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Kirkpatrick ND, Andreou S, Hoying JB, Utzinger U. Live
imaging of collagen remodeling during angiogenesis. Am J Physiol
Heart Circ Physiol 292: H3198–H3206, 2007. First published Feb-
ruary 16, 2007; doi:10.1152/ajpheart.01234.2006.—To better under-
stand interstitial matrix remodeling during angiogenesis, we probed
endogenous optical signatures of collagen fibrils and cells with mul-
tiphoton microscopy to noninvasively visualize, in real-time, changes
to fibril organization around angiogenic sprouts and growing neoves-
sels. From analyses of the second-harmonic generation signal from
fibrillar collagen and two-photon excited fluorescence, as well as
coherent transmitted light from vascular cells, we found that mi-
crovessel fragments interacting with the collagen matrix exhibited two
key features: a strong association of fibrillar collagen around the
parent vessel fragment during vessel construct reconstitution and a
substantial collagen fibril reorganization by sprout and neovessel tips.
Results indicate that angiogenic sprouts and growing neovessels
actively and differentially remodel existing collagen fibrils. This
imaging approach to assess local changes in matrix organization may
have a broader impact on tissue biology and mechanics during
angiogenesis and allow for new insights in cardiovascular, diabetes,
and cancer research.

extracellular matrix; multiphoton microscopy; second harmonic gen-
eration

REMODELING OF THE extracellular matrix is an important aspect
of tissue dynamics and provides critical support for vascular
processes (6). Turnover of matrix and reorganization of the
matrix architecture provide positional and biochemical cues to
cells, as well as allow necessary movement of cells through the
tissue (13, 24, 35). In angiogenesis, endothelial cells sprout
from a parent vessel and advance through the tissue intersti-
tium to establish new vessel segments (5, 26). During this
process, the sprout’s behavior is critically modulated by the
extracellular matrix (6, 19, 33). Similarly, the sprout and, at
later times, the growing neovessel affect the matrix through
controlled matrix degradation and synthesis (9, 15, 20, 26).
Furthermore, the process of angiogenesis is fundamentally
important during development, wound healing, and tumorigen-
esis (2, 3, 5, 10, 16, 26). However, although endothelial cells
have been shown to remodel extracellular matrix proteins in
culture (21, 31), less is known concerning the effects of the
angiogenic neovessels sprouting from intact vessels on matrix
reorganization, in part due to the lack of real-time imaging of
this interaction in an intact vessel model.

Multiphoton microscopy has increasingly shown promise in
a variety of biomedical applications (4, 7, 36). Because of
nonlinear excitation of endogenous chromophores in tissue,
multiphoton microscopy allows for deep optical imaging of
unstained and unsectioned live samples in three dimensions. In
particular, second-harmonic generation (SHG) and two-photon

excited fluorescence (2PEF) provide contrast between the ex-
tracellular matrix and cells (36). Fibrillar collagen, specifically
type I collagen, is a major component of the extracellular
matrix that can be quantitatively measured with SHG signals
(34), whereas endogenous cellular 2PEF arises mainly from
metabolic cofactors.

To investigate the effects of neovessel sprouting and elon-
gation on interstitial matrix, we observed the real-time changes
in collagen I fibril organization in an in vitro model of angio-
genic sprouting. In this model, intact microvessel elements
cultured in reconstituted type I collagen gels undergo stereo-
typical angiogenic sprouting whereby endothelial cells, free of
mural cells, sprout from the parent vessel, and continue to grow
to form a new immature neovessel (18, 27). Because the
sprouting occurs in the relative absence of nonvascular cells
and in a controlled temporal fashion, we were able to visualize
sequential changes in collagen fibril organization using mul-
tiphoton microscopy. Cells were identified by endogenous
2PEF and by coherent transmission imaging, whereas fibrillar
type I collagen was visualized by detecting SHG signals. This
imaging approach enabled the nondestructive quantification
and localization of alterations in collagen fibril organization
during angiogenesis in intact vessels at a high resolution in
three dimensions.

