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Abstract

The abnormal tumor microenvironment fuels tumor progression, metastasis, immune suppression,

and treatment resistance. Over last several decades, developments in and applications of intravital

microscopy have provided unprecedented insights into the dynamics of the tumor

microenvironment. In particular, intravital multiphoton microscopy has revealed the abnormal

structure and function of tumor-associated blood and lymphatic vessels, the role of aberrant tumor

matrix in drug delivery, invasion and metastasis of tumor cells, the dynamics of immune cell

trafficking to and within tumors, and gene expression in tumors. However, traditional multiphoton

microscopy suffers from inherently slow imaging rates—only a few frames per second, thus

unable to capture more rapid events such as blood flow, lymphatic flow, and cell movement within

vessels. Here, we report the development and implementation of a video-rate multiphoton

microscope (VR-MPLSM) based on resonant galvanometer mirror scanning that is capable of

recording at 30 frames per second and acquiring intravital multispectral images. We show that the

design of the system can be readily implemented and is adaptable to various experimental models.

As examples, we demonstrate the utility of the system to directly measure flow within tumors,

capture metastatic cancer cells moving within the brain vasculature and cells in lymphatic vessels,

and image acute responses to changes in a vascular network. VR-MPLSM thus has the potential to

further advance intravital imaging and provide new insight into the biology of the tumor

microenvironment.
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Introduction

Since its development two decades ago,1 multiphoton laser scanning microscopy (MPLSM)

has provided invaluable insight into biological processes. MPLSM is an optical imaging

modality that uses near infrared, nonlinear excitation to produce a highly spatially localized
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(subfemtoliter volume) fluorescence or scattering volume, thus providing intrinsic optical

sectioning deep within biological tissue. MPLSM is particularly well suited to biological

imaging, compared with conventional and confocal fluorescence microscopy, due to its

relatively large penetration depths in tissue as well as lower risk of phototoxicity and

photobleaching.2,3

The application of MPLSM to pre-clinical models of cancer has proven to be a powerful tool

in the investigation of tumor-host interactions.4–8 The abnormal tumor microenvironment

not only actively promotes tumor progression and metastasis but also poses a barrier to the

delivery and efficacy of therapeutics. MPLSM allows for in vivo longitudinal monitoring,

and this approach has been used to study various aspects of the tumor microenvironment

during tumor progression and metastasis including: (lymph)angiogenesis, tumor cell-

extracellular matrix interactions, intra(extra)vasation, and drug delivery. Despite these

significant advances, conventional multiphoton microscopes lack the temporal resolution to

capture rapid biological events. Thus, the application of emerging video-rate multiphoton

laser scanning microscope (VR-MPLSM) technology to intravital imaging will be an

important advancement to capture and analyze the dynamic nature of tumors at the

microsecond timescale.

This report demonstrates the application of VR-MPLSM to intravital imaging using a

custom-built system that achieves video rate laser scanning with resonant galvanometer

mirrors. This system can be readily adapted from traditional multiphoton microscope

platforms. Additionally, we show that VR-MPLSM can be combined with a liquid crystal

tunable filter (LCTF) to achieve spectral unmixing and distinguish colocalized, spectrally

overlapping fluorophores. As a proof-of-concept, we demonstrate that our VR-MPLSM can

directly measure blood flow within tumors, capture metastatic cancer cells moving within

the brain vasculature as well as cells in lymphatic vessels, and image rapid blood flow

alterations following selective vessel ablation. Additionally, we show that intravital

multispectral imaging can be a valuable tool for high-flexibility selection and detection of

multiple spectrally overlapping fluorophores.

