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Measuring Angiogenesis and Hemodynamics in Mice

Rakesh K. Jain, Lance L. Munn, and Dai Fukumura

This protocol outlines methods to measure vascular parameters, including angiogenesis (e.g., vascular
density, length, diameter) and hemodynamics (e.g., erythrocyte velocity), in tumors and normal
vascular networks in mice. Fluorescein-isothiocyanate (FITC)-dextran is injected into the tail vein
of mice to visualize microvessels within 150 µm (using single-photon microscopy) or�600 µm (using
multiphoton laser-scanning microscopy [MPLSM]) of a tumor/window interface. Randomly selected
areas (three to six locations/tumor or animal) are investigated using long-working-distance objectives
with appropriate magnification. During each observation period, FITC-fluorescence images are re-
corded for 60 sec, and the videotapes are analyzed off-line for single-photon microscopy; or a three-
dimensional (3D) image stack of the vessel network is generated, and vessel properties are measured for
MPLSM. If desired, red blood cell (RBC) flux can be measured on a vessel-by-vessel basis using
fluorescent tracer RBCs.

MATERIALS

It is essential that you consult the appropriate Material Safety Data Sheets and your institution’s Environmental
Health and Safety Office for proper handling of equipment and hazardous materials used in this protocol.

Reagents

Anesthetic, isofluorane 1%–3% inhalant (up to 5% for induction) or ketamine (80–100 mg/kg body
weight [BW])/xylazine (5–10 mg/kg BW)

FITC-dextran (MW 2 × 106; 10 mg/mL)

Lipophilic fluorescent dye for labeling RBCs (optional; see Step 10 and Discussion)

Equipment

Four-slit apparatus (Microflow System, model 208C, video photometer version, IPM or equivalent)

Heating pad or similar device

Image-shearing device (digital video image shearing monitor, model 908, IPM or equivalent)

Imaging setup:

• Conventional single-photon microscope
The standard microscopy workstation consists of an upright or inverted microscope equipped with transil-
lumination and fluorescence epi-illumination, a flashlamp excitation device, a set of fluorescence filters, a
motor-controlled filter wheel, a charge-coupled device (CCD) camera, a video monitor, a video recorder,
and a frame-grabber board for image digitization (Fig. 1A). Alternatively, spinning-disk confocalmicroscopes
or laser-scanning confocal microscopes can be used. Advanced techniques require additional equipment
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such as a motorized x–y stage with ±1.0-µm lateral resolution, an intensified CCD camera, a photomultiplier
tube, and a dual-trace digital oscilloscope (Berk et al. 1997; Fukumura et al. 1997a; Helmlinger et al. 1997;
Jain et al. 2001, 2002).

• MPLSM
The MPLSM consists of a mode-locked Ti:sapphire laser and a laser scan head purchased either as part of a
multiphoton system or as a confocal system with further modifications for good infrared transmission. The
laser beam first passes through a Pockels cell, which allows rapid (�1-µsec)modulation of laser intensity and
then is directed by the scan head into the side-entry or top-entry port of an upright epifluorescence micro-
scope. Nondescanned photomultiplier tubes are used for imaging through significant depths of scattering
tissue and should be introduced into the beam path via a dichroic beam splitter located in the beam path
between the scan head and the objective lens (Fig. 1B) (Denk et al. 1990; Brown et al. 2001).

METHOD

Perform imaging procedures with the animal under appropriate anesthesia and with full approval by the Institutional
Animal Care and Use Committee. During the procedure, maintain the animal’s core body temperature at 36˚C–37˚C
using a heating pad or similar device.

Injection of Tracer

1. Inject 100 µL of FITC-dextran (MW 2 × 106, 10 mg/mL) into the tail vein of the mouse.

For the single-photon microscopy procedure, proceed to Step 2. For the MPLSM procedure, proceed to
Step 6.

FIGURE 1. Intravital microscopy workstations. Mouse tumor models are observed using (A) conventional intravital
microscopy or (B) MPLSM. With appropriate tracer molecules and/or engineered vectors/cells and computer-assisted
image analysis, one can monitor tumor size, vessel density, vessel diameter, RBC velocity, leukocyte endothelial
interaction, vascular permeability, tissue pO2, pH, gene promoter activity, enzyme activity, and delivery of drugs,
including genes. (B: Adapted, with permission, from Brown et al. 2001.)
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Single-Photon Microscopy Procedure

Figure 2 illustrates angiogenesis as observed with single-photon microscopy.

2. Measure the vessel diameter (D) using an image-shearing device (Kaufman and Intaglietta 1985).
3. Measure the transverse RBC velocity (i.e., the RBC velocity in the plane of the image [VTRBC]),

by temporal correlation velocimetry using a four-slit apparatus connected to a personal computer
(Intaglietta and Tompkins 1973).