MATERIALS AND METHODS

Microvessel Constructs

The in vitro angiogenesis model used in our studies has been
previously described elsewhere (27). Briefly, the system involves the
culture of intact microvessel fragments isolated from rat adipose in a
collagen gel. Epididymal fat pads from Sprague-Dawley rats were
removed and digested with collagenase (2 mg/ml). Subsequent filter-
ing of large tissue debris with a 500-�m filter and smaller debris, such
as cells, with a 30-�m filter retained microvessel fragments in be-
tween this size range. Microvessel vessel fragments were then added
to a solution of type I rat tail collagen (BD Biosciences, San Jose, CA)
and DMEM, with everything kept on ice to keep the collagen
unpolymerized. With a final concentration of 3 mg/ml collagen, 1�
DMEM, and �12,000–15,000 fragments/ml, the vessel construct
solution was pH neutralized with NaOH and polymerized at 37°C
within 20 min. Vessel constructs were cultured in a 48-well plate with
10% FBS-supplemented DMEM as culture medium. Angiogenesis in
our system begins, predictably, at day 3 or 4 of culture and forms a
uniform vascular network by day 14 (27). Animal procedures were
performed according to University of Arizona Institutional Animal
Care and Use Committee-approved protocols.

Multiphoton Microscopy

In situ imaging of microvessels. Before addition of the microvessel
fragments to the collagen construct, microvessels were imaged before
and after digestion from the epididymal fat pad. To image vessels in
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situ in the fat pad, the tissue was removed and smeared over a slide,
and a coverslip was placed on top. For vessels after digestion, the
digested microvessel solution was spread onto a slide, and a coverslip
was placed on top. The samples were imaged with a 150-fs-pulsed
titanium-sapphire laser (Mira 900; Coherent, Santa Clara, CA) cou-
pled to a laser-scanning confocal microscope (LSM 510; Carl Zeiss,
Jena, Germany). Incident light was focused, and emitted signals were
collected with a �40, 1.3-numerical aperture oil-immersion objective
(Carl Zeiss). The laser was centered at incident wavelength (�inc) �
780 nm, and 2PEF signals were collected in the epifluorescence config-
uration through a custom multiphoton filter (480–580 nm; Chroma,
Rockingham, VT) and onto a nondescanned photomultiplier tube (PMT)
detector (based on R6357, Hamamatsu, Hamamatsu City, Japan). Simi-
larly, the SHG signal was collected onto a second nondescan PMT
detector through a custom SHG filter (380–400 nm; Chroma).

Microvessel constructs. Microvessel constructs were removed from
the 48-well plate and placed in an imaging-incubation chamber
consisting of temperature-controlled, oxygenated medium flowed
through a custom open-imaging chamber compatible with a computer-
controlled mechanical stage. Optically inert media (46 mM glucose, 4
mM glutamine, 1� PBS) was employed to reduce background
autofluorescence and light absorption. A �20, 0.95-numerical aper-
ture long working distance objective (XLUMPFL20XW; Olympus,
Tokyo, Japan) was implemented for increased imaging depth and
imaging chamber compatibility. The titanium-sapphire laser was centered
at �inc � 780 nm, and the typical average laser power at the back aperture
of the objective was 35 mW. 2PEF and SHG signals were collected as
described above with a 480- to 580-nm bandpass and a 380- to 400-nm
bandpass filter, respectively. Based on our imaging setup, we collected
SHG and 2PEF at depths up to 500 �m in the constructs.

Coherent transmitted near-infrared imaging. With the condenser
removed, our setup allowed coherent transmission imaging where the
observed contrast is based on distorted wave fronts of the excitation
laser transmitting through the sample. Unfiltered transmitted light was
collected onto a single PMT without any pinhole optics. The gener-
ated images illustrated cell membranes in a similar fashion as phase-
contrast imaging. Because of distinct features such as morphology of
sprouting vessels and their shiny appearance in coherent transmission
imaging, this configuration was integral in identifying early sprouts as
well as following the progression of the sprouting vessels.

Vessel Construct Perturbations

Fixed vessel imaging. Besides typical culture conditions, vessel
constructs were also measured with fixed vessels. In the fixed vessel
experiments, vessel fragments were isolated from the fat pad and fixed
with paraformaldehyde. The fragments were then added to the colla-
gen gel solution, and polymerized constructs were imaged on day 0
and day 1 of incubation.

