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Abstract

The fate of circulating tumor cells is an important determinant of their
ability to form distant metastasis. Here, we demonstrate the use of in vivo
flow cytometry as a powerful new method for detecting quantitatively
circulating cancer cells. We specifically examine the circulation kinetics of
two prostate cancer cell lines with different metastatic potential in mice
and rats. We find that the cell line and the host environment affect the
circulation kinetics of prostate cancer cells, with the intrinsic cell line
properties determining the initial rate of cell depletion from the circula-
tion and the host affecting cell circulation at later time points.

Introduction

The major prognostic indicator of survival for almost all of the solid
tumors is the extent of metastasis that may be determined by the
number of circulating tumor cells in the vasculature either as a
consequence of a therapeutic intervention or of advanced tumor
growth and invasion. For example, in prostate cancer there has been
considerable discussion about tumor dissemination after hyperthermia
or even diagnostic techniques, such as transurethral resection of the
prostate (1, 2). Because of the complex nature of the metastatic
process, the relevance of tumor cells in the vasculature to long-term
tumor metastasis remains controversial. To understand the relation-
ship between circulating tumor cells and metastasis, earlier studies
were performed using radiolabeled or fluorescently labeled tumor
cells (3); both approaches are invasive and performed ex vivo. A
noninvasive technique to quantitatively detect tumor cells in circula-
tion would be valuable because it could provide options for timely
interventions and aid in decisions of therapeutic regimens. In this
study, we describe an in vivo flow cytometry (IVFC) technique and
use it to study circulating prostate cancer cells in mice and rats.

Traditional flow cytometry is used routinely to acquire quantitative
information about specific cell populations. This method is sensitive
and specific; however, one of its drawbacks is that it is invasive,
which limits the acquisition of frequent samples from the same
animal, and may result in the introduction of artifacts during sample
processing. Noninvasive methods, such as positron emission tomog-
raphy (4), high-resolution magnetic resonance imaging (5), intravital
microscopy (6), bioluminescence (7), and confocal and two-photon
imaging (8, 9), have been used to visualize different steps along tumor
progression and metastasis formation. These techniques span a wide
range of spatiotemporal resolutions, and each one is suitable for
studying a different aspect of this complex process. However, none of
them is optimized to quantitatively detect changes in the number of

circulating cells. We recently have described an IVFC technique with
the capability to count circulating fluorescently labeled cells in live
animals, without the need to extract blood samples (10). The tech-
nique allows for continuous monitoring of the circulating cell popu-
lation of interest, and it yields quantitative results without affecting
the physiology of the subject. In the present study, we demonstrate
that IVFC can be used to monitor the rapid depletion kinetics of
circulating prostate cancer cells and to examine the dependence of
circulation kinetics on the cell line and the host environment.

Materials and Methods

Cell Culture. Human prostate LNCaP cells and rat prostate MLL cells,
cultured as described previously (11), were transfected with pEGFP-N1 (Clon-
tech, Palo Alto, CA) using Lipofectin reagent (Invitrogen, Carlsbad, CA).
Stably transfected populations were obtained by growing the cells in growth
media supplemented with 600 �g/ml G418 (Invitrogen). Stable cell lines
(LNCaP-GFP and MLL-GFP) were maintained in the same media except that
300 �g/ml G418 (Invitrogen) replaced penicillin/streptomycin. Before injec-
tion, suspensions of LNCaP-GFP or MLL-GFP cells were incubated for 30 min
at 37°C with 0.1 mM DiD (Molecular Probes, Eugene, OR). Cells then were
washed three times, and the cell concentration was adjusted by serial dilution.

Animals. Experiments were carried out on 4–6-week-old male SCID mice
and 6–8-week-old male Copenhagen rats. Tail vein injections and IVFC
measurements were performed under anesthesia with a 7:1 mixture of ket-
amine and xylazine. The Committee on Animal Research at the Massachusetts
General Hospital approved all of the animal study protocols.

IVFC Measurements. The experimental setup to acquire IVFC measure-
ments has been described in detail previously (10). Briefly, the major veins and
arteries of the ear microcirculation were visualized using transillumination
with a 520-nm light emitting diode, and an artery �40 �m in diameter was
selected for data acquisition. Light from a HeNe laser was shaped into a slit
and imaged across the selected ear artery. Fluorescently labeled cells traversed
this slit and were excited one by one as they flowed through the blood vessels
of the animal, producing a burst of fluorescence for each cell. A photomulti-
plier tube detected the fluorescence after appropriate spatial (i.e., confocal slit)
and spectral filtering to optimize the sensitivity and specificity of detection.

To assess the depletion kinetics of circulating prostate cancer cells, 106

fluorescently labeled cells/20 g body weight were injected through the tail
vein, and the animal was placed immediately onto the stage. The first IVFC
measurements were acquired within 5–15 min from the time of injection.
Additional measurements were acquired at the same vessel location at 1, 2, 4,
and at 8 or 10 h, as well as after 1, 2, 3, and 5 days.