Results

Microscope design and implementation

A number of approaches to VR-MPLSM have been described. These techniques include line

scanning,9 multifocal multiphoton microscopy (MMM),10–13 acousto-optic deflectors

scanning,14,15 rotating polygonal scanning mirror16,17 and resonant galvanometer driven

mirrors.18–20 Each video-rate microscope setup has its advantages and drawbacks, but the

approach utilizing resonant galvanometer mirrors is particularly attractive given its

similarity to conventional MPLSM setups. The primary difference with a resonant

galvanometer is that by oscillating at its mechanical resonant frequency, it can overcome the

limitation of mechanical inertia suffered by other galvanometer mirrors to achieve line

scanning frequencies and video-rate frame rates. This approach, using both the forward and

reverse sweeps of the resonant galvanometer, requires two corrections: (1) reversing the

direction of every other line and (2) correcting the distortion at the edges of the images due

to the sinusoidally varying velocity.20

We employed this resonant scanning technique by adapting the modified fixed stage upright

BX51WI Olympus microscope body and using an 80 MHz, femtosecond pulsed

Titanium:Sapphire laser as an excitation source (Fig. 1, see also Material and Methods for

more details). Two orthogonally mounted galvanometer mirrors provide x-y (lateral)

scanning of the laser beam. The driver boards for the mirrors as well as the circuits for

generating the synchronization signals are housed within a custom-built scanning control
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box (Sutter Instrument Co.). In addition, we included a motorized x-y stage (H101A

ProScan II, Prior Scientific) for automated mosaic imaging for wide-area sampling, as well

as a piezoelectric transducer (PZT) objective drive unit (PIFOC P-723.10, Physik

Instrumente) for precise and rapid depth control during intravital imaging.

For generating images and videos, our system is capable of detecting up to 4 spectrally

separated channels at either 30 or 60 frames/second. Images are captured and processed by

the software package Video Savant® 4.0 (IO Industries, Inc.). The measured field of view,

using a 20× Olympus physiology lens, is 315 × 295 μm.

In addition as a new feature to VR-MPLSMs, we provide a spectral deconvolution capability

within our system using a liquid crystal tunable filter (LCTF) and the Nuance CCD camera

by attaching this unit instead of PMT detectors. This allows us to spectrally separate both

fluorescent tracers such as quantum dots and features such as pericytes and vessel lumens

(Fig. 2). It would not be trivial to distinguish these two fluorophores with the conventional

optical filters due to spectral overlap. With conventional laser-scanning fluorescence

microscopes, the scanning mechanism is too slow to allow the Nuance CCD camera to

acquire equal signal from every pixel for the duration of each individual spectral step.

However, at longer acquisition times (~1,000 ms), the rapid frame rate of the video-rate

microscope essentially mimics a bright field microscope and showed even illumination of

the sample. These data show for the first time that multispectral imaging can be extended to

intravital multi-photon microscopy.

To achieve rapid image collection in the VR-MPLSM, the cost is lower signal to noise ratio

in order to maintain a high temporal resolution. Therefore, structural images can at times be

difficult to interpret compared with regular MPLSM, especially small features such as

individual cells (Fig. 3). To address this potential drawback, we employed frame averaging

so that we could measure both fast dynamics in video-rate mode as well as high spatial

resolution structural imaging with averaging mode (Fig. 3). A custom post-processing

Matlab program allowed averaging and filtering to be selectively applied to individual

channels.

Imaging changes in blood flow

The abnormal vascular network within tumors is a hallmark of tumor pathphysiology.21–23

Tumor vessels are heterogeneous with regions of relatively high blood flow, intermittent and

low blood flow, and even flow stasis.24,25 Moreover, improving blood perfusion in tumors

via vascular normalization confers therapeutic benefit in mouse models as well as cancer

patients.26,27 To further develop this strategy, it is critical to measure blood flow accurately

in clinically relevant experimental tumor models and, to this end, intravital microscopy has

been used extensively to measure tumor blood flow.28,29 However, multiphoton microscopy,

which can image deep into tumors at a high spatial resolution, suffers from poor temporal

resolution and is unable to fully capture the three dimensional rapid flow of red blood cells.

Using the VR-MPLSM in a cranial window model, we examined the tumor blood flow in a

brain tumor (U87 human glioblastoma). Following intravenous injection of

tetramethylrhodamine-dextran (500 kDa), we observed abnormal blood flow throughout the

tumor, with regions of low/intermittent, medium, and high flow (Fig. 4A–C; Video S1). To

directly measure blood flow velocities, we labeled red blood cells with DiD membrane dye

and imaged blood flow in tumors. We used a custom Matlab routine to analyze the flow of

red blood cells in vessel segments by directly tracking the movement of individual red blood

cells (Fig. 4D and E, see Material and Methods). When comparing vessels with similar

diameters (< 20 μm), we found both higher and lower red blood cell velocities within the

tumors compared with only high red blood cell velocities in the contra-lateral normal brain
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providing support for a heterogeneous tumor blood flow distribution (Fig. 4F). With VR-

MPLSM and this type of analysis, it is possible to directly map single vessel flow velocities

throughout the tumor and quantify the effects of treatments on the vasculature over time.

