, immunofluorescence; NBF, neutral-buffered 10% formalin; CPC, cetylpyridinium chloride; 
EC, endothelial cell.
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Three-dimensional vasculogenic HUVEC cultures 
forming tubes in a single plane (Fig. 1C–E) were used 
to facilitate measurement of lumen dimensions from 
photomicrographs. Measurements were rendered as 
average luminal area per unit tube length (µm2/µm), 
which characterizes lumen development in terms of 
average width (caliber), independent of the tube length. 
Lumen caliber in 6-day cultures was significantly 

decreased by mannose, relative to both the high-
glucose and control T-media (Fig. 6A and C–E). Also of 
note, HUVECs grown in high-glucose T-medium devel-
oped lumens with significantly greater caliber than 
HUVECs grown in control T-medium (Fig. 6A, C, and 
E). Lumen formation was strongly inhibited by 4-MU 
(Fig. 6B)—these cultures organized into cord-like 
structures with very narrow lumens (Fig. 6G), relative 

Figure 6.  Effects of inhibitors of HA accumulation on lumen formation in vasculogenic HUVEC cultures. (A, B) Analysis of lumen size 
(caliber) in cultures grown 6 days in T-medium with no additives (control = Cntr) or supplemented with 20 mM mannose (Man), 
high (20 mM) glucose (Gluc), 0.3 mM 4-MU, or 200 U/ml hyaluronidase (HYAL). In (A), *p=0.02 Cntr vs Gluc; **p<0.02 Cntr vs Man; 
***p<0.002 Gluc vs Man. In B, ***p<0.001 Cntr vs 4-MU. In (A) and (B), n>250 per treatment group. (C–E) Representative images of 
control (C), mannose-treated (D), and high-glucose-treated (E) cultures. (F–H) Representative images of control (F), 4-MU-treated 
(G), and HYAL-treated (H) cultures. Arrows in (C)–(H) indicate examples of tube lumens. Brackets in (D) indicate examples of narrow 
cords with very limited luminal development. Compared with controls, lumen caliber was significantly decreased by mannose and 4-MU, 
significantly increased by high glucose, and not significantly affected by HYAL. Images (C)–(H) are of PI-stained whole-mounts viewed 
by wide-field epifluorescence. Scale bar sizes: C–H = 200 µm. Abbreviations: HA, hyaluronan; HUVEC, human umbilical vein endothelial 
cell; 4-MU, 4-methylumbelliferone; PI, propidium iodide; T-medium, tubulogenesis medium.
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to controls (Fig. 6F). Interestingly, compared with con-
trols, lumen caliber was not significantly affected by 
treatment with a high concentration (200 U/ml) of hyal-
uronidase (Fig. 6B and H).

Effect of Inhibitors of HA Accumulation on 
HUVEC Sprouting

After the studies of vasculogenic HUVEC cultures, 
we evaluated the influence of inhibitors of HA accumu-
lation on the formation of sprouts by HUVECs cul-
tured under conditions that model angiogenesis. In 
these “monolayer-sprout” cultures (Fig. 1F and G), the 
sprouts grow from a confluent EC monolayer into an 
underlying 3D collagen gel.35,36 The sprouts maintain 
contact with the EC monolayer, and each sprout 
lumen is open to the overlying culture medium via a 
sprout “throat” (Fig. 1G, asterisk). We used a collagen 
gel of limited thickness (Fig. 2D and E), which causes 
the sprouts to lie parallel to the overlying monolayer, 
allowing sprout number, sprout length, and lumen 
development to be readily assessed by phase-contrast 
microscopy.