Integrin blocking. To block integrin binding in the microvessel
constructs, 10 mM cyclo-GRGDSP peptide (AnaSpec, San Jose, CA)
was added to the construct before polymerization. Vessel constructs
were then polymerized and imaged on day 0 and day 1 and compared
with untreated control constructs.

Early polymerization imaging. Collagen constructs were created
with the standard protocol. Instead of being polymerized in an
incubator at 37°C, the prepolymerized constructs were placed in an
imaging chamber and kept in an ice bath at 4°C while under the
microscope. Microvessel fragments were imaged in 15-s intervals as
the ice bath was brought to 37°C by a heated stage and an in-line flow
heater. Before the construct polymerized, fragments were kept in the
field of view by constant manual adjustment of the x, y, and z positions
of the microscope stage.

Image Processing

For general presentation, basic image processing was applied to
remove background in the SHG and 2PEF in MATLAB.

For all quantitative measurements, unprocessed images were ana-
lyzed with a custom-designed MATLAB program and routines made
available in the public domain. The program allows users to select
areas in the microscopy images to determine regions of interest (ROI)
for image statistics and collagen concentration profiles based on SHG
intensity, as well as on sprouting vessel and collagen fibril orienta-
tions. Reference areas were selected for comparison to ROIs. For
collagen concentration estimates around the parent vessels, a polygon
ROI was drawn manually around the entire border of the vessel in an
image plane that best represented the center of the vessel, and the
SHG intensity was calculated in this region. This ROI encompassed
only the region immediately adjacent to the vessel. To correct for
intensity differences due to interexperimental variations (i.e., laser
power, vessel depth, collagen gel differences), a reference region with
collagen fibrils in the same field of view, but away from vessels or any
other cells, was also defined, and the SHG intensity was calculated.
SHG intensity is nonlinearly proportional to the collagen content, such
that under ideal conditions the intensity scales quadratically with the
proportion of fibrils aligned to the incident polarization (8, 28). To
estimate spatial collagen concentration, SHG intensity profiles across
the parent vessels and neovessels were calculated by drawing a
5-�m-wide line perpendicular to the vessel and computing the aver-
age SHG intensity with a resolution of �0.5 �m along the line. These
profiles were normalized by their maximum intensity to compare
between multiple vessels. For neovessel profiles in the middle and
base regions, the profile was computed in an image slice where visible
SHG increases occurred along the endothelial cells.

In the case of vessels sprouting into the collagen and remodeling
the matrix, collagen fibril orientation was calculated based on a
modified ridge detection algorithm that determines ridge direction
from local image gradients and subsequent continuous vector field
generation (17, 22). Briefly, SHG images were first normalized to
have a mean of zero and standard deviation of 1. Next, the image
gradients were calculated in the x and y directions by applying a
Gaussian-based Sobel filter to the image in the x and y directions. The
fibril orientation at each point was determined by finding the principal
axis of variation based on the covariance of these image gradients.
Local orientations were calculated by smoothing the covariance data
with another Gaussian filter that found the average local orientation
for a specified region size around the pixel of interest. Finally, the
principal axis of direction for each local region within the image was
determined analytically by applying the smoothed covariance data for
the image gradients to the solutions provided in Hong et al. (17). In
addition to calculating local fibril orientations, we also determined
whether fibrils existed within a local region based on a reliability
measure that compared the area moment of the inertia about the
calculated principal direction to the area moment of inertia about the
perpendicular direction. We only used orientation data where there
was useful orientation information; in other words, the reliability
indicated minimal inertia in the principal axis direction compared with
the perpendicular direction. To compare fibril direction with direction
of sprouting vessels, we manually determined the sprouting vessel
direction from the transmission image. For each sprout analyzed, an
ROI was drawn manually around the sprout tip, and a reference region
from the same field of view, approximately the same area as the ROI,
was manually selected in a region away from the sprout.

