
1903

Angiogenesis, the formation of new blood vessels via sprout-
ing, is a complex process whereby endothelial cells migrate 

out from preexisting vessels and form new connections to increase 
the vascular network.1–5 During development, angiogenesis occurs 
in response to tissue cues, such as hypoxia, and is critical for proper 
growth of the embryo.5–7 In contrast, endothelial cells are largely 
quiescent in adults; however, they become activated to reinitiate 
angiogenesis in physiological processes, such as wound healing, 
or in diseases, such as cancer.8 Unlike developmental angiogenesis, 
physiological angiogenesis is often characterized by the formation 
of tortuous vessels.9–12 For example, tortuous vessels are associated 
with wound healing,13 placenta formation during pregnancy,14 and 
arteriogenesis that often accompanies ischemia.15 Tortuous vessels 
have a distinct morphology, displaying S-shaped curves, oscil-
lations, or kinks compared with normal linear vessels, and they 
are often excessively permeable.16 Although tortuous vessels have 
been observed for decades, it is not clear how these vessels form, 
how they contribute to angiogenesis, or how they resolve.
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Wound healing is characterized by several phases,17–19 including 
a proliferative phase in which angiogenesis is a major component. 
Tortuous vessels often appear during the proliferative phase, and 
their occurrence decreases as the wound heals.13 Tortuous vessels 
are thought to result from increased cytokine and growth factor sig-
naling, changes in flow dynamics, changes in extracellular matrix 
composition, and decreased mural cell coverage.9,16 Tortuous ves-
sels also have increased permeability,20 which may facilitate deliv-
ery to the wound site. Tortuous vessels have been examined at the 
macro level via immunohistochemistry and intravital imaging, cor-
rosion casting, and scanning electron microscopy.13,16,21–23 However, 
it remains unclear whether tortuosity extends to the smallest capil-
laries that are the source of most wound-healing angiogenesis, and 
the cellular parameters associated with formation and resolution of 
vessel tortuosity are poorly understood.

Here, we used intravital imaging to analyze the role of tortuous 
capillary vessels, called tortuous microvessels, during wound heal-
ing. Longitudinal analysis of healing in the mouse ear allowed for 
capture of vessel dynamics over time. Similar to larger vessels, tortu-
ous microvessel frequency increased and then gradually decreased 
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relative to normal capillaries in the wound site. High-resolution 
imaging in vivo revealed that endothelial cells comprising tortuous 
microvessels have aberrant cell shapes, increased permeability, and 
suggest altered flow dynamics. Surprisingly, tortuous microvessels 
have increased sprouting compared with normal capillaries, indi-
cating for the first time that tortuous vessels contribute to sprouting 
angiogenesis during wound healing. Thus, we identify a new type 
of tortuous vessel that forms from the smallest capillaries and con-
tributes significantly to sprouting angiogenesis in wounds. Because 
of its exuberant sprouting, this class of vessel may be a novel inter-
ventional target for improved wound healing.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
Tortuous Microvessels Are Associated 
With Wound Healing
To better understand the role of angiogenesis in wound heal-
ing, we investigated this process in a mouse ear wound-heal-
ing model. We used a Flk1-GFP vascular reporter line24 and 
a small ear punch biopsy (0.35 mm) to induce a wound, and 
we examined angiogenesis and tortuous vessel formation as 
the wound healed. Using intravital imaging and 2-photon 
microscopy, we acquired high-resolution images (including 
the Z plane) of small caliber vessels growing into the wound 
site of the same mouse ear over an extended time period (≤39 
days post-wounding, dpw; Figure 1A through 1C; Figure IA 
in the online-only Data Supplement). Image analysis revealed 
that small-caliber tortuous vessels, which we termed tortuous 
microvessels, were present in the wound area as early as 3 dpw, 
alongside normal small capillaries (Figure 1D through 1I).