Monolayer-sprout cultures grown 6 days in T-medium 
supplemented with 20 mM mannose, 0.3 mM 4-MU, or 
200 U/ml hyaluronidase formed significantly fewer 
sprouts than cultures grown in control T-medium with-
out these additives, but, interestingly, sprout numbers 
were significantly increased in the presence of high 
glucose (Fig. 7A and B). Of the sprouts that formed in 
all of these cultures, sprout length was not affected by 
mannose, 4-MU, or high glucose relative to controls 
(Fig. 7C), but was significantly reduced by hyaluroni-
dase (Fig. 7D). In similarity to the vasculogenic cul-
tures, the tubes formed by the monolayer-sprout 
cultures contained HA in their lumens (Fig. 8A). 
Sprouts in control cultures had well-developed lumens 
that extended from the pore throat to the tips of the 
sprout (Fig. 8B). Compared with the controls, however, 
sprouts that formed in the presence of 0.3 mM 4-MU 
or 20 mM mannose had poorly developed, discontin-
uous lumens, which appeared as narrow channels or 
single/clustered vacuoles (Fig. 8C and D). Sprouts 
that formed in the presence of high glucose (Fig. 8E) 
had well-developed lumens that were at least as 
large as those of the controls. Interestingly, in con-
trast to the vasculogenic cultures, hyaluronidase 
strongly inhibited lumen formation in monolayer-
sprout cultures (Fig. 8F).

Discussion

This study shows that exposure of HUVECs to a tubu-
logenic environment in vitro results in an increased 
production of HA, which is accompanied by a transient 

upregulation of HAS2 mRNA. Most of the newly pro-
duced HA remains associated with the cells rather 
than being released freely into the surrounding 
medium. In the context of this cell-associated HA, AF/
confocal microscopy of whole-mount HUVEC cultures, 
treated with CPC to preserve HA, revealed abundant 
HA in the lumens of HUVEC tubes. Of particular sig-
nificance, a substantial portion of this HA occupied the 
central lumen rather than being restricted only to the 
luminal surface of the ECs in a classical vascular 
glycocalyx.37,38

In contrast to the presence of HA in HUVEC tube 
lumens, we did not detect HA on the exterior of HUVEC 
tubes, which may reflect the reported absence of an 
abluminal polysaccharide layer near the growing tips 
of neovessels in vivo.37 The absence of abluminal HA 
on our HUVEC tubes does not, by itself, indicate a 
complete absence of an exterior cell coat, as we have 
previously shown that biglycan is present on the exte-
rior surfaces of these tubes.20 It is noteworthy that HA 
production differs significantly among different cell 
types; for example, cultured human bronchial epithelial 
cells (BECs) produce 20-fold less HA than cultured 
human lung fibroblasts.39 Like BECs, we observe that 
cultured HUVECs produce relatively small amounts of 
HA—particularly secreted, freely soluble HA that could 
contribute to interstitial ECM (unpublished observa-
tions). Such a wide, cell type–specific variation in lev-
els of HA synthesis underscores the concept that HA 
is a multifunctional molecule with roles extending 
beyond bulk structural support to include more subtle, 
targeted effects on cell behavior.

The formation of vascular sprouts with patent 
lumens is a complex process involving multiple molec-
ular and biomechanical mechanisms, which include 
cell surface receptor–mediated signaling, cytoskele-
tal involvement, cell rearrangement, integrin engage-
ment of surrounding ECM, and ECM proteolysis.36,40–43 
In direct association with these mechanisms is the 
development of nascent luminal spaces by intracellu-
lar vacuolization, which has been shown to occur both 
in vivo and in vitro.36,40,43 In vitro, vacuolization within 
isolated ECs occurs in vasculogenic models and in 
angiogenesis-like scenarios when ECs sprout from 
confluent monolayers into underlying ECM.36,40 These 
vacuoles can be labeled with membrane-impermeant 
dyes, indicating that pinocytosis plays a role in their 
formation.26 Once formed, the intracellular vacuoles 
expand, exocytose, and contribute to the developing 
luminal surface. Participation of neighboring cells in 
this process is thought to be an important factor in the 
formation of a multicellular tube.40

At this point in the discussion, it is important to note 
that in vitro models of vascular tubulogenesis, which 
include the ones used in this study, are artificial 
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systems that do not reproduce all of the factors that 
exist in angiogenic or vasculogenic environments in 
vivo. For example, in vitro models generally do not 
reproduce the intraluminal pressure and flow elements 
(i.e., flowing blood) present in “parent” vessels from 
which neovessels form by angiogenesis. In addition, 
the 3D supportive gels (typically made from collagen, 
fibrin, or basement membrane matrix) used in tubulo-
genesis models do not fully simulate native interstitial 
ECM in terms of its molecular complexity or biome-
chanical properties (e.g., the presence of interstitial 
fluid pressure or forces of traction, tension, or com-
pression acting on ECM under typical mechanical 

loads). Therefore, any observations or conclusions 
regarding neovascular morphogenesis that are made 
using in vitro models should, eventually, be evaluated 
in an in vivo setting.