Statistics

To compare the orientation of fibrils in the ROI around the
sprouting tips with the orientation of a reference region, two measures
were computed in MATLAB. First, the absolute angle between the
mean fibril orientation of the ROI or reference region and the vessel
direction was calculated (mean fibril direction in ROI � sprout
direction, denoted as fibril deviation). Next, the second moment of the
angular distribution of fibril orientation was calculated to estimate the
variation in either the ROI or reference region (denoted as fibril
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variation). The second moment was used instead of the standard
deviation because the angular distributions were not all normally
distributed and because the second moment provided a more robust
measure of the variation in distributions that were not normal. These
two variables, the fibril deviation and variation, along with the culture
day (i.e., day 3, day 4, etc.), were used for further analyses between
the ROI and reference regions of sprouts and neovessels on different
culture days using the JMP software platform (SAS Institute, Cary,
NC). Data were log-log transformed to meet the criteria of equal
variability between the test groups. Data were determined to be

normally distributed with the normal quantile plot function. Statistical
differences between the ROI and reference regions were calculated
based on a Wilk’s lambda test.

RESULTS

Collagen Association With Parent Microvessels

In the angiogenic sprouting model, microvessel fragments
freshly isolated from adipose were suspended in pH-neutral-

Fig. 1. Microvessel associations with a collagen matrix. Imaging parameters: �inc � 780 nm, �SHG � 380–400 nm, �2PEF � 480–580 nm, where � is
wavelength, inc is incident, SHG is second-harmonic generation, and 2PEF is 2-photon excited fluorescence. Scale bar � 20 �m. A: after polymerization of the
gel (1–2 h), vessel fragments interacted strongly with the collagen matrix with bright SHG (grayscale) observed at the vessel wall (2PEF, green). B: after 24 h
of culture, collagen-depleted regions form around vessel fragments (arrows). C and D: fragments fixed with paraformaldehyde show little interaction with
collagen at early (1–2 h; C) and later (24 h; D) time points. E and F: 10 mM cyclic RGD peptide failed to page collagen condensation at 1–2 h (E) and after
24 h (F). G: quantitative analysis of mean SHG (SHG) intensity ratios from regions of interest (ROIs) at the vessel wall to reference regions indicate an increase
in collagen concentration around the vessel with culture time, but remaining relatively constant after day 4 (box-and-whisker diagram). au, Arbitrary unit. H: SHG
profiles (intensity normalized and centered at the vessel middle) from vessel fragments observed in A and B highlight the early condensed collagen and subsequent
formation of a depleted region (arrows). I: microvessel/collagen association in its native environment reveals a substantial amount of collagen around the vessel
wall (native SHG pseudocolored red). J: after vessel extraction, residual collagen surrounds a fragment in a helical fashion (3-dimensional projection). This
particular example had higher residual collagen SHG signal than typically observed in other isolated microvessel fragments, suggesting that this fragment would
be near the maximal amount of residual collagen that we could expect.
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ized, cold collagen I and then placed at 37°C to promote
collagen polymerization. To understand how the polymerizing
collagen interacted with the parent microvessel fragments, we
imaged the early polymerization events focusing on the inter-
face between microvessel fragment and collagen. We observed
a hyperintense SHG signal consistent with a concentrated
amount of fibrillar collagen associated with the parent vessels
immediately on reconstitution within the forming collagen gel
(Fig. 1A and supplementary movie 1). (The online version of
this article contains supplemental data.) Within 1 day of
culture, the pronounced SHG signal remained around the
vessel and localized to the perivascular cells. Also, a region of
depleted signal appeared around the vessel fragment (Fig. 1B,
arrows). To determine whether this collagen condensation
process was active or passive, we fixed freshly isolated mi-
crovessel fragments with paraformaldehyde before collagen
reconstitution. Fixed microvessels showed minimal interaction
with the collagen fibrils after polymerization (Fig. 1C) or after
1 day (Fig. 1D). The relative collagen content, as estimated by
the SHG intensity ratio, an index of collagen content (see
MATERIALS AND METHODS) of the region immediately surround-
ing the microvessels, was much less in the prefixed microves-
sels than in the live vessels (0.676 � 0.12 , n � 6, for fixed
vessels; 1.71 � 0.31, n � 10, for live vessels; both for day 0
and day 1 vessels). These data suggested that the collagen
association with the parent vessel wall requires biological
activity. However, the presence of an excess (10 mM) of the
cyclo-GRGDSP peptide (RGD), a potent inhibitor of integrin-
collagen binding (12), during polymerization did not disrupt
the association of collagen to the parent microvessel fragments
(Fig. 1, E and F) because the SHG intensity ratios were similar
between RGD-treated and untreated microvessel constructs
(1.97 � 0.41, n � 5, for RGD treated; 1.71 � 0.31, n � 10, for
untreated; both for day 0 and day 1 vessels). Concentrated
collagen at the vessel wall was present as early as day 0,
increased until day 4, and remained relatively constant for the
rest of the culture period (Fig. 1). Representative profiles of
SHG intensity ratios across the microvessel width from Fig. 1A
and Fig. 1B, respectively, revealed the formation of zones
depleted in collagen neighboring the areas of collagen conden-
sation at the vessel walls by 24 h after polymerization (Fig. 1H,
arrows). However, these regions of depleted collagen were not
consistently observed.