4. Calculate the mean transverse blood flow rate of individual vessels (QT) using D and the mean
VTRBC (VTmean). QT = π/4 × VTmean ×D2, where VTmean = VTRBC/a (a = 1.3 for blood vessels <10
µm; a = 1.6 for blood vessels >15 µm; and, by linear extrapolation, 1.3 < a < 1.6 for blood vessels
between 10 µm and 15 µm) (Lipowsky and Zweifach 1978).

5. Use an image-processing system to analyze the two-dimensional functional vessel density, which
is a measure of angiogenesis that is defined as the total length of vessels per unit area of the image
(cm/cm2), and the two-dimensional branching index, which is defined as the mean length of
unbranched segments (µm) in the plane of the image (Fukumura et al. 1997a,b; Jain et al. 1997).

MPLSM Procedure

Figure 3 illustrates tumor microcirculation imaged with MPLSM.

6. Measure the vessel diameters in micrometers (D) from the image stack using image-analysis
software (Abdul-Karim et al. 2003).

7. Measure the transverse RBC velocity (VTRBC) by the line-scan technique (Brown et al. 2001).
(Because the majority of laser-scanning microscopes [LSMs], including both confocal and mul-
tiphoton LSMs, only scan in a single direction, this technique produces the RBC velocity tan-
gential to the direction of the line scan.) Subsequently, calculate the absolute RBC velocity (VRBC)
by determining the angle θ between the line scan and the axis of the vessel using the 3D image
stack. The true RBC velocity is then VRBC = VTRBC/cos θ.

8. Calculate the mean absolute blood flow rate of individual vessels (Q) usingD and the mean VRBC

(Vmean). Q = π/4 × Vmean ×D2, where Vmean = VRBC/a (a = 1.3 for blood vessels <10 µm; a = 1.6
for blood vessels >15 µm; and, by linear extrapolation, 1.3 < a < 1.6 for blood vessels between 10
µm and 15 µm) (Lipowsky and Zweifach 1978).

FIGURE 2. Angiogenesis, tumor growth, and regression in the dorsal skin chamber. (A–D) Angiogenesis and tumor
growth in a human colon carcinoma. At day 5 after tumor cell implantation, enlargement of host vessels is observed
and by day 10, occasional hemorrhage and sprout formation occurs. At day 15, tumor growth and further angiogenesis
become apparent. By day 20, the tumor is fully vascularized. (E–H) Tumor growth and regression in a Shionogi mouse
mammary carcinoma. Shown are (E) 12 d tumor before orchiectomy as well as (F ) 3 d and (G) 9 d after orchiectomy,
when the tumor vessels regress and the tumor shrinks. A second wave of angiogenesis is evident inH. (A–D: Adapted
from Leunig et al. 1992; E–H: adapted, with permission, from Jain et al. 1998.)
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9. Use an image-processing system to analyze from the 3D image stack the 3D functional vessel
density, which is a measure of angiogenesis that is defined as the total length of vessels per unit
volume (cm/cm3), and the branching index, which is defined as the mean length of unbranched
segments (µm) (Abdul-Karim et al. 2003).

10. If desired, measure RBC flux on a vessel-by-vessel basis using fluorescent tracer RBCs.

See Discussion.

Common Analysis

11. If desired, measure the fractal dimensions of vessels as described elsewhere (Gazit et al. 1995;
Baish and Jain 2000).

DISCUSSION

Wehave developed twoMPLSM-basedmethods for bloodflow analysis in tumors and normal vascular
networks (Kamoun et al. 2008). The first method allows direct analysis of 3D flow velocity through a
single vessel by measuring RBC resident time rather than displacement: resident time line scanning
(rtLS). The second method is a full-field method that permits analysis of most vessels within a field of
view by using a relativistic approach relating flow velocity and laser-scanning velocity: relativistic full
fieldflow. To performhemodynamic analysis of vessels, label RBCs ex vivowith a lipophilicfluorescent
dye with a far-red emission fluorescence spectrum that allows deep penetration and multichannel
imaging. When injected intravenously into the mouse blood, the fluorescent RBC fraction is stable for
several days with a half-life of �10 d. Then perform rtLS by scanning along a line that intersects with
the vessel direction (Kamoun et al. 2008). Repetitive scanning along this line generates an image in
which the shape of the RBCs is distorted (compressed or elongated) based on its displacement relative
to the line scan frequency. The RBC distortion length along the time axis represents the number of
times the laser scans the RBC, which is equivalent to the RBC resident time. A lattice Boltzmann-based
mathematical simulation can be used to validate the analytical solutions.

FIGURE 3. Tumor microcirculation imaged with MPLSM. A
spontaneous metastasis of a U87 human glioblastoma grow-
ing in the cranial window of a SCID mouse. Vessels are high-
lighted with an intravenous injection of 0.2 mL of 10-mg/mL of
2 × 106-MW FITC-dextran. The image shown is a maximum
intensity projection of 74 optical sections spaced 2 µm apart.
Image is 500 µm across. (Image courtesy of E. di Tomaso.)
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