To further illustrate the capability of the VR-MPLSM to detect temporal changes in blood

flow, we imaged vessels with labeled red blood cells in the dorsal skinfold chamber.30

Blood flow was altered by single vessel ablation and the VR-MPLSM was able to capture

the change in flow dynamics in regions where vessels had been ablated (Fig. 5; Video S2).

Thus, this technique is useful to investigate rapid changes in a vascular network, including

settings of injury or shock.

Imaging tumor draining lymphatic vessels

Another critical aspect of the tumor microenvironment is the interaction between metastatic

cancer cells and the local stroma. Cancer cells can invade and metastasize via lymphatic or

blood vessels. In lymphatic metastasis, cancer cells travel through lymphatic vessels to the

lymph nodes where they form lymphatic metastases. Intravital imaging has recently

provided novel insights into the function of lymphatic valves.31 However, little is known

about how cells travel through the tumor-draining lymphatic vessel.32

Using the VR-MPLSM, we imaged the lymphatic vessels in mice bearing metastatic tumors

(P008, mouse breast cancer). Despite the movement of the mouse and flow within the

lymphatic vessels, we were able to vessel contraction and valve dynamics in the lymphatics

(Fig. 6; Video S3). Clumps of red blood cells were observed next to lymphatic valves and

they were intermittingly ejected through the lymphatic valve (Fig. 6; Video S3). It is

interesting to note that cancer cells can travel as homotypic and/or heterotypic aggregates in

blood and lymphatic vessels.33 The ability of these aggregates to interact with these vessels

may offer new insights into treatment of metastases.

Imaging brain metastasis

Blood vessels represent the more common route cancer cells use to disseminate to distant

organs. MPLSM has recently been used to follow the growth of brain metastases in vivo.34

However, one of the difficulties of imaging brain metastasis, particularly at an early stage, is

localizing the cells that seed the vast network of vessels within the brain. Further,

determining the dynamics of cell arrest in the brain vasculature is not possible with

conventional microscopy. To determine the capability of the VR-MPLSM to follow brain

metastases, we imaged cranial windows in mice that had just received intracardiac injections

of GFP-labeled metastatic breast cancer cells (MDA-MB-231, human breast cancer). The

VR-MPLSM allowed us to scan rapidly throughout the brain to image blood vessels, blood

flow, and hematogenously disseminating cancer cells arrested within vessels (Fig. 7; Video

S4). This application allows not only for imaging throughout large regions of the brain but

also to determine the interaction between blood vessels and cancer cells at the earliest stage

of brain metastasis.

Discussion

We have illustrated the use of VR-MPLSM in imaging multiple dynamic events in the tumor

microenvironment and metastasis. In addition to blood flow, lymphatic function, and brain

metastasis, there are many other potential applications for the VR-MPSLM in intravital

imaging. Recent studies show the critical role of the immune system in tumor

progression.35–38 The VR-MPSLM has the potential to follow immune cells trafficking to

tumors and capture the dynamic interaction between immune cells and their local

microenvironment.
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In addition to advantages in imaging dynamic biological events, the VR-MPLSM is able to

limit imaging artifacts that are often caused by animal motion during in vivo imaging. For

example, when imaging lymphatic vessels, muscle movement and blood vessel fluctuations

can cause shifts in the lymphatic vessel. The VR-MPLSM can capture these macro

movements of larger structures while still imaging the micro movements of cells.

Finally, the application of multispectral imaging techniques to VR-MPLSM has the potential

to enable more sensitive quantitation of fluorescence signal in intravital microscopy

experiments, particularly when multiple colocalized fluorescence labels are used that have

overlapping emission spectra. Our system, specifically, could be used to accurately study the

morphology of the tumor microenvironment using up to five or more fluorescence probes

with the multispectral imaging and could potentially be combined with an independent

analysis using the video-rate capabilities of the microscope in its conventional setup.