We next examined the collagen organization around mi-
crovessels within the intact adipose tissue to see whether the

collagen organization observed in the cultured microvessel-
collagen constructs resembled that present in the native tissue.
Similar to the collagen condensation observed in the con-
structs, microvessels in the adipose tissue also exhibited a
pronounced layer of collagen (Fig. 1I). We could rule out that
the fibrillar collagen observed in the cultures was due to
collagen remaining on the fragments after isolation because
three-dimensional projections of the SHG signal from fibrillar
collagen surrounding the freshly isolated microvessel revealed
only residual strands of collagen (Fig. 1J, representing an
example with high residual collagen content).

We further investigated the interaction of collagen fibrils
with microvessel fragments during construct polymerization
with time-lapse microscopy. We followed microvessels sus-
pended in cold collagen solution followed by the induction of
collagen polymerization by increasing the temperature (Fig. 2
and supplementary movie 1). The microvessel fragment in the
prepolymerized collagen solution exhibited minimal SHG-
related residual collagen (Fig. 2, time 0). However, as the
collagen began to polymerize, initial fibrils formed (i.e., there
was an increase in SHG signal intensity) in direct association
with the microvessels. Interestingly, this polymerization asso-
ciated with the vessels occurred before a clear presence of
fibrils in the gel space near the vessels. By the time the
collagen construct was completely polymerized, a condensed
collagen layer had formed around the microvessel fragment
(Fig. 2). These results indicate that collagen deposition is
initially preferred on the intact microvessel surface with further
condensation continuing after polymerization (Fig. 1G).

Matrix Remodeling at Angiogenic Sprout Tips

We next examined collagen fibril architecture around angio-
genic sprout and growing neovessel tips in the constructs.
During early sprouting at days 3 and 4, endothelial cells
extended out from the parent vessel forming the initial leading
tip of the sprout (Fig. 3, A and C, arrow) while aligning
collagen fibrils in a fanlike pattern with fibrils radiating out
from the sprout tip into the matrix in the direction of the sprout
(Fig. 3, B and D). Collagen fibril realignment toward the tip of
these early sprouts extended well beyond the length of the early
sprout, suggesting high fibril mobility along with dynamic
fibril interactions. This fanlike distribution of fibrils was ap-
parent in three dimensions as the fibrils organized above and
below the microvessel sprouts (Fig. 3I). Often, a single parent

Fig. 2. Immediate collagen condensation during polymerization at the microvessel wall. Imaging parameters: �inc � 780 nm, �SHG � 380–400 nm, �2PEF �
480–580 nm. Scale bar � 20 �m; time stamp in minutes:seconds. SHG intensity from region adjacent to microvessel fragment is in arbitrary units. A: microvessel
fragment (2PEF, green) in prepolymerized collagen reveals minimal SHG signal (grayscale). B: after �1 min, the collagen construct begins to polymerize, with
the first fibrils appearing around the microvessel fragment. C: polymerization proceeds rapidly with continued condensation at microvessel, as shown with
increased SHG intensity. D: fibrils form in the region away from the microvessel, but condensation continues to increase at the microvessel. E: by 11 min, 30 s,
the construct is completely polymerized, with maximal collagen condensation surrounding the microvessel.
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fragment contained multiple sprouts, each of which reorga-
nized collagen fibrils to some degree (supplementary movie 2)
(The online version of this article contains supplemental data.)