The results of this study point to a role for auto-
crine, EC-derived HA in vascular lumen formation. We 
observed that the development of lumens in vasculo-
genic tubes formed by dispersed HUVECs and in 
tubular angiogenic sprouts formed by confluent 
HUVEC monolayers was markedly suppressed in the 
presence of metabolic inhibitors of HA production, 
such as mannose or 4-MU. Underscoring the impor-
tance of luminal HA in lumen development are the 

Figure 7.  Inhibitors of HA accumulation influence HUVEC sprouting. (A, B) Assays of sprouts produced by monolayer-sprout cultures 
grown 6 days in T-medium with no additives (control—Cntr) or supplemented with 20 mM mannose (Man), 0.3 mM 4-MU, high (20 
mM) glucose (Gluc), or 200 U/ml of hyaluronidase (HYAL). (A, B) Compared with controls, sprout numbers were significantly reduced 
by mannose, 4-MU, and hyaluronidase, but significantly increased by high glucose. (C, D) Compared with controls, sprout length was 
not affected by mannose, 4-MU, or high glucose (C), but was significantly decreased by hyaluronidase (D). In (A)–(D), n=3 cultures for 
each treatment group. Abbreviations: HA, hyaluronan; HUVEC, human umbilical vein endothelial cell; 4-MU, 4-methylumbelliferone; 
T-medium, tubulogenesis medium. (A) *p<0.05. **p<0.04. ***p<0.03; (B) *p<0.001; (D) *p<0.01.
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effects of the HA-degrading enzyme hyaluronidase—
we found that hyaluronidase robustly suppressed 
lumen formation in HUVEC monolayer-sprout cul-
tures, but did not inhibit lumen formation in tubes gen-
erated by dispersed HUVECs. This discrepancy could 
be explained in terms of access of the hyaluronidase 
in the culture medium to the luminal compartment, that 
is, in monolayer-sprout cultures the lumens of the 
developing tubes are always open to the overlying cul-
ture medium via their throats (Fig. 1G), whereas tubu-
logenesis by dispersed HUVECs involves the formation 
of solid cords of cells before lumen development (Fig. 
4B) which may act as a barrier separating the hyal-
uronidase in the culture medium from the zones within 
the cord where vacuoles form and coalesce.

At present, the means by which endogenous HA 
could contribute to lumen development is not clear. 
Purified o-HA is reported to stimulate EC proliferation, 
migration, secretion of angiogenic factors, and overall 
vascular growth via receptor-mediated (e.g., CD44/
RHAMM) signaling,38,44 although the direct involve-
ment of o-HA in lumen development has not been 

established. Of note, there are concerns that some of 
the biological effects of LMW-HA/o-HA (e.g., induction 
of inflammatory responses) may be the consequence 
of contamination with endotoxin,14 which has been 
shown to elicit proangiogenic behaviors in ECs.45–48

Of note, we found that in situations where 4-MU, 
mannose, and hyaluronidase inhibit lumen develop-
ment, vacuoles or lumens of narrow caliber still form, 
but do not expand. In this context, the hygroscopic 
properties of HA make this molecule an ideal agent to 
contribute to the enlargement of intracellular vacuoles 
and, following vacuolar exocytosis, promote the overall 
expansion of the nascent lumen. HA has a substantial 
capacity to interact with water molecules, occupying a 
large hydrodynamic volume in solution—a property 
that allows HA to regulate tissue hydration and osmotic 
balance in extracellular compartments.1 HA is well 
suited as a medium to exert hydraulic pressure extra-
cellularly or for intracellular vacuolar expansion—the 
osmotic pressure of HA is substantially higher than a 
soluble protein, such as serum albumin, on a weight to 
volume basis,49 permitting HA to generate substantial 