In summary, the application of VR-MPLSM for real-time intravital imaging and the

capability for multispectral imaging provides unprecedented flexibility for in vivo

fluorescence studies of tumor biology, and this approach has the capability to open new

avenues of future research.

Materials and Methods

Microscope design

The video-rate multiphoton microscope platform is a modified fixed stage upright research

microscope (BX51WI, Olympus). A side laser port allows entry of the excitation light. A

motorized x-y stage (H101A ProScan II, Prior Scientific) is mounted for convenient and

precise translations of the specimen, and a piezoelectric transducer (PZT) objective drive

unit (PIFOC P-723.10, Physik Instrumente), with a range of 350 μm and a minimum

displacement of 3.33 nm, is used for precision control of the axial position, thereby allowing

the automated adjustment of imaging depth. The Olympus camera port is used to mount the

dichroic mirrors and support the detectors. The upright microscope and optical elements are

mounted on a 4′ by 4′ by 8″ optical table (Technical Manufacturing Corp.) while the laser is

located on a separate optical table.

The excitation light is provided by a Titanium:Sapphire laser (pulse width < 100 fs,

repetition rate 80 MHz), tunable in wavelength from the red to near-infrared spectrum

(approximately 700 to 1,000 nm) with an average power output of approximately 2.50 Watts

(Mai Tai, Spectra Physics, now Newport Corp.). The laser beam is guided by a series of

mirrors through an adjustable neutral density (ND) filter (Newport Corp.), allowing easy

adjustment of the beam power. An optical power meter (Newport Corp.) can be slid into

place behind the ND filter to measure the power of the beam after attenuation. The beam is

then deflected up to the level of the upright microscope’s laser port via a periscope, which

steers the excitation light onto the scanning mirrors.

The beam is scanned by two orthogonally mounted galvanometer mirrors. The driver boards

for the mirrors as well as the circuits for generating the synchronization signals are housed

within a custom-built scanning control box (Sutter Instrument Co.). The scanning control

electronics, as described by Sanderson and Parker,39 coordinate the movements of both

mirrors and the timing of the sync signals that allow the frame acquisition hardware to map

the pixel intensities. Vertical deflection is achieved with a standard galvanometer (M3S; GSI

Lumonics) driven by a sawtooth waveform with a frequency of 30.95 (~30) or 61.89 (~60)

Hz, thus providing frames at video-rate or twice as fast. Increasing the frame rate comes at

the expense of decreasing the number of lines per frame by a factor of two, decreasing

overall field of view. The faster horizontal deflection is achieved with a resonant
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galvanometer (Counter Rotating Scanning Mirror, CRS; GSI Lumonics) that oscillates at

7.895 kHz (~8 kHz),20 thus completing one forward or backward sweep in 63.3 μs. The

periods of the standard and resonant galvanometer dictate a nominal total of 512 lines per

frame at 30 Hz and 256 lines per frame at 60 Hz. The scanning electronics drive the two

mirrors such that the vertical mirror is displaced by an angle equivalent to one line at every

change in direction of the horizontal mirror. Thus, a raster pattern is generated in which the

direction of horizontal scanning reverses with every line.

The scanning mirrors deflect the beam through a pupil lens and tube lens that are spaced

apart a distance equal to the sum of their focal lengths to make the beam telecentric. The

beam is directed to the objective lens by a short-pass dichromatic (dichroic) mirror (700

dcspxr, Chroma Technology Corp.). The objective lens (XLUMPFL20x W/IR Objective,

Olympus) has a relatively low magnification (20×), high numerical aperture (NA = 0.95),

and long working distance (2.0 mm), making it an optimal choice for intravital two-photon

microscopy.

Fluorescence wavelengths are separated by a series of long-pass dichroics with increasingly

larger cut-off wavelengths (485 nm, 565 nm and 650 nm; Chroma Technology Corp.). The

mirrors are housed in modular cubes to allow the convenient swapping of the dichroic

mirrors as necessitated by the fluorophores used. A band-pass filter (emission filter) is

placed in front of each detector to minimize cross-talk of the fluorescence signal among the

detectors.