Confocal In vivo Imaging. Confocal images of circulating DiD-labeled
LNCaP cells were acquired at video rate frames using a microscope described
previously (12). Fluorescence was excited using a 658-nm diode laser (Micro-
laser Systems L4–660S-40; Garden Grove, CA) and detected at 695 � 27.5
nm (Omega, Brattleboro, VT). To label the endothelial cells for visualizing the
blood vessel borders, 20 �g of Cy5-conjugated anti-platelet/endothelial cell
adhesion molecule monoclonal antibody (Amersham, Piscataway, NJ) were
introduced to the circulation of the SCID mouse the day before imaging.

Ex Vivo Imaging. To assess the level of arrest of the injected prostate
cancer cells in various organs, one to two mice and rats were sacrificed at 2 and
24 h postinjection. Lungs, liver, spleen, kidneys, and a small number of lymph
nodes were harvested and examined under a standard fluorescence microscope
using a 10� objective to visualize arrested GFP-expressing LNCaP or MLL
cells.
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Results and Discussion

Imaging and Enumerating Circulating Cells In vivo. Circulating
DiD-fluorescently labeled cells can be readily visualized flowing
through the ear microcirculation using video-rate confocal micros-
copy (Fig. 1A and Supplemental video). The use of confocal imaging
is not optimal to enumerate circulating cells because that would
require sophisticated image-processing algorithms. In addition, arte-
rial flow often is so fast as to cause image blurring even at video rate
acquisition. For these reasons, the newly developed IVFC is a simple
and potentially far more powerful method to enumerate circulating
cells. Fig. 1B shows a representative data trace, in which individual
fluorescence peaks correspond to single cells that are excited as they
traverse the laser slit of the IVFC. A control trace acquired from the
same mouse artery before injection of fluorescently labeled cells also
is included. The intensity of the recorded peaks varies, probably
because of corresponding variations in the intensity of fluorescence
staining of individual cells. The corresponding scatter plot, including
the peak height and the full width at half maximum of each detected
peak, is shown in Fig. 1C. The full width at half maximum is
associated with the in vivo flow velocity of the corresponding cell
because it represents the amount of time required to cross the exci-
tation slit of light, which is �5 �m across.

To assess whether the number of cells detected immediately after
inoculation depends on the number of inoculated cells and to estimate
how many circulating cells are needed to detect a few cells within a
reasonable amount of monitoring time, we injected different numbers
of LNCaP cells, varying from 103 to 106, and performed IVFC
measurements immediately following injection. These measurements
illustrate that with only 1000 cells in the circulation, we can detect
unambiguously and reproducibly a few cells in a 10-min recording
period (Fig. 1D). The absolute number of detected cells per minute
may vary from experiment to experiment. This could be the result of
errors in estimating the cell concentration of the inoculum and vari-
ability in the number of cells successfully introduced in the mouse
circulation. Small variations in the size of the selected arteries and in

the flow velocity of cells also can affect the absolute number of
detected cells. Nevertheless, a clear relationship is observed between
the number of injected and the number of detected cells/min. Poten-
tially �1000 cells can be detected in the circulation by selecting larger
arteries for measurements.

Circulation Kinetics of Prostate Cancer Cells in Mice and Rats.
The number of detected cells/min as a function of time following
injection of fluorescently labeled LNCaP and MLL prostate cancer
cells in mice and in rats is shown in Fig. 2. All of the measurements
are normalized to the number of cells detected immediately after cell
injection. Individual traces report the numbers acquired from individ-
ual animals, and each time point is represented by the mean and SD
of the number of cells detected during a period of at least 6 min.
However, in the case of the MLL studies, there was a significant and
systematic decrease in the number of cells detected during the initial
recorded intervals. Therefore, these numbers are reported without a
corresponding SD because they represent a single 1-min measurement.

Typically, �80–90% of both cell types are depleted from the
circulation of mice and rats within the first 2–4 h. Interestingly, the
number of the more highly metastatic MLL cells decreases at a
significantly faster rate than that of the LNCaP cells. The depletion of
LNCaP and MLL cells follows a systematic pattern that is reproduc-
ible among different SCID mice (Fig. 2A). Once the initial depletion
takes place, the number of circulating prostate cancer cells remains
consistently low during a period of days (Fig. 2B).

MLL cells also become depleted faster than LNCaP cells in the
circulation of Copenhagen rats, even though we see greater variability
in the detected number of cells (Fig. 2, C and D). The initial rate of
depletion of LNCaP cells in the two different hosts is similar. MLL cells
also become depleted at similar rates from the circulation of mice and
rats. However, in all of the MLL-injected rats and in two of the three
LNCaP-injected rats, we observe an increase in the number of circulating
cells following this initial depletion. In the LNCaP case, this increase is
observed either at the 2- or 4-h time point and is followed by a
significant decrease by the time of the following set of measure-