By day 6, microvessel sprouts continued to grow and extend
away from the parent vessel forming neovessels (Fig. 3E). In
these neovessels, the tip continued to reorganize the preceding
collagen fibrils but less noticeably compared with days 3 and 4
early sprouts (Fig. 3F). By day 9 of culture, the neovessel
growth was substantial with multiple neovessels visible in a
single field of view (Fig. 3G) and collagen aligned in areas
along the neovessels (Fig. 3H, arrow). In the neovessels the
distribution of collagen along the vessel varied depending on
the location in relation to the parent vessel. At the neovessel tip
(region furthest from the parent vessel) minimal collagen
condensation was apparent, whereas the middle region exhib-
ited an increase in collagen and the base (region adjacent to
parent vessel) exhibited an even greater association with col-
lagen (Fig. 4).

Quantitative Assessment of Collagen Fibril Rearrangement

We further assessed collagen fibril orientation adjacent to
sprout and neovessel tips via a custom program incorporating
a modified ridge-based texture algorithm that determines ridge
(collagen fibril) direction from local gradient fields and subse-
quent continuous vector field generation (17). An overlay of
the fibril vector field with the multiphoton image revealed
preferentially directed regions of fibrils surrounding the mi-
crovessel sprout (Fig. 5A) and distributing uniformly along the
general axis of the sprout extension (Fig. 5B). More specifi-
cally, calculation of the average fibril direction normalized to
the direction of the microvessel sprout (fibril deviation) and the
distribution of fibril angles (fibril variation) in an ROI at the
sprout suggested that fibril angles at the end of sprouts were
dramatically rearranged in the direction of the sprout (Fig. 5C),
significantly differing from fibril distributions in regions away
from sprouts (P � 0.0024, Wilk’s lambda, n � 16). At the tip

Fig. 3. By day 3 and day 4 of culture, microvessel fragments form early sprouts, modifying the collagen matrix. Imaging parameters: �inc � 780 nm, �SHG �
380–400 nm, �2PEF � 480–580 nm, transmission (�trans) � unfiltered. Scale bar � 20 �m. A: in transmission, an endothelial cell extension of an early sprout
appears at the end of a parent fragment (arrow). B: the protruding cell body exhibits 2PEF (green) and rearranges collagen fibrils (SHG, grayscale) well beyond
the parent vessel. C: a pointed, smooth sprout further extends from the bumpy-appearing parent vessel, modifying the collagen fibrils into a fan pattern (D). E:
as sprouts continue to extend and proliferate, long enough to cover the field of view, we consider them neovessels. F: fibrils appear attached (arrow) at the end
of a neovessel but not to the extent observed during early sprouting. G: multiple neovessels are observed in a single field of view on day 9. H: one of the
neovessels forms extended adhesions with collagen fibrils along its body (arrow). I: series of image slices illustrate the collagen fibril rearrangement around an
early sprout in the axial dimension (slice depth indicated in �m). The emboldened arrow signifies the center of the sprout.
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of growing neovessels (i.e., days 6–9), fibrils were still orien-
tated toward the axis of neovessel elongation (Fig. 5D). How-
ever, there was less uniformity in fibril directions, particularly
with neovessels from day 7 and day 9 cultures (Fig. 5D).
Despite the less directed fibril orientation at the sprout tips at
later culture days, the fibril orientation around the neovessel
tips remained significantly different compared with regions
away from microvessel structures (P � 0.013, Wilk’s lambda,
n � 24). However, the oriented fibrils at the neovessel tips did
not extend as far away from the tips as observed in the early
sprouts.