Up to four PMT detectors (R5929 multialkali, head-on type, Hammamatsu Corp.) can be

used at one time. The PMT cables connect to a 62-pin connector (CAB-DEV-ANV4,

Bitflow, Inc.) that mates with the acquisition board of the computer. A frame grabber, the

Alta-PCE-AN4 (Bitflow™ Inc.), converts the analog input of the PMTs into a digitized

image, and a software package, Video Savant® 4.0 (IO Industries, Inc.), acts as an interface

between the frame grabber and computer storage and enables real-time display.

The Alta-PCE-AN4 has four virtual frame grabbers (VFGs), each with three analog-to-

digital converters (DACs) and can consequently support up to four independent sets of

fluorescence and synchronization (sync) signals. The Bitflow Software Development Kit

(SDK) provides several configuration utilities which are used to select the camera file,

adjust how the image is captured, and display the images as they are received by the frame

grabber in real-time.

Video Savant processes the images from the frame grabber and writes them to the hard

drive. A custom written filter included in the Video Savant package performs the distortion

correction algorithm.

Multispectral imaging

For multispectral imaging capability, the Nuance system (CRI) was mounted onto the

Olympus camera port. The Nuance has a range of 500 to 950 nm, narrow (8 nm) acquisition

spectral bandwidths that can be sequentially shifted, and dedicated software that enables

semi-automated spectral unmixing.

Intravital imaging experiments

All animal procedures were performed following the guidelines of the Public Health Service

Policy on the Humane Care of Laboratory Animals and approved by the Institutional Animal

Care and Use Committee of Massachusetts General Hospital.
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Tumors were grown in either the cranial window of mice (U87 GFP) or in the leg of mice

(P008) and imaged as previously described.5,31

For red blood cell imaging, mice were injected intraveneously with 200 μl of red blood cells

(RBCs) labeled with 1,1-diocta-decyl-3,3,3,3-tetramethylindodicarbocyanine perchlorate

(DiD; Invitrogen), a far-red fluorescent dye. The RBCs were prepared by centrifuging to

separate the RBCs from the plasma and leukocytes and performing two cycles of 1:100

dilution with phosphate buffered saline (PBS) and room temperature incubation with 1 mg/

ml DiD.29 For vascular angiography, 100 μl of 1 mg/ mL rhodamine-Dextran was injected

intravenously. For lymphangiography, 5 μl of 2.5 mg/mL FITC-Dextran was injected

subcutaneously.

Image processing for red blood cell velocities

To determine the velocity of red blood cells traveling within a given vessel or region of a

vessel, a custom-written Matlab program was used. This program reads in a video as a post-

processed multi-page TIFF. The program displays the first frame of the video, and the user

marks the blood vessels or regions of interest by interactively drawing a polygon around its

borders. The user draws several well-spaced lines perpendicularly across the vessel within

the marked region to calculate the average diameter. Any number of regions may be defined

and any number of diameter-measuring lines may be placed therein. It should be noted that

placing more lines will increase the accuracy of the diameter measurement, and, in that case

that the diameter varies appreciably within the region, the standard deviation will provide a

measure of this variation in diameter. The marked frame, with a textbox indicating the index

of each ROI, is saved as a Matlab figure file to the current directory for future reference.

When the user has found a frame range in which a cell moves through one of the specified

regions, the program switches into “trajectory mode.” The cursor over the selection window

becomes a crosshair, and the user clicks on the cell of interest. The selection window will

then display the next frame, and the reference window will show the previous frame from

the selection window with a green dot indicating the location of the mouse click. The

locations of the selected pixels are saved and used to find the velocity of the trajectory. Once

the cell has moved outside the ROI, the user exits trajectory mode. The program assigns the

trajectory an index and calculates the average velocity of the cell, the standard deviation of

the velocity, and the relative standard deviation. Velocities are calculated from the distance

traveled by the cell, the frame rate, and the number of frames that elapsed. Any number of

trajectories may be analyzed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Video-rate multiphoton laser scanning microscope system layout. The microscope setup is

similar to other multiphoton laser scanning systems with one notable difference: resonant

scanning mirrors scan the laser across the specimen at video-rate speeds. The system is

equipped with 4 non-descanned PMT based detectors for 4-channel imaging or alternatively

the detectors can be replaced by the Nuance system for multispectral imaging. In order to

scan tissue rapidly in both the axial and vertical directions, the system is also fitted with an

automated x-y stage and a piezoelectric controlled z-focus.
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Figure 2.
Intravital multispectral imaging with the VR-MPLSM combined with the Nuance

multispectral camera. Each image was acquired at 1,000 ms exposures using 10 nm steps

over a spectral range of 530 to 630 nm and a laser excitation of 840 nm with 20 mW of

power incident on the sample. (A) Solutions of 570 nm quantum dots (yellow color) and (B)