We defined a tortuous microvessel as having a diameter of 
5 to 20 μm and oscillating S curves, kinks, bends, or twists. 
To accurately quantify tortuous microvessels during wound 
healing, we applied a tortuosity index to vessel segments by 
examining the ratio between total segment length (L

G
) and the 

shortest distance between start and end point (L
E
), then mul-

tiplying the ratio by the number of times the vessel changed 
direction or curved <160° (N

C
; Figure 1J through 1L). We 

found that tortuosity index values for tortuous microves-
sels were significantly higher than those for normal nearby 
microvessels in the wound, verifying that this vessel type has a 
distinct morphology that can be quantified (Figure 1L). Tracing 
of all microvessels in the images revealed that the total length 
of microvessels significantly increased from 3 to 17 dpw, coin-
ciding with the angiogenic phase of wound healing, then lev-
eled off during subsequent times (Figure IB in the online-only 
Data Supplement). We then categorized the vessels into normal 
or tortuous subgroups, which revealed that the percentage of 
tortuous microvessels also followed this time course initially 
and peaked at 17 dpw; however, tortuous microvessels then 

significantly decreased as healing progressed (Figure 1M). 
Comparison of start, peak, and end points showed that the per-
centage increase in tortuous microvessels was significant at 17 
dpw compared with the beginning and end of the imaging time 
(Figure 1N). Thus, tortuous microvessel formation increased 
initially as part of an overall trend, but then decreased while 
overall microvessel length stabilized, suggesting that tortuous 
microvessels resolve into normal capillaries over time.

To more closely examine the relationship between tortuous 
microvessels and wound closure, we measured microvessel loca-
tion relative to the wound. Circular regions were outlined every 
100 μm outward from the wound center and used to calculate the 
percentage of tortuous microvessels in these regions at each time 
point (Figure 2A and 2B) for 31 days. We found that the major-
ity of vessels near the wound boundary (100–300 μm from cen-
troid) were tortuous. Because most tortuous microvessels were 
found close to the wound boundary, we next asked how tortuous 
microvessels formed in new tissue that is initially avascular. We 
outlined the avascular area (including the biopsy punch hole) 
around the wound at 1 dpw and used this constant area to assess 
new angiogenesis at subsequent time points (Figure 2C; Figure IIA 
and IIB in the online-only Data Supplement). The area remained 
avascular until 5 dpw, and subsequent vascularization consisted 
mainly of tortuous microvessels at early time points (7–17 dpw; 
Figure 2D). However, as the wound remodeled, the total length of 
the tortuous microvessels decreased, while the total length of the 
normal capillaries in this area increased, and the 2 lengths were 
equal by 31 to 39 dpw. To determine whether the predominant 
vascularization by tortuous microvessels at the early time points 
was because of angiogenesis, tissue migration into the wound 
area, or a combination of both, we tracked the location of distinct 
vessels in this region over time. We found that the wound area ini-
tially showed some mass movement, suggesting that microvessels 
may move in because of larger tissue displacement at early time 
points (Figure IIB in the online-only Data Supplement). However, 
we tracked individual patterns over time and found that start-
ing around 7 to 9 dpw, mass movement was minimal, and new 
microvessels appeared to form via sprouting angiogenesis into the 
avascular region (Figure IIB in the online-only Data Supplement). 
These findings suggest that sprouting angiogenesis is the driving 
force behind vascularization of new tissue after a short burst of 
tissue displacement and that sprouting angiogenesis is active at 
the wound border where tortuous microvessels are concentrated.

We next hypothesized that the shift from tortuous to normal 
microvessels in the avascular area resulted at least in part from 
resolution of tortuous vessels, and we temporally tracked indi-
vidual tortuous microvessels over time to test this hypothesis 
(Figure 2E and 2F). We found that 69% of tortuous microves-
sels normalized, while 27% of microvessels remained tortuous 
over the time course of wound healing, suggesting that tortu-
ous microvessel formation and resolution is a dynamic process 
associated with the angiogenic phase of wound healing.