Figure 8.  Inhibitors of HA accumulation suppress lumen development in HUVEC sprouts. (A) Confocal image (cross-section) of a 
sprout in a 6-day monolayer-sprout culture (control) fixed with NBF/1% CPC and then stained by AF (green) to visualize HA in the tube 
lumen (Lu). HA is scant in the supportive collagen gel (asterisks). Sprout nuclei are stained with PI (red). (B–F) Phase-contrast images 
of sprouts in 6-day tubulogenic monolayer cultures receiving T-medium with no additives (B, control) or supplemented with 0.3 mM 
4-MU (C), 20 mM mannose (D), high (20 mM) glucose (E), or 200 U/ml hyaluronidase (HYAL). (F). Sprouts are seen against out-of-focus 
backgrounds of the confluent cell monolayers located above them. Compared with controls, luminal areas of sprouts (yellow shading) 
are substantially reduced and discontinuous in the 4-MU, mannose, and hyaluronidase-treated cultures. Lumens in the high-glucose-
treated cultures are at least as large as controls. In the phase-contrast images, sprout throats are indicated by green arrows. Scale bar 
sizes: A = 10 µm; B, C, E, F = 50 µm; D = 100 µm. Abbreviations: HA, hyaluronan; HUVEC, human umbilical vein endothelial cell; NBF, 
neutral-buffered 10% formalin; CPC, cetylpyridinium chloride; AF, affinity fluorescence; PI, propidium iodide; 4-MU, 4-methylumbellif-
erone; T-medium, tubulogenesis medium.
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osmotic pressures at relatively low concentrations. 
Moreover, osmotic pressures of HA solutions are non-
ideal, that is, with increased concentration of HA, 
osmotic pressures increase exponentially rather than 
linearly, as solutions of serum albumin do.49 Therefore, 
moderate changes in HA concentration could lead to 
marked increases in osmotic pressure.50 Of note, 
polyionic polysaccharides such as HA alter their con-
formation with changes in type or concentration of 
counterions in their vicinity.49 As cationic strength is 
lowered, the anionic charges of HA repel one 
another and the molecule expands to a more extended 
conformation,51–53 thereby (it has been proposed) 
converting changes in counterion concentration to 
mechanical energy.49,54 In this context, during EC 
lumen formation, accumulation of HA might contribute 
to the expansion of vacuoles by not only increasing 
vacuolar osmotic pressure, but also by direct expan-
sion of the polyanionic HA molecules as cation con-
centration decreases upon water influx. Significantly, a 
previous report55 indicates a role for saccharide-medi-
ated anionic electrostatic repulsion in initiating vascular 
lumen formation—accumulation of sialic acid (bound to 
glycoproteins and/or proteoglycans at EC surfaces) 
may help start lumen formation by pushing apart 
apposing cells within solid EC cords. Beyond this event, 
mechanical work (via electrostatic and/or osmotic 
forces) performed by accumulation of luminal HA might 
contribute to further expansion of the nascent lumen.

In addition to contributing to lumen development, 
endogenous HA appears to be involved in the process 
of sprout initiation, as we observe that confluent 
HUVEC monolayers cultured on top of collagen gels 
produce significantly fewer sprouts in the presence of 
mannose or 4-MU. Similarly, hyaluronidase inhibits 
sprouting. Whether or not endogenous HA influences 
sprout initiation via focal changes in osmotic pressure, 
electrostatic repulsion, or by other mechanisms (e.g., 
influences over the invasion of the collagen gel by 
leading tip cells) remains to be determined.

Observations in vivo that 4-MU treatment sup-
presses vascularization of tumors and endometriotic 
lesions56–58 support the concept of using inhibition of 
HA synthesis as a therapy to treat neovascularization-
dependent disease processes. In these therapeutic 
scenarios, antiangiogenic effects of 4-MU might involve 
inhibition of “stromal HA” production by non-vascular 
cells—in tumor progression, stromal HA is thought to 
provide a microenvironment that supports recruitment 
of inflammatory cells that can release angiogenic 
growth factors.59 Stromal HA may also be a source of 
proangiogenic oligosaccharides.60 However, beyond 
the involvement of stromal HA, the present study 
suggests that HA-suppressive therapies might also 

target ECs directly—inhibiting the accumulation of 
EC-derived HA in nascent luminal compartments in 
a manner that suppresses both sprout initiation and 
sprout morphogenesis.
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