602 nm quantum dots (red color) were imaged separately. Each is shown in true color based

on the wavelength range measured with the Nuance system. (C) A 1:1 mixture of the 570

nm and 602 nm quantum dots was imaged and is shown in true color (orange). (D) The

Nuance system also created a false-colored composite based on the contribution of two

different spectral profiles. This composite can readily unmixed into the contribution of the

individual quantum dots as shown in grayscale for the (E) 570 nm and (F) 602 nm quantum

dots. To demonstrate that spectral unmixing was also possible in intravital imaging, αSMA

dsRed transgenic mice were injected with rhodamine-dextran. (G) A true-color image shows

both dsRed perivascular cells (arrows) and rhodamine dextran in the vessel lumen

(arrowhead). The similarity of these spectra is readily apparent, and they would thus be

difficult to distinguish spectrally via conventional laser-scanning multiphoton microscopy.

DsRed (H) and rhodamine (I) were spectrally separated and a composite image (J) was

generated with rhodamine false-colored red and the DsRed labeled pericytes false-colored

green.
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Figure 3.
Frame averaging to improve signal to noise. (A) At times the rapid collection of images

results in noisy images (tumor cells, green; blood vessels, grayscale; quantum dots, red). (B)

With frame averaging, these images can be cleaned up and features more easily

distinguishable.
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Figure 4.
Imaging tumor blood flow. Mice bearing U87-GFP brain tumors were injected with

rhodamine dextran. (A) Large tumor vessels exhibited slow flow (arrow) while other regions

showed areas of (B) intermediate (arrow) and (C) high flow (arrow). Tumor cells, green;

blood vessels, red). See also Video S1. (D) Blood flow was measured with labeled red blood

cells (red, arrow) and (E) vessels were segmented into regions for analysis with a custom

Matlab program enabling semi-automated RBC tracing to determine flow velocity within

selected vessels. (F) Quantification of blood flow velocities in vessels 20 μm in diameter or

less shows a heterogeneous distribution of flow velocities within tumors with both high

(black arrowhead) and low velocities (red arrowhead). In contrast, vessels from the

contralateral normal brain all exhibited higher red blood cell velocities. Each point

represents a vessel segment. Standard error bars are shown.
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Figure 5.
Imaging rapid changes in blood flow. aSMA dsRed positive perivascular cells (red) outline a

vessel with (A) a high flux of labeled red blood cells in vessels at a branch point (green,

arrows). (B) Following ablation of the upper branch of the vessel (white arrowhead), all

blood flow stopped in the upper branch (blue arrowhead) and was shunted to the lower

branch of the vessel (arrow). An average of 10 frames is shown. See also Video S2 to

observe flow of individual red blood cells and changes in flow to surrounding vessels.
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Figure 6.
Imaging cells in tumor draining lymphatic vessels. Lymphatic vessels were visualized with

lymphangiography using FITC-dextran. (A) An aggregate of red blood cells (arrow) was

observed in the lymphatic vessel near a lymphatic valve (arrowhead). The cell clump then

(B) squeezed through the lymphatic valve and (C) ejected through the valve into the next

lymphatic vessel segment. See also Video S3.
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Figure 7.
Imaging cancer cell metastasis in the brain. (A) Scanning through brain vessels (red,

rhodamine-dextran; blue, red blood cells) revealed areas of high flow (arrowhead) and

cancer cells within vessels (arrow, green, GFP cancer cells) (B) The fast scanning capability

of the VR-MPLSM allowed for rapid movement through the brain to localize cancer cells

arrested inside vessels (arrow). See also Video S4.
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