Tortuous Microvessel Endothelial 
Cells Have Distinct Properties
We took advantage of high-resolution intravital imaging to 
interrogate the endothelial cells that line tortuous microves-
sels. The topology of tortuous microvessels suggested that 
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similar to larger tortuous vessels, they experience disturbed 
flow, and as a result, the endothelial cells may change shape 
and acquire other properties consistent with changes that pro-
mote vessel sprouting, defined as a state of activation.25 We 
acquired images from live intravital imaging while injecting 

small-diameter (100 nm) fluorescent microspheres to visual-
ize blood flow. Before injection, there were no red fluorescent 
microspheres present in any vessels (Figure 3A; Movie in 
the online-only Data Supplement). On injection, the micro-
spheres moved through the imaging field quickly in areas with 

Figure 1. Tortuous microvessels during wound healing. A–C, Wound and surrounding vasculature at indicated times. Yellow stippled line, 
wound punch and avascular area; boxes, areas magnified below. D–F, High magnification of blue boxed areas showing normal microves-
sels. G–I, High magnification of red boxed areas showing tortuous microvessels. J and K, Examples of normal and tortuous microves-
sel segments used to calculate tortuosity index. L, Quantification of normal and tortuous microvessel segments. M, Quantification of 
percentage of tortuous microvessels over 39 days, n=3 ears. N, Graph representing the ratio of tortuous to normal microvessels at indi-
cated times, n=3 ears. Error bars, mean±SEM; Statistical comparisons by 2-way ANOVA with Tukey multiple comparison test; *P≤0.05; 
****P≤0.0005. Scale bars: 200 μm (A), 50 μm (D). Vessels pseudocolored using Photoshop. ANOVA indicates analysis of variance; and 
dpw, days post-wounding.
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linear capillaries, and microsphere patterns changed com-
pletely from one time frame to the next (Figure 3B through 
3F, blue boxes). In contrast, some microspheres appeared to 
stick in the curved area of tortuous microvessels, and these 
became more prevalent with time (Figure 3B through 3G, red 
boxes), while the linear regions lost association with micro-
spheres over time as they were presumably cleared from the 
circulation. Analysis revealed that on average 5 beads per tor-
tuous microvessel remained stationary post-injection, while 
no beads were stationary in linear microvessels (Figure 3H). 

These findings indicate that endothelial cells in tortuous 
microvessels differ from those in linear regions and suggest 
that reduced or disturbed blood flow is associated with tortu-
ous microvessels, which could ultimately lead to differences 
in endothelial cell properties between normal and tortuous 
microvessels.

Because activated endothelial cells are often round rather 
than being spindle-shaped and elongated, we hypothesized that 
endothelial cells in tortuous microvessels had abnormal cell 
shapes. To test this hypothesis, we generated mosaic mouse lines 

Figure 2. Tortuous microvessel location, formation, and resolution. A, Example of 3 dpw wound illustrating defined regions every 100 μm 
(not to scale). Note avascular area (wound punch+tissue) in segments close to the wound. B, Dot plot representing percentage of tortuous 
microvessels in each region over time. Warmer colors (red/orange), elevated tortuous microvessels; cooler colors (blue/purple), reduced tor-
tuous microvessels. C, Avascular wound area+punch, defined at 1 dpw and analyzed at subsequent time points. D, Quantification of normal 
and tortuous microvessel length in new wound tissue (same areas measured for all time points). Error bars, mean+SEM. Statistical compari-
sons, 2-way ANOVA with Sidak multiple comparisons test. *P≤0.05, **P≤0.005. E, Example of a tortuous microvessel over time, showing 
normalization. F, Percentage of vessels that normalized, remained tortuous, or outcome unknown during 39 day wound healing time course. 
n=86 tortuous microvessels. Vessels pseudocolored using Photoshop. ANOVA indicates analysis of variance; and dpw, days post-wounding.
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that expressed GFP in endothelial cells along with a vascular-
selective inducible Cre driver, Cdh5-CreERT2,26 and a tdTomato 
excision reporter.27 The reporter was activated in a small subset 
of endothelial cells (10%–30%) using low-dose tamoxifen prior 
to wound healing, and individual groups of endothelial cells were 
followed during an abbreviated time course (21 days) that, never-
theless, encompassed the major angiogenic period in our model. 
Endothelial cells in normal capillaries maintained a stereotypical 
spindle shape, while those in tortuous microvessels were spindle-
shaped at 1 dpw, but became more rounded over time, coinci-
dent with increased tortuosity (Figure 4A and 4B). The shapes 
of individual endothelial cells were measured at 11 dpw in fixed 
samples stained for PECAM-1 (platelet endothelial cell adhesion 
molecule 1), an endothelial cell border marker (Figure 4C). The 
longitudinal/transverse axis ratio was significantly reduced in 
endothelial cells from tortuous microvessels relative to control 

endothelial cells in normal microvessels (Figure 4D). These data 
confirm the visual appearance of endothelial cells in tortuous 
microvessels as rounded and suggestive of activation.

To determine whether the endothelial cells in tortuous 
microvessels had other distinct properties, we examined the 
expression of several markers associated with a proinflamma-
tory phenotype. Expression of ICAM-1 (intercellular adhesion 
molecule 1), an intercellular adhesion molecule involved in 
leukocyte extravasation,28 showed robust expression at 15 dpw 
in tortuous vessels near the wound (Figure IIIA in the online-
only Data Supplement). Likewise, staining for P-selectin, which 
is associated with postcapillary venules that are competent for 
extravasation,29 was positive in areas of tortuous microvessels 
(Figure IIIB in the online-only Data Supplement).

We next asked whether tortuous vessels had altered bar-
rier function. To test for permeability, we injected smaller 

Figure 3. Circulating microspheres accumulate in tortuous microvessels. Representative images from movie of circulating microspheres 
at 7 dpw; time (T) sec, upper right. A, Prior to injection of microspheres into tail vein. B–F, Images post-injection at indicated times. Blue 
insets, linear microvessel; red insets, tortuous microvessel; yellow arrowheads, microspheres stationary for multiple time frames. Note 
that no microspheres remain in the normal vessel segment (blue inset) as opposed to trapped microspheres in the tortuous microvessel 
(arrows in red inset). G, Illustration showing tortuous microvessel and areas where microspheres became trapped. H, Quantification of 
microsphere trapping in normal and tortuous microvessels; long line and error bars, mean±SEM. Statistical comparisons, Student t test 
(unpaired, 2-tailed). *P≤0.05. Scale bar, 50 μm.
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Figure 4. Cellular morphology in tortuous microvessels. Mosaic analysis of microvessels during 21 day wound healing time course in mice of 
indicated genotype. A, Normal microvessel endothelial cell (EC) have stereotypical spindle morphology throughout time course (blue arrow-
heads, red cell in diagram). B, Tortuous microvessel ECs initiate as spindle-like and become rounded with time and tortuosity (blue arrow-
heads, red cell in diagram). C, PECAM (platelet endothelial cell adhesion molecule) staining of Flk1-GFP mice at 11 dpw, highlighting individual 
cell borders. D, Ratio of longitudinal to transverse axis of EC in normal and tortuous microvessels; long line and error bars, mean±SEM. Statis-
tical comparisons, Student t test (unpaired, 2-tailed); ****P≤0.0001. Scale bar, 10 μm (C and D). dpw indicates days post-wounding.
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fluorescent microsphere beads (20 nm) via tail vein injection 
at 15 dpw and collected samples after 20 minutes (Figure 5A 
and 5B). Line scan measurements revealed that microspheres 
were significantly increased in the areas adjacent to tortuous 
microvessels relative to normal nearby capillaries (Figure 5C 
through 5E). Interestingly, we also noted increased micro-
spheres within the tortuous microvessels, consistent with 
our earlier finding that larger microspheres were enriched 
in tortuous areas. These results indicate that tortuous vessels 
have increased permeability, consistent with the cell shape 
changes. Taken together, these findings show that endothelial 
cells in tortuous microvessels are distinct from cells in nor-
mal capillaries by multiple criteria.

Tortuous Microvessels Sprout Robustly
The altered morphology and properties of tortuous microves-
sel endothelial cells suggest that they may be more prone to 
sprouting, than endothelial cells in normal capillaries. Thus, 
we hypothesized that tortuous microvessel endothelial cells 
sprout more frequently than normal capillaries, and we used 
our high-resolution longitudinal data set from the complete 
time course (39 days) of wound healing to test this idea. 
Analysis of blood vessel sprouts, defined as new extensions 

of at least 10 μm that were unconnected (blind-ended) and 
that initiated during the wound healing time course, revealed 
that tortuous microvessels sprouted exuberantly (Figure 6A 
through 6G). For example, a microvessel near the wound that 
appeared normal at 1 dpw subsequently became tortuous at 5 
dpw, and sprouts emanated from curved regions (Figure 6A 
and 6B). At 7 dpw, the main microvessel remained tortuous, 
and the sprouts continued to extend (Figure 6C). By 9 dpw 
onward, the main microvessel began to normalize, while 
the sprouts persisted and made connections to each other or 
to other vessels (Figure 6D through 6F). When analyzing 
new sprout initiations, we found that tortuous microvessels 
sprouted at a significantly higher frequency than normal capil-
laries from 5 to 13 dpw (Figure 6G).

To determine whether sprout initiations from tortuous 
microvessels were more or less stable than sprout initiations 
from normal vessels, we quantified how often sprouts from 
each type of vessel formed a connection or retraction (Figure 
IVA and IVB in the online-only Data Supplement). Our anal-
ysis showed no significant differences between connections 
and retractions of sprouts from tortuous or normal microves-
sels (Figure IVC in the online-only Data Supplement), sug-
gesting that sprouting from tortuous vessels leads to stable 
connections and expands the vascular plexus near the wound 

Figure 5. Tortuous microvessels have increased permeability. Analysis of microvessel permeability at 15 dpw. A and B, Examples of nor-
mal (A) and tortuous vessel (B) images (compressed Z stacks) that were analyzed. C and D, Top, diagram of vessel and microspheres 
showing measurements. Bottom, quantification of the fluorescence signal of green and red channels with distance from the center of the 
vessel, extending outward for one radius length for normal (C) and tortuous (D) microvessels. E, Ratio of microsphere label (red channel) 
to vessel label (green channel) starting at 0 (edge of vessel). n=6 vessel segments in normal vs tortuous microvessels. Long line and error 
bars, mean±SEM. Statistical comparisons, two-way ANOVA with Tukey multiple comparison test; *P≤0.05; **P≤0.005. Scale bar, 10 μm. 
ANOVA indicates analysis of variance.
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site. We asked whether sprouting from tortuous microvessels 
was a resolution mechanism and found that 36% of tortuous 
microvessels normalized after sprouting, while 54% nor-
malized without sprouting, suggesting that sprouting is not 
required for vessel normalization (Figure IVD in the online-
only Data Supplement).

To better understand the sprouting behavior of tortuous 
microvessels, we examined when sprout initiations occurred 
relative to acquisition of microvessel tortuosity (Figure 6H 
through 6L). This analysis showed that significantly more 
sprouts formed after microvessels became tortuous compared 
with sprouts initiating coincident with tortuosity (Figure 6L), 
indicating that sprouting is downstream of tortuous vessel 
formation. This data suggest that tortuous vessel formation 

promotes endothelial cell sprouting. To determine whether 
some regions within tortuous microvessels were more prone to 
sprouting, we measured sprout initiations from curved regions 
versus noncurved regions of tortuous microvessels. Our data 
revealed a significant increase in sprout frequency from the 
apex of the curved region of tortuous microvessels versus 
other areas of the vessel (Figure 6M through 6O), suggesting 
that these curved areas are the most sprout-prone regions of 
tortuous microvessels. Taken together, these data support our 
hypothesis that endothelial cells in tortuous microvessels are 
distinct, and the enhanced sprouting frequency combined with 
enhanced overall tortuosity suggest that tortuous microves-
sel formation is a key player during the angiogenic phase of 
wound healing.

Figure 6. Tortuous microvessels have increased sprouting. Analysis of sprouting from normal and tortuous microvessels over 39 day 
wound healing time course. A–F, Example of a normal microvessel near wound that became tortuous and initiated sprouting. A, Normal 
microvessel near wound at 1 dpw. B, At 5 dpw, the main microvessel became tortuous and initiated sprouting (blue arrows) from the 
apex of curved regions (yellow arrowheads). C, Main microvessel remained tortuous and sprouts persisted at 7 dpw. D–F, From 9 to 15 
dpw, the main tortuous microvessel was normalized, and the sprouts formed new connections (green arrows). G, Quantification of sprout 
initiations from normal and tortuous microvessels during wound healing, n=3 ears. Error bars, mean±SEM; Statistical comparisons: 
2-way ANOVA with Sidak multiple comparisons test. *P≤0.05; **P≤0.005; ****P≤0.0005. H–K, Example of sprout initiation after tortu-
ous microvessel formation. Note that sprout initiation does not occur until 9 dpw (K, yellow arrow). L, Quantification of sprout initiations 
subsequent to tortuous microvessel formation relative to sprout initiations simultaneous with tortuous microvessel formation. Error bars, 
mean±SEM; Statistical comparisons: Student t test (unpaired, 2-tailed); **P≤0.005. M, Example of sprout initiation from apex of curve on 
tortuous microvessel. N, Example of sprout initiation from noncurved region of tortuous microvessel. O, Quantification of sprout initia-
tions from the apex of tortuous microvessels relative to noncurved regions. Error bars, mean±SEM; Statistical comparisons: Student t test 
(unpaired, 2-tailed); **P≤0.005. P, Model of tortuous microvessel initiation, sprouting, and resolution during wound healing. Scale bar, 50 
μm (A). Vessels pseudocolored using Photoshop. dpw indicates days post-wounding.
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Discussion
Here, we identify tortuous microvessels for the first time and 
present a longitudinal, in-depth analysis of microvessel tortu-
osity during wound healing. Microvessel tortuosity increases 
over a reproducible time course that largely correlates with 
increased overall angiogenesis. We show that sprouting is 
promoted from tortuous microvessels, and this exuberant 
sprouting likely contributes significantly to wound angiogen-
esis and overall healing. Our data are consistent with a model 
whereby tortuosity alters flow parameters and leads to endo-
thelial cell activation that promotes sprouting in these regions 
(Figure 6P). Thus, the emergence of tortuous microvessels 
near a wound site may be a mechanism to efficiently expand 
wound angiogenesis and promote healing.

Although tortuous vessels have been observed during 
wound healing and in diseases such as cancer,16,30 microves-
sels of the caliber (5–20 μm) analyzed here were not resolved 
by most of these studies. Yet the bulk of the vasculature in 
most vessel beds comprised small-caliber capillaries, and 
these capillaries are usually the source of sprouts that con-
tribute to neoangiogenesis. While some studies analyzed 
static images of wound vessels,16,31,32 our approach allowed for 
high spatiotemporal resolution of microvessels and longitu-
dinal analysis of this critical component of wound healing. 
Our finding that tortuous microvessels contribute significantly 
to overall sprouting angiogenesis in the wound environment, 
and our results showing that these sprouts often lead to new 
connections and conduits, provide a novel link between vessel 
tortuosity and wound healing via sprouting angiogenesis.

Sprouting from tortuous microvessels occurs at a higher 
frequency than from normal vessels, and these sprouts often 
initiate from the apex of curved regions of tortuous microves-
sels. While we do not have the resolution to interrogate junc-
tional integrity, our finding that tortuous microvessels are 
leakier than normal capillaries, and that microspheres become 
stuck in the tortuous microvessels, suggests altered blood flow 
and shear stress. Interestingly, a recent study by Ghaffari et 
al33 showed that sprouts emanate from the lowest minimum 
in predicted shear stress along a capillary network, indicat-
ing that reduced shear stress promotes sprouting events. Given 
these results, and our live capture of circulating microspheres, 
we predict that shear stress is lower and disturbed in tortu-
ous microvessels relative to normal capillaries downstream 
of altered vessel morphology. The altered shape of endothe-
lial cells within tortuous microvessels is consistent with this 
idea because relative loss of the laminar flow vector is pre-
dicted to loosen junctions and promote sprouting. Likewise, 
the enhanced sprout initiations we observed from the apex of 
curved regions suggest that altered flow may induce local dis-
continuities that are optimized for sprouting in those regions.

What triggers tortuous microvessel formation during 
wound healing? It is likely a complex combination of local 
environmental cues and other changes associated with wound 
healing because the tortuous microvessels resolve over time. 
The peak frequency of tortuous microvessels roughly corre-
sponds to the angiogenic phase of wound healing,17 and it is 
known that proangiogenic cytokines such as VEGF (vascular 
endothelial growth factor) induce tortuosity.18,30,34 Although 

the highest window of VEGF expression in the wound occurs 
from 3 to 7 days post-wounding, it is likely that other pro-
angiogenic growth factors, such as bFGF (basic fibroblast 
growth factor), contribute to tortuous vessel formation at 
later stages.35 Tortuous microvessels are enriched close to the 
wound border, which is the most hypoxic area of the wound, 
consistent with proangiogenic influences. However, proan-
giogenic signals are not sufficient to induce vessel tortuosity 
because most developmental angiogenesis occurs independent 
of tortuosity. Wound healing is also associated with transient 
inflammation, so proinflammatory cytokines may also con-
tribute to microvessel tortuosity. Additionally, cytoskeletal 
rearrangements accompany endothelial cell shape changes 
and sprouting migration,36 and growth factors induce cyto-
skeletal changes,37,38 so the elevated growth factors found in 
the wound healing environment likely contribute in complex 
ways to microvessel tortuosity. In any case, it is likely that 
local changes in the wound healing environment promote tor-
tuosity, and this work shows that vessel tortuosity contributes 
substantially to microvessel sprouting and neoangiogenesis 
that promotes wound healing.

In tumor microenvironments, microvessels readily 
become tortuous,23,34 which may decrease antitumor drug effi-
cacy.11 The wound healing process is a natural physiological 
response, but wound healing is compromised in some diseases 
as a result of defective vascularization. For example, wound 
healing is often defective in diabetic patients and sometimes 
results in limb amputation, and a defective angiogenic response 
from the microcirculation contributes to this dysfunction.39,40 
Furthermore, with time and increasing vessel dysfunction, 
tortuosity subsides in larger vessels of diabetic patients but 
increases in capillary-sized vessels.31 The microcirculation 
comprises capillaries that make up the bulk of the vasculature 
and readily respond to signaling cues. Here, we identify a new 
class of vessel, a tortuous microvessel, that is associated with 
wound healing and contributes significant angiogenic sprout-
ing to the process. Knowledge of the contribution of tortuous 
microvessels to angiogenic sprouting and wound healing will 
be useful in designing new therapeutic approaches to acceler-
ate and improve wound healing.
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Highlights
• We identify a new type of transient wound-associated vessel called tortuous microvessels.
• Endothelial cells in tortuous microvessels have properties that promote sprouting.
• Tortuous microvessels sprout exuberantly and contribute significantly to wound neoangiogenesis.




