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[57] ABSTRACT

Disclosed are methods for removing autofluorescence back-
ground from microscopic images or from flow cytometer
measurements. The microscopic images can be fluorescent
in situ hybridization images or images of living cells. The
methods involve the steps of: (1) detecting fluorescence
from a cell before “uncaging” a caged fluorochrome label on
a probe; (2) uncaging the fluorochrome; (3) detecting fluo-
rescence from the cell; and (4) subtracting fluorescence
detected before uncaging from fluorescence detected after
uncaging. Also disclosed is a method for tracking the
movement of a target molecule in a living cell. Also dis-
closed is a fluorochrome-uncaging flow cytometer. The
fluorochrome-uncaging flow cytometer includes a first fluo-
rescence excitation light beam, an uncaging light beam, a
second fluorescence excitation light beam, an electronic data
system, a first photodetector operably linked to the elec-
tronic data system, and a second photodetector operably
linked to the electronic data system.

20 Claims, 3 Drawing Sheets
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CAGED FLUOROCHROME-LABELED
PROBES AND SUBTRACTION OF
AUTOFLOURESCENCE BACKGROUND

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

Work on this invention was supported, in part, with funds
from the United States government (NIH grant nos.
F32AR0836101 and HD18066). The government therefore
has certain rights in the invention.

FIELD OF THE UNVENTION

The invention relates to cell biology, in situ hybridization,
fluorescence microscopy, flow cytometry, and digital imag-

ing.
BACKGROUND OF THE INVENTION

Fluorochrome moieties have been widely used as detect-
able labels on molecular probes in fluorescence microscopy.
For example, fluorochrome-labeled nucleic acid probes are
commonly used in in situ hybridization. Fluorochrome-
labeled markers are also used in flow cytometry. For
example, a fluorochrome-labeled CD4 ligand can be used as
a cell surface marker allowing lymphocytes to be counted,
sorted, or both.

When fluorochrome-labeled probes are used in fluores-
cence microscopy or flow cytometry, the minimum number
of bound probe molecules that can be detected is often an
issue. In general, the sensitivity of fluorescent probe detec-
tion in living cells is limited by autofluorescence “noise”
rather than the absolute sensitivity of the detection appara-
tus. For example, most commercial flow cytometers can
detect a few hundred molecules of fluorescein. That does not
mean, however, that they can detect a few hundred mol-
ecules of fluorescein associated with a living cell. Autofluo-
rescence in a living cell can be equivalent to tens of
thousands of fluorescein molecules.

Cells typically contain flavins and other biochemical
compounds that fluoresce in response to wavelengths used to
excite fluorochrome labels. The excitation and emission
spectra of autofluorescence in several cell types are close to
the spectrum of riboflavin. The amount of autofluorescence
depends on excitation wavelength, which depends on which
fluorochrome label is used. Fluorescein, typically excited at
488 nm, is notably associated with autofluorescence prob-
lems. Relatively less autofluorescence occurs with excita-
tory wavelengths above 515 nm, which are normally used
for fluorochromes such as TRITC and Texas red. To be
detectable in practice, a probe’s fluorescence signal must be
detectable above the autofluorescence noise.

In a cell population, autofluorescence varies from cell to
cell, in a normal distribution. A flow cytometer can produce
a fluorescence frequency distribution. If a substantial frac-
tion of cells in a population has bound probe and a substan-
tial fraction does not, the resulting fluorescence frequency
distribution is bimodal, typically with some overlap of the
peaks. Thus, in fluorescence-based flow cytometry, cells
have been scored according to cut-off values based on
statistics and probability. Such probabilistic methodology
inevitably involves a certain level of imprecision.

In fluorescence microscopy on individual living cells, as
well as in flow cytometry, autofluorescence has been an
obstacle. A hybridized fluorescent probe must be distin-
guished against autofluorescence background noise. Autof-
luorescence is particularly problematic in attempts to moni-
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tor the location of, or track the movement of, individual
molecules such as mRNAs in living cells.

In situ hybridization studies on fixed cells have shown
that some mRNAs are concentrated in discrete regions
within the cell (Singer, Curr. Biol. 3:719-721 (1993)). For
example, some maternal mRNAs become localized to par-
ticular subcellular regions during embryogenesis (Gavis et
al.,, Cell 71:301-313 (1992); Berleth et al., EMBO J.
7:1749-1756 (1988); Kloc et al., Science 265:1101-1103
(1994). In some somatic cells, B-actin mRNA is found
localized to the leading edge of fibroblast lamellipodia
(Lawrence et al., Cell 45:407-415 (1986). In such studies,
however, the nature of RNA movement with cells was
surmised after fixation of the cells.

Hybridization of antisense oligonucleotides to mRNA in
living cells has been directly demonstrated (Politz et al.,
Nucl. Acids. Res. 23:4946-4953 (1995). Even there,
however, cells were fixed before data were obtained. Mes-
senger RNA has been fluorescently-labeled, microinjected
into living cells, and then observed in the living cells
(Jacobson et al., J. Cell Biol. 131:1649-1658 (1995).

Autofluorescence presents signal-to-noise ratiorelated
limitations in fluorescent in situ hybridization performed on
fixed cells, as well as fluorescence microscopy performed on
living cells. In fixed cells, the autofluorescence background
is predominantly associated with proteins, rather than small
molecules such as riboflavin, which tend to be removed
during fixation. The intensity of autofluorescence varies
from cell to cell. It is also spatially variable within cells.
Commonly, fluorescence background is measured in a simi-
lar cell type and an average autofluorescence/pixel value is
calculated and subtracted from total autofluorescence/pixel
measured in the cell.

SUMMARY OF THE INVENTION

In general, the invention relates to removing autofluores-
cence background from microscopic images or from flow
cytometer measurements. The invention has several aspects,
summarized separately, below. Some aspects of the inven-
tion are methods for removing autofluorescence back-
ground. One aspect of the invention is a fluorochrome-
uncaging flow cytometer. Methods according to the
invention involve the basic steps of: (1) detecting fluores-
cence from a cell before “uncaging” a caged fluorochrome
label on a probe; (2) uncaging the fluorochrome; (3) detect-
ing fluorescence from the cell after uncaging the fluoro-
chrome; and (4) subtracting fluorescence detected before
uncaging from fluorescence detected after uncaging.

In a first aspect, the invention features a method for
removing autofluorescence background from a fluorescent
in situ hybridization image of cellular material. The method
includes the steps of: (a) fixing the cellular material with a
fixative that retains and preserves a target molecule, if
present; (b) contacting the cellular material with a caged
fluorochrome-labeled molecular probe that binds specifi-
cally to the target molecule; (c) interrogating the cellular
material a first time to obtain a first digitized image con-
taining an autofluorescence background; (d) uncaging the
fluorochrome label on the molecular probe; (¢) interrogating
the cell a second time to obtain a second digitized image
containing (1) a fluorescence signal from the uncaged
fluorochrome, and (2) the autofluorescence background; and
(f) digitally subtracting the first digitized image from the
second digitized image. Preferably, the subtraction is on a
pixel-by-pixel basis. Typically the cellular material includes
a cell nucleus. Typically, the target molecule is a nucleic acid
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