Fig. 1. A, combined image of three still frames,
spanning 200 ms, from a movie acquired at video rate
(included as a Supplemental video) showing DiD-
labeled MLL cells traveling through an artery vein
pair. Two cells are highlighted along the vein (top
vessel) and one cell along the artery (bottom vessel)
using blue, green, and red for the same cells as they
are imaged in the first, second, and third frames,
respectively. To help visualize the blood vessels, the
vascular endothelium is labeled simultaneously with
anti-platelet/endothelial cell adhesion molecule-1
(CD31) conjugated to Cy5. B, representative signal
trace recorded from an ear artery of a SCID mouse
injected with 106 DiD-labeled MLL cells. Each spike
is created by the fluorescence burst resulting from an
MLL cell traversing the excitation slit. Corresponding
control trace is shown in red. Individual fluorescence
peaks are shown in more detail in the inset. C, scatter
plot illustrating the distribution in the height and
width of the detected fluorescence peaks from the
control trace (red) and the trace acquired following
injection of MLL DiD-labeled cells (blue). D, the
number of detected cell counts/min is highly corre-
lated to the number of injected cells. Consistent cell
counts/min are acquired with in vivo flow cytometry
even when as few as 1000 cells are injected in the
SCID mouse circulation.
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ments. In the MLL case, this reappearance of circulating cells
persists typically for several days and is followed by a slow
redepletion.

These results are consistent with those reported by Fidler et al. (13),
who used 125I-5-iodo-2�-deoxyuridine-labeled melanoma cells and
showed they become rapidly depleted from the circulation. They also
observed a reappearance and redepletion of cancer cells, even though
the kinetics of this behavior were different from our study, probably
because of differences in the intrinsic properties of the examined cell
lines and the host.

Histograms representing the normalized distributions of fluores-
cence peak heights and full widths at half maximum of circulating
LNCaP cells are included in Fig. 3. Each panel represents information
acquired from at least three animals at each of the three different time
points. Whereas the absolute number of cells detected immediately
after and at 2 and 24 h following injection is different, the detected
fluorescence peak characteristics are similar. The largest number of
peaks ranges in width between 0.001–0.003 s, corresponding to a flow
velocity of 2.3–7 mm/s, consistent with expected results (14). The fact
that the peak height distribution of the circulating cells does not
change with time suggests that there are no significant changes in the
level of cell labeling. Similar results were acquired with the MLL cell
studies.

Ex Vivo Imaging of Arrested Prostate Cancer Cells. Ex vivo
imaging of several organs 2 h following injection of GFP-transfected
LNCaP and MLL cells reveals that a significantly higher number of
the more highly metastatic MLL cells are retained in the lung com-
pared with LNCaP cells, which may explain the differences in the
initial depletion rates from the circulation detected by IVFC (Fig. 4, A
and B). Interestingly, at 24 h postinjection, we continue to detect a
significant number of MLL cells in the lung but no LNCaP cells (Fig.
4, C and D). This suggests that LNCaP cells become initially arrested
in the lung, but then a significant fraction of this population undergoes
apoptosis or necrosis. This behavior is consistent with previous stud-
ies demonstrating an inverse correlation between the levels of in vivo
apoptosis and metastatic potential (15). No significant fluorescence

was detected in any of the other examined organs. However, because
we did not examine all of the lymph nodes, it is possible that some
cells are arrested there.

Several studies have examined the mechanisms responsible for the
metastasis of tumor cells. In some cases, cells become physically
trapped in the microcirculation of certain organs, such as the lungs or
the liver, because of their size (16, 17). This probably is not the main
reason for which MLL cells are arrested in the lung in higher numbers
than LNCaP cells because MLL cells in suspension are smaller
(17.6 � 3.8 �m) than LNCaP cells (23 � 4.8 �m). In other cases, the
expression of specific adhesion molecules, such as P-selectin and

Fig. 2. Depletion kinetics of circulating LNCaP
(black lines) and MLL (gray lines) cells in SCID
mice (solid lines, A and B) and Copenhagen rats
(dashed lines, C and D). The normalized numbers
of circulating cells/min are shown for the first 10 h
following injection of the fluorescently labeled
cells (A and C) to illustrate the differences observed
in the initial depletion rate of LNCaP and MLL
cells. Data from the same set of animals during the
course of several days are included in B and D,
demonstrating differences in the circulation kinet-
ics of these cancer cells in SCID mice and rats.

Fig. 3. Similar fluorescence peak height (A and C) and width (B and D) distributions
are observed for LNCaP cells circulating in mice (A and B) and rats (C and D). These
distributions generally are similar for the peaks detected at different time points following
cancer cell injection, even though the number of detected cells varies significantly.
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fibrinogen, is responsible for the homing of cancer cells to an organ
(17, 18). Changes in the expression levels of such molecules could
explain the reappearance of cancer cells in the rat circulation because
cancer cells may remain in the intravascular lung space and form
tumors before extravasation (19).

In summary, we demonstrate that IVFC is a promising new tool to
enumerate cells in circulation, which can help us to address some
important questions regarding the relationship of circulating cancer
cells to metastasis and long-term cancer survival and to monitor
response to specific treatment modalities.
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