We next analyzed the variation in collagen alignment illus-
trated in Fig. 4 with SHG intensity profiles cross-sectional to
neovessels to assess the distribution of collagen condensation
at the middle and base regions of the growing neovessels. In
general, fibrillar collagen (bright SHG signals) was condensed
along the growing neovessel in the middle and base regions
(Fig. 4). However, collagen fibrils uniformly surrounded the
neovessel at the base of the growing neovessel (i.e., near

the parent vessel) (Fig. 5E). On the other hand, in the middle
regions of neovessels, much narrower in dimension than the
base regions, collagen consistently condensed along a single
side of the sprout (Figs. 5, F and G), suggesting a unilateral
process in this region.

DISCUSSION

Previous in vitro models of angiogenesis have provided
valuable insight into the importance of the extracellular matrix
on endothelial cell migration and morphogenesis as well as
endothelial cell-induced extracellular matrix remodeling (1, 21,
31–33). For example, Korff and Augustin (21) examined cell
elongation from endothelial spheroids and determined that
collagen fibril alignment was due to the endothelial cells.
However, these models have been limited to observation of
cultured endothelial cells and do not capture angiogenesis in an
intact vessel where an endothelial cell must first break through
the basement membrane and then negotiate a new environment

Fig. 4. Fibrillar collagen distribution varied in neovessels. Imaging parameters: �inc � 780 nm, �SHG � 380–400 nm, �2PEF � 480–580 nm, �trans � unfiltered.
Scale bar � 20 �m. We divided neovessels into the three regions: the tip, middle, and base. A long neovessel on day 9 shows little association with the collagen
(SHG, grayscale) at the tip but exhibits a strong SHG signal along one side of the neovessel in the middle region (arrow), whereas at the base, where the neovessel
leaves the parent vessel, collagen SHG signal localizes along both sides of the sprout (double arrows).
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dominated by type I collagen fibrils. Here, we extend research
of matrix remodeling by endothelial cells by introducing the
ability to directly visualize microvessel-matrix interactions in a
dynamic and quantitative manner in live intact microvessels.

Before assessing collagen remodeling during angiogenic
events, we found initial interactions between parent vessels and
the collagen fibrils resulting in a condensed layer of collagen
around the parent vessel on polymerization. Although the
collagen condensation required live vessels, it was not blocked
by cyclic RGD and also occurred immediately at the onset of
collagen polymerization. Several factors could account for the
immediate collagen attachment and condensation around the
vessel fragments. The vessels, particularly the perivascular
cells, may provide polymerization or nucleation sites for the
fibrils to assemble independent of integrin binding. The basis

for this is not known, but it is possible that collagen-binding
surfaces and matrix molecules could act as a polymerization
nidus (23). In this regard, residual native collagen remaining on
the vessel fragments after collagenase digestion may add po-
lymerization sites near the vessel. However, because there was
only a minimal amount of residual collagen, this seems less
likely. Other extracellular proteins such as fibronectin (30) in
the intact basement membranes of the parent vessels may also
provide polymerization sites. Because collagen condensation
coincided with collagen polymerization, it may be that in the
intact tissue, collagen that is newly synthesized and secreted by
vascular cells may rapidly polymerize and associate with the
vessel wall. This would ensure an immediate, new extracellular
matrix environment would be in place to accommodate any
necessary changes in vessel phenotype.

Fig. 5. Quantification of the collagen fibril orienta-
tion near the early sprouting vessels suggests colla-
gen fibrils orient in a fanlike pattern centered about
the direction of the sprout, whereas neovessels ex-
hibit varied associations with collagen. A: we deter-
mined fibril orientation (yellow arrows) with a mod-
ified ridge detection algorithm, as illustrated with
the sprout from Fig. 3D. For display purposes only,
one-half of the calculated orientation arrows are
shown. Areas in the image not reaching a reliability
threshold for a detected fibril were not used (yellow
dots). We selected a sprout ROI (red line), a refer-
ence region (dashed black line), and a sprouting
vessel direction (dashed red line). B: histogram of
the calculated fibril angles centered about the sprout-
ing vessel direction indicates the ROI fibrils center
tightly about the sprout direction compared with the
reference (Ref) region. deg, Degree. C: with ordinate
indicating deviation from sprouting direction and
abscissa indicating spread of fibril orientation, sig-
nificant collagen fibril modification at the early
sprout tips is shown (P � 0.0024, Wilk’s lambda,
n � 16). Data were log-log transformed to ensure
equal variation between groups. D: neovessel tips
that have extended away from the parent vessel
exhibit less dramatic but still significant fibril mod-
ifications (P � 0.013, Wilk’s lambda, n � 24). E: at
the base of neovessels near the parent vessel, profiles
[intensity (int) normalized (norm) and centered at
sprout center] indicate a uniform collagen layer
surrounding the neovessel (SE bars, n � 7).
F: profiles (intensity normalized and centered at
neovessel side) for the middle regions suggest a
unilateral distribution of collagen around the sprout
(SE bars, n � 9). G: by z-stepping through the
middle region of a neovessel, we found increased
collagen condensation primarily along one side of
the neovessel. Scale bar � 20 �m.
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Beyond the relationship between the parent vessels and the
collagen matrix, we found key interactions between sprouting
microvessels and collagen fibrils that may provide indications
of crucial matrix related events during angiogenesis. Depend-
ing on the location along the vessel structure, we observed
differential fibril alignment patterns. At the tip of nascent
sprouts or advancing neovessels, collagen fibrils were aligned
toward the vessel as if being pulled to the tip most likely
through integrin binding (21, 25). Although it is not yet clear
what role the collagen fibril reorganization plays during
neovessel sprouting, we hypothesize that the remodeling by the
early sprouts and neovessel tips is a normal process in the
initial sprouting event. The tip endothelial cell extends filo-
podia into the surrounding matrix (14), which is thought to
provide directional anchors for the subsequent forward migra-
tion of the sprout (29). As the cell moves forward, tension
would be placed on the fibrils attached to these filopodia and,
if free to move, reorient toward the sprout tip. Additionally, the
realignment of the fibrils may also create a pathway through
the matrix, facilitating directed sprout advancement because
migration of cells along rigid constituents is preferred (11, 24).
We predict that the observed fibril rearrangement occurs
in vivo during angiogenesis but perhaps not as dramatically
because fibrillar collagen in the in vivo interstitium will likely
be enzymatically cross-linked and bound to an additional
meshwork of matrix molecules.

In addition to fibril realignment at sprout and neovessel tips,
we observed significant association of fibrillar collagen along
neovessel structures. Given the presence of a similar fibrillar
layer in the mature adipose microvessels (Fig. 1I), we hypoth-
esize that this association during angiogenesis is a precursor of
postangiogenesis maturation. We propose that the layering of
fibrillar collagen along the midregions of the growing neoves-
sel, where the vessel is narrow and had only recently grown
into the matrix, comes from the existing fibrils reoriented by
the neovessel tip that have remained associated with the
neovessel as it advanced. This passive association between
existing fibrils and growing neovessels might result in a non-
uniform distribution of collagen, consistent with our observa-
tions. On the other hand, the collagen layer associated with the
neovessel base, which is an older and likely more mature
structure, is perhaps due to new collagen deposition creating a
more uniformly distributed collagen layer. Our observation
that a biologically active vessel surface acts as a nidus for type
I collagen polymerization further suggests that, if new collagen
is synthesized in proximity to microvessel, it will condense
preferentially and uniformly around the vessels. Prolonged
time-lapse videomicroscopy of the growing neovessel should
prove useful in addressing this issue.

Together, these results suggest a dynamic modulation of
extracellular fibrillar collagen by intact angiogenic neovessels
captured by multiphoton microscopy of endogenous signals
that reflects different aspects of neovessel formation and pro-
gression from remodeling of collagen fibrils during early
sprouting events to increased collagen condensation in devel-
oping neovessels. Applying this model of angiogenesis com-
bined with vital multiphoton imaging creates an avenue for
further insights into matrix dynamics and underlying molecular
mechanisms. Given the significant role that the matrix plays in
modulating angiogenic behavior, these changes in collagen
organization likely contribute to neovessel behavior. Whether

these local changes in matrix organization have a broader
impact on tissue biology and mechanics during angiogenesis
remains to be